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ABSTRACT

Zirconium alloys has been extensively used as the commercial cladding and structural materials
in water cooled nuclear reactors in the last half century. Nevertheless, the formation of brittle
hydrides due to the aqueous corrosion in operation will significantly degrade the performance
of the zirconium claddings and limit their lifetime. The volume expansion in the zirconium to
hydride transformation makes it more complicated. In order to further clarify the mechanism
of hydride-induced degradation of zirconium (usually embrittlement), this project was
proposed to deep investigate the microstructure and micromechanics of hydrides in zirconium

by advanced materials characterization techniques.

Micro-analysis was performed on d-hydrides in zirconium by serial sectioning, conventional
and high angular resolution electron backscatter diffraction (EBSD). Hydrogen in the lattice is
expected to be homogeneous at anneal temperature but grain boundaries are preferential sites
for hydride nucleation. Most &-hydrides follow the orientation relationship of
{0001},]|{111}5(1120),]|{110)s (OR1) with their parent grains. The orientation relationship
of {0001},]|{100}s (1120),]|{110)s (OR2) is supposed to occur only when ORL1 is
constrained, e.g. in the surface hydrides. For faster cooling, an intra-granular hydride plate is
composed of smaller hydride flakes with the same orientation on its habit plane, while several
potential habit planes were observed, including {0001}, {1011}, {1012} and {1017}. The
hydrides were found to accommodate transformation strain mainly by GNDs. The twin-
related structures commonly seen in the inter-granular hydrides and surface hydrides may also
be helpful. The accommodation of transformation strain in zirconium is more complicated,

involving lattice strain, twinning, dislocations (e.g., GNDs and grain boundary dislocations)
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and their movements. The anisotropic local plastic deformation induced by hydride formation

is likely to affect hydride nucleation and growth next in return.

The in-situ digital image correlation (DIC) tensile tests were then carried out on the zirconium
with and without hydrides in SEM. The formation of hydrides was observed to increase the
yield strength of zirconium but presumably reduce the work hardening, and the degree of the
effect caused by hydrides is associated with the texture of zirconium matrix. At the microscale,
hydrides markedly enhanced strain localization during deformation by obstructing the
propagation of slip, preventing the growth of the deformation twins nearby in matrix and the
shear along hydride-matrix interfaces. The brittle nature of hydrides is likely to result in stress
build up at hydride-matrix interfaces, which may be the preferential sites for micro-voids
and/or micro-cracks. This is useful to further understand the ductile-to-brittle transformation

with increasing hydride content.

The works reported in this thesis are helpful for optimizing the design and working conditions
of commercial zirconium alloys to minimize the detrimental impacts of hydride formation.
Meanwhile, they provide nice data for further modelling work to develop reliable models of

hydride-induced embrittlement in zirconium.
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Chapter 1 Introduction

In this chapter, an overview on the background of this thesis will be given. It will start with a
brief introduction of nuclear energy in the world today, and then the role of zirconium in the

nuclear industry. Lastly, this chapter will end with the objectives of this thesis.

1.1 Nuclear energy

Nuclear energy is a low-carbon energy which can be deployed on a large scale to replace fossil
fuels, supplying clean, reliable and affordable electricity to the world. It is an important part of
solution to global climate change and the rapidly increasing demand of electricity in modern
society. The first commercial nuclear power stations were built up and started operation in
1950s. Now about 440 nuclear power plants are operational in 31 countries and provide about
10% of the world’s electricity. The growth of worldwide nuclear electricity production in the
last half century is shown in Figure 1.1[1]. Meanwhile about 60 nuclear power reactors are

under construction and their total capacity is about 15% of the existing capacity.
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Figure 1.1 Nuclear electricity production in the last 50 years. (Source: World Nuclear Association, IAEA
PRIS).[1]
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1.2 Zirconium in the nuclear industry

In a nuclear plant, the heat released by the controlled chain reactions of nuclear fuel pellets,
most commonly uranium-235, inside the rod claddings warms the surrounding coolant and
produces the steam to drive a spin turbine and generate electricity, as show in Figure 1.2[2].
Currently, most operable nuclear reactors in the world are water-cooled, where zirconium
alloys are widely used as cladding and structural materials, owing to their low neutron
absorption cross-section, high thermal conductivity, reliable mechanical properties and
‘adequate’ resistance to corrosion at high temperature[3]. The chemical components of the
zirconium alloys in nuclear industry are shown in Table 1.1[4] The lifetime and safety of these
water-cooled reactors are closely associated with the in-core performance of the zirconium
alloy claddings. An example of pressurized water reactor fuel assemblies is shown in Figure

1.3[5].

PWR - Pressurized Water Reactor

Electric
generator

‘ Steam ‘
l generator I
-

N/

Figure 1.2 A schematic of pressurized water nuclear reactor.[2]
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Table 1.1 Chemical composition of the zirconium alloys in nuclear industry.[4]

Alloying elements (weight %)

Name of alloy on Fo o Ni Nb Application
Zircaloy-2 1.50 0.12 0.10 0.05 - Boiling water reactor, CANDU
Zircaloy-4 1.50 0.20 0.10 - - Pressurized water reactor
ZIRLO™ 1.02  0.10 - - 1.01 Pressurized water reactor
ms™ - 0.05 0.02 - 1.00 Pressurized water reactor

Rod cluster

control assembly

Bottom
nozzle

¥ guide thimble
tube s ¥ Pellet

v el rod Fuel tube
I Fuel rod

Figure 1.3 An example of pressurized water reactor fuel assemblies.[5]

Although zirconium alloys have successfully served as nuclear fuel claddings since 1950s[6],
their performance still suffers from complicated degradation processes in reactor cores,
including corrosion, creep, pellet-clad mechanical interaction and departure from nucleate
boiling (DNB)[7]. Among them, the aqueous corrosion (or oxidation) of the outer layer of
zirconium claddings with coolant water will produce hydrogen[8]. Once the hydrogen
concentration exceeds the terminal solid solubility limit in the claddings at the service

temperature (commonly around 300-400 °C), brittle hydrides precipitate. The formation of
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hydrides extensively occurs during both operation period inside nuclear reactors and dry
storage stage after usage. It is severely detrimental to the performance of zirconium claddings,
including dimensional stability and mechanical properties (e.g. hydride blister on the outer
surface, significant reduction in ductility and fracture caused by delayed hydride cracking etc.)

[9][10] and limit their service lifetime.
Zr +2H,0 - Zr0, + H,
Zr +xH - ZrH,

In addition, although some hydrogen may be from radiolysis of coolant water and moisture
contained in the fuel pellets inside claddings, it can be neglected for hydride-induced

degradation compared with the source mentioned above[11].

1.3 Objectives

As reviewed in chapter 2, despite various experimental and computational studies performed
on the hydrides and hydride-induced degradation in zirconium in the last several decades, many
fundamental mechanisms are still ambiguous[12]. This thesis focuses on the systematic
investigation of microstructure and micromechanics of hydrides in zirconium in order to give
a better understanding of the mechanisms for hydride formation and hydride-induced

embrittlement in zirconium.

The microstructure and local deformation induced by hydride formation without external stress
are investigated by serial sectioning, conventional and high angular resolution electron
backscatter diffraction (EBSD) in chapter 5. This work will reveal the intrinsic characteristics
of hydrides in zirconium and the role that transformation stain plays in the hydride nucleation
and growth, based on which some measures may be proposed to control the hydride formation

in zirconium claddings and minimize its detrimental impacts.
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Chapter 6 will explore the effects of hydrides on the local deformation in zirconium during
macro-scale deformation by in-situ digital image correlation (DIC) tensile tests in scanning
electron microscopy (SEM). This will not only help us clarify how the hydrides lead to ductile-
to-brittle transformation in zirconium but also provide input data for further modelling work to
develop reliable models to predict the mechanical performance of zirconium claddings during

operation and dry storage.
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Chapter 2 Literature review

In this chapter, a systematic literature review is performed on the hydrides in zirconium and
zirconium alloys, from hydrogen pick up to hydride formation and reorientation, as well as
degradation on mechanical properties of matrix. Related computational research is also

reviewed, with an emphasis on the work using finite element method (FEM).

2.1 Absorption and solubility of hydrogen in zirconium alloys

The major source of the hydrogen picked up by zirconium alloy claddings in nuclear reactors
is the aqueous corrosion, occurring at the interface between water coolant and the rod claddings
and generating an oxide layer at the same time. Notably, only part of the hydrogen released by
the corrosion reaction above enters zirconium alloy claddings. This hydrogen absorption
behavior of zirconium alloy claddings can be measured by the hydrogen pickup fraction (fy).
It is defined as the ratio of the amount of hydrogen absorbed by the cladding to the total amount

of hydrogen produced in the corrosion reaction[4], as shown below:

f _ Habsorbed
L
ngnerated
The hydrogen pickup fraction (fy) varies considerably according to alloying elements,
microstructure of matrix, microchemistry and corrosion conditions (e.g. exposure time,

corrosion temperature and surface treatment, etc.)[13][14][15]

As shown in the Figure. 2.1[12][14], it is clear that hydrogen content in the zirconium matrix
keeps increasing with weight gain. Weight gain represents the degree of the aqueous corrosion
and is proportional to the thickness of oxide layer. Theoretically, continuous oxide layer can

protect the matrix inside from further oxidation and obstruct hydrogen diffusion toward the
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Figure 2.1 Hydrogen content vs weight grain of the aqueous corrosion during autoclave testing of several
zirconium alloys in pure water at 360°C[12][14]. The relationship is non-linear in transitional regime and
varies with different composition of zirconium alloys.

matrix. In fact, the generated oxide layer partially dissolves in the normal service conditions in
nuclear reactors and micro-cracks appear. These micro-cracks assist oxygen and hydrogen to
reach the zirconium matrix, resulting in consistently increasing hydrogen content[16][17][18].
Nevertheless, the hydrogen pickup fraction varies as a non-monotonic function of the weight
gain in the oxide transition regime. The effect of alloying elements on the hydrogen pickup
fraction of zirconium has also been explored. Copper increases the hydrogen pickup fraction
while Niobium decreases this fraction owing to its donor effect in the solid solution[14].
Addition of iron reduces the driving force for hydrogen transport by decreasing the electrical
potential gradient in the oxide layer, leading to a lower pickup fraction[15]. In addition, the
existence of coarse precipitates of ZrFe, or ZrCr, in zirconium alloys can reduce hydrogen

absorption as well.

The hydrogen content in the zirconium alloy matrix can be measured by various techniques,

divided into destructive and non-destructive methods. The most commonly used destructive
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methods are inert gas fusion (IGF) and vacuum hot extraction (VHE), as they are well-
established, quick and cheap. However, their precision will decrease when they are used for
the specimens with low hydrogen content[19][20]. Many non-destructive methods have also
been developed and employed to quantify the hydrogen content. For example, electromagnetic
acoustic resonance (EMAR) is proper for in-situ measurement, although its precision is
susceptible to oxidation and alloying elements[21]. In addition, some non-destructive methods
are based on neutron techniques and perform better at measuring the small amount of hydrogen.
Neutron scattering techniques possesses a high sensitivity of 0.4 ppm to hydrogen, and
meanwhile offers some phase information inside the sample[22]. Another method is cold
neutron prompt gamma activation analysis (CNPGAA), which is able to detect hydrogen of as
low as 5 wt. ppm with a precision of £ 2 wt. ppm[23]. It is worth mentioning that a neutron
imaging method has been established recently and is capable of quantifying the spatial
distribution of hydrogen in zirconium with a precision of about 5 wt. ppm and a spatial

resolution of 25 um approximately[24].
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Figure 2.2 Terminal solid solubility (TSS) for precipitation and dissolution of hydrogen in zircaloy-2[3][27].
It agrees with the other experimental work on TSS of hydrogen in zirconium alloys very well.
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Once the concentration of hydrogen in zirconium surpasses its terminal solid solubility (TSS)
in the given conditions, hydride precipitation occurs. Therefore, many studies have been done
on the TSS of hydrogen in zirconium alloys. The most commonly used experimental methods
are synchrotron radiation diffraction and differential scanning calorimetry (DSC), which are
sensitive to phase transformation. The TSS of hydrogen increases greatly with temperature,
from only 107% at.% at room temperature to about 0.7 at.% at 300 °C and reaching around 5
at.% at elevated temperature[3][25]. At the typical service temperature of ~350°C in a reactor
core, it is about 130 ppm by weight (1.16 at.% approximately)[26]. Such small values of the

TSS means that hydrogen in zirconium alloys tends to exist as hydride precipitates.

It is noteworthy that the values of TSS for hydride precipitation (TSSP, obtained during cooling
process) and for hydride dissolution (TSSD, obtained during heating process) are different. At
the same temperature, TSSP is always higher than TSSD and the gap between them increases
with temperature, as shown in Figure. 2.2[3][27]. This is called precipitation/dissolution
hysteresis in Zr/ZrHx system, presumably due to the hydride nucleation energy barrier during
cooling[28][29]. Once hydride precipitation starts at a certain temperature, it will continue until
the hydrogen concentration in the zirconium matrix decreases to the TSSD[28] and lead to
pronounced effects on the performance of zirconium alloys. The TSSP is found to vary little
with alloying elements, external stress and neutron irradiation [27][29][30][31]. In contrast, it
has been observed that addition of chromium and tin increases the TSSD while nickel and iron
does not affect the TSSD[32]. Meanwhile, the hydrogen solubility in zirconium and its alloys

may be enhanced by neutron irradiation[33][34].

2.2 Hydride phases in zirconium

During the operation of nuclear reactors, zirconium alloys are a-Zr with hexagonal close

packed (hcp) structure. Four hydride phases in the zirconium-hydrogen binary system have
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Table 2.1 Crystal parameters of hydride phases in zirconium allloys[4].

Phase Ml Crystral structure il d L Space group
ZrH, a C
a-Zr matrix 0 Hexagonal 0.3232 0.5147 P6 ;/mmc
B-Zr matrix 0 Body centered cubic 0.3609 - Im3m
C-hydride 0.50 Trigonal 0.3300 1.0290 -
y-hydride 1.00 Tetragonal 0.4596 0.4969 P4,/n
6-hydride 1.66 Face centered cubic 0.4781 - Fm3m
g-hydride 2.00 Teragonal 0.3520 0.4450 14/mmm

1000

900 -
800 - 5
700
600 | atp

500
400

Temperature (°C)

300 at+o
200
100

0 1 I 1 I
Zr 10 20 30 40 50
7r 01 02 03 04 05 1.0

7r 0.1 02 03 04 05 1.0

Figure 2.3 The equilibrium phase diagram of zirconium-hydrogen system[4].

already been observed and identified in experiments: &-hydride (ZrH,, 5) with trigonal structure,
v-hydride (ZrH) with face centered tetragonal (fct) structure, o-hydride (ZrH; 5s_; 7) with face
centered cubic (fcc) structure and e-hydride (ZrH,) with face centered tetragonal (fct)
structure[4]. In the lattice of the hydrides, except &-hydride, hydrogen atoms are considered to
occupy tetrahedral interstitial sites with different order and fractions[35]. The crystal
parameters of zirconium and these four hydride phases are summarized in Table 2.1[4]. The 6-

hydride and e-hydride are stable phases whereas &-hydride and y-hydride are metastable phases,
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as a consequence, excluded in the zirconium-hydrogen phase diagram (as shown in Figure.
2.3[4]). &-hydride was newly discovered recently. It is expected to be a precursor for y- or -
hydride and may play a critical role in the re-orientation of hydrides[36][37]. In the early stage,
there was some controversy on the stability of y-hydride. Currently, most works reach an
agreement that y-hydride is a metastable phase in zirconium alloys, even though it was
observed to be an equilibrium phase in the zirconium with extremely high purity (> 99.9%) in
some experimental works[38]. The majority of research work has been done on &- and y-
hydrides, since they are considered to be most responsible for the embrittlement and fracture

of zirconium alloy claddings during both operation and dry storage in the most cases.

All the zirconium hydrides are brittle phases. Their elastic moduli are found to be higher than
that of a-Zr matrix[39]. A slight drop in their elastic moduli as the function of temperature is
observed by the nanoindentation measurements applied to bulk zirconium hydrides, from ~ 113
GPa to ~110.5 GPa for 6-hydride and from ~ 61 GPa to ~54 GPa for e-hydride in the
temperature regime from room temperature to 300°C[40]. Young’s modulus and yield strength
of hydride specimens almost stays constant until the stoichiometry ratio (x = H/Zr) reaches
about 1.5, where 8-hydride becomes the major phase. After that, these mechanical properties
start to decrease with rise in hydrogen content and get a minimum for the e-hydride. The yield
strength also diminishes rapidly when temperature increases from ambient temperature to 150
°C[41]. It has been experimentally observed that the hardness of hydrides is much higher
compared to that of a-Zr matrix and decrease with increasing hydrogen content[42][43]. The
nano-hardness of 0-hydride showed a sharp drop with temperature up to 400°C, from 4.1G Pa
to 2.41 GPa. Similarly, the nano-hardness of e-hydride significantly decreased from 3.06 GPa
to 2.19 GPa when temperature was elevated to 300°C[40]. In addition, the thermo-physical

properties of these hydrides have been experimentally investigated as well. The heat capacity
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of hydrides seems to mainly depend on the vibrational contributions. It is remarkably larger
than that of a-Zr matrix and the gap between them widens with temperature elevated. The
thermal diffusivity decreased with increasing temperature but appears to be not determined by
hydrogen content. The thermal conductivity of 6-hydride, calculated from heat capacity and
thermal diffusivity, was slightly smaller than that of o-Zr matrix. The thermal expansion
coefficients of hydrides are found to be larger than a-Zr matrix and show an increase with rise

in temperature[39].

2.3 Hydride precipitation, morphology and distribution in

zirconium alloys

Precipitation of hydrides in zirconium alloys is a martensitic transformation which occurs
through simultaneous movements of both zirconium and hydrogen atoms by shearing[44][45].
It is an extremely complicated process and hence affected by various factors involving
microstructure (such as texture, grain size etc.), thermal history, hydrogen absorption
conditions, hydrogen content and stress state (including both residual and external stress) in o-

Zr matrix etc.

A computational study reported that the formation energies of y-, 6- and e-hydrides nearly equal
to each other and thus the nucleation of a specific hydride phase may be determined by thermal
and mechanical treatments[46], which agrees with experimental results to some extent. It has
been experimentally observed that the phase of hydride precipitated in a-Zr matrix depends on
various factors, including hydrogen concentration, purity of a-Zr matrix, thermal treatment,
applied stress, strain rate and cooling rate etc. In general, 3-hydride is usually formed under a
high hydrogen concentration and/or a slow cooling rate, while the opposite conditions often
result in the formation of more y-hydrides[47][48]. The amount of oxygen impurities was also

found to have influence on which phase of hydrides precipitates. High oxygen concentration
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led to the formation of 6-hydride whereas y-hydride tended to precipitate when the oxygen
concentration in a-Zr matrix was low[49]. The hydride rim generated by a long-time electrolyte
hydrogen charging on the zircaloy-4 sheet was identified as e-hydrides[50]. In annealed
zircaloy-4 claddings, 6-hydride was predominantly precipitated at the hydrogen concentration
up to 1200 wt. ppm. When hydrogen concentration was increased to approximately 3000 wt.
ppm, a significant amount of y-hydride was also observed. The e-hydrides appeared at even

higher hydrogen concentration surpassing about 6000 wt. ppm[51].

Notably, &-hydride is most commonly observed in experiments. Since the cooling rate of
nuclear fuel claddings in service is relative slow, 6-hydride is considered to result in the
majority of embrittlement and relevant failure in the real working environment. Nevertheless,
the o to y hydride transformation still occurs in some occasions. For example, it was reported
that 0-hydride could transfer to ¢y-hydride very slowly at low temperature (below
100°C)[52][53]. Another experimental study showed the precipitation of y-hydride from the
mixture of a-Zr + 6-hydride at 180°C during dehydrogenation at slow cooling rate[54]. This

transformation was also observed in hydrogenated zircaloy specimens to which tensile strain
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Figure 2.4 a. Some observed habit planes in a hcp unit cell[4] and b. micrograph of a cross section of Zircaloy-
4 with hydrides at high magnification[56].
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was applied at relatively low rates and can be reversed by annealing the specimens[55].

However, the conditions for 6 to y hydride transformation remain ambiguous.

The 6-hydride tends to precipitates in the form of platelets, while y-hydride normally appears
as needle-like structures with their long axes parallel to the (1120) directions of a-Zr
matrix[48]. Furthermore, the mesoscale hydride precipitates observed at low magnification are
not isolated hydride grains. They are the mesoscale clusters composed of many nanoscale
hydride platelets (or needles) stacking together, as shown in Figure. 24. b[56]. Such
morphology is supposed to be mainly determined by the combination of orientation
relationship and mechanical interaction between hydrides and matrix, as well as the mobility

characteristics of hydrogen in a-Zr matrix.

Table 2.2 The observed crystal orientation relationship between hydrides and a-Zr as well as different hydride
phases[4].

Phases Crystal orientation relationship Reference
y-hydride and a-Zr (0001),//{111},, [1120],//[110], [47]
&-hydride and a-Zr (0001),//{111}s, [1120]//[110]s and {1017},//{111}s, [1120],//[110]5s [57]
y-hydride and &-hydride {100}5//{100}, [62]
e-hydride and 8-hydride (220).//(220)s and {111},//{111}4, {311}.//(311)s [63]

a b.

5(111)
e | T

ga(OOOZ)

Figure 2.5 a. Schematic diagram of a nanoscale 5-hydride in a-Zr and b. schematic diagram shows how the
nanoscale d-hydrides may stack together to form a mesoscale hydrides[62].

Despite of different crystal structures, both - and y-hydrides grow along the (1120) directions
of o-Zr matrix[3]. Dissimilarly, the observed habit planes, crystallographic planes in o-Zr
matrix along which hydride precipitation occurs, are quite various. Moreover, the broad side

of a 9-hydride platelet is parallel to the corresponding habit plane. y-hydride was found to have
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the habit planes of {1010} and {101L}, where L is equal to 7 approximately[57]. Many habit
planes for 8-hydride were reported in literature, including {0001}, {1017}, {1010} in pure
zirconium, {1011} and twinning planes of {1012}, {1121} and {1122} [48][58][59][60].
Some of these crystallographic planes are shown in Figure. 2.4 a[4]. It was suggested that
temperature might influence which crystal planes act as habit planes[61]. Another model
proposed based on experimental observation is that the habit plane for nanoscale 6-hydride
platelets is {0001} while the mesoscale 6-hydride clusters, formed by hydride platelet stacking
along the planes 14.7° off the basal plane, exhibiting a habit plane of {1017}, as shown in
Figure. 2.5[62]. The experimental difficulties in identifying the orientation relationship
between the hydrides and a-Zr matrix also contributes to such variation in the observation of

habit planes. The observed orientation relationships between hydrides and matrix as well as

those between the different hydride phases are shown in Table 2.2[4][63][64].

Figure 2.6 The TEM images of dislocation loops around a. an intra-granular nanoscale hydride platelet and
b. a nanoscale hydride platelet adjacent to a grain boundary [65][66].

Because of the lower density of hydrides than a-Zr matrix, hydride precipitation leads to local
volume expansion, which can be as high as 12.3% and 17.2% for y- and 6-hydrides
respectively[65]. Such expansion induces strains, elastic stress field, and even dislocation loops

surrounding the nanoscale hydride precipitates, as shown in Figure. 2.6[65][66]. The misfits
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between y-hydride and o-Zr matrix in [0001], [1120] and [1100] directions were calculated
to be 5.70%, 0.551% and 5.64% respectively. The anisotropy in misfits could only encourage
the growth of y-hydride along [1120] direction and thus results in its needle-shaped
morphology. For -hydride, similar calculation was conducted and showed that the misfits in
[0001], [1120] and [1100] directions were 7.2%, 4.58% and 4.58% respectively. Larger
misfit in [0001] direction could restrain hydride growth normal to basal plane, while smaller
and equal misfits in the other two directions may promote isotropic growth on basal plane,
leading to platelet shape of 6-hydride[67]. Furthermore, the diffusion of hydrogen in a-Zr
matrix is very sensitive to stress. A stress gradient forces hydrogen to move toward tensile
stress concentration region[68]. Therefore, the elastic stress field and dislocation loops around
a nanoscale hydride drive hydrogen to assemble and lead to new hydrides precipitate nearby,

forming a mesoscale hydride cluster in the shape of plate eventually.

Figure 2.7 The SEM images of a. a hydride rim[70] and b. a hydride blister[71] on the cross section of the
zirconium alloy claddings.

Meanwhile, in practice, hydrides are also driven to form at the location with sufficient stress
concentration in front of the flaw (such as micro-voids and micro-cracks), even though the
hydrogen concentration in the rest parts is still lower than the terminal solubility limit for
precipitation[37]. It will significantly degrade the mechanical properties of zirconium alloy
claddings. In addition, hydrogen can fairly fast response to temperature gradient and diffuse in

the direction of decreasing temperature, leading to higher hydrogen concentration and
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preferential precipitation of hydrides in the cold regions. In a nuclear reactor, since the
temperature decreases from the inner side to the outer side of the fuel cladding tubes, hydrogen
tends to move to the outer side of the tube and then precipitate, usually forming a hydride
rim[69], as shown in Figure. 2.7 a.[70]. The hydride rim uniformly covers a relatively large
area with the thickness in the range of 50-60 pum. In azimuthal direction, the heterogeneity
inside reactor cores, as well as oxide spallation, also can create some regions with relatively
lower temperature, where hydride blisters are formed subsequently, as shown in Figure 2.7
b.[71]. Different from hydride rims, a hydride blister only occupies an elliptical-shaped small
zoon, but its thickness can be up to half of the cladding thickness. In the axial direction, the

accumulation of hydrides is observed in the inter-pellet regions with lower temperature[72][73].

Even though without any temperature and stress gradients, the precipitation of hydrides in a-
Zr matrix is still not homogeneous. In the polycrystalline zirconium alloys, hydrides are more
likely to precipitate at grain boundaries, especially along the grain boundaries close to the habit
planes of hydrides[47][50][74]. However, intra-granular hydrides are dominant in the a-Zr
matrix with coarse grains and/or rapid cooling rate[50]. It was also observed that the formation
of solute segregation might decrease the grain boundary energy in the matrix and thus diminish
hydride precipitation on the grain boundaries[75]. In the zirconium alloys with the presence of
B-phase, another favorable site for hydride precipitation is the a-f interface[76]. Additionally,
it has been recognized that the texture of a-Zr matrix considerably influences the orientation
of hydride precipitates[77]. The =zirconium alloy claddings commonly have strong
crystallographic texture, where the basal poles of most grains orient close to the radial direction
(normal direction for zirconium alloy sheets). As the basal planes of {0001} and {1017} are
the most commonly observed habit planes of the hydrides, the nanoscale hydride platelets
precipitate with their normal close to the radial direction, finally forming the mesoscale hydride

clusters parallel to the circumferential direction of the claddings, which are -called
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circumferential hydrides. As shown in Figure 2.7 a.[70], on the cross section of the claddings,
these mesoscale hydride clusters appear in the form of long lines, which can be longer than 100

pm and slightly change their orientations while crossing grain boundaries.

2.4 Reorientation of hydrides

It has been shown that externally applied stress has a significant impact on the orientation of
mesoscale hydrides. The mesoscale hydrides tend to form along the direction perpendicular to
the tensile stress[78]. The reorientation of hydrides in the claddings is often referred to the
transformation from circumferential hydrides to radial hydrides. It usually occurs when nuclear
fuel rods are transited between wet and dry storage, during which temperature is elevated first,
leading to dissolution of hydrides, and then decreased, causing re-precipitation of hydrides.
Due to the existence of circumferential stress during the re-precipitation, the new mesoscale
hydrides are likely to precipitate along the radial direction and form radial hydrides. Compared
to circumferential hydrides, radial hydrides are much more detrimental to the overall
mechanical properties of the claddings. Therefore, reorientation of hydrides plays an important

role in the degradation of zirconium alloy claddings.

It was observed that such reorientation of hydrides is very pronounced when the claddings were
cooled from 300 °C to 200 °C, while less predominant during the cooling process in the lower
or higher temperature ranges. Furthermore, longer loading time at a given temperature also can
enhance hydride reorientation[79]. It is noteworthy that the reorientation of hydrides occurs
only when the applied tensile stress reaches a threshold value. The threshold stress for hydride
reorientation has been correlated to various factors. It is found to increase with rise in yield
strength of the cladding samples and decrease as temperature is elevated. For example, it was

measured to be 90 MPa at 235 °C while 60 MPa at 400 °C[80][81]. Larger tensile stress is
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Figure 2.8 The upper four micro-images show the hydrides in the zircaloy-4 samples with 192 wt.ppm
hydrogen content after different number of thermal cycles under the applied tensile stress of 230 MPa in the
vertical direction. The parameters of thermal-mechanical cycles are shown in the bottom graph[84].

required for the hydride reorientation in the claddings with more hydrogen content[82].
Additionally, some recent experiments showed that the threshold stress was reduced by half
when uniaxial tension was changed to be biaxial[83]. However, there is still a lack of a

universal model to accurately predict the threshold stress for specific conditions.

The thermal-mechanical cycles have a profound effect on the reorientation of hydrides in
zirconium. As shown in Figure 2.8, the area fraction of the radial hydrides to the circumferential
hydrides initially, as well as the connectivity and size of hydrides, significantly increase with
increasing the number of cycles[84]. There is a memory effect in the hydride reorientation. As
mentioned in the section 2.3, the volume expansion during hydride precipitation induces
dislocation loops around the nanoscale hydride platelets. Even though initially precipitated
hydrides dissolve at higher temperature, these dislocation loops remain and act as
heterogeneous nucleation sites during cooling, leading reoriented hydrides to become larger

and closer to each other[34].
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2.5 Effects of hydrides on the mechanical properties of zirconium

Hydride phases are extremely brittle whether at high or low temperature[85] and hence the
precipitation of hydrides has been shown to significantly reduce the ductility of the zirconium
alloy claddings, as a result, leading to ductile to brittle transition[86]. The fracture energy
shows an abrupt drop, which means ductile to brittle transition, during a decrease in
temperature[87][88], as shown in Figure 2.9[87]. Generally, the samples with more hydrogen
content exhibits a higher temperature for the transition from ductile to brittle (DBTT). For those
with the similar hydrogen concentrations, the DBTT for the samples with radial hydrides is
much higher than that for the samples with circumferential hydrides. Uniformly distributed
circumferential hydrides might marginally enhance the strength of the claddings and can
slightly decrease the ductility at all temperature studied[89][90]. Only at high hydrogen
concentrations, can circumferentially oriented hydrides cause ductile to brittle transition in the
temperature range from operating temperature to room temperature (approximately 350 °C to
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Figure 2.9 The fracture energy of samples with different hydrogen concentrations and orientations of hydrides
vs temperature in ring compression tests[87]. Note: ductile to brittle transition temperature (DBTT).
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20 °C). Segregated long circumferential hydrides have more detrimental effect on the ductility
of the claddings compared to scattered short circumferential hydrides[90]. Although the effect
of radial hydrides on the ductility in axial direction is suggested to be insignificant, a small
amount of radial hydride can extremely degrade the overall mechanical properties of the
claddings in hoop direction[91]. In addition to the hydrogen concentration and the orientation
of hydrides, the DBTT also depends on the alloy types and stress at the highest dry storage
temperature. For example, the DBTT of high-burnup zircaloy-4 is below 20 °C with hoop stress

at 110 MPa, while about 50 °C for the stress of 140 MPa[92].

At high temperatures (operating temperatures for zirconium alloy fuel claddings), the loss of
ductility caused by precipitation of circumferential and radial hydrides are relatively small and
comparable to each other[93]. Due to the significant improvement in the ductility of the
zirconium matrix with temperature increasing, the hydrided claddings usually remain ductile
at high temperature[86]. As the zirconium alloy fuel claddings are exposed to corrosive
environment and hoop stress, which is lower than the yield stress of the zirconium matrix, at
high temperature for a long time in service, creep crack growth is one of the important fracture
mechanisms for the fuel claddings[35]. For pure zirconium with hydrogen concentration in the
range of 0-185 wt. ppm, a slight increase in creep rate was found with rise in hydrogen
concentration. It is also concluded that the dissolved hydrogen increases the creep rate by
altering the Young’s modulus rather than changing the creep mechanism[94]. For hydrogen
concentration ranging from 16 to 756 wt. ppm, it was reported that solute hydrogen greatly
accelerated the creep behaviors in the recrystallized zircaloy-4, while diminished the creep rate
in the cold-worked stress-relieved zircaloy-4 at 400 °C. The creep rates were decreased by the

precipitation of hydrides in the cases of both stress-relieved and recrystallized zircaloy-4[95].
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Figure 2.10 a. Voids formed along circumferential hydrides[96] and b. long cracks along radial hydrides[12]
in the zirconium alloys after fracture.

At low temperatures, the fracture mechanisms of the zirconium alloy claddings containing
circumferential and radial hydrides are totally different. During deformation of the cladding
only contain circumferential hydrides, strain can induce the initiation, growth and coalescence
of voids on the circumferential hydrides, resulting in a ductile fracture unless the hydrogen
concentration is extremely high, as shown in Figure 2.10. a[96]. In contrast, long cracks are
likely to form and grow along radial hydrides under load, leading to a brittle fracture, as shown
in Figure 2.10. b[12]. When the claddings contain circumferential and radial hydrides
simultaneously, fracture is supposed to occur by the combination of these two mechanisms,

which is a much more complex process.

It is worth noting that the formation of hydrides under load can cause crack growth through a
slow cracking mechanism, called delayed hydride cracking (DHC), even though the fracture
toughness of the zircontum matrix is not reached. DHC is an important mechanism for the
failure of claddings in the storage stage. The process of DHC is shown in Figure 2.11[4]. The
higher tensile stress zone at a crack tip leads to the precipitation of hydride platelets
perpendicular to the applied stress, in the plane of crack. These hydrides fracture to extend the
crack length once the critical length of them is reached and then new hydrides precipitate at the

new tip. This process repeats and causes stable growth of the crack, eventually leading to the
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Figure 2.11 Stages during DHC and the relationship between crack velocity and stress intensity factor[4].

failure of claddings[97]. Since it takes some time to reach the critical conditions for hydride
fracture at the crack tip, DHC is an intermittent process. The cracking is activated only when
the critical intensity factor is surpassed and gradually approaches to the stable state as the crack
propagates. For example, when zircaloy-2 cladding tubes with hydrogen concentration ranging
from 90 to 130 ppm were tested under tensile hoop stress in the temperature regime of 225-300
°C, the critical stress intensity factor was measured to be in the range of 4-6 MPa m'2[98]. The
crack velocity v, is considered to be greatly controlled by the diffusivity and solubility of
hydrogen in zirconium alloys. It was found to be a function of temperature, following Arrhenius
relation given by v, = vye~%~T, where v, is a constant, Q is the activation energy for DHC,
R is the gas constant and T represents temperature[99][100]. DHC is able to occur even at room
temperature[101]. In addition, it was reported that DHC could be restrained by the existence of
remained 3 phase in a-Zr matrix[102]. Even though extensive investigation has been conducted

on DHC in the last few decades, the detailed mechanisms of it are still ambiguous.

In addition, non-uniform distribution of hydrides (e.g., hydride blisters) are more detrimental
to the fuel claddings. In the temperature range of 25-300 °C, many cracks nucleate inside and

grow through the hydride blisters once the plastic zone underneath the blisters yields, leading
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to elastic-plastic fracture at room temperature or ductile failure due to the plastic deformation
localization near the blisters at high temperatures. The fracture strain decreases with increasing
the depth of the blisters at all the temperatures investigated and it decreases more rapidly with

the drop in temperature[103][104].

2.6 Computational study on hydrides in zirconium alloys

The phenomena associated with hydrides in the zirconium alloy fuel claddings during reactor
operation and wet/dry storage are extremely complex, influenced by various factors. Due to the
limited experiment conditions and methods, too complicated in-situ experiments are
unpractical. In order to gain a better understanding of their mechanisms and accurately predict
the behaviors of both hydrogen and hydrides in the zirconium claddings, a series of models
based on various methods have been developed to study hydrides and relevant phenomena.

Most results obtained from them agree with the experimental investigations well.

Atomic scale modelling, such as first principle based density functional theory (DFT)
calculations, can provide crucial information about crystal structure and the properties of
hydrides at nanoscale, which is quite difficult to be obtained from experiments and can be used
for modelling work on hydrides at larger scales. For example, DFT calculations were conducted
to approve that the sites occupied by hydrogen atoms in a-Zr matrix are likely to be tetrahedral
sites, particularly at low temperatures[46]. In another DFT study, the variations in the free
energy from a-Zr matrix to &- and y-hydrides were determined at a few temperatures and
showed that hydrogen may firstly precipitate as &-hydride, and then transform into y-hydride,

owing to its lower interfacial energy than that of y-hydride[105].

Phase field method is a powerful and versatile modelling method for microstructure evolution

of hydride precipitation and growth at mesoscale, such as the effect of matrix microstructure,
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Figure 2.12 (a) TEM observation of y-hydrides[106] and (b) the results of a quantitative phase field
simulation[107]. The side length of both images is about 4pm.

other hydrides, a crack/notch and external stress on the morphology of y-hydrides. The
morphology of y-hydrides, obtained from a phase field study using a temperature dependent
model, is quite similar to that observed under TEM, as shown in Figure 2.12[106][107], even
though some key parameters were not considered. At present, quantitative phase field models
are being developed by combining the computer coupling of phase diagram and
thermochemistry based free energies with a phase field model together. A quantitative phase
field model based on free energies of formation has been proposed for a-Zr matrix/ d-hydride

system[108].

The finite element method (FEM) has been widely used for studying the phenomena related to
hydride embrittlement. A mesoscale kinetic model based on FEM was developed to investigate
the impact of hydrogen content on the creep behavior of zircaloy-4 sheets. In this work, the
creep behavior was found to be significantly influenced by the orientation and distribution of
hydrides, showing a good agreement with the experimental results in literatures[109]. The
outside-in-crack movement with the presence of hydride precipitation was also simulated by

using FEM, which showed that longer radial hydride precipitates are more likely to accelerate
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the growth of crack[110]. Another model based on de-cohesion crack propagation mechanism
was proposed and used to simulate hydride fracture combined with FEM. It revealed that the
fracture toughness declined as the parallel stress to crack faces increased[111]. Furthermore,
delayed hydride cracking was also studied by a finite element model. It was observed that the
precipitation of 6-hydrides can remarkably change the stress distribution near the crack tip and
the velocity of cracking was mainly determined by various factors, including temperature,

stress intensity factor and material strength etc.[112]

Recently, the internal stress induced by the hydride formation and its eftfect on the precipitation,
growth, and morphology of 6-hydrides in a-Zr matrix were investigated by using discrete
dislocation dynamic method on the basis of a Fast Fourier Transform (FFT). This simulation
work showed that the stress was relaxed within very small regions (approximately 300nm)
surrounding a d-hydride precipitate and the dislocations released from the hydride-matrix

interface can act as nucleation sites for new hydrides[113].
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Chapter 3 Techniques and instruments

This chapter gives an overall introduction of the techniques and instruments used for
microstructure and micromechanical characterization of hydrides in zirconium in this thesis,
including scanning electron microscope (SEM), focus ion beam (FIB), electron backscatter

diffraction (EBSD) and digital image correlation (DIC) strain measurements.

3.1 Scanning electron microscope
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Figure 3.1 Schematic of one of the newest FIB/SEM systems, ZEISS Crossbeam 550 whose predecessor is
crossbeam 540 and the FIB-column arranged at an inclination angle of 54°. (This image is provided on
https://www.zeiss.com/microscopy/en/products/sem-fib-sem/fib-sem/crossbeam.html/).

A scanning electron microscope (SEM) is a powerful research tool in materials science. It
images the small details of materials at high magnifications with an excellent depth of field by
scanning the sample surface with a focused electron beam in a raster pattern. The typical spatial
resolutions offered by a SEM are between 0.5 and 4 nm. An example of a SEM column with a

FIB column beside is shown in Figure 3.1. When the focused electron beam hits the sample
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Figure 3.2 Schematic of the interaction between electrons and the sample at and near the sample surface and
the different types of signals are generated from different depth zones. (This image is provided by Wikipedia
https://en.m.wikipedia.org/wiki/File:Electron_Interaction_with_Matter.svq)

surface, the electrons interact with the atoms and various signals carrying different information
are released, as shown in Figure 3.2. The SEM can perform versatile types of analysis by

collecting different signals via proper detectors.

For visual inspection of the sample surface, backscattered electrons (BSEs) and secondary

electrons (SEs) are commonly used. BSEs come from the elastic interaction between the
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Figure 3.3 Schematic of the generation of the four types of secondary electrons when the electron beam hits
the sample surface in a SEM[114]. SE1-SE4 are secondary electrons. BS1 and BS2 are backscattered
electrons.
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incident electrons and the sample in a deeper zone, while SEs are the result from the inelastic
interaction between the electrons and atoms in surface regions. Thus, BSEs imaging are more
sensitive to the differences in atomic number, whereas SEs imaging are better at revealing

surface topography.

The SEs are further classified into four types according to how they are generated, as shown in
Figure 3.3[114]. SE1 and SE2 are used to produce images of the sample surface, while SE3
and SE4 lead to noise for imaging. SE1 are directly generated at the point where the incident
electron beam hits the sample surface and provide the highest resolution information. The
imaging mode using SE1 is commonly called In-lens mode. SE2 are produced when the BSEs
leave the sample surface, sub-microns away from the incident beam. SE2 images also contain
information of atomic contrast, but with slightly lower resolution. The In-lens image and SE2
image of a region of interest can be obtained simultaneously. It plays an important role in the

chapter 7.

Furthermore, the characteristic x-ray generated from the deeper areas can be used for chemical
composition analysis, call energy dispersive x-ray spectroscopy (EDS). However, a hydrogen
atom only has one electron in the shell and cannot emit x-ray when the other electrons bombard
it. EDS cannot detect the hydrogen in the lattice. The electron backscatter diffraction (EBSD)
provides the detailed information of the crystalline structures and orientations, which is one of

the crucial techniques in this thesis and will be introduced in detail later in section 3.3.

3.2 Focused ion beam

The focused ion beam (FIB) systems were developed in the 1970s[115][116][117] and then
took approximately 20 years to become commercially available[118]. A FIB setup is similar to

a SEM, but replacing the electron beam by an ion beam, as shown in Figure 3.1. Most of
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modern FIB systems are using liquid metal ion sources (LMIS), especially gallium (Ga") ion
sources, and the gold and iridium ion sources are also available. Another type of commercial
ion sources is plasma ion source of noble gas, such as xenon (Xe*), which have been used more
widely in the recent years. Ga* sources produce ion beam with small spot size and high current
density, while Xe" plasma sources can provide much higher maximum beam current for large

volume characterization.

The ion beam then is focused by electrostatic lenses and then hits the sample surface. A small
amount of materials is sputtered away from the sample surface in the form of secondary ions
or neutral atoms, producing secondary electrons simultaneously. Both secondary ions and
secondary electrons can be collected for imaging. The amount of the materials sputtered away
is greatly determined by the ion beam current. Low beam currents are used for imaging, while
high beam currents for site specific sputtering, in other words, ion milling. Owing to the feature

of removing materials, FIB is extensively used as an efficient micro-machining tool.

Another important function of FIB systems is deposition, which is achieved with the assistance

of gas injection systems (GIS). The FIB-induced deposition process is demonstrated by a

ion beam is
scanned over

substrate 3 :
volatile reaction

« products

precursor
molecules
__deposited film

substrate

Figure 3.4 Schematic of FIB-induced deposition process [119].
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schematic in Figure 3.4[119]. When the region of interest is scanned with the focused ion beam,
GIS injects the specific precursor gas close to the target area. The precursor gas molecules will
be locally decomposed into the almost-pure material and deposit on the sample surface. Pt
deposition by FIB was extensively used to protect the region of interest underneath and reduce

the curtaining induced during milling.

It should be pointed out that FIB imaging is a destructive process. A FIB system is
conventionally incorporated with a SEM to monitor micro-machining process to avoid extra
destruction of the sample, which is called a dual-beam platform or FIB/SEM system[118]. A
schematic setup of a FIB/SEM system is demonstrated in Figure 3.1. Most FIB/SEM systems
are also equipped with GIS and micromanipulators, which enables their more applications in
micro-machining and three dimensional (3D) tomography, including better micro-sectioning,
serial sectioning and imaging, TEM sample preparation, atom probe tomography (APT) sample
preparation, etc.[120][121] Recently EBSD and EDX detectors have been incorporated into
some FIB/SEM systems for conventional or 3D microstructure and microchemistry
characterization of a specific area or volume[121][122][123]. In this thesis, a Zeiss crossbeam
540 analytical FIB/SEM with Ga* source, field emission electron gun and all attachments
mentioned above in the David Cockayne Centre for Electron Microscopy (DCCEM,
https://www-em.materials.ox.ac.uk/) was used to do micro-sectioning with subsequent EBSD
characterization on small hydride blisters and serial sectioning and imaging on redistributed o-

hydrides.

3.2.1 Micro-sectioning

Micro-sectioning with FIB/SEM system is a crucial method for site-specific sub-surface
characterization in modern materials characterization. Ion milling with the FIB column is

capable of accurately creating cross sections and the SEM column allows for high-resolution
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Pt layer

Figure 3.5 (a) Back-scattered (BSE) image of two lens-shaped small hydride blisters on the cross-section
prepared by FIB micro-sectioning. (b) Imaging plane of a pure zirconium sample containing redistributed 8-
hydrides during serial sectioning and imaging. (c) A schematic of the sample geometry during serial
sectioning and imaging[124].

imaging at microscale. A sub-surface characterization of small hydride blisters obtained by 24h
electrolytic hydrogen charging by micro-sectioning with FIB/SEM system is shown in Figure
3.5. Before sectioning, a ~1um thick protective Pt layer was deposited on the two specific
blisters interested with the ion beam current of 700pA. A large trench was then milled by a
large beam current of 30 nA in front of pre-deposited Pt layer with a 4-5 um gap between them.

The depth of the trench was 25um, which should be 5 times larger than the depth of interested
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features to avoid shadowing during imaging. The finer milling was performed on the exposed
cross section to improve its surface conditions for several times, until it is sufficiently defect-
free for an adequate SEM imaging quality. The beam current for final milling is 700 pA. The
back-scattered (BSE) image, which maximizes the atomic number contrasts, of the well milled
cross section (Figure 3.5 (a)) shows the morphology of the small hydride blisters clearly. The

ion beam voltage is 30 kV for all deposition and milling steps.

The micro-sectioning was used with EBSD to further study the microstructure and
crystallography of small hydride blisters. This process was amended properly to prepare a nice
cross section, satisfying the requirements for EBSD characterization. The details will be

described in chapter 5.1.1.

3.2.2 Serial sectioning and imaging

Serial sectioning and imaging is developed based on micro-sectioning to acquire information
inside a specific volume at microscale by sequential ion milling and SEM imaging. Figure 3.5
(c)[124] is a schematic of the sample geometry during serial sectioning and imaging. After an
adequate cross section of the features interested is prepared by micro-sectioning, two large
trenches are milled on either side of the pre-deposited Pt layer to avoid shadowing in the later
imaging. A thin slice with a constant thickness, which could be as low as a few nanometers, is
going to be milled away from the prepared cross section and then high-resolution SEM imaging
will be taken on the new cross section. These processes will be repeated until the amount of
collected slice images is sufficient to reveal the target features in the slicing direction. The 3D
microstructure of the milled volume could be reconstructed from collected serial images by
software, for example, Avizo, but it wasn’t performed on my samples after a serious
consideration. The thickness of slice, ion beam current, imaging mode should be opted

carefully according to the conditions of a specific sample and the details will be further
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described in chapter 5.2.1 where it was used to characterize the morphology of 8-hydrides in

3D at microscale.

3.3 Electron backscatter diffraction

3.3.1 Conventional electron backscatter diffraction (EBSD)

Electron beam

Specimen
70° tilt

(b)

Figure 3.6 (a) Schematic of the commonly used EBSD geometry[125]. (b) The formation of a Kikuchi band
in an electron backscatter diffraction pattern (EBSP)[126].

Electron backscatter diffraction (EBSD) is a powerful crystallographic characterization

technique, which has been widely used to study the microstructure of the crystalline materials.
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It can provide detailed information of grain orientation, grain size and shape, texture, phase
distribution, boundaries and interfaces, as well as local deformation. Previous study shows that
EBSD is a powerful and reliable technique to discriminate hydrides (i.e. 8- and e-phases) in

zirconium[50] [76] [125][126] [127][128].

In EBSD, a beam of electrons interacts with the crystalline sample which has been tilted to 70°
from the horizontal. Some of the incoherently and quasi-elastically scattered electrons with the
incident angles satisfying the Bragg’s law are diffracted by the corresponding atomic lattice
planes to form a set of paired large-angle cones, as shown in Figure 3.6[129][130]. The image
formed on phosphor screen of the EBSD detector (diffraction pattern) is a gnomonic projection

of the diffracted cones. The pairs of lines in the diffraction pattern are called Kikuchi bands.

Crystal orientation Raw copper pattern with
background correction

Capture Pattern

»Best brightness & contrast

s Appropriate sample height/tilt

*Set appropriat voltage , current, aperture etc.
»Background correction
*Suitable camera binning

*Speed (8x8) vs accuracy (1x1)

Record Data Transform to Hough space

= Position of sampled point = Effectively converts bands to points
*Phase ID & crystal orientation « Easier for computer to locate
*Quality metrics *Choose sampling parameters [p,8]

Pattern quality *Locate peak positions in Hough transform
e Indexing confidence/error

Indexed pattern Hough transform, with peaks identified

Figure 3.7 Hugh based indexing procedure from pattern capture to determination of crystal structure and
orientation during EBSD characterization[132].
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The center lines of the Kikuchi bands are the intersections of the corresponding diffracting
planes and the phosphor screen. The intersections of the bands represent the zone axes in the
crystalline sample. The width of the Kikuchi bands is determined by the spacing of the
diffracting planes when the sample-detector distance and the wavelength of the electrons are
constant. The diffraction pattern collected by the phosphor screen varies with the crystal
structure and orientation of the sample. The collected pattern then recorded by the CCD camera
and further indexed to find out the phase and orientation of the sample at this point. When the
crystalline sample is raster scanned by the electron beam, the crystal structure and orientation
are measured at each point, which enables EBSD to be applied to quantitative characterization
of the microstructure in a region of interest. The effective spatial resolution achieved by EBSD
technique can be 25-200 nm[131]. In addition, to maximize the diffraction, a flat and relatively
‘defect-free’ surface of sample is required. The details of sample preparation for EBSD

characterization are described in chapter 4.

Now most EBSD analysis are fully automated with high efficiency. The modern commercial
EBSD systems index the diffraction patterns based on Hough transformation. The procedure
of the Hough based indexing is shown in Figure 3.7[132]. The detected bands in the diffraction
pattern are effectively converted to the points in the Hough space, which are easier for computer
to locate. The inter-planar angles between the located bands are measured and then compared
with those in look-up tables (reflector lists) of the pre-inputted candidate phases, calculated
according to kinematic electron diffraction theory. Finally, the most consistent indexing
solution is chosen and the angular misfit between the detected and calculated bands (mean
angular deviation, MAD) is measured simultaneously to express how well the calculated
pattern overlays the measured pattern. In addition, the pattern center, from which a normal
vector of the phosphor screen would meet the sample at the interaction volume with the electron

beam, and the sample-to-screen distance (also called detector distance) are determined by
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calibration procedure in advance. The pattern center is the origin of the coordinate system of
diffraction pattern in the Hough transformation and indicates the relative position of the
diffraction pattern with reference to the interaction volume in the sample. Accurate knowledge
of the pattern center is essential for a precise and correct interpretation of the diffraction pattern
and thus a ‘Certainty’ higher than 90% is required for a successful and confident indexing of
the diffraction patterns in this procedure. There are several methods for calibration of the EBSD
system now and the typical one is to find the pattern center by correlating the features on the
diffraction pattern at different detector distances. Details about the determination of pattern
center and calibration procedure can be found in [132][133][134]. The other two parameters
associated with the confidence of indexing are minimum number of detected bands and the
maximum of angular misfit between the detected bands and the simulated bands. They are

usually set as 5 and 2° respectively as default for a confident indexing.

(b)

(e) a-Zr

Pattern Lt (L4AD) [7)

Figure 3.8 Phase discrimination of d-hydrides in o-Zr by EBSD:

(a) SE2 image, (b) phase map, (c) pattern quality map, (d)
| diffraction pattern of a-Zr at blue crosshair in (c), overlaid with the
| simulated bands (blue lines), (e) histogram of pattern misfit (mean
. angular deviation, MAD) for o-Zr, (f) diffraction pattern of o-
' hydride at red crosshair in (c), overlaid with the simulated bands
‘ (red lines) and (g) histogram of pattern misfit (mean angular

S S 7 deviation, MAD) for d-hydride. Pattern resolution: 800x600.

el i
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One example of the phase discrimination of a-Zr and 6-hydride by EBSD in this thesis is shown
in Figure 3.8. The phase distribution well consists with the morphology shown by the SE2
image. Although some d-hydrides show slightly worse pattern quality than the a-Zr matrix, the
pattern quality is still good in general. The diffraction patterns of a-Zr and 6-hydride, overlaid
by the simulated bands according to the indexing results, are shown in Figure 3.8 (d) and (f)
respectively for examples. The frequency distribution of pattern misfit is indicated by
histogram for each phase (Figure 3.8 (e) and (g)). For a-Zr, the pattern misfit is mainly
distributed in the range between 0.4° and 1.2° with the peak at 0.75°. The pattern misfit in o6-
hydrides varies in a larger range from 0.2° to 1.6° approximately. The peak is located at 0.65°
with a longer and larger tail to the larger misfit than to the smaller misfit. All the values of
pattern misfit are lower than the threshold value of maximum angular misfit of 2°. The number
of indexed bands is larger than 7 in most cases. Therefore, the phase discrimination by EBSD
here is fully confident. More details about this example and the related analysis will be

described in the chapter 5.2.3.

The angular precision of the misorientation achieved by the Hough based conventional EBSD
analysis is 0.1-0.5°[131] and the sensitivities of the strain and geometrically necessary
dislocation (GND) derived from it are ~10-3 [135][136] and ~10'* m™ respectively , too large
to reveal the features of local deformation (such as those induced by nanoindentation) at micro-
scale[137]. HR-EBSD technique was developed to measure the local deformation from the
diffraction patterns at a much higher sensitivity. Detailed introduction of HR-EBSD technique

is given in the next section.

Most of conventional EBSD measurements were performed by using a field emission SEM,
Zeiss Merlin-EBSD equipped with a Bruker Quantax EBSD system in the David Cockayne

Centre for Electron Microscopy (DCCEM, https://www-em.materials.ox.ac.uk/). The rest
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conventional EBSD data was collected by Zeiss crossbeam 540 analytical FIB/SEM with

Nordlys Max EBSD system. The details will be given in the corresponding chapters later.

3.3.2 High angular resolution electron backscatter diffraction technique

(HR-EBSD)

HR-EBSD technique was developed by Wilkinson et al. [138][139] and further improved in
the last decade[140][141][142][143]. The experimental set-up of conventional EBSD is also
used to acquire diffraction patterns for HR-EBSD analysis. However, different from
conventional EBSD based on Hough transform, HR-EBSD analysis relates the pattern shifts
with the lattice shifts to measure deformation states (elastic strains and lattice rotations) in
crystalline materials with a high sensitivity of ~10™* [138][139]. The pattern quality is crucial
for both resolution and reliability of HR-EBSD results[142][144][145]. High resolution
diffraction patterns with no or small binning (usually < 2, determined by the native resolution
of detector as well) are essential, which often requires a long exposure time with a moderate

probe current (usually = 10 nA) and well-prepared surface.

Once high resolution diffraction patterns are acquired and stored, HR-EBSD analysis is
conducted by using xXEBSD v3 codes in Matlab. The pattern shifts are obtained by cross
correlating the selected features (i.e. square regions of interest, ROI) on the test patterns with
those on the reference pattern in each grain. The point with the highest pattern quality, which
means the lowest strain but still may be strain, is auto selected as the reference point in a grain.
The measured pattern shifts are then transformed to the lattice displacement gradient tensor,
decomposed into elastic strains (symmetric parts) and lattice rotations (asymmetric parts). The
strains and rotations calculated by HR-EBSD technique are relative to the reference point in
each grain, rather than absolute values. The hydrostatic strain state is not included in the strains

derived by the procedure above, as EBSD are not capable of measuring the change in the
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Kikuchi band widths due to lattice volume change. In addition, a remapping step, where the
test pattern is remapped to be close to the reference pattern by removing the rotation estimated
by the initial cross correlation measurement, is included in the algorithm before the elastic
strains are extracted, in order to minimize the inaccuracy of measured elastic strains caused by

the presence of large rotations[141][146].

The elastic stress tensor is then evaluated from the measured elastic strain tensor by using
Hooke’s law. Meanwhile, the hydrostatic strain is determined in the process above by applying
the plane stress boundary conditions in this step[138]. Reliable stiffness constants for each
phases involved, which are essential for the application of Hooke’s law, should be inputted into

algorithm in advance.

The measured lattice rotations are used to calculate the lattice curvature and then estimate
geometrically necessary dislocation (GND) density according to Nye’s theory[147].
Theoretically, GND density is related to both elastic strain gradient and lattice curvature, but
the contribution of the elastic strain gradient to GND density is considerably smaller than that
of lattice curvature in most instances studied by HR-EBSD techniques and thus the former is
neglected[137]. HR-EBSD technique measures lattice rotation field in two-dimensional map
and only six of nine lattice curvature components are determined. In Nye’s theory, the lattice
curvature is the sum of distortion gradient generated by each possible type of dislocations. The
possible dislocation types are many more than six constrains provided by measured lattice
curvature, leading it to be an under-determined problem. Therefore, at each point in the map,
an appropriate set of six possible dislocation types is found by using the L1 optimization
scheme to minimize the total dislocation line energy[137]. It’s a rational solution supported by
a physical argument but may not the unique solution. The detailed mathematics of GND

analysis from lattice rotation field can be found in [137][148][149]. Different from the
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measured elastic strains and lattice rotations with respect to the reference point in each grain,
the measured GND density is independent of the reference point. Statistically stored
dislocations are not measured. The validation of such GND analysis based on HR-EBSD has
been proved by discrete dislocation modelling[150] and it has been experimentally applied on

various crystalline materials with different structures[142][148][151][152][153][154].

In order to indicate how successful the HR-EBSD analysis has been performed at each point in
the map, two data quality parameters are introduced. The first one is mean angular error (MAE),
describing the difference between measured pattern shifts and the predicted pattern shifts
according to the best-fit solution of the displacement gradient tensor. Larger MAE values
represent lower accuracy. The second is peak height (PH), assessing the quality of cross-
correlation matching for pattern shift measurements. It is the geometric mean of peak heights
found in cross correlation function for all ROIs in a test or remapped pattern and often
normalized against autocorrelation (i.e., bring the peak height of the reference pattern to 1 in
each grain). When the value of PH is extremely low, the pattern shift measurements is likely to
be failed. In order to obtain reliable results of HR-EBSD analysis, the points with MAE > 0.004
or PH < 0.2 have been removed in this thesis. Detailed information about these two parameters

and their threshold selection can be found in the work by Britton et al.[143].

In this thesis, the resolution of diffraction patterns for HR-EBSD analysis was 1600x1200
pixels (i.e., native resolution of the detector) or 800x600 pixels (i.e., binning of 2x2). For each
pattern, twenty ROIs were auto selected with one at the center of pattern and the others on a
circle at the edge of the pattern. The size of ROIs depended on the pattern resolution, 256x256
pixels for native resolution and 128x128 pixels for those with binning of 2x2. The stiftness
constants of a-Zr with hep structure were taken from Fisher and Renken’s work[155]:C;; =

143.4, Cy, = 72.8, Cy3 = 65.3, C33 = 164.8, C,, = 32.0 and Co¢ = 143.4 in GPa. The
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hydride phase studied in this thesis is 6-hydrides with fcc structure in zirconium. There’s no
bulk of 6-phase zirconium hydrides in nature, and quite few experimental results of their
stiffness constants are available in literatures. Therefore, the stiffness constants were taken
from density functional theory (DFT) modelling results, even though some discrepancies
remain. Three sets of stiffness constants of 0-hydride from DFT modelling
works[156][157][158] were chosen to test how much influence of stiffness constants of d-
hydride on HR-EBSD analysis. The testing results showed that the change of HR-EBSD results
with the different sets of stiffness constants of 6-hydride was so small to distinguish, whether
in magnitude or distribution, and can be neglected. Finally, stiffness constants calculated by
Weck et al.[156] were used for all HR-EBSD analysis in this thesis: €;; = 103.0, C;, = 145.5
and C;3; = 27.1 in GPa. The predicted atomic model for this set of stiffness constants matches
with the crystal structure of d-hydride used in HR-EBSD analysis in this thesis and has the
lowest total energy, although it doesn’t completely satisfy the Born criteria for mechanical
stability. Meanwhile, the types of dislocations considered for GND calculation should be
consistent with the deformation mode and thus varies with different crystal structures. For a-
Zr with hep structure, the possible dislocation types involved in the GND calculation are <a>
screw, <a> edge on basal planes, <a> edge on prismatic planes, <a> edge on pyramidal planes,
<ct+a> screw and <c+a> edge on pyramidal planes. The GNDs in 8-hydrides with fcc structure
are considered to be contributed by the dislocations in {111}<110> slip systems, including 6
possible types of pure screw dislocations and 12 possible types of pure edge dislocations. For
more information on the GND calculation for hep structure and fcc structure, see ref. [149] and

[151] respectively.

All HR-EBSD were performed by using a field emission SEM, Zeiss Merlin-EBSD equipped

with a Bruker Quantax EBSD system in the David Cockayne Centre for Electron Microscopy
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(DCCEM, https://www-em.materials.ox.ac.uk/). The details will be given in the corresponding

chapters later.

Post-processing of all EBSD data, including mapping of phase distribution, crystal orientation
and band contrast (or pattern quality), plotting of pole figures, statistical analysis et al., was

performed by using Oxford Instrument HKL. Channel 5 software.

3.4 Digital image correlation strain measurements

Figure 3.9 A subset on the speckle pattern is tracked in the reference image (undeformed) and a measurement
image (deformed)[159].

Digital image correlation (DIC) measures the in-plane strains by comparing the digital images
of the deformed sample surface with the reference image, which is usually acquired before
deformation. In order to successively correlate the images of the sample surface acquired
before and after/during deformation, speckles should be homogeneously applied in a region of
interest on the sample surface in advance. The reference image of the speckle pattern is divided
into a series of square subsets. The changes in the position and shape of the subsets are tracked
in the images of the speckle pattern on the deformed sample surface by using image correlation

algorithms and then the strains of each subset are determined, as shown in Figure 3.9[159].
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DIC is a non-contact and full-field strain measurement technique which can be applied in
various loading conditions. Compared with linear variable differential transformers (LVDTs)
and strain gauges, DIC is a much better choice for mechanical testing of the materials with
heterogeneous microstructure, as it can provide information of strain distribution in a specific
region. Different from HR-EBSD technique which reveals the local deformation
accommodated in the lattice, DIC measures the total in-plane strains caused by deformation.
DIC also can be used to monitor the strains in a larger region during the deformation, owing to
much less image acquiring time than HR-EBSD. Meanwhile, use of SEM for image acquisition
enables DIC strain measurements at micro-scale. For the large deformation where the crystal
structure is seriously destroyed, DIC is a better choice. However, in the cases without external
strain/stress applied (i.e., thermal residual strain and strain induced by second phases), HR-
EBSD technique is a powerful method while DIC strain measurements doesn’t work. In this
thesis, DIC was utilized to characterize the micromechanics of hydrides in zirconium during
the in-situ uniaxial tensile tests performed in a SEM chamber. The details will be presented in

chapter 6.
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Chapter 4 Materials and sample preparation

This chapter give a detailed description of the commercially pure zirconium material used in
this work, anneal process for grain-size control, development of a hydride generation method,

several sample preparation recipes, and methodologies for EBSD characterization.

4.1 As-received pure zirconium

In order to study intrinsic relation between zirconium hydrides and zirconium matrix, 10
commercially pure zirconium sheets (99.2 wt.%) with the size of 50 mm X 50 mm X 1 mm
were purchased from Goodfellow Cambridge Ltd (https://www.goodfellow.com). The detailed
chemical composition is shown in Table 1. These sheets were cut into different size and shape
by low/high speed saw or waterjet cutting machine for different purposes, which will be

described in the following chapters.

Table 4.1 Chemical Composition of the ordered pure zirconium sheets.

Element Hf O C Fe Cr N H
Concentration (ppm) 2500 1000 250 200 200 100 10

Due to the anisotropy of their hep structure, the texture of zirconium alloys has significant
influence on their performance in service, including hydride orientation, distribution,
morphology, irradiation-induced growth behavior and hydride-induced embrittlement[160][4].
Both of IPF map with respect to the normal of as-received pure zirconium sheets (ND, Figure
4.1 (a)) and pole figures for {0001},_,, {1010},_z, and {1120},_, planes respectively
(Figure 4.1 (b)), acquired by EBSD, show that the as-received pure zirconium sheets has a very
strong texture. Most basal poles are located in two small areas on the transverse direction (TD)
near to the center. In details, the normal directions of basal planes of most grains are deviated
from normal of the sample surface (ND) toward TD by the angles of 0-30° approximately. The

preferential orientations for {1010},_5, and {1120} ,_, planes are not as obvious as those for
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basal plane. This is the typical texture for the rolled zirconium sheets. The grains are equiaxed
and the grain size is relatively even, which indicate that the sheets were actually annealed and
recrystallized after rolling process[161][162]. The average grain size is measured to be 11.9

pm by Bruker ESPRIT software.

4.2 Pre-anneal for grain size control of pure zirconium

{1010}

@0001}
Max=5.47
{1120} E

ND 0001 1120

O

“voHw N

Figure 4.1 Inverse pole figure (IPF) maps with respect to the pure zirconium sheet surface normal of (a)
as-received pure zirconium and pure zirconium after anneal at 750 °C for (¢) 12 h, (d) 24 h, (¢) 36 h and
(e) 72 h respectively. (b) shows the pole figures for {0001},_z,, {1010},_z, and {1120},_, planes
respectively and geometry of the received pure zirconium sheets.

53| Page



As mentioned in Chapter 2, the distribution, morphology and structure of hydrides in zirconium
vary with the grain size of zirconium matrix[50]. In order to study hydrides with different
morphology and structure at different sites, it is essential to figure out how to control the grain
size of pure zirconium sheets by anneal process firstly. In addition, proper anneal process will

reduce defect populations and relieve residual stresses inside zirconium[163].

Table 4.2 Average grain size and median grain size before and after anneal.

Anneal time (h) 0 12 24 36 72
Average grain size (um) 144 845 844 876 96.9

Median grain size (um) 135 604 64.1 759 77.6

Several received pure zirconium sheets were heated and kept at 750 °C for 12 h, 24 h, 36 h and
72 h respectively, and then cooled down to room temperature in a vacuum furnace. 750 °C is a
commonly used annealing temperature for zirconium alloys in lab[50]. It is just below o/}
phase transition temperature for pure zirconium and thus a high rate of grain growth will be
achieved without phase change at this temperature. During the whole anneal process, pure
zirconium samples are in a quartz tube, which is pumped overnight and refilled by argon (Ar),
to avoid oxidation by oxygen in air. As shown in Figure 4.2, both average grain size and median
gain size are significantly increased by anneal for only 12 h, from 14.4 um to 84.5 um and
from 13.5 pm to 60.4 um respectively. A few grains are larger than 100 pwm, which are sufficient
large to allow hydride precipitation and growth inside grains and also for micromechanical
tests, such as nano-indentation. However, more than half of grains are still smaller than 60 pm.
With increase in anneal time from 12 h to 36 h, the average grain size doesn’t show an obvious
increase, while median grain size is increased to 75.94 um. After that, although anneal time is
doubled to 72 h, average grain size is only increased to 96.9 um and there is almost no change
in median grain size. Considering both time consumption, grain size and its distribution after

annealing, 36 h was chosen as the anneal time for experiments that need large-grain zirconium
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in the future. In addition, IPF maps in Figure 4.1 show that pre-anneal doesn’t change the

texture of pure zirconium samples.

4.3 Basic micro-mechanical properties of pure zirconium

Before generating hydrides inside pure zirconium, it is important to learn the basic mechanical
properties of pure zirconium. Nano-indentation tests were carried out on the pure zirconium
after 36 h anneal at 750 °C to measure its modulus and hardness, and then study its mechanical

anisotropy as a function of crystal orientation. The relevant parameters are summarized in Table
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Table 4.3 Parameters used in nano-indentation tests on the pure zirconium after 36 h anneal at 750 °C.

Depth limit ~ Strain rate  Harmonic displacement  Frequency Poisson’s ratio
2.0pm 0.05/s 2.0nm 45Hz 0.18

4.3. The radius of plastic zone of a indent on pure zirconium is estimated to be 8-9 um when
the maximum indentation depth is 2 um, according to the equation given by J. Chen[164].
Figure 4.3 (b) misorientation average map shows that the indentation-induced misorientation
is localized within a 15 pm radius around the centers of indenter impressions approximately.
In order to avoid the interaction between any two adjacent indents, the interval distance was
set to be 50-70 pm in all indentation arrays. All counted indents are kept at least 20 pm away
from grain boundaries to avoid the influence of grain boundaries on the measurements. In
addition, because of strong texture, it’s hard to find grains with high declination angles on the
top surface of the pure zirconium sheets, as shown in Figure 4.3 (a). Nanoindentation tests were

also carried out on the well-polished cross-section to get sufficient data of the other orientations.
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Figure 4.3 (a) Inverse pole figure (IPF) maps of 36h pre-annealed pure zirconium after nano-indentation tests
with respect to sample surface normal. (b) Misorientation average map of the same area to (a). Scatter plots
of (c) hardness and (d) modulus to the declination angle of the normal direction of basal plane ([0001]
direction) to sample surface normal of large-grain pure zirconium after 36h pre-anneal process from nano-
indentation tests.
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Figure 4.3 (¢) and (d) plot hardness and modulus as functions of declination angle of basal
plane from the sample top surface respectively. The near basal hardness, when the declination
angle 1s close to zero, is commonly supposed to be the highest hardness in
zirconium[163][165][166]. The hardness decreases from about 3.5 GPa to around 2 GPa when
declination angle increases from 0° to 90°. It’s noteworthy that the decrease in hardness is
negligible when declination angle is close to 0° or 90°, in the range of 0° to 20° or 60° to 90°,
while significant drop of hardness is discovered in between. Different from hardness, modulus
only shows a slightly decreasing trend with increase in declination angle. The modulus ranges
from 125 GPa to 115 GPa. Similar plastic and elastic anisotropy of pure zirconium was also

discovered in literatures[167][168].

4.4 Hydride generation

4.4.1 Electrolytic hydrogen charging

Currently, two methods, gaseous hydrogen charging and electrolytic (cathodic) hydrogen
charging, are commonly used to generate hydrides in zirconium and its alloys in lab. Gaseous
hydrogen charging requires relatively strict lab conditions, including a Sievert-type device,
high temperature of 300 °C to 450 °C, high pressure and high purity hydrogen

atmosphere[169][71][9][55][170][125]. Considering the lab conditions in our group, risk

Table 4.4 Details of electrolytic hydrogen charging for zirconium and its alloys in literatures.

Materials Electrolyte Temperature  Current density ~ Temperature for  Hydride  Ref.
(H2S04 vol.%) (°C) (kA-m2) post anneal ("C) phase
99.2% Zr 0.5 65 1.5 No 3 [18]
Zircaloy-4 1.0 65 (5) 2 830 3 [19]
Zircaloy-4 0.82* 65 (£5) 2 400 g [5]
Zircaloy-4 0.67* 70 (£5) 15 375 5 [20]
Zircaloy-4 2.67* RT 0.8 400 3 [21]
Zircaloy-2 1.0 70 (5) - 200-400 3 [22]
Zr-Nb-Sn 2.76* 80 2 400 - [23]

*Converted to vol.% from the other units in the literatures. RT: room temperature.
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assessment, expense and charging efficiency, electrolytic hydrogen charging was chosen. In
addition, as mentioned in section 1.1, the outer layer of zirconium fuel claddings are hydrided
in coolant water rather than gas atmosphere during service. Electrolytic hydrogen charging
provides a much more similar environment to working environment of zirconium fuel
claddings. The details of electrolytic hydrogen charging for zirconium and its alloys in

literatures are shown in Table 4.4[50][171][172][173][174][175][176].

()

Zr wires

thermometer.

1 vol.%
sulfuric acid

Pt mesh

g

stir bar ——<¢

pure Zr

power supply

]

hot plate

Figure 4.4 (a) Schematic drawing of the experimental setup for electrolytic hydrogen charging. (b) Photo of
corresponding equipment setup for electrolytic hydrogen charging.

The experimental setup for hydrogen charging was designed in terms of equipment setup of
electrolytic hydrogen charging in literatures and conditions in our lab. Figure 4.4 (a) is the
schematic drawing of it. Before charging, one side of the pure zirconium sheet sample was
ground and polished, which made it quite easy to tell if hydrides precipitate on the surface by
optical microscopy just after charging. The details of grinding and polishing process will be
described in the section 4.5. The pure zirconium sample is spot welded with pure zirconium
wire and connected to cathode of direct current (DC) power. The voltage for spot welding
depends on materials and the total thickness of two ends needed to be welded together. Thicker
specimen usually requires higher voltage for the same material. The voltage of 20-30 V was

used for spot welding and adjusted with sample thickness. Platinum mesh is also spot welded
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with pure zirconium wire and acts as anode, owing to its chemical inertness. The polished side
of the pure zirconium sample faces the platinum mesh. The electrolyte is 1 vol. % diluted
sulfuric acid. The hot plate is used to keep temperature at 65+5 °C and a magnetic stir bar is
rotated at 50-60 rpm during the whole charging process. After charging, the sample was cleaned

by deionized water.

During electrolytic hydrogen charging, the reaction happening in the solution is
electrochemical water splitting indeed. H* cations gain electrons and reduce to zero valance
state at the pure zirconium cathode. Some of them diffuse into the pure zirconium cathode
while the others are then released from the cathode surface as hydrogen gas in the form of
bubbles. The hydrogen charging efficiency is determined by various factors, including current
density, surface condition, temperature, concentration of H* ions in solution (PH values) and
potential at the cathode. The amount of H" cations reduced back to zero valance state at the
cathode per unit area per second greatly depends on current density. The fraction of hydrogen
absorbed into zirconium cathode can be estimated according to the Nernst equation for the
potential of charge transfer process and the equilibrium state achieved on the cathode surface
during the charging, as derived by ref.[177]. The results show that the fraction of hydrogen
absorbed into zirconium cathode can be increased by applying a higher temperature, more
negative potential or more content of H* cations in solution (smaller PH values). The surface
condition is not taken into account in the estimation above, but it may influence the absorption

of hydrogen via surface roughness.

Diluted sulfuric acid was used as electrolyte to increase the H' content and conducting ability
of solution without inducing any other cation competitors. Sulfate (SO, ?) is hard to be oxidized
and thus avoid the formation of impurities in the electrolyte during the charging process. The

diffusion velocity of hydrogen in pure zirconium at the charging temperature is much lower
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than the rate at which hydrogen was produced and absorbed during the charging, and thus
hydrogen would accumulate in the superficial layer of the charged samples. Once the local
concentration of hydrogen in zirconium just underneath the charged surface exceeds its solid
solubility limit, hydrides will precipitate. Because of lower density of the hydride phases,
volume expansion happens during zirconium to hydride phase transformation and causes
bumps on the charged surface. Charging time greatly determines the total amount of hydrogen
charged into zirconium samples, as well as the amount of hydride precipitates. The hydrides
formed on the zirconium sample surface is considered to reduce the further hydrogen
absorption and diffusion into the sample and decrease the charging efficiency. It is important

to choose a rational charging time.

Six samples with one side mechanically polished were charged at a current density of 1.0 kA/m?
(0.01 mole hydrogen atoms form per meter square per second approximately) for different time
to find out a proper charging time for the following study. The voltage changes with the total
surface area of the sample. For the pure zirconium sample of 10mmx10mmx1mm, the voltage
is ~ 3.9+0.3 V approximately. As shown in Figure 4.5 (a)-(f), only after the charging for 3 h,
many tiny ‘islands’ formed on the pre-polished surface. These ‘islands’ were identified as d-
hydrides by EBSD. Details will be discussed in the Chapter 5. With charging time increasing,
these hydride islands grew up and nearly covered the whole surface after 24 h charging. After
that, the depth of hydride islands increases from 7.4 um to 13.0 um when charging time was
increased to 72 h, as shown in Figure 4.5 (g)-(i). Obvious cracks started to appear on top of
hydride islands under optical microscopy after 48 h charging and micro-cracks were found near
the top on the cross section of hydride islands obtained by the charging for 72 h. The cracks
probably result from stress concentrations caused by volume expansion during zirconium to
hydride transformation. Considering the time expense and the number of hydrides required by

following study, 24 h was chosen. In addition, less and much smaller hydride islands were
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MP 6h MP 12h

MP 24h (h) MP 48h (i) MP 72h

EP 24h Figure 4.5 Optical microscopy images of hydride islands on pre-
mechanically polished surface after hydrogen charging for (a) 3h,
(b) 6h, (c) 12h, (d) 24h, (e) 48h and (f) 72h. (g), (h) and (i) are the
secondary electron(SE) images of the cross section of (d), (e) and (f)
respectively, prepared by focus ion beam(FIB). (j) is the optical
microscopy images of hydride islands on pre-electropolishing
surface after hydrogen charging for 24h with current density of
2.0kA/m?,

Note: for a, b, ¢ and d, the diameter of Zr wire used is 1 mm, while 0.5 mm for e, f. However, the voltage is
nearly the same for the same current.

found in Figure 4.5 (j), where the sample surface was electro-polished before charging and then
charged with current density of 2.0 kA/m? (double than all the others) for 24 h. It indicates that
lower surface roughness would decrease the charging efficiency even though much higher

current density was used.

4.4.2 Re-distribution of hydrides

The surface hydride islands obtained by electrolytic hydrogen charging are more like hydride
blisters, which only form at some regions with relatively lower temperature on the zirconium

claddings inside nuclear reactor cores[169][71][125]. In most cases without temperature and
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stress gradients, hydrides precipitate in the form of hydride strings or lines. Therefore,

homogenization annealing was taken to re-distribute hydrides after hydrogen charging.

- | £.5, |
Figure 4.6 Optical microscopy images of the top surface of three 1mm thick pure zirconium plate samples, which

were charged for 24h and then annealed at 400 °C for (a) lh, (b) 3h and (c) 6h respectively. (d), (e) and (f) are the
polarized light images of the cross section of these three samples, corresponding to (a), (b) and (c) respectively.

24 h charged pure zirconium samples were put in quartz tubes respectively, which is then
pumped overnight and refilled by argon (Ar), to avoid oxidation by oxygen in air during the
following homogenizing anneal. The tubes containing charged samples were heated to 400 °C
and kept for 1 h, 3 h and 6 h respectively in a vacuum furnace, and then cooled down to room
temperature in air, as the previous studies on hydrides summarize in Table 4.4 show that air-
cool-down allow hydrides to precipitate both inside grains and on grain boundaries in
zirconium. As shown in Figure 4.6 (a)-(c), with increasing the annealing time from 1 hto 6 h,
residual hydrides (pointed by red arrows in Figure 4.6 (a)) on charged surface gradually
diminish and completely disappear after 6 h anneal. It means 6 h anneal is sufficient to allow
all the surface hydrides completely dissolve into zirconium matrix. Inside charged samples,

only an hour anneal allows dissolved hydrogen to diffuse and re-precipitate in the form of
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hydride lines homogeneously over the whole sample. The hydride lines become more and

thicker when anneal time is increased to 6 h.

The hydrides prepared by the electrolytic hydrogen charging with or without homogenization
annealing were then studied by conventional and high angular resolution EBSD in the chapter
5. The results show that they are 0-hydride phase. The distribution, morphology and structure
of hydrides in zirconium vary with gain size of zirconium matrix and/or cooling rate[50].
Proper grain size and cooling rate will be chosen in terms of research objectives in the following

chapters.

4.5 EBSD specimen preparation

4.5.1 Mechanical grind and polish

Table 4.5 Mechanical grinding and polishing process for zirconium samples.

Surface Abrasive Load (N) Speed (rpm) Time
Grinding disc P600 grit SiC with water cooling * 100 30-120s
Grinding disc P1200 grit SiC with water cooling * 100 30-60s
Grinding disc P2500 grit SiC with water cooling * 100 30-60s
Grinding disc P4000 grit SiC with water cooling * 100 30-60s

Polishing pad CHEM-H Diluted colloidal silica (1:1) with water 5 20-50 1-1.5h

Note: * means samples were held by hand during grinding process. The first grinding may need longer time
to create a flat surface.

Mechanical grind and polish were carried out to obtain a flat mirror surface firstly. The target
surface of a sample was ground by grit SiC grinding discs from P600 to P4000 and then
polished by diluted colloidal silica (1:1) with a tiny water flow. The details of mechanical
grinding and polishing process are summarized in Table 4.5. After that, grains can be
distinguished under polarized light optical microscopy, but the color difference between grains
is not obvious and the grain boundaries are ambiguous, as shown in Figure 4.8 (a). Furthermore,

there was no Kikuchi pattern when EBSD was carried out. That means mechanical grind and
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polish is insufficient for preparing a flat and damage free surface required by EBSD. Therefore,

electro-polishing was conducted to further remove the residual surface defects.

4.5.2 Electropolishing at low temperature

Anode

Sample

Electrolyte $olution

Methanol_ Stir bar
bath

Insulated container

: Magnetic stirrer

Figure 4.7 Schematic drawing of the experimental setup for electropolishing at low temperature.

The experimental setup for electropolishing at low temperature is shown in Figure 4.7. The
electrolyte solution is the mixture of 90 vol. % Methanol + 10 vol. % perchloric acid. Methanol
bath and liquid nitrogen was used to create a stable low temperature environment (lower than
-30 °C) inside the insulated container during the whole electropolishing process. Voltage of 20
V was applied, and the polishing time was controlled within the range of 10 s to 40 s in most
cases. The electropolishing time depends on many factors, including materials, temperature,
and surface conditions after mechanical polish, etc. It was properly adjusted according to
relevant electropolishing experiences. Electropolishing greatly removed residual surface
defects after mechanical polish. As shown in Figure 4.8 (b), polarized light optical image of as-

received pure zirconium after mechanical polish and electropolishing in order, color difference
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Figure 4.8 Polarized light optical images of as-received pure zirconium (a) only after mechanical polish and
(b) after electropolishing. (c) and (d) are Kikuchi pattern with resolution of 400 x 300 and pattern quality
map (more white means higher quality) of as-received pure zirconium after electropolishing, obtained by
EBSD scanning.

between grains was significantly improved. At the same time, electropolishing created some
tiny pits, but their bad influence on the general EBSD mapping is negligible. Nice Kikuchi
patterns were obtained in more than 99% of EBSD mapping area. Examples of Kikuchi pattern

and pattern quality map of electropolished as-received pure zirconium are shown in Figure 4.8

(c) and (d).
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Chapter 5 Micro-analysis of delta-hydrides in Zirconium
by conventional and high angular resolution electron

backscatter diffraction

In this chapter, conventional EBSD was used to quantitatively analyze the microstructure of
both small surface hydride blisters and more homogeneously distributed hydrides in pure
zirconium. High angular resolution electron backscatter diffraction (HR-EBSD) analysis,
working via xXEBSD matlab package, was performed to further explore the local deformation
induced by the formation of hydrides in pure zirconium. All details provided by these two
techniques are helpful to further explore the growth mechanism of different hydrides in

zirconium and predict their effects on mechanical behaviors of the zirconium matrix.

5.1 Micro-analysis of small surface hydride blisters by EBSD

As mentioned in section 4.4, the target surface was mechanically polished before hydrogen
charging to provide a relative flat and clean surface for hydride formation and keep a sufficient
charging efficiency simultaneously. However, it’s almost impossible to produce a perfectly
uniform surface. Not clear, at this point, if the hydrogen absorption is localized, or hydrogen
diffuses to preferential sites, or nucleation of the hydride phase is heterogeneous. Later heat
treatment gives more clues. Small hydride islands formed on the sample surface, rather than a
uniform hydride thin layer. It’s quite similar to the formation of macroscopic hydride blisters
on the outer surface of zirconium claddings, which are detrimental to the safety and structural
integrity of a nuclear reactor core. The small hydride islands, to some extent, represent hydride

blister formation in the early stage and will be called as small hydride blisters in this thesis.
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Numerous theoretical and experimental studies have been carried out on macroscopic hydride
blisters, which are wider than 1 mm[178][179][180][169][71][125]. However, there is a lack
of research on hydride blisters in the early stage to further support the proposed formation and
growth mechanism. In this section, conventional EBSD characterization, combined with FIB
sectioning, has been carried out on the cross section of small hydride blisters formed after 24
h hydrogen charging, which are no more than 50 pm in width or 10 um in depth. The results
reveal the morphology and structure of the small hydride blisters and surrounding zirconium

matrix and provide an improved understanding of hydride blister formation and growth.

Hydrides

Zirconium
(showing
grain contrast)

Pure Zr with small hydride blisters on the
top surface

) TD

Figure 5.1 (a) Photograph of tilted EBSD holder with hydrogen charged sample stuck on the SEM pin stub
by silver dag mounted on it for FIB milling and EBSD characterization by Zeiss crossbeam 540 analytical
FIB-SEM. (b) Upright forescatter detector (FSD) image of well-milled cross section area of small hydride
blisters produced by 24h hydrogen charging for EBSD characterizations. (c) Schematic drawing of the top
view of (b).
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5.1.1 Sample preparation by Focused lon Beam (FIB)

Although electropolishing is sufficient to prepare a nice finish of zirconium plate for EBSD
characterization, it will destroy small hydride blisters or even peel them off when used to polish
the cross section of 24h hydrogen charged pure zirconium plates. Focus ion beam (FIB) milling
was used to prepare a well-milled cross section area of small hydride blisters produced by 24h
hydrogen charging. The FIB milling and EBSD characterization were performed on Zeiss
crossbeam 540 analytical FIB/SEM in sequence. The FIB milling was carried out with the dual-
beam FIB platform using gallium (Ga™) as the ion source and SmartFIB software. The EBSD
data collection was achieved by a Bruker system with the electron beam current of 20 nA and
voltage of 20 kV, while the analysis was carried out using Oxford Instruments Aztec software

and HKL channel 5 software.

After 24h hydrogen charging, the as-received pure zirconium sample was cleaned by deionized
water and dried by dust remover. It was then stuck on a SEM pin stub with silver dag and
mounted on 54° tilted side of the tilted EBSD holder with one cross section perpendicular to
rolling direction upward, as shown in Figure 5.1 (a). Red arrow shows the target cross section
perpendicular to rolling direction and the red rectangular on top edge shows the area where FIB
milling will be conduct. Figure 5.1 (c) is the schematic drawing of the top view of the well-
milled cross section area and shows the configuration of each FIB milling steps. Firstly, a
protective platinum layer of about 20 pum X 20 pm X 1 pm was deposited on the region of
interest by Ga™ ion beam of 700 pA. The long side of platinum layer was parallel to the top
edge and the distance between them was about 5~20 um initially. In order to minimize the
shadowing on Kikuchi pattern during EBSD measurements later, both length and depth of
coarse milling volume should be around 5 times larger than those of the region of interest under

the platinum layer. Meanwhile, the width must be larger than the actual width to be removed
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to make sure that the milling will start out of the top edge and gradually mill the target cross
section. Two coarse millings were conducted by Ga*ion beam with the current of 30 nA and
15 nA in sequence. The first coarse milling volume was set as 95 pm X 15 pm X 50 pm and
the second one was 95 pm X 10 pm X 40 pm. After that, final fine milling with the beam
current of 1.5 nA was to further polish the cross-section area of interest. The length and depth
of fine milling volume was 40 pm and 25 pum respectively. The Ga™ion beam voltage of 30 kV
was used for all FIB deposition and milling steps. The forescatter electron image of the well-
milled cross section of interest is shown in Figure 5.1 (b). The lens-shaped small hydride
blisters are easy to be discriminated from zirconium matrix and the red rectangular is the area

for EBSD scan next.

5.1.2 Results

Diffusion S
direction [

U

blister-

T blister-2

ND

D

Figure 5.2 Phase and grain boundary map of FIB prepared cross section of small hydride blisters produced
by electrolytic hydrogen charging for 24 h. Blue is o-Zr and red is 8-hydrides. Black lines are grain
boundaries >2°. Yellow lines are {111}(112) twin boundaries and the misorientation is rotation of 60° around
(111) in 8-hydride blisters. Red lines are {1012}(1011) (T1) twin boundaries and the misorientation is
rotation of 86.28° around (1210) in o-Zr. Green lines are {1121}(1126) (T2) twin boundaries and the
misorientation is rotation of 38.87° around (0110) in a-Zr. The maximum deviation angle for last three is 5°.

69| Page



Figure 5.2 is the phase and grain boundary map obtained from EBSD of FIB-prepared cross
section of three small hydride blisters. The blue region is a-Zr matrix, while the red region is
0-hydride. The hydrogen diffused from top to the bottom of this cross section during hydrogen
charging process, as shown by the blue arrow in Figure 5.2. The lath-shaped 6-hydride grains
in the blisters show a general growth direction downward. The EBSD results of them will be
described separately later, from right to left (blister-1 to blister-3). The presence of some twins

in the a-Zr below the hydride blisters is noted.

5.1.2.1 Small hydride blister-1

As shown in Figure 5.3 (a) and (b), small hydride blister-1 formed inside a parent grain o-Zr-
1. The blister consists of many lath-shaped o-hydride grains, which stack up and grow along a
(1120) direction of a-Zr-1. Three orientation variants of -hydrides are found in small hydride
blister-1 and represented o6-hydride-1, -2 and -3 respectively, marked by white arrows in Figure
5.3 (b), orientation map (IPFX). In order to distinguish d-hydrides in the orientations of o-
hydride-1 and -2, which are all in the similar purple colors in the orientation map, the former
is enclosed by white lines. Note that there is a smaller 6-hydride-1 grain originating from small

hydride blister-2 on the left, rather than small hydride blister-1.

Figure 5.3 (c) shows the pole figures of a-Zr-1, a-Zr-2 and 6-hydrides related to small hydride
blister-1. The projected poles of a-Zr-1 is much more dispersed than those of a-Zr-2 underneath,
which means the misorientaion inside a-Zr-1 is much greater. It may be caused by volume
expansion during zirconium to 8-hydride transformation to some extent. It is also true for the

parent a-Zr grains for the other two small hydride blisters.

Poles marked by black triangles are parallel crystallographic planes and those marked by black
circles or squares are parallel crystallographic directions. The pole figures shows that d-
hydride-1 and -2 follow the commonly observed orientation relationship of {0001},]|{111}5
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Figure 5.3 (a) Phase map and (b) Inverse pole figure
with respect to X direction (IPFX) map of the cross
section of small hydride blister-1. (c) Pole figures of a-
Zr grains and three 3-hydride grains representing all the
hydride orientation variants found in small hydride
blister-1. Poles marked by black triangles are parallel
crystallographic planes and those marked by black
circles or squares are parallel crystallographic directions.
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(1120)4]|{110)s with a-Zr-1, which will be called OR1 in this study. Meanwhile, these two -
hydride orientation variants share one of {111} planes and three of (110) directions, which
coincides with {111}(112) twins, primary twinning type in fcc structures[181]. The
misorientation angle between {111}(112) twins is a rotation of 60° around (111) direction.
However, the interface between d-hydride-1 and -2 is not shown as twin boundaries in Figure
5.2. The misorientation angle between them is almost 60° but the rotation axes is (343}, slightly
deviated from (111). It is probably caused by large misorientation inside a-Zr-1 grain and/or
compression from surrounding 6-hydride grains, induced by volume expansion during
zirconium to d-hydride transformation. The J-hydride-3 follows a different orientation
relationship of {0001},]]{100}s (1120),||{110)s with a-Zr-1, which was observed less
frequently and will be called as OR2 in this thesis. In OR2, one of (1120),, directions is parallel
toa (110)g direction and one of (1010),, directions is parallel to another (110)g direction. The
detailed atomic configuration will be discussed in 5.1.3.1. The 6-hydride-3 grains also forms

alternant structure with 6-hydride-1 grains.

5.1.2.2 Small hydride blister-2

Different from small hydride blister-1, blister-2 formed across several a-Zr grains. The EBSD
results will be divided into three parts in terms of parent grains and shown from right to left in

this section.

As shown in the IPFX map of the cross section of the right part of small hydride blister-2
(Figure 5.4 (b)), only two orientation variants of d-hydrides exist in a-Zr-1 grain. The d-hydride
grains have lath-shape and form alternant structure. The thickness of each lath is similar. The
pole figures in Figure 5.4 (¢) indicate that both observed two orientation variants of 6-hydrides

follow the OR1 with a-Zr-1 and they are {111}(112) twins. The twin plane is the shared {111}
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Figure 5.4 (a) Phase map and (b) IPFX map of the cross section of the right part of small hydride blister-2,
where yellow dash lines are twinning boundaries of hydrides (the maximum deviation angle is 5°). (c) Pole
figures of parent a-Zr-1 grain and two 8-hydride grains representing the hydride orientations found in small
hydride blister-2 in a-Zr-1. Poles marked by black triangles are parallel crystallographic planes and those
marked by black circles are parallel crystallographic directions.

plane between o-hydride-1 and -2, parallel to the basal plane of o-Zr-1. The twinning

boundaries are shown by yellow dash lines in Figure 5.4 (b).

In the middle part of small hydride blister-2, 6-hydrides precipitated across two a-Zr parent
grains. The white dash line in Figure 5.5 (b), IPFX map of the middle part of small hydride
blister-2, is the grain boundary between these two a-Zr parent grains. The top one has almost

completely transformed into &-hydrides, but they were severely damaged by FIB milling.
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Therefore, Figure 5.5 (c) only shows the pole figures of a-Zr-2 and the 8-hydrides precipitated

inside it.
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Figure 5.5 (a) Phase map and (b) IPFX map of the cross section of the middle part of small hydride blister-2,
where white dash line is the grain boundary of two parent a-Zr grains initially and yellow dash lines are
twinning boundaries of 3-hydrides (the maximum deviation angle is 5°). (¢) Pole figures of a-Zr-2 parent grain
and six 8-hydride grains, which represent all the hydride orientation variants found in small hydride blister-2
in a-Zr-2. Poles marked by black triangles (or rhombuses) are parallel crystallographic planes and those
marked by black circles (or square) are parallel crystallographic directions.
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There are six orientation variants of lath-shaped §-hydrides found in a-Zr-2 in the middle part
of small hydride blister-2. The d-hydride-1 and -2 in the similar purple and pink colors in the
IPFX map follow OR1 with 0-Zr-2 and {111}{112) twinning orientation relationship with
each other. Some of these grains form {111}(112) twins. The twin plane is one of the {111}
planes parallel to basal plane of a-Zr-2 and the twin boundaries are shown by yellow dash lines
in Figure 5.5 (b). The o-hydide-3, -4, and -5 follow OR2 with a-Zr-2 and grow in different
directions. The 6-hydride-6 can be obtained by small rotation from 8-hydide-5. It has one {100}
plane close but not completely parallel to basal plane of a-Zr-2. Moreover, it follows
{111}(112) twinning orientation relationship with 8-hydide-2. Different from 8-hydride-1 and
-2, another {111} plane of 8-hydide-2 is parallel to a {111} plane of 8-hydide-6, but not parallel
to the basal plane of a-Zr-2. One of 5-hydide-6 grain forms twins with the adjacent 6-hydide-2
grain and the twin boundary is shown by red dash line in Figure 5.5 (b). Therefore, another
potential formation path of §-hydride-6 is the transformation from §-hydide-2 by {111}(112)

twining.

The most of left part of small hydride blister-2 and right part of small hydride blister-3
precipitated in the same parent grain, o-Zr-3, and will be studied together, as shown in Figure
5.6. Only two orientation variants of lath-shaped 8-hydrides are found in a-Zr-3 and the two
representative grains of them are marked by white and yellow arrows respectively in Figure
5.6 (b) IPFY map. Both follow OR1 with a-Zr-3 and form alternating structures with each other.
Like small hydride blister-1, the orientation relationship between d-hydride-1 and d-hydride-2
is close to {111}(112) twins, but they rarely exactly form {111}(112) twins. It is probably the
results of relatively large misorientation inside a-Zr-3 grain and between the neighboring d-
hydride grains, as shown by pole figures in Figure 5.6 (c), presumably induced by the volume

expansion during zirconium to 6-hydride transformation.
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Figure 5.6 (a) Phase map and (b) IPFY map of the cross section of the left part of small hydride blister-2 and
left part of small hydride blister-3, where white dash square is a 3-hydride precipitating from a twin of a-Zr-
4, yellow dash lines are twin boundaries of -hydrides (the maximum deviation angle is 5°) and white dash
circle area represents 8-hydrides precipitating from a-Zr-4. (c) Pole figures of a-Zr-4 parent grain and two 8-
hydride grains representing the hydride orientation variants found in small hydride blister-2 and -3 in a-Zr-4.
Poles marked by black triangles are parallel crystallographic planes and those marked by black circles are
parallel crystallographic directions.

In Figure 5.6 (b), the rectangular area enclosed by white dash lines includes a {1121}(1126)
(T2) twin of a-Zr-3. More details about twinning in a-Zr matrix will be present in section

5.1.2.4. The 8-hydride precipitated in it follows OR1 as well. In addition, the yellow d-hydride,
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Figure 5.7 (a) Phase map and (b) IPFY map of the cross section of the left part of small hydride blister-3.
Yellow dash lines are twin boundaries in small hydride blister-3 (the maximum deviation angle is 5°). (c) Pole
figures of a-Zr-5 and three 6-hydride grains representing the hydride orientation variants found in small
hydride blister-3 in o-Zr-5. Poles marked by black triangles (or rhombuses, hexagons) are parallel
crystallographic planes and those marked by black circles are parallel crystallographic directions.
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enclosed by white dash circle, also follows in OR1 with its parent grain a-Zr-4 at the bottom

right.

5.1.2.3 Small hydride blister-3

Figure 5.7 shows phase map, IPFY and pole figures of the left part of small hydride blister-3.
This part precipitated within a-Zr-5 and contains three orientation variants of 6-hydrides. The
-hydride-1 and -2 follow OR1 with a-Zr-5 and form {111}(112) twins. The twin plane is one
of {111} planes parallel to basal plane of a-Zr-5 and the twin boundaries are shown by yellow
dash lines in Figure 5.7 (b). The 6-hydride-3, much thinner than 6-hydride-1 and -2, has one of
{100} planes close to basal plane of a-Zr-5 and parallel to one of {1017} planes of a-Zr-5, as
marked by diamonds in the pole figures. Furthermore, one of its {111} planes is parallel to a
{100} plane of 8-hydride-1 grains on either side of it. The orientation relationship between -
hydride-3 and a-Zr-5 deviates from OR2 by 15° approximately, presumably associated with
different levels of the compression given by 6-hydride-1 grains precipitated on the two sides

of it.

5.1.2.4 Twinning in o-Zr matrix

G3

t G4 10pum |
TD

Figure 5.8 (a) Band contrast map and (b) IPFZ map of FIB prepared cross section containing small hydride
blisters produced by electrolytic hydrogen charging for 24h. Red lines are T1 twin boundaries and green lines
are T2 twin boundaries in a-Zr in (a) with the maximum deviation angle of 5°.

As shown in Chapter 4, there is no twinning in the pure zirconium received. However, after
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hydrogen charging, several twins appeared on the cross section prepared by FIB sectioning.
Two types of twins are found in the o-Zr matrix below the small hydride blisters:
{1012}1011) (T1) and {1121}1126) (T2), of which twin boundaries are shown by red lines

and green lines respectively in Figure 5.8 (a).

T1 is the predominant type of twinning in zirconium in most cases[181]. All these twins in the
a-Zr matrix underneath the parent grains for small hydride blisters are lens-shaped T1 twins
and occupy 1.91% of total a-Zr in area. Two variants of T1 twins appear in G1 while two
parallel twins are the same variant of T1 twins in G3. Although only one twin is recognized in
G2 in the IPFZ map (Figure 5.8 (b)), another twin nucleation site can be distinguished in the
band contrast map (Figure 5.8 (a)), as marked by white arrow. It forms along another {1012}
plane and is likely to be another variant of T1 twins in G2. In addition, G4 only has a T1 twin

forming on the grain boundary rather than inside itself.

Different from T1 twins, only one T2 twin is found inside the parent grain for both small
hydride blister-2 and -3. It is extremely thin and tends to be across the whole grain. Some

hydrides precipitated inside it, which means it formed before hydride formation.

5.1.3 Discussion

5.1.3.1 Orientation relationship between 6-hydride and a-Zr

The area fractions of d-hydrides in small blisters following different orientation relationships
with a-Zr parent grains are summarized in Table 5.1. Two potential orientation relationships
are followed by the formation of small 6-hydride blisters in a-Zr in most cases. First one is
{0001}, ||{111}5 (1120),]|{110)5 (OR1). OR1 was observed in all the blisters studied and
the area fraction of 6-hydrides obeying it is about 84.1%. ORI is considered to be primary

orientation relationship. 13.4% area of d-hydrides follow the orientation relationship of
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Table 5.1 Area fractions of 8-hydrides in the small blisters following different orientation relationships with
a-Zr parent grains.

Area fraction

OR1 OR2 others
Blister-1 74.2% 25.8% 0.0%
Blister-2 85.7% 14.1% 0.0%
Blister-3 93.1% 0.0% 6.9%
Total 84.1% 13.4% 2.6%

{00013},]1{100}5 (1120),||{110)s (OR2). OR2 was only observed in two parent grains with
OR1 and never showed up alone. It is considered to be the secondary orientation relationship.
The others could be obtained by small rotation or twinning from OR1 or OR2, which is likely
to be caused by stress induced by volume expansion during the transformation from hydrogen

in zirconium lattice to hydride phase. Therefore, OR1 and OR2 will be further discussed later.
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Figure 5.9 Schematics of atomic configuration of (a) {0001}, (b) {111} and (c) {100} s planes.

Figure 5.9 shows atomic configuration of basal plane of a-Zr, {111} and {100} planes of 6-
hydride phase. The lattice misfits along different directions on these planes for OR1 and OR2

were calculated in terms of lattice parameters used for EBSD characterization in Aztec software
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(a,=3231A and c, =5148 A for «-Z1[182], as = 4.777 A for &-hydride phase,
ICSD[183]). For OR1, both {0001}, and {111} are hexagonal closed packed and thus lattice
misfits on them are isotropic, expansions of 4.5% along both [1210], and [1010],, directions
from o-Zr to 6-hydride phase. Meanwhile, the lattice misfit along [0001], direction is 7.2%.
These values are in agreement with Carpenter’s[67] and Long’s[125] measurements and
calculations. For OR2, the atomic arrangement of {100} 5 is different from that of {0001},
leading to lower compatibility of d-hydrides with a-Zr compared to OR1. The expansions of
4.5% along [1210],, direction and 20.7% along [1010], direction but compression of 7.2%
along [0001], direction is required when 8-hydrides precipitate from a-Zr following OR2.
These results also agree with Long’s measurements and calculations[125]. Higher anisotropic
distortion is expected to require more activation energy for hydride precipitation following
OR2 compared to OR1. However, the opposite misfits of OR1 and OR2 along [0001], could
partially mitigate the transformation strain in this direction. It may enable OR2 to become more
energetically favorable with the presence of massive o-hydrides following OR1 and explain the
observation of layered structures of d-hydrides following OR1 and OR?2 alternatively in small
blister-1 and-2. Therefore, for the localized 6-hydride precipitation in pure zirconium, ORI is
more favorite initially but OR2 still can occur in some specific occasions, especially when OR1
is greatly constrained. In addition, the total volume expansion was then calculated. It is 17.2%

and as expect does not change with orientation relationship between 6-hydride and o-Zr[125].

Two twin related orientation variants were often seen within d-hydrides following ORI in all
small hydride blisters, while orientation variants within d-hydrides following OR2 are much
less commonly observed. Only small hydride blister-2 includes three orientation variants with
three different growth directions in 6-hydrides following OR2. It’s supposed to be a result of
higher symmetry of OR1 than OR2 and different atomic stacking configurations of these two
orientation relationships. In addition, the orientation relationship between the 5-hydrides and
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a-Zr may affect the structure of small hydride blisters. Jia[184] proposed that the d-hydride
laths with OR1 are parallel to each other but d-hydride laths with OR2 has three geometric
orientations corresponding to their three their variants, in terms of his work on subsurface
hydrides in zirconium by XRD and TEM. It may be associated with the twin related structures
of two variants following OR1. The twin related structures within 0-hydrides in small hydride
blisters will be discussed in detail in next section. These findings consist with the EBSD results
of the o-hydrides in most cases described in 5.1.2. The one exception is in the grain which is
not directly exposed at surface where the top and right grain boundaries may influence the
geometric orientations of the 6-hydride laths with OR1 (Figure 5.5, middle part of small

hydride blister-2).

5.1.3.2 Twin related structures in small hydride blisters

Twin related orientation variants of {111}(112) were only found within 8-hydrides following
OR1 rather than OR2 in the small hydride blisters studied. The twin plane is parallel to the
basal plane of o-Zr parent grain. It’s mainly determined by different atomic stacking
configurations of d-hydrides following these two orientation relationships. The stacking of
{111} atomic planes follow a sequence of ‘... ABCABC...” while the atomic stacking
sequence of {100}5 is ... ABABAB...". Therefore, there is no chance for OR2 to form twin

related structures along {100} 5.

Carpenter[185] proposed that the hcp a-Zr to fcc hydride phase transformation is achieved by
the successive generation and glide of g (1100) partial dislocations on alternate basal planes.

Based on that, Wang[186] gave an explanation of the formation of twin related orientation
variants within the o-hydrides following OR1, as shown in Figure 5.10. The Burgers vectors of

dislocations required by the formation of a pair of twin related d-hydrides are opposite on the
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Figure 5.10 Schematic of twin related orientation variants in the 8-hydrides following OR1[178].

twin plane. Therefore, the strain built up along {111} planes can be partially mitigated by the
formation of the twin related variants, leading to alternating formation of two twin related
variants observed in all small blisters studied. In the right part of the blister-2 (Figure 5.4) and
the left part of the blister-3(Figure 5.7), the twin features stack along the hydrogen diffusion
direction and the boundaries between these twin features are the corresponding twin planes.
It’s more likely that these twin features are driven by the mechanism described above. In all
the other parts of the blisters in Figure 5.3, 5.5 and 5.6, the hydride laths show the growth
direction downward and the boundaries between these twin features are not parallel to the twin

planes. It’s still possible that the nucleation and growth of them are independent. The
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geometrical relation between hydrogen diffusion direction and orientation of a Zr matrix grain

may affect the microstructure of a hydride blister.

Another {111}{112) twins, §-hydride-2 and -6, was found in the middle part of small hydride
blister-2, as shown in Figure 5.5. The 6-hydride-2 is much thicker than 6-hydride-6. The twin
plane is not parallel to the basal plane of parent grain. The boundary between them is straight
and parallel to their twin plane. The formation of such twin features is still able to mitigate
transformation strain. This will also help with longer range strain field in the Zr matrix too, not
just inside &-hydrides. The 8-hydride-2 follows OR1, while the orientation of o-hydride-6 is
very close to one of the orientation variants following OR2. This, as discussed in last section,
can mitigate the transformation strain perpendicular to basal plane. These two factors are able

to contribute the formation of such twin structures.

Note that there is probably a balance here. The strain energy is likely reduced by having a finer
twinning structure, but this has the penalty of more twin interfaces, which means more

interfacial energy.

5.1.3.3 Twinning in zirconium matrix

Twinning in the zirconium matrix underneath the parent grains of small hydride blisters was
commonly observed on the FIB-prepared cross sections in the cases studied. Two potential
causes for this are proposed first: formation of small hydride blisters and/or FIB-milling. To
further figure out the contribution of these two potential causes to such twin formation in a-Zr
matrix, EBSD scanning was performed on FIB-milled and electro-polished cross sections of
as-received pure zirconium plates, as shown in Figure 5.11. Two T1 twins are found on the
FIB-milled cross section near the top surface (no more than 25 um) and the area fraction of T1

twins is much smaller than that with the presence of small hydride blisters. In contrast, no twin
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Figure 5.11 IPFY maps of (a) FIB-prepared cross section and (b) electro-polished cross section of as-received
pure zirconium plates.

is observed on the electro-polished cross section whether near or far from the top surface,
although the top edge of the cross section was etched more during eletropolishing. These
indicate that FIB milling may induce T1 twins in pure zirconium and the formation of small
hydride blisters may further enhance the formation of T1 twins in o-Zr matrix underneath.
Theoretically, the influence of FIB milling, and formation of small hydride blisters decreases
with depth increasing. However, much more T1 twins were observed in the o-Zr matrix
underneath parent grains of small hydride blister rather than inside the parent grains. The higher
concentration of hydrogen in parent grains may contribute to it but still not clear. In addition,
all the samples in this chapter were cut from the large pure zirconium plate by high-speed saw,
which may cause structural change close to the cutting edge. The FIB-prepared cross section
is just 5-20 um away from the cut edge and a much thicker layer of zirconium, usually tens of
microns in my work, was removed from the cut edge during the grinding and polishing process.
It is still not sure if the high-speed saw cutting contributes to the twinning structures found in

the zirconium matrix.

5.2 Micro-analysis of homogeneously distributed hydrides by

conventional and high angular resolution EBSD
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Although hydride blisters are extremely detrimental to mechanical properties and structural
integrity of zirconium fuel claddings, their formation is unusual and only happens when the
hydrogen concentration at a specific site is much higher than the surrounding area due to some
external factors. In most cases, individual hydrides were often found to stack or chain together
to form larger hydrides along circumferential direction in the claddings. In order to measure
the local deformation around such hydrides and explore their growth mechanism,
homogenization annealing was performed on the pure zirconium samples after hydrogen
charging. This allows the hydride blisters to dissolve into bulk zirconium and re-precipitate in
the form of hydride chains or stringers. In terms of lattice misfit distribution between 6-
hydrides and a-zirconium matrix, d-hydrides are supposed to precipitate in the shape of plates
after homogenization annealing. However, conventional microscopies only can reveal hydrides
in 2D. Therefore, serial sectioning and imaging was used to characterize the morphology of 6-
hydrides in 3D. The microstructure and the local deformation, including strain and GNDs,
induced by hydride formation were studied by conventional and high angular resolution (HR-)

EBSD to provide a better understanding of hydride formation and growth mechanism.

5.2.1 Experiments and methods

5.2.1.1 Materials and sample preparation

The samples studied in this section were cut from the Imm thick rolled pure zirconium sheets,
which were then annealed at 750 °C for 36 h to increase the average grain size from ~14 pm to

~87 pm. One of them were thinned to ~0.2 mm by grinding with SiC grinding discs. All

Table 5.2 Summary of samples containing homogeneously distributed 3-hydrides in this section.

Thickness(mm) Cooling rate (°C/min)
Sample-A 1mm In air
Sample-B 0.2mm In air
Sample-C 1mm 3
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samples were electrolytically charged in 1 vol. % diluted sulphuric acid using the current
density of 1.0 kA/m? at 65+5 °C for 24 h and then annealed at 400 °C to homogenized hydrogen
in the bulk. One Imm thick sample was cooled down in furnace to room temperature at the rate
of 3 °C/min, while the other samples were cooled down in air. Next, one cross section of each
sample was ground using SiC grinding discs, mechanically polished with colloidal silica and
electropolished in a solution of 90 vol. % methanol + 10 vol. % perchloric acid at a temperature
lower than -30 °C to prepare a sufficient flat and defect-free surface for subsequent EBSD
characterization. The details about sample preparation for EBSD can be found in section 4.5.
More details of materials and sample preparation have been described in Chapter 4 and all

samples are summarized in Table 5.2.

The morphology and distribution of hydrides greatly depend on the grain size and cooling rate
of homogenization annealing when there is almost no change in texture[50]. Precipitation of
hydrides on grain boundaries can be promoted by decreasing grain size (i.e. increasing fraction
of grain boundaries) and/or slowing cooling rate[50]. In this section, moderate grain size was
chosen to allow precipitation of both intra- and inter- granular hydrides, which is defined by
the nucleation site. Two cooling rates were applied to prepare hydrides in different sizes, which

represent hydrides at different stages of growth.

The hydrides prepared in this section were identified as d-phase by EBSD and all the hydrides
in the following sections refer to 6-hydrides. The general morphology and distribution of them
are shown by polarized light images in Figure 5.12. In sample-A and sample-B which were
cooled down to room temperature in air, a distinct population of hydrides were observed both
inside grains and on grain boundaries. They appear as thin and dark straight-line segments in
the polarized light images (Figure 5.12 (a) and (b)). The inter-granular hydride line segments

are slightly thicker than intra-granular hydride line segments, but no obvious preferential sites
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Figure 5.12 Polarized light images of the electro-polished cross sections of (a) sample-A, (b) sample-B, (c)
and (d) sample-C after homogenization annealing.

for hydride precipitation are found. Theoretically, the thinner sample allows higher average
hydrogen concentration interior in the same conditions. However, there is nearly no visible
change in the density of hydrides between sample-A and sample-B. It may be caused by lower
hydrogen charging rate and/or more loss of hydrogen of thinner samples during
homogenization anneal. In sample-C with a much lower cooling rate of 3 “C/min, most
hydrides precipitated on grain boundaries and few of intra-granular hydrides were found. All
the hydride line segments are much thicker than those in sample-A and —B, especially for inter-
granular hydrides. The number of hydrides is much less than those in sample-A and —B. All
above indicate that the hydrogen distribution in the lattice at anneal temperature tends to be

homogeneous but grain boundaries are preferential sites for hydride nucleation. Hydrogen
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presumably prefers to diffuse to nucleated hydrides on grain boundaries to promote their
growth when there is sufficient time for hydrogen to diffuse (i.e., decreasing cooling rate) rather

than nucleate inside matrix grains. Birch’s work shows similar effects of cooling rate[50].

5.2.1.2 Serial sectioning and imaging

Serial sectioning and imaging was performed on the top surface of sample-A by using a Zeiss
crossbeam 540 analytical FIB/SEM with a Ga* source to study the morphology of 6-hydrides
in 3D. Firstly, a protective platinum layer of about 20 um X 20 pm X 1 pm was deposited on
the region of interest by Ga* ion beam of 700 pA. A large trench of 40 um X 25 pm X 30 um
was then milled by a large beam current of 30 nA in front of the Pt layer with a 4-5 pm gap
between them. The exposed cross section was milled for several times by sequentially finer ion
beams of 15 nA, 7 nA, 3 nA and 1.5 nA. Two large trenches of 20 pum X 40 pm X 30 um were
milled on either side of the square Pt layer by the ion beam of 30nA to avoid shadowing in the
imaging later. After that, a SE image and an Inlens image of the newly exposed cross section
were captured simultaneously after a 50 nm thick slice was removed from the cross section by
the ion beam of 1.5 nA. These imaging and milling steps were repeated for 66 times to collect
enough slice images to show the morphology of 6-hydrides in the slicing direction. The imaging
resolution was 3027%2304 and the pixel size was ~13 nm. The ion beam voltage of 30 kV was
used for all FIB deposition and milling steps. The voltage and current of electron beam for

imaging were 20 kV and 7.0 nA respectively. The results will be described in the section 5.2.2.

5.2.1.3 EBSD data acquisition

Conventional and high angular resolution EBSD techniques have been introduced in section
3.3. In this section, all the HR-EBSD and conventional EBSD measurements were performed

by using Zeiss Merlin-EBSD equipped with a Bruker Quantax EBSD system.
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In this section, all diffraction patterns were acquired with a probe current of 20 nA and a voltage
of 20 kV. The conventional EBSD scans were performed with pattern resolution of 400%300
pixels and for most HR-EBSD analysis the patterns were captured at a full resolution of
1600x1200 pixels. The exceptions will be noted in the description of the corresponding figures.
The step size varies with the magnification of maps. It may influence the calculated GND
density[142] and step size will be included in the description of each EBSD dataset. The

parameters for HR-EBSD analysis by using XEBSD v3 codes can be found in section 3.3.2.

5.2.2 Intra-granular é-hydrides

Considering intra-granular hydrides were much fewer in the sample-C with cooling rate of 3
°C/min than sample-A cooled down in air, sample-A was opted for the characterization of intra-

granular 8-hydrides at micro-scale.

5.2.2.1 Serial sectioning results

Figure. 5.13 shows the Inlens images of a series of the cross sections obtained from serial
sectioning and imaging performed on sample-A. Figure. 5.13 (a) refers to a general view of the
cross section for the following sectioning and imaging. Under the protective Pt layer, the semi-
circular region (marked by white dash) is composed of numerous small “blocks” with different
contrast. The position, size and shape of this semi-circular region are consistent with small
surface hydride blisters discussed in the section 5.1. Meanwhile, these small “blocks” are at
the same size scale to the grains in the small surface hydride blisters. It implies the lattice
rotation caused by volume expansion during zirconium to hydrides transformation is retained
after hydrides dissolve into bulk zirconium. Several intra-granular d-hydride chains, which
appear in a darker contrast than the parent grain, can be found on this cross section. One whole

0-hydride chain is included in the red dashed line rectangle. The area in that rectangle is shown
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Figure 5.13 A series of eight Inlens images of the cross sections from a serial sectioning experiment performed
on sample A. (a) is the general view of the cross section before serial sectioning. (b) is the area in the dashed
line rectangle in (a). (c) to (h) are the same area to (b) after different thick slice was removed by FIB during
serial sectioning. The depth in the slicing direction (y-direction as shown in (a)) is labelled at top-right on each
image and the space internal among the images of (b) to (h) is 500 nm approximately.

at a higher magnification in Figure 5.13 (b) and Figure 5.13 (c) to (h) are the same area to (b)

after different thickness was removed by the serial sectioning.
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The 8-hydride chain is formed by three hydride plates stacking along the direction nearly
parallel to their habit plane, as shown in Figure 5.13 (b). The red arrows point out the places
where the adjacent hydride plates overlap or connect with each other. With more slices milled
away from the cross section, the length of the hydride chain increases by the formation of new
hydride plates at two ends. One small hydride plate appears at the left end of the hydride chain
at the depth of 1.5 um in the slicing direction and another small hydride plate shows up at the
right end at the depth of 2.5 um. Meanwhile, the positions of joints between two adjacent
hydride plates are changing. All these implies that the hydride plates stack, or partially overlap
each other, along the plane close to their habit plane and then form a much larger “plate”, rather
than a direction to form a chain in 3D. In addition, the distance between the large hydride plate
and the top of the cross section increases with the depth in the slicing direction, which suggests

the large hydride plate is not perpendicular to the cross section exposed.

5.2.2.2 Conventional EBSD results

In the extra-large matrix grain in Figure 5.14, the hydride stacks are composed of small hydride
plates, which are generally no longer than 15 um, in the same way shown in 5.2.2.1. The length
of these hydride stacks varies from a few microns to dozens of microns, while their thickness
is similar, no more than few hundred nanometers, which is also the thickness of the small
hydride plates. Furthermore, much shorter small hydride plates are observed at the ends of
some hydride stacks. These imply that the intra-granular hydride stacks prefer to grow longer
by precipitating small new hydride plate at their tips rather than become thicker during air cool
down. The hydride stacks follow several directions, while the angles between them and the
trace of basal plane are all in the range of 0°~20° approximately. This suggests there are habit
planes for hydride plates and stacks but not only one. Conventional EBSD scans were

conducted on the areal, 2 and 3 (red dashed rectangles) in Figure 5.14 to further reveal the
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Figure 5.14 Secondary electron (SE2) image of hydrides in pure zirconium (electro-polished cross section of
sample A).

precipitation crystallography characteristics of intra-granular 8-hydrides. The results are shown
in Figure 5.15. Area4 (white dashed rectangle) includes several inter-granular d-hydrides for

HR-EBSD scanning and will be discussed in 5.2.3.

The step size selected for each conventional EBSD scan mentioned above is about 100 nm,
which is in the order of spatial resolution limit of EBSD. Nonetheless, some extremely thin and
short hydrides were not successfully identified or distinguished from matrix. In Figure 5.14,
eight hydride stacks were successfully identified. All of them follow the commonly observed
orientation relationship of {0001},||{111}5 (1120),]|{110)5 (OR1) with their parent grain
a, and the average deviation angle is ~ 1.54°. Meanwhile, two orientation variants of d-

hydrides were found: &;, 65, 8¢, 8, and &g share one orientation variant and &5, §, and &g
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Figure 5.15 Forescattered electron images of (a) areal, (b) area2 and (c) area3 in Figure 5.14, overlaid with
the traces of the habit planes of the hydrides (dashed lines in different colours). IPZ maps of (d) areal, (e)
area2 and (f) area3 in Figure 5.14. (g) Pole figures of parent grain o1 With habit plane traces overlaid, hydrides
d1&2 and &s. Step size: 110 nm (areal), 85 nm (area2 and area3). Note the coloured solid lines are the loci
perpendicular to the habit plane traces of the hydrides and the planes with their poles past by these loci are
the possible habit planes for the hydrides.
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follow the other one. The relationship between these two orientation variants is also consistent
with {111}{112) twins in fcc structures but they were not observed simultaneously in one
hydride stack here. The traces of their habit planes are shown by the dashed lines in different
colors in (a) to (c¢). §; and §, are parallel to each other and their traces are shown by the same
colour. The traces of §, and 4 are quite close to each other and §5 is almost the same as that
of 6,. However, these traces only represent the intersection lines of these plate-like hydride
stacks and the measured surface. All the planes with the normals perpendicular to these traces
are potential habit planes and the loci perpendicular to these traces are shown by corresponding
colored solid lines in the pole figures (Figure 5.14 (g)). Basal plane of a; is a potential habit
plane for 8g and {1012}, is a potential habit plane for §;, &,, 8, and 8. {1017}, is a

potential habit plane for all the 3-hydrides identified here.

5.2.2.3 HR-EBSD results

HR-EBSD analysis was conducted to further reveal the microstructure changes and local
deformation induced by o-hydride formation inside a-Zr grains. The morphology of the
hydrides in the scanned area is shown by the forescattered electron image (Figure 5.16 (a)).
The three intra-granular hydride stacks in the red dashed rectangle will be discussed first and

the other hydrides on the grain boundary will be described in the following section.

As shown in the Figure 5.16 (b), the three intra-granular hydride stacks were identified as d-
hydrides and named as §;, §, and &5 from left to right in order. Although &, impinges on the
grain boundary, its morphology is almost the same to §, and &5 and thus 6, is regarded as an
intra-granular hydride. The thin tips of hydrides 1-3 were not distinguished from matrix using
EBSD indexing. The three d-hydride stacks share one orientation and also follow the
orientation relationship of {0001},||{111}5 (1120),]|{110)s (OR1) with their parent grain a..

Nonetheless, their habit planes are different. As shown by the habit plane traces on the pole
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Loci perpendicular to habit plane traces

Figure 5.16 (a) Forescattered electron image of the region including both intra- and inter-granular hydrides
for HR-EBSD analysis. The intra-granular hydrides in the red dashed rectangle are studied here and the inter-
granular hydrides will be discussed in the next section. (b) Phase map overlaid with the pattern quality map,
(¢) IPFY map and (d) pole figures of parent a-zirconium grain overlaid with habit plane traces and the pole
figures of intra-granular 3-hydrides. Pattern resolution: 1600x1200. Step size is 50nm. Note the coloured solid
lines are the loci perpendicular to the habit plane traces of the hydrides and the planes with their poles located
on these loci are the possible habit planes for the hydrides.

figures of parent grain i in the Figure 5.16 (d), {0001}, , {1017}, and {1011}, are the
potential habit planes for hydrides §;, 8, and &5 respectively. The deviation angles of the traces

of these potential habit planes to the trace of basal plane are within 20°.

The distribution of GND density is presented by Figure 5.17. The lower bound of the noise

error on the GND measurements here is determined by angular resolution for the pattern shift
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Figure 5.17 (a) Phase map overlaid with the pattern quality map and (b) GND density map, presented as log1o

in m2, of the three hydride stacks in the parent grain a1. (C) GND density profiles of the four lines shown in

(@) and (b). Note the positions of the hydrides are shown by white dashed lines in (b). Pattern resolution:
1600x1200. Step size is 50nm.

measurements Af (in radians), Burger’s vector length b and step size Ax and can be simply

estimated by Eq. (5.1) [137].

— 146
Ap T bAx (5.1)
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The angular resolution is about 2x10 rads for the pattern resolution of 1600x1200, measured
by Angus in the previous study[137]. The step size of 50nm was used. The Burger’s vector
length is 3.4068 A for §-hydride grains and 2.7990 A (<a> type dislocations) for a-Zr grains.
The estimated noise error of the measured GND density is 1.2x10'3 m™ for 8-hydride and
1.4x10"3 m for a-Zr grains, which is much higher than the noise floor shown in the GND map.
It may be caused by the better angular resolution achieved by the considerable development of
EBSD detector in recent years. At the thin tips of hydrides which were not distinguished from
the matrix by EBSD indexing, the strain and GNDs were measured as o-Zr matrix. The lower

pattern quality presumably rises higher noise error at these points.

Generally, as shown in the GND density map (Figure 5.17 (b)), higher GND density is found
close to the hydride positions (white dashed lines) than the matrix far from them. Much higher
GND density is found surrounding the tips of d-hydride stacks (e.g., §;), especially on the two
sides, and the regions between two 6-hydride tips close to each other (e.g., §, and &3). This is
likely to trap hydrogen and promote a-Zr to 6-hydride transformation occurring beside the
hydride tips next. To give a better quantification of GND density induced by hydride formation,
four line profiles shown in different colors are taken along vertical scans in the color map of
GND density and the positions of hydrides on the lines are marker by spots in the corresponding
color. The spot Az, Bi, Ci and D1 are located at the middle of 6-hydride stacks as successfully
identified by EBSD indexing, while spot B2 and C: are located at the tip of §; and §5 where the
hydrides were not distinguished from the matrix. The GND density at all these positions, as
marked by the spots on the line profiles in Figure 5.17 (¢), is markedly higher than that in the
matrix. There is a span of about 1.3 um showing higher GND densities around spot B2. The
lower GND densities are found on A1 to A2 where the hydrides are well separated by matrix.
In contrast, the GND densities are notably higher between two hydride stacks especially when

they are close together (C1 to C2).
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Figure 5.18 In-plane elastic strain (&;j) and stress (cij) tensor components, mean angular error (MAE) map and
peak height map (PH) of the three hydride stacks in the parent grain a; after a clockwise rotation of 74.56°from
the microscopy reference frame to make X, direction parallel to the projection of [0001], on the sample
surface. Note the positions of the hydrides are shown by white dashed lines. The points with MAE>0.004 or
PH<0.2 are filtered.

The in-plane stress and lattice strain components shown in Figure 5.18 indicate that the strain
and stress field induced by intra-granular 8-hydride formation are inhomogeneous. Although
all six strain/stress components were successfully derived via HR-EBSD calculation, only the
in-plane components are discussed in the following work in this chapter, considering that

EBSD is a 2D characterization method. As discussed in section 5.3.1.2, the change in the
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stacking sequence of atom layers from HCP to FCC during o-Zr to d-hydride phase

transformation is supposed to be achieved by the generation and glide of %(1100) partial

dislocations on alternate basal planes[185][186]. This generates shear on basal planes,
especially along (1100) directions. In this case, the basal plane of the parent grain a1 is nearly
perpendicular to the sample surface. The in-plane strain components were transformed from
the original microscopy reference frame to a new frame with X; along the projection of the c-
axis [0001], on the measured surface. This required a rotation by 74.5° about the surface
normal X5. In the new reference frame, the in-plane shear components &;, and oy, describe the

shear strain and stress on the basal plane of the parent grain a..

Different from the GND density measured by HR-EBSD analysis, the measured elastic strain
and stress components are with respect to the reference point in each grain. In the 6-hydrides
successfully identified by EBSD indexing, all the in-plane elastic strain and stress components
are relatively low, which may be attributed to their small size. In the parent grain au, the selected
reference point is quite far from the 6-hydrides and shown by a black spot in Figure 5.16 (a).
Similar to GND density, localization of elastic strain and stress are found on the two sides of
the hydride tips (e.g., §;) and between two d-hydride stacks close together (e.g., §, and §5) for
each component. Generally, the distribution patterns are almost the same for the strain and
stress components with the same subscripts. As discussed in 5.1.3.1, we expect a larger
transformation strain of 7.2% along c-axis, compared to that along a-axis (4.6%). Larger
compression stress-strain seen for €1, in matrix fits this idea. Furthermore, in zirconium, plastic
accommodation through movement of <a> type dislocations is easier and could relief o;, and
01, stresses. But g{; would need a component of burger vector along c-axis (i.e., <cta>
dislocations) which are more difficult to activate. Again, seems consistent with observed higher

€11 and oy,. The &;; and gy, are seen to be compressive between §; and §, but tensile below
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8,. The €5, and &1, are localized in much smaller regions on the two sides of the tip of §; and
reverse across the hydride. In the region between §, and §5, compressive strains are only found
in a limited region below &, for £;; and &1, and the others are tensile strains. Above the tip of
8,, similar strain localization to that above &, is observed, where &1, and &;, are seen to be
compressive and €22 is tensile. It is noted that the tensile shear stress above the tip of §; is

generally larger than the compress shear stress underneath it for ay,.

5.2.2.4 Discussion

All the intra-granular d-hydride stacks studied by conventional and high resolution EBSD
analysis follow the orientation relationship of {0001}4||{111}s (1120),||{110)s with their
parent grain and two twin-related orientation variants are observed. Several potential habit
planes are found for the precipitation of 3-hydride stacks inside a grain, including{0001},
{1011}, {1012} and {1017}, which are consistent with the findings reported in the
literature[ 186][187][74][102]. Liu’s work found numerous habit planes of 6-hydrides within 0-
25° and 70-90° off the basal plane of the parent a-Zr grain by using TEM[188]. Different
potential habit planes are found for intra-granular 6-hydride stacks sharing one variant and the
intra-granular 6-hydride stacks with twin-related variants are able to have the same potential
habit planes. These imply that there is no clear correlation between the potential habit planes
and orientation variants for intra-granular 6-hydrides. In addition, serial sectioning and imaging
could be combined with pre-EBSD scan of the target parent grain on the top surface to further

identify the habit planes of 6-hydrides in 3D.

Although the intra-granular 6-hydride stacks have two twin-related variants, the small &-
hydride plates composing an intra-granular d-hydride stack only share one orientation variant
for air cooled down samples. It could be explained by the GND density and in-plane shear

stress (01,) field surrounding the tip of 81 obtained in HR-EBSD analysis to some extent, as
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shown in Figure 5.17 (c) and Figure 5.18. Dislocations are preferential sites for hydrogen
dissolved in the matrix. The higher GND density above the tip of 61 could lead to a higher
hydrogen concentration than that under the tip of 61, which increases the potential for the
precipitation of a new small d-hydride plate above the tip of 61. Furthermore, the sign of the
01, above the tip of 31 is opposite to that under it. As shown by the discussion about the
formation of two twin-related variants during o-Zr to d-hydride transformation in section
5.1.3.2, their motions of Zr atoms along (1100) directions are opposite. The opposite o7,
above and under the tip of 61 may drive the formation of different variants. However, the
absolute values of the g7, above the tip of 81 is generally larger than that under the tip, giving
larger driving force for the formation of the corresponding variant above the tip. Therefore, it
is supposed that a new small d-hydride plate is likely to precipitate with a specific orientation

variant above the tip of d1.

5.2.3 Inter-granular 8-hydrides

Different from intra-granular d-hydrides, the inter-granular 6-hydrides formed at the same
cooling rate are much thicker and their morphologies are more various and complex. HR-EBSD
analysis is conducted on the several inter-granular 6-hydrides with different morphologies at
cooling rates of air cool down and 3°C/min to study the precipitation characteristics of inter-

granular 8-hydrides and the local deformation induce by them.

5.2.3.1 Air cool down

5.2.3.1.1 Type-a

The inter-granular 6-hydrides of type-a are along the grain boundaries and will be presented by

two examples with the cooling rate of air cool down from sample-A and -B respectively.
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Figure 5.19 (a) Secondary electron (SE2) image, (b) forescattered electron image, (c) phase map overlaid
with the pattern quality map, (d) IPFZ map and (d) pole figures of the local area including the &-hydrides
along different sides of one grain boundary in pure zirconium. Pattern resolution: 800x600 Step size: 85 nm.
01 and 0 are the tilted angle of the grain boundary from the horizontal line on left and right respectively. 61

is~40° and 6

2 is~16°.
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As shown in Figure 5.19, the 6-hydrides on the grain boundary between a1 and a2 are obviously
thicker than the intra-granular 6-hydrides discussed in the last section. The maximum thickness
reaches almost ~1 um. The misorientation angle between a1 and o2 was measured to be about
48.5°but the boundary plane varies as the boundary curves across the map. Four orientations
of the d-hydrides are found in the crystal orientation map (Figure 5.19 (d)) and named as &;,
&,, 03 and &, from left to right. §;and &, appear in two separated hydride packets and the
hydride packet of §, has a small tail into a1. Three small hydride packets share the orientation
of &3 : the left one has a tail into a2, the middle one is nearly connected with the hydride packet

of 6, and the right one is embedded in the hydride packet of §,.

The orientation relationship between the d-hydrides and o-Zr matrix is analyzed by the pole
figures in Figure 5.19 (e). 6; and &, follow the common orientation relationship of
{0001}, ||{111}s (1120),||{110)s (OR1) with o1, while the §; and &, follow the same
orientation relationship with o2. It means that §;and §, precipitated from o1, whereas §; and
&, originated from az. The side from which the 6-hydrides precipitate on a grain boundary also
depends on the spatial relationship between the grain boundary and orientation of the two
neighboring a-Zr grains. The average deviation angle of them is ~6.12°, much larger than that
of intra-granular hydrides studied in 5.2.2. It may be attributed to their much larger thickness
and the influence of the grain boundary. Meanwhile, §;and 6, , as well as §5 and §,, are also
consistent with {111}112) twin relationship. The difference is that the two well separated
hydride packets of §;and &, are supposed to nucleate on the grain boundary independently and

the small hydride packet of §; embedded in that of §, may originate from &, by twining.

The results of corresponding HR-EBSD analysis are shown in Figure 5.20. In the GND density
map, several spots with high values are found in the matrix grains. Nearly all of them are

located at pits induced by electropolishing and supposed to be caused by the lower pattern
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Figure 5.20 Maps of Ref ID where reference points for each grain are marked by black spots, GND density,
In-plane elastic strain (&jj) and stress (o) tensor components, mean angular error (MAE) and peak height (PH)
of the local area including the 3-hydrides along different sides of one grain boundary in pure zirconium.
Pattern resolution: 800x600 Step size: 85 nm. The points with MAE>0.004 or PH<0.2 are filtered.
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quality and inaccurate pattern indexing due to the pits. For the elastic strain and stress maps,
the influence of pits is reduced. Only the relatively deep pits lead to apparent high compressive

elastic strain and stress, as pointed by black arrows in the €22 and 622 maps.

Generally, the GND density in the matrix grains is no more than ~1.4x10'> m? when the
influence of pits is not taken into account. Inside the d-hydrides along the grain boundary, the
GND density is higher, especially at the two tips of the hydride packet of §; with the values of
nearly ~1.0x10'* m. Surrounding these inter-granular 8-hydrides, the relatively high GND
density is found beside hydride tips, between the hydride tail and grain boundary and between
two hydrides close to each other. The hydride packets of §;and &, induces GND density within
both a1 and o2. A tiny hydride in front of the left tip of hydride packet of §; was not
distinguished from ou by EBSD indexing. Nonetheless, high GND density is still found
between it and §;, especially on the side of a1. Between the hydride packets of §;and §,, higher
GND densities were induced on the side of a2. For the hydride packet of §,, relatively high
GND density appears between its tail and grain boundary in a1. One potential cause may be
that the grain boundary blocks the movement of dislocations. Around the right tip of §,, GNDs
were mainly formed on the side of o2. The hydride packets of 5 and &, induces GND density
formation mainly in o2. The dislocations induced by the tail of §5 are like that of §, but in
smaller areas. Another high spot of GND density is between dsand 8,. Slightly lower GND
density is observed beside the hydride packet of §; embedded in that of §5, which indicates
that the twinning in o-hydrides may slightly reduce the GND formation surrounding. In
addition, most of the local areas with higher GND density surrounding the inter-granular

hydrides show a dislocation loop-like shape.

Like the intra-granular hydrides discussed in the last part, nearly no obvious in-plane elastic

strain and stress are found inside 6-hydrides along ai/02 grain boundary, except the two tips of
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the hydride packet of §;. The distribution of the strain and stress is generally consistent with
the distribution of GND density. Meanwhile, the distribution patterns are almost the same for
the strain and stress components with the same subscripts and will be described by taking strain
components as an example. The €22 is larger than €11 and €12 but the points with compressive

€22 usually show tensile for €11 and €12.
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Figure 5.21 (a) Secondary electron image (SE2), (b) phase map overlaid with the pattern quality map, (c)
IPFZ map and (d) pole figures of the local area including the 8-hydrides along three different boundaries of a
parent grain in pure zirconium. Pattern resolution: 1600x1200 Step size: 100 nm.
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Table 5.3 Summary of misorientation angles of a-Zr grain boundaries in Figure 5.21 and Figure 5.23.

Gran Boundary ar/oz  or/oz or/os o/as  o2/os o3/oa ou/os
Misorientation Angle (°)  26.1 54.6 32.1 23.8 54.4 31.2 40.7

The morphology and crystal orientation of the other example where the d-hydrides form on
three different boundaries of a parent grain is shown in Figure 5.21. There are five o-Zr grains
in the local area and the misorientation angles of their grain boundaries are summarized in
Table 5.3. Three d-hydride packets are found along the grain boundaries of ai/a3, ai/o4 and
ai1/as respectively. Among them, &5 has an obvious small tail into 1. In addition, 8-hydrides
with different morphology are found on the grain boundary of a2/a3 and will be discussed in
the next part. Theoretically, the grain boundaries with higher misorientation always have higher
energy and thus become preferential site for the nucleation of hydrides[189]. However, not all
the grain boundaries with 6-hydrides have the highest misorientation angles in the local area
studied. The au/as with hydrides has a slightly lower misorientation angle than ai/02 without
hydrides. However, the direction of ai/02 grain boundary is quite close to the prismatic planes
of a1 and a2, while the direction of ai/as grain boundary is much closer to the basal planes of
a1 and os. Similarly, no hydrides are found on the as/04 grain boundary which has almost the
same misorientation angle to ai/o4 but a direction nearly parallel to the prismatic planes of the
bounding grains. For a4/as with the third high misorientation angle of 40.7°, its direction is not
close to either basal or prismatic planes of the bounding grains. Therefore, the nucleation of 6-
hydrides on grain boundaries is determined by various factors, including misorientaion,

direction and orientations of the bounding grains.

The pole figures of the inter-granular 6-hydrides and a-Zr in Figure 5.21 (e) show that §;, §,
and &5 follow the most common orientation relationship of {0001},|[{111}s

(1120),|{110) with a1 and are supposed to precipitate from a1. The average deviation angles
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Figure 5.22 Maps of Ref ID where reference points for each grain are marked by black spots, GND density,
In-plane elastic strain (&jj) and stress (ojj) tensor components, mean angular error (MAE) and peak height (PH)
of the local area including the 5-hydrides along three different boundaries of a parent grain in pure zirconium.
Note the reference point for ay is out of the maps here. Pattern resolution: 16001200 Step size: 100 nm. The
points with MAE>0.004 or PH<0.2 are filtered.
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of them are 8.27°, 6.48" and 4.54° respectively, much larger than those of intra-granular
hydrides. §; and &5 could be regarded as one orientation variant of the d-hydrides originating
from o1, but their poles of {111} planes deviated from the poles of the basal plane of a1 to
different direction. The misorientation angle between &; and &5 is 13° approximately. §, is the
twin-related variant for §; and &3;. The misorientation inside ai is much lower than the
deviation angles above. Meanwhile, the phase interface of the tail of &5 into a1 shows lower
deviation angles than the other part along the grain boundary. It indicates that the larger
deviation from the common orientation relationship may be caused by grain boundaries and

the larger misorientation of the grain boundaries is likely to lead to larger deviation.

Figure 5.22 shows the HR-EBSD results of the local area shown Figure 5.21. Generally, the
GND density inside the inter-granular 6-hydrides are much higher than that in the a-Zr grains
but not uniform. Relatively high GND density is found in the right half of §;. More GNDs
appear at the end touching the triple junction of grain boundaries and the side of a1 in the §,.
In 63, the small tail and part of body at right show significantly high GND density. Meanwhile,
high GND density is found in the area with sunburst appearance surrounding triple junctions
of grain boundaries and the right end of §; in the matrix. There are thin layers of slightly higher
GND density beside the main body of these inter-granular 3-hydrides in ai. The distribution of
the strain and stress is generally consistent with the distribution of GNDs whether in matrix or
hydrides. Meanwhile, the distribution patterns are almost the same for the strain and stress

components with the same subscripts.

5.2.3.1.2 Type-b

The inter-granular 6-hydrides of type-b nucleated on grain boundaries and grew into the parent
grain interior in the form of large tails extending into the parent grain, blocks aligned with the

grain boundary or thin line segments. Three examples will be presented in this section.

110 | Page



The first example includes all three morphologies of type-b, as shown in Figure 5.23. §, and
O¢ are in the shape of large tails extending into a3 with a specific angle to the grain boundary

and share one orientation. The detailed morphology in the SE2 image (Figure 5.23 (b)) shows
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Figure 5.23 (a) Forescattered electron image and (b) secondary electron (SE2) image, (c) phase map overlaid
with the pattern quality map, (d) IPFX map and (e) pole figures of the local area including the &-
hydrides nucleated on the grain boundary and grow into their parent grain in the form of large tails, blocks or
flacks aligned with the grain boundary in pure zirconium. Pattern resolution: 1600x1200 Step size: 100 nm.
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that 65 consists of three smaller hydride blocks on the side of a3, which are parallel to each
other and aligned with o2/a3 grain boundary. Only one of four hydride line segments like intra-
granular hydrides on the top was successfully distinguished from the a3, which is named as §,.
Although the colours of §5 and §, looks different in the IPFX map, they are still supposed to
have the same orientation according to the pole figures (Figure 5.23 (e)). These two observed
orientations of 8-hydrides follow the common orientation relationship of {0001}, ||{111}
(1120),||{110)5 with 03 and thus all the §-hydrides on the ax/a3 grain boundary are supposed
to transform from as. The average deviation angle is 3.21°, which is larger than that of intra-
granular d-hydrides but smaller than that of type-a inter-granular 6-hydrides. Meanwhile, the
relationship between these two orientation variants is consistent with the twin relationship of

{111}(112). Nonetheless, 85 and 84 are not connected with each other.

The distributions of GNDs, in-plane strain and stress in the local area including the type-b inter-
granular d-hydrides with three morphologies are presented by Figure 5.24. The density of
GNDs in the hydrides is generally higher than that in the a-Zr matrix. §5 shows a GND density
at the same level of that in §¢, lower than that in §,. It implies that the GNDs caused by the
transformation strain in d-hydrides can be reduced when two variants appear as neighbours.
The highest GND density is found at the tip of §,. GNDs are also induced along both sides of
the d-hydrides in a2 and o3 and between the hydride flakes on the top. The distributions of
GNDs surrounding the hydrides are not uniform and vary with the morphologies of the
hydrides. Different from GNDs, nearly no strain or stress is found inside the hydrides
presumably due to their small size. The distribution patterns of in-plane strain and stress with
the same subscripts surrounding the hydrides are almost the same and consistent with the GND
map in general. More significant concentrations of in-plane strain and stress are observed
between the grain boundary and the roots of the hydride line segments on the top. Furthermore,
strain and stress are distributed over a slightly larger area on the side of o3 than oo.
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Figure 5.24 Maps of Ref ID where reference points for each grain are marked by black spots (the auto-
selected reference points are out of the map shown here and far away from hydrides), GND density, In-plane
elastic strain (gj) and stress (o) tensor components, mean angular error (MAE) and peak height (PH) of the
local area including the 3-hydrides nucleated on the grain boundary and grow into their parent grain in the
form of large tails, blocks or flacks aligned with the grain boundary in pure zirconium. The points with
MAE>0.004 or PH<0.2 are filtered. Pattern resolution: 1600x1200 Step size: 100 nm.
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Figure 5.25 (a) Forescattered electron image of the region including both intra- and inter-granular hydrides
for HR-EBSD analysis. The inter-granular hydrides in the red dashed rectangle are discussed in this section.
(b) Phase map overlaid with the pattern quality map where grain boundaries (>10°) are shown by black lines
and the phase interfaces between d-hydrides and a-Zr are shown by lines in different colour (white < 3° <
yellow < 6° < lime green < 9° < dark green), (c) IPFX map, (d) Inlens image and (e) pole figures of the local

area including the type-b inter-granular 8-hydrides in the shape of large tails. Pattern resolution: 1600%1200.
Step size is 50nm.

Another example including the type-b inter-granular 6-hydrides in the form of large tails and
thin line segments like intra-granular hydrides is introduced in Figure 5.25. §, and &5 are the
large tails extending into o2 and the difference is that an intra-granular hydride precipitated in
the front of the tip of §, along its extending direction, as shown in Figure 5.25 (d). The angle
between §, and the a2/ grain boundary is slightly larger than that for §s. &4 is a tiny hydride
on o2/a1 grain boundary but shows the similar growing trend to &, and §5. It could be regarded
as the earlier stage of §, and &5. In addition, &, precipitated on ax/ou1 grain boundary and
directly grew into o like intra-granular hydrides. The right segment of §; inside a1 grain was
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studied in 5.2.2.3 and the root segment touching the grain boundary will be discussed in this
section, although this segment was not distinguished from the matrix by EBSD. The
misorientation angle between a1 and a2 is 59.62°. §, ,05 and §¢ have the same orientation and

follow the commonly observed orientation relationship of {0001}, |[{111}5 (1120),||{110)
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Figure 5.26 Maps of Ref ID where reference points for each grain are marked by black spots, GND density,
In-plane elastic strain (&jj) and stress (o) tensor components, mean angular error (MAE) and peak height (PH)
of the local area including the type-b inter-granular 3-hydrides in the shape of large tails in pure zirconium.
Pattern resolution: 1600x1200. Step size is 50nm. The points with MAE>0.004 or PH<0.2 are filtered.

o
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with a2. The average deviation angle is measured to be 3.58°, slightly larger than the last
example including three morphologies of type-b. Meanwhile, the deviation angle for &5
gradually decreases from the part along the grain boundary to the tip of the tail, as shown in

Figure 5.25 (b).

The HR-EBSD analysis gives the detailed distributions of GND density, in-plane strain and
stress in the scanned area, as presented in Figure 5.26. More GNDs are observed inside and
surrounding the hydrides. The distributions of GNDs inside §, and §5 are not homogeneous.
The tip, middle and lower parts of &5, as well as the top of 6,4, show the relatively high GND
density at the similar level. However, the large MAE values are found at the same parts of §,
and &g, which is likely to cause some uncertainty of high GND density and strain/stress
measured in these parts as well. The middle and lower parts of J5 also cause generation of
GNDs in the half circle areas along them in a. On the side of a2, slightly high density of GNDs
is found surrounding the tips of the tail-shaped hydrides and between them. The density of
GNDs inside 65 is slightly higher than that in the matrix. The GNDs with the similar density
were induce on both sides of the root of §;, which may be attributed to the formation of both
6, and &¢. The distributions of in-plane strain and stress agree well with GNDs. The places

with higher GND density often show higher strain and stress.

The last example reveals the crystal structures of o-hydrides penetrate the grain boundary,
which is the special case of 8-hydrides nucleating on grain boundary and directly growing into
the two neighboring grains simultaneously in the similar morphology of intra-granular 6-
hydrides, as shown in Figure 5.27. The misorientation between a1 and o2 is 28.3° and the angle
between their basal plane normals is only 26.6°. The ai/02 grain boundary looks almost parallel
to the basal-plane normal of o2 and close to that of ai. It implies the shear on the basal plane

may transfer through the grain boundary easily and promote zirconium to 6-hydride phase
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Figure 5.27 (a) Forescattered electron image, (b) phase map overlaid with the pattern quality map, (c) IPFY
map and (d) pole figures of the region including the special case of type-b inter-granular 6-hydrides nucleating
on grain boundary and directly growing into the two neighboring grains simultaneously in pure zirconium.
Pattern resolution: 1600x1200 Step size: 100 nm.

transformation on both sides of the grain boundary. The inter-granular hydride is nearly
perpendicular to the ai/02 grain boundary. It is separated into §; and §, by the grain boundary,
where they are much thicker than the other tips in o1 and o2, as shown by the IPFY map. It
suggests that the similar nucleation and growth paths of them are related to the specific grain
boundary. 65 precipitated on the top side in the front of the tip of §; inside ai. They have the
same orientation, and their habit plane is close to the trace of basal plane of a1 on the measured
surface. Similarly, the habit plane of §, is close to the trace of basal plane of a2. The orientation
relationships between &; and a1, as well as &, and o2, satisfy {0001},||{111}s
(1120)4]{110)s. It indicates that §; and &, transformed from a1 and a2 respectively, which is

consistent with their relative locations to the ai/o2 grain boundary.
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Figure 5.28 Maps of Ref ID where reference points for each grain are marked by black spots (the auto-
selected reference points are out of the map and far away from hydrides), GND density, In-plane elastic strain
(sij) and stress (ojj) tensor components, mean angular error (MAE) and peak height (PH) of the local area
including the special case of type-b inter-granular 5-hydrides nucleating on grain boundary and directly
growing into the two neighbouring grains simultaneously in pure zirconium. Pattern resolution: 1600%1200.
Step size is 100nm. Note that the positions of hydrides are indicated by white dashed lines and the a1/0, grain
boundary is shown by black lines in strain and stress maps. The points with MAE>0.004 or PH<0.2 are
filtered.

As shown in Figure 5.28, the distributions of GNDs, in-plane elastic strain and stress in this
local area are like those of intra-granular hydrides discussed in the last session, when the

influence of the little pits are considered. Localization of higher GND density, strain and stress
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is found between hydrides or surrounding their tips. Inside the 6-hydrides, the elastic strain and

stress are relatively low, although the GND density is higher than that in the matrix.

5.2.3.2 3°C/min
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Figure 5.29 (a) Forescattered electron image, (b) phase map overlaid with the pattern quality map, (c) IPFY
map of the local region including inter-granular 8-hydrides precipitated at the cooling rate of 3°C/min in pure
zirconium. Pattern resolution: 1600x1200 Step size: 120 nm.

Table 5.4 Summary of misorientation angles of the a-Zr grain boundaries in Figure 5.29.
Gran Boundary ar/oz  or/oz o/oa ooz os/oa
Misorientation Angle (°)  25.9 35.9 34.5 25.02 51.66

The inter-granular 8-hydrides precipitated on the two different grain boundaries at the cooling
rate of 3°C/min will be described in this section. As shown in Figure 5.29, they are much thicker

than the inter-granular d-hydrides precipitated during air cool down and show much more
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Figure 5.30 Pole figures with respect of the IPFY map of the local region including inter-granular 8-hydrides
precipitated at the cooling rate of 3°C/min in pure zirconium in Figure 5.29.
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complicated structures. The detailed orientation relationships of 6-hydride/a-Zr and o-
hydride/d-hydride are analyzed by the pole figures in Figure 5.30. The misorientation angles

of the involved a-Zr grain boundaries are summarized in Table 5.4.

The 8-hydrides precipitated along the two sides of ai/02 grain boundary, as presented by the
IPFY map in Figure 5.29. Generally, the 6-hydrides on the side of a1 is much thicker than those
on the side of a2. On the side of ai, the large light blue hydride (&;) has several small and
narrow depressions on the interface with ai. A small light green hydride is found at the bottom
of the one of these depressions, as indicated by the black arrow. Similarly, there is a small light
blue hydride (circled by black line) on the interface between the long light green hydride (6,)
near the 6;/68, boundary. §; and §, are twin-related structures and follow the orientation
relationship of {0001},||{111}5 (1120),|[{110)s with a1. On the other side of a>, there is a
tip with different orientation (§,) at the middle of the purple hydride along the grain boundary
(63). The orientations of §3 and §, satisfy the twin relationship and follow the orientation
relationship of {0001},||{111}s (1120),]|{110)s with a2. A very small yellow hydride
(indicated by the white arrow) is observed inside the main body of purple hydride (63). Its
orientation is almost the same to that of §, and consistent with the twin relationship with &5,

which indicate it is likely to transform from 5 by twinning.

At the triple joint of ai, o2 and a3, §5 (the small light blue hydride cycled by white line) grew
along a1/a3 grain boundary. &, (the small red hydride) is along o2/a3 grain boundary and shows
a trend to grow into 3. 85 and §¢ also follow the most common orientation relationship of
{0001},||{111}5 (1120),||{110)5 with a3 and the twin relationship with each other. It implies

§5 and 64 transformed from as.

On the as/04 grain boundary, d-hydrides only formed on the side of 04. §- is next to the triple

junction of a1, a3 and o4, and in the shape of a tail extending into o4. §g has the same orientation
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with §, but grew along the grain boundary. The lower interface between J§, and o4 is nearly
parallel to the top interface between g and a4. Another thin red hydride (&g) is found between
6, and 8g along the o3/04 grain boundary. The orientation relationships between these &-
hydrides also agree with {0001},||{111}5 (1120),||{110)s and the two variants follow the
twin relationship as well. The tiny blue hydride (&, marked by the light blue arrow) follows
the orientation relationship of {0001}, |[{001}5 (1120),||{110)s with a4, which was found in

small hydride blisters as OR2 in 5.1.

Furthermore, two twins found in a1 satisfy {1012}1011) (T1). The larger one is through the
a1 grain with one end at the triple junction of a1, o2 and a3. Another one is very tiny and located
at the triple junction of a1, a3 and a4. However, before hydrogen charging and homogeneous
annealing, there were no twins found in the samples. The formation of these twins might be

associated with the hydrides nearby.

The results obtained by the HR-EBSD analysis of the local area above are presented in Figure
5.31, including the maps of GNDs, in-plane elastic strain and stress components. In general,
many dislocation tangles are observed inside or surrounding the hydrides, especially for the ;.
The distribution of GNDs in §, is more localized. The density of GNDs in §5 on the side of a2
is significantly higher than that in §; and 6, on the side of ai. §,, small yellow hydride
embedded in §5 and the small blue hydride on the interface between §, and a1 show much
lower GND density than the hydride next to or surrounding them. It implies the twinning
structures in the d-hydrides is likely to accommodate the transformation strain and reduce the
formation of GNDs. Along the hydrides on ai/a2 grain boundary, the GNDs were induced in a
wider extent in a1 than 2. At the triple junction of ai, o2 and a3, more GNDs are distributed
along 65 and §¢ or at the end of the large T1 twin next to the triple junction. Relatively high

GND densities are also found at the two ends of & (one is the tip in o4 and another one is next
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Figure 5.31 Maps of Ref ID where reference points for each grain are marked by black spots), GND density,
In-plane elastic strain (&jj) and stress (oij) tensor components, mean angular error (MAE) and peak height (PH)
of the local region including inter-granular 8-hydrides precipitated at the cooling rate of 3°/min in pure
zirconium. White represents the MAE > 4x10-3 and PH < 0.2, which means the results are not reliable. Pattern
resolution: 1600x1200 Step size: 120 nm. The points with MAE>0.004 or PH<0.2 are filtered.
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to the triple junction of ai, a3 and o). Although the 6-hydrides on a3/04 grain boundary only
transformed from a4, they still induced GNDs on the two sides of the grain boundary, as well
as between themselves. Furthermore, GNDs are found to be localized in the triangle formed by
a1/03 grain boundary, ai/o4 grain boundary and the large T1 twin, while the GND density inside
the main body of the large T1 twin is almost as low as that in the matrix without hydrides. It is
proposed that the large T1 twin formed later than the hydride precipitation nearby and was

caused by the local deformation induced by the hydride formation.

The distributions of in-plane elastic strain and stress components are generally consistent with
the distribution of GNDs. More significant strain and stress concentration is observed in the
triangle formed by a1/03 grain boundary, ai/04 grain boundary and the large T1 twin, and along

the left side of §; and &, in a1, especially at the intersection of the §; and the large T1 twin.

5.2.3.3 Discussion

Compared to intra-granular hydrides, the nucleation and growth of inter-granular 6-hydrides,
as well as the mechanical accommodation of the strain induced by their formation, are much

more complicated due to the involvement of grain boundary.

The notable localization of hydrides on grain boundaries at slower cooling rate indicates that
grain boundaries are preferential sites for d-hydride nucleation (Figure 5.12). This can be

interpreted by the dislocation-based nucleation model that the a-Zr to 6-hydride transformation

is achieved by the successive generation and glide of % (1100) partial dislocations on alternate

basal planes, which was proposed by Carpenter and described in 5.1.3.2 (Figure
5.10)[185][186]. The hydride nucleation presumably prefers to occur at the features with high
energy and/or dislocations having a component of Burgers vector along a-axis, such as grain
boundaries. The grain boundaries with higher misorientation are supposed to have higher

energy, as shown by the well-known Read-Shockley equation[ 189]. The grain boundaries close
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to basal planes of the neighboring grains may be more likely to have dislocations with a
component of their Burgers vectors along a-axis, which can assist hydride nucleation. Similar
but more quantitative mechanism based on critical nucleation energy was proposed in
literature[ 75], which supposed that 6-hydrides prefer the grain boundaries lying on the basal
planes of the neighboring grains and having high misorientations. The grain boundary plane
have more uncertainty and when the orientations of the bonding grains to grain boundaries are
not considered, weak correlation was found between hydride precipitation and grain boundary
misorientations in previous literature[186][190] at moderately low cooling rate. In my work,
the majority of the inter-granular hydrides in the 3°/min cooled sample are close to be
perpendicular to the normal direction, which is also close to the [0001], directions of most
grains due to the texture. But not all the grain boundaries close to the basal planes were
decorated with hydrides. Similar findings were previously reported for hydride precipitation at
relatively low cooling rates in the finer grain zircaloy-4 sheet with the similar texture
[186][173][191]. Ruth Birch et al.[50] observed longer, thicker but less numerous hydride
stringers perpendicular to the normal direction in the zircaloy-4 sheet with the similar texture
at further slower cooling rates. During the precipitation of hydrides, the preference for grain
boundaries, especially lying close to the basal planes of the bonding grains, is gradually

enhanced by slowing the cooling rate.

Like intra-granular hydrides in air cooled samples, inter-granular hydrides follow the
orientation relationship of {0001},]|{001}5 (1120),]|{110)s (OR1) with the matrix grains,
even though they precipitated on the grain boundaries of the parent grain with the different
neighbour grains (Figure 5.21). This is consistent with a number of previous studies using
TEM[60] and EBSD[186][75][58]. In contrast, the corresponding twin-related variants are

observed in inter-granular hydrides.
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For faster cooling, inter-granular hydrides are thinner and more likely on just one side of grain
boundaries. The selection of which side is not simply controlled by grain boundary
misorientaion. As the boundary plane changes, the hydrides nucleate and grow on the different
side, as shown in Figure 5.19. In terms of the dislocation-based nucleation model, this could
be controlled by the nucleation at the localized grain boundary structure. Furthermore, the
interplay of differing elastic stiffness on either side of the grain boundary as the grain boundary
plane changes can be another factor. Due to the limitation of the 2D EBSD measurements, the
three-dimensional grain boundary structure is uncertain in all the examples described in this

work. The detailed mechanism is still not clear.

When a hydride forms on one side of a grain boundary, the matrix grain boundary is replaced
by two phase interfaces. One with the parent grain always shows larger deviation angles than
the interfaces of intra-granular hydrides along the potential habit planes, especially when they
are completely along the grain boundary (type-a in air cooled samples), presumably leading to
higher phase interface energy. The other interface with the other matrix grain has more
uncertainty and usually shows no specific orientation relationship. This presumably results in
higher but uncertain interface energy. The competition between the reduction of matrix grain
boundary energy and increase of the phase interface energy during the precipitation of inter-
granular hydrides may contribute to their morphology. For the hydrides with two orientation
variants on the same grain boundary, the different interface structure of them with the other
bonding matrix may be responsible for their different morphologies (first example of type-b in
air cooled sample, Figure 5.23). More detailed and quantitative study of the hydride-matrix

phase interface are still needed.

The inter-granular hydrides can nucleate at multiple points and grow by coalescence into each

other (e.g., Figure 5.23 in air cooled sample). This is more common in the slower cooled sample,
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where the inter-granular hydrides are thicker, and their precipitation is observed on both sides
of a grain boundary (e.g., Figure 5.29). The dislocations formed surrounding the inter-granular
hydrides to accommodate transformation strain may contribute to this by promoting the hydride

nucleation and growth, according to the dislocation-based nucleation model.

The HR-EBSD results indicate that 8-hydrides accommodate the transformation strain mainly
by formation of GNDs, consistent with the previous HR-TEM study in literature[60]. For inter-
granular hydrides, twin-related structures is another approach. Wang et al.[186] reported
similar twin-related structures in a much thicker intra-granular hydride. This indicate that the
twin-related structures are likely to form when transformation strain is accumulated inside

hydrides due to thickening.

In zirconium matrix, the accommodation of transformation strain induced by inter-granular
hydrides is more complicated. Apart from lattice strain, which could directly accommodate the
volume misfit caused by zirconium to hydride transformation, plastic accommodation through
GNDs is observed. This agrees with the relevant DDP modelling work in literature[192]. The
dislocation distributions of the models and experiments are consistent with each other.
Generally, higher GND densities are observed surrounding the tips of the hydrides, consistent
with the Birch’s findings on the inter-granular hydrides in Zircaloy-4[128]. This suggests that
dislocations are presumably involved in zirconium to hydride transformation, supporting the
previously proposed dislocation-based nucleation model[185][186] to some extent. As
expected, the plastic accommodation through GNDs is anisotropic. The presence of the grain
boundary seems complicate this, as different orientations for easier plastic shear modes are
present on either side of the grain boundary, leading to different distribution of GNDs on either
side of inter-granular hydrides. When hydrides precipitate on either side of a grain boundary,

this may contribute to different sizes and morphologies of hydrides on either side. Furthermore,
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GND densities in matrix grain decrease with increasing the distance to inter-granular hydrides
and their distributions become larger for thicker hydrides (Figure 5.29). This implies that the
hydride-interface may be the source of dislocations and the movements of dislocations in
matrix are supposed to accommodate transformation strain as well. Meanwhile, when
zirconium to hydride transformation occurs on the basal plane close to the grain boundary, the
grain boundary dislocation may accommodate shear components too. Lastly, twinning is also
occasionally seen in the matrix beside thick inter-granular hydrides (Figure 5.29) to

accommodate the transformation strain.
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Chapter 6 Micromechanics of delta-hydrides in pure
zirconium: in situ DIC tensile tests

Hydride formation leads to significant degradation in mechanical properties of zirconium
claddings and can even result in fracture through delayed hydrogen cracking (DHC) in
operation or long term storage[193][194][10][4][195]. In this chapter, in situ digital image
correlation (DIC) tensile testing and post-deformation electron backscatter diffraction (EBSD)
analysis were used to systematically study the mechanical effects of d-hydrides in pure

zirconium during deformation.

6.1 Experimental details
6.1.1 Tensile specimens

Four dog-bone tensile specimens were cut from the received, rolled, and annealed pure
zirconium plates with a thickness of Imm using water jet cutting. The geometry and dimensions
of the dog-bone specimens are shown in Figure 6.1 (a). Considering the strong texture of
received pure zirconium plate, as shown in the Figure 6.1 (c¢) and (d) which was discussed in
the section 4.1, the specimens were divided into two groups: one group was produced with
loading direction parallel to rolling direction (RD) and the others with loading direction parallel
to transverse direction (TD). One of the specimens in each group was electrolytically charged
with hydrogen for 24 h, annealed at 400 "C for 6 h and then cooled down in air to room
temperature. The details of electrolytic hydrogen charging and homogeneous anneal process
are described in section 4.4 while the resulting microstructures are described in chapter 5. The

details of the dog-bone tensile specimens are summarized in Table 6.1.
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Figure 6.1 (a) Schematic diagram of a dog-bone tensile specimen and (b) photo of a Deben 5kN deformation
stage for in situ DIC uniaxial tensile testing. (c) IPFZ maps and pole figures of the rolled and annealed pure
zirconium plates received.
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Table 6.1 summary of the dog-bone tensile specimens

Specimen Loading direction Containing hydrides or not
R1 RD No
R2 RD Yes
T1 TD No
T2 TD Yes

One side of each specimen was ground by SiC grinding discs to P4000 grit, mechanically
polished by diluted colloidal silica with water, and then electropolished at low temperature (<
-30 °C) to allow the following application of DIC pattern and EBSD measurements. Further
details of the grinding and polishing process can be found in section 4.5. The thickness of the
tensile specimens was measured by a micrometer and the width was measured from SE2

images.
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Figure 6.2 (a) In-lens image and (b) SE image of the patterned area on specimen R1 for in situ DIC uniaxial
tensile testing before loading.

The speckle patterns for DIC strain measurements were produced by electron beam deposition
of platinum (Pt) using Atlas5 software with the beam voltage of 5 kV and current of 100 pA
respectively in a FIB. The Zeiss crossbeam 540 analytical FIB/SEM was used to apply the
speckle patterns on specimen R2 and T1 and the patterns for specimen R1 and T2 were
produced by the Zeiss Auriga FEG FIB/SEM due to the low availability of EMs during the
experiments. The Gemini SEM column with the Auriga is the predecessor of that on crossbeam
540 and the size of speckles applied is slightly different. However, its effects on the noise level
of measured DIC strain maps are neglectable when the same DIC parameters were applied. The
Pt speckle patterns are clearly visible under In-lens imaging (SE1) mode and almost invisible
under SE2 imaging mode when proper electron beam voltage and current are chosen, as shown
in Figure 6.2. Furthermore, these Pt speckles slightly decrease the quality of Kikuchi patterns,
which can be negligible in conventional EBSD analysis but causes some errors in HR-EBSD

analysis.

6.1.2 In situ DIC tensile testing in SEM chamber

The uniaxial tensile tests were performed using a Deben 5kN deformation stage placed in a
field emission gun SEM (Zeiss Merlin-EBSD equipped with a Bruker Quantax EBSD system
in David Cockayne Centre for Electron Microscopy). The initial distance between the
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crossheads was ~ 10.5 mm and displacement control with the crosshead speed was 0.1 mm/min
(elongation rate of ~ 1.59 x 10 /s) was used. The largest displacement applied was 5% of the

initial distance between the crossheads. In other words, the maximum macroscopic elongation

A e 1o . .
(D—D, D, initial distance between the crossheads, AD increment of the distance between the
0

crossheads) is 5%. It should be noted that the initial distance between crossheads is larger than
gauge length of 6 mm and thus the elongation is not the engineering strain of the gauge section.
Theoretically, the values of macroscopic elongation here are considered to be slightly smaller
than the engineering strain. Images of the patterned area were collected after each 0.5%
increment in elongation, as well as before loading and after unloading. The dual channel
imaging mode was used with the beam voltage of 5 kV and current of 100 pA. One channel is
In-lens to image the speckle patterns for DIC analysis and another is SE2 imaging to record the
microstructural changes during deformation. This allows us to establish a rational relation
between the deformation strain and microstructural changes. The resolution of the SEM images
is 4096 x 3062 pixel®. The line Int. mode with 6 frames was selected for noise reduction and
each image scan took 8.1min. The deformation was paused at fixed displacement for each
image collecting. The working distance was controlled in the range of about 12.5 ~ 15 mm to

avoid the deformation stage touching the pole pieces or the other detectors in the chamber.

The open-source Ncorr software package[196] was utilized to do DIC analysis with the subset
size of 30 pixels and the step size of 3 pixels. The radius of 5 was used for the strain calculation.
The corresponding spatial resolution of the measured strain maps is 132~168 nm

approximately and will be specified for each specimen.

6.1.3 Pre- and post-deformation EBSD
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The carbon contamination caused by an EBSD scan significantly decreases the quality of In-
lens images of the speckle patterns for DIC analysis. Thus, the conventional EBSD scans with
the diffraction pattern resolution of 400 x 300 pixels were taken on the patterned areas after
unloading to provide the crystallography of the microstructure. HR-EBSD scans with the
diffraction pattern resolution of 1600 x 1200 and 800 x 600 pixels were performed on as-

received pure zirconium and specimen R2 respectively to show the GNDs before the
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Figure 6.3 (a) Forescattered electron image, (b) phase map overlaid with the pattern quality map and grain
boundaries of Zr in black lines (thick line > 10° and thin line > 2°) and (c) geometrically necessary dislocation
(GND) density map of as-received pure zirconium. Pattern resolution: 1600x1200. Step size: 300 nm. (d) SE2
image, (e) phase map overlaid with the pattern quality map and grain boundaries of Zr in black lines (thick
line > 10° and thin line > 2°) and (f) GND density map of the region of interest after hydriding on specimen
R2 before loading. Pattern resolution: 800x600. Step size: 200 nm.
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deformation. All the EBSD scans were performed by the same SEM used for in situ tensile
tests, except the conventional EBSD scan of the patterned area on specimen T2. It was carried
out by Zeiss crossbeam 540 analytical FIB/SEM equipped with Nordlys Max EBSD system
and the corresponding diffraction pattern binning is 2 % 2. All the diffraction patterns were

collected with the electron beam voltage of 20 kV and current of 20 nA.

The HR-EBSD analysis was performed by using XEBSD v3 codes and the details can be found
in section 3.3.2. Figure 6.3 shows the HR-EBSD results of the as-received pure zirconium and
specimen R2 containing hydrides before loading. As shown by the GND density map of as-
received pure zirconium (Figure 6.3 (¢)), the grain boundaries have much higher GND densities.
The distribution of GNDs inside grains is generally uniform when the high spots caused by the
little pits induced by electropolishing are not considered. The density of GNDs inside grains
generally fluctuates at ~1 x 10!! approximately, much lower than the noise error of ~3.6 x 10'2,
estimated by equation 5.1. In specimen R2, the hydrides are obviously darker than zirconium
matrix in most cases in the SE image. In this chapter, the induced hydrides in the tensile
specimen R2 and T2 were identified as o6-hydrides by EBSD and found to follow the most
commonly observed orientation relationship of {0001},||{111}s (1120),|[{110)s (OR1)
with the matrix as reported in chapter 5. As presented in Figure 6.3 (f), the GND density inside
the hydrides is greatly larger than that in the matrix and the highest density of GNDs is found
at the tips of some hydrides or the junctions between the hydrides and multiple zirconium grains.
The formation of the hydrides also leads to GNDs formation surrounding them in the zirconium
grains. Some high spots arising from the little pits still exist. The GND density distribution in

specimen R2 is consistent with the HR-EBSD results in Chapter 5.

6.2 Results
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Figure 6.4 Engineering stress — macroscopic elongation curves of the four specimens obtained by in situ DIC
tensile tests in SEM. Note that the microscopic elongation is obtained from the crosshead movement.

The engineering stress — macroscopic elongation curves of the four specimens are plotted in
different colors in Figure 6.4. All four specimens yield slightly before the macroscopic
elongation reaches 1.0%. The pure zirconium specimen pulled along the TD (T1, blue dashed
line) yielded at a higher stress but showed a slightly weaker hardening than the other pure
zirconium specimen pulled along the RD (R1, green dashed line). For the same loading
direction, hydrides increased the yield stress but presumably decreased the hardening effect
after yield. Similar trend was reported in the literature[197]. The effects of hydrides on the
macroscale mechanical response of the specimens with the loading direction parallel to the TD
are much more obvious. Furthermore, all four tensile specimens show close agreement on their

elastic regime during the initial stage of loading and during unloading. It implies that the elastic
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behaviors of the specimens are probably not affected by the loading direction and formation of
hydrides. After unloading, the total elongation of the tensile specimens were 4.34% (R1 and
R2), 4.29% (T1) and 4.38% (T2) respectively. It means the fraction of plastic deformation
varies only very slightly with the loading direction for the typical texture of the rolled
zirconium sheet and the hydrides increased the fraction of plastic deformation of the specimens

pulled along the TD.

The engineering stress obviously dropped during the image collection, even at the total
elongation of only 0.05 where the specimens did not show obvious yield. It suggests that the
stress distribution is likely to be heterogeneous in all the specimens, which may lead to partial

plastic deformation happening earlier than the obvious yield at macroscale.

Three in-plane strain components (&xx, £y, and &,,, where x is the loading direction) were
obtained from the DIC analysis by using Ncorr. In order to demonstrate the local deformation
better, effective shear strain was used since most deformation is supposed to be driven by shear
at the room temperature[198][199][200]. This also conveniently combines the strain data into
a single scaler field. Furthermore, the average uncertainty of the measured effective shear strain
was estimated to be no more than 2.9 x 10 by conducting the DIC analysis on the two In-lens

images of the same speckle pattern acquired before the tensile testing for each specimen.

Exx ~ Eyy\°
Eeff = j (—2 ) + &3y

In general and as expected, the strain was found to be unevenly distributed on all the tensile
specimens during both loading and unloading. It also indicates that the distributions of elastic
and plastic strain are generally consistent. The details of strain distribution and the changes in

the microstructure will be described for each tensile specimens separately using the effective
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Figure 6.5 SE2 images and the effective shear strain maps of the pure zirconium specimen pulled along the
RD (R1) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and after unloading. The spatial resolution of
the strain map is 132 nm. The red arrows show high-strain locations with slip bands and the black arrows
show the low-strain locations. The boxes show some of the grain boundaries interacting with slip bands and
the circle shows a multiple junction of grain boundaries where the strain is strongly localized.
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strain maps and the corresponding SE images at the elongation of 2.0%, 3.5% and 5.0%, as

well as after unloading.

6.2.1 Specimen-R1

As shown in the effective shear strain maps in Figure 6.5, strong strain localization is seen
during the whole deformation process. The values of the strain are positively related to the
elongation whereas there seems no change in the strain heterogeneity whether in loading or
unloading steps. The heterogeneous distribution of deformation is further quantified by plotting
the histograms of the effective shear strain for the maps at each elongation (Figure 6.6 (a)).
They are distorted from normal distributions with clear tails to the side of high strain. The mean
and distribution range of effective shear strain increase with the elongation. In Figure 6.6 (b),
the values of effective shear strain have been normalized by divided by the mean for each map
to eliminate the influence of different overall deformation. The four histograms almost
perfectly coincide with each other, although the histogram for the elongation of 2.0% shows a
small shoulder at ~0.8. The maps of the normalized effective shear strain of all four tensile
specimens at the total elongation of 2.0%, 3.5%, 5.0% and after unloading are given in

appendix. For the same specimen, the maps at the different total deformation look almost the
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Figure 6.6 Histogram graphs of (a) effective shear strain and (b) effective shear strain normalized by divided
by their means for each strain map in Figure 6.5.
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same. However, the strip noise is obvious at the elongation of 2.0%, reduced with increasing
the total deformation and disappear at the elongation of 3.5% (specimen-R2 and T2) or 5%
(specimen-R1 and T1). The stripe noise is suggested to be caused by the microscopy and thus
won’t increase with deformation. With increasing deformation, the influence of this noise is
reduced. The stripe noise presumably contributes to this small misfit between the histograms
for the elongation of 2.0% and the other larger elongations. Therefore, it is supposed that the
strain heterogeneity has no relation with the magnitude of deformation for R1 or the regime of

deformation (i.e., elastic or plastic).

The SE images in Figure 6.5 show that the number of the visible slip bands gradually increase
while the flatness of the measured surface decreases as the macroscopic elongation increased
from 2.0% to 5.0%. The unloading did not produce visible changes of the microscopic features.
These features are mainly due to the plastic deformation. Generally, the slip bands are relatively
diffuse. The observed slip bands at the elongation of 2.0% become more clearly visible with
the elongation increasing and the strain at the corresponding positions increase as well, as
marked by red arrows. The regions with low effective shear strain compared to the surrounding
area always keep flat during the whole deformation process (several examples are marked by
black arrows). It implies that most plastic deformation occurs by the slip and grain rotation for

pure zirconium pulled along the rolling direction.

The Schmid factor map for prismatic slip and IPFX map of the measured area after unloading
are shown in Figure 6.7. More than 90% of the measured area has the Schmid factor for
prismatic slip larger than 0.4 due to the texture. The orientations of the most slip bands observed

in the SE images in Figure 6.5 are found to be consistent with the traces of prismatic slip planes.

The regions with low effective shear strain compared to the surrounding area are always

constrained by the neighboring grains with high misorientaion or have a lower Schmid factor,
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Figure 6.7 (a) Schmid factor map for prismatic slip and (b) IPFX map overlaid with grain boundaries (black
lines) of the measured area of R1 after unloading. Same to Figure 6.5: the red arrows show high-strain
locations with slip bands and the black (in (a)) or white (in (b)) arrows show the low-strain locations. The
boxes show some of the grain boundaries interacting with slip bands and the circle shows a multiple junction
of grain boundaries where the strain is strongly localized.
as indicated by the black arrows in Figures 6.5 and 6.7. The strain is greatly localized at the
grain boundaries where the slip bands are almost parallel to the grain boundary (boxes I, II and
IIT) or abruptly change their orientations at the grain boundary (box IV). In box labelled V, the
slip bands nearly perpendicularly penetrate the grain boundary and have not caused strain
localization there. Another preferential sites for the great strain localization are the multiple
junctions of the grain boundaries where the misorientation between the active prismatic slip

systems of the neighboring grains is relatively large. One example is marked by a circle in

Figures 6.5 and 6.7.

6.2.2 Specimen-R2

Figure 6.8 shows the SE images and effective shear strain maps at the selected elongations of
R2 containing hydrides. Generally, the surface roughness of R2 seems slightly larger than that
of R1 at the same macroscopic elongation. The distribution of effective shear strain and the
microscale features of a-Zr matrix without hydrides nearby are like those on the specimen R1.

The effective shear strain in the hydrides is much lower than that in the matrix, especially in
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Figure 6.8 SE2 images and the effective shear strain maps of the pure zirconium specimen containing
hydrides pulled along the RD (R2) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and after unloading.
The spatial resolution of the strain map is 168 nm. The shear traces on the hydride-matrix interfaces are
marked by arrows.
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the thick inter-granular hydrides, as shown by the arrows in Figure 6.8. It is supported by the
finding that few slip bands and rotation are observed inside the hydrides in most cases. In other
words, the hydrides are much harder to be deformed than the matrix, consistent with the
findings reported in the literature[201]. The more discrete distribution of effective shear strain
of R2 is presumably due to the formation of hydrides. Meanwhile, the effective shear strain is
often localized at the hydride-matrix interfaces where the slip bands are arrested by the
hydrides, in particular for the thick inter-granular hydrides, or local shear of the interfaces
happened. The clear shear traces, which seem like micro-cracks, are seen at many of the
hydride-matrix interfaces which are almost parallel to the slip bands, even though the localized
shear there is not the highest in the whole map. Such hydride-matrix interface shearing firstly
appear at the elongation of only 2.0% and then are enhanced by increasing the total deformation,
as shown by the red arrows. New hydride-matrix interface shear traces appeared with the total
deformation increasing, as shown by the black arrows in the SE2 image and strain map after

unloading.
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Figure 6.9 Histogram graphs of (a) effective shear strain and (b) effective shear strain normalized by divided
by their mean for each strain map in Figure 6.8.

Similarly, the strain heterogeneity does not change with the magnitude of deformation, as
shown by the histogram graphs of effective shear strain in Figure 6.9. The histograms of the

frequency distribution of normalized effective shear strain matches with each other very well

142 |Page



111

i
001 101

0001 1210

0110

Figure 6.10 (a) Schmid factor map for prismatic slip and (b) IPFX map overlaid with grain boundaries (black
lines) of the measured area of specimen R2 after unloading.

and the slightest strip noise is only found in the normalized strain map at the elongation of 2.0%
compared with the other specimens (see appendix). The Schmid factor map and the crystal
orientation map overlaid with grain boundaries of the measured area of R2 after unloading are
shown in Figure 6.10. The 6-hydrides have not been well identified due to the relatively large
step size of 0.4 um used for the EBSD scan. The color gradient found inside the grains in the
orientation map further implies that grain rotation and distortion also contribute to the plastic
deformation. The slip bands observed in the SE images are identified as prismatic slips by

comparison with the slip plane traces.

6.2.3 Specimen-T1

Apart from slip bands, twin-like features (marked by boxes) are observed in the SE images in
the Figure 6.11 and identified as the tensile twin {1012}1011) (T1) by the post-deformation
EBSD analysis, as shown in Figure 6.12. Several T1 twins are found at the elongation of 2.0%,
as shown in the white boxes. With increasing total deformation, these twins elongate first until
they completely penetrate through their parent grains and then gradually thicken. Meanwhile,
new T1 twins nucleate as well, as shown by the black rectangles. The twins nucleate at the

grain boundaries or multiple junctions of grain boundaries where the effective shear strain is
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Figure 6.11 SE2 images and the effective shear strain maps of the measured area on the pure zirconium
specimen pulled along the TD (T1) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and after unloading.
The twins that can be observed from the macroscopic elongation of 2.0% are enclosed by the white rectangles
and the other twins are enclosed by the black rectangles in both SE image and the effective shear strain map
after loading. The spatial resolution of the strain map is 168 nm.

144 |Page



0001 1210

0110

Figure 6.12 Schmid factor map for (a) prismatic slip, (b) basal slip and (c) tensile twin {1012}(1011) (T1)
overlaid with the grain boundaries in black lines and T1 twin boundaries in red lines of the measured area on
T1 after loading. (d) IPFX map overlaid with grain boundaries in black lines of the measured area on T1 after
unloading.
localized. Slip bands or lattice rotation are seldom found in the parent grains of the twins. The
effective shear strain is localized inside the twins throughout the deformation, even though it

is generally lower than the great localization of shear strain caused by slip. The strain within

the twins is homogeneously distributed.

For the polycrystalline structures, the plastic strain caused by twinning can be estimated by the
equation of &, = \/%th, where s is the twinning shear and V; is the volume fraction of

twins[202]. The twinning shear of T1 for zirconium is 0.166. In the 2D measurements, the
volume fraction is replaced by the area fraction for approximation[203]. After unloading, the

area fraction of the T1 twins is 0.50%. The plastic strain from the twinning is calculated to be
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6x10, which only occupies 1.40% of the macroscopic elongation. It is clear that slip still

accommodates most of the plastic deformation in the specimen T1.

It should be pointed out that the grains where the twining happened have the Schmid factors
for tensile twin T1 varying from 0.18 to 0.49. Similarly, their Schmid factors for basal slip
spread in a large range between 0.14 and 0.49. The Schmid factors of these grains for prismatic
slip are relatively low, no more than 0.28. The grains with high Schmid factors for prismatic
slip are always found surrounding the parent grains for T1 twining, especially beside the grain
boundaries where the twins nucleated. It could be speculated that the nucleation of T1 twining
is determined by various factors. It prefers to happen in the grains with low Schmid factor for
prismatic slip, high Schmid factor for T1 twining and/or neighboring the grains with high
Schmid factors for prismatic slip, corresponding to both slip-independent and slip-induced T1

twins reported by Yang et.[204] .

Compared with the specimens pulled along the rolling direction, fewer slip bands and a flatter
measured surface are seen during deformation. Most slip bands observed in the SE images
(Figure 6.11) are identified as prismatic slip by the comparison with prismatic slip traces in

each grain. The distributions of the Schmid factor for prismatic slip and basal slip seems
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Figure 6.13 Histogram graphs of (a) effective shear strain and (b) effective shear strain normalized by divided
by their means for each strain map in Figure 6.11.
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analogous due to the change of loading direction. The critical resolved shear stress for prismatic
slip is 1.3 lower than that for basal slip in commercially pure zirconium, measured by micro-

cantilever tests[163]. To some extent, it could explain why prismatic slip still dominates.

The distribution of the shear is further quantified by plotting the frequency distributions of the
effective shear strain for the maps at the selected macroscopic elongations in Figure 6.13. The
histograms of the effective shear strain normalized by the means for the maps in Figure 6.11
show that the strain heterogeneity is likely to be not related with the magnitude of deformation
for specimen T1. The maps for the normalized strain seem the same and can be found in
appendix. Meanwhile, the histogram peaks are not at 1 and show a pronounced deviation

towards lower strains.

6.2.4 Specimen-T2

The SE images and effective shear strain maps of the measured area on the specimen containing
hydrides and pulled along the TD (T2) are given for the selected elongations in Figure 6.14.
Like T1, both twins and slip bands are seen in the matrix during the plastic deformation. The
twins are again identified as the tensile twin {1012}(1011) (T1) with the area fraction of 0.85%
and most of the slip bands are identified as prismatic slips by the post-deformation EBSD
analysis, as shown in the Figure 6.15. The rotation of grains also increases with the deformation.
All the twins, slip and grain rotations accommodate the strain. By the method described in the
last section 6.2.3, the T1 twinning is estimated to lead to about 2.3% of the macroscopic
elongation at the unloaded state. Most of plastic deformation is still accommodated by slip in

the matrix for the specimen T2.

The effective shear strain within hydrides is generally lower than that in the matrix surrounding,
especially for the thick inter-granular hydrides, which is consistent with their brittleness.

Meanwhile, the shear strain is localized at the interfaces of hydrides and matrix. These hydride-
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Figure 6.14 SE2 images and the effective shear strain maps of the measured area on the pure zirconium
specimen containing hydrides and pulled along the TD (T2) at the macroscopic elongation of 2.0%, 3.5%,
5.0% and after unloading. The twins that can be observed in SE images are enclosed by a white rectangle in
both SE image and the effective shear strain map after unloading. The arrows mark the hydride-matrix
interfaces arresting the slip bands in the matrix. The spatial resolution of the strain map is 135 nm.
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matrix interfaces are observed to arrest the slip bands: stop the propagation of the slip bands at
large angles, as shown by black arrows in Figure 6.14, or constrain the slip bands close to
parallel to them in limited regions, as shown by the red arrow in Figure 6.14. The hydrides lead
to a more discrete distribution of the strain. Moreover, in the regions away from the hydrides,
prismatic slip is significantly activated in the grains which are adjacent to each other and almost
share a prismatic plane with a high Schmid factor. It results in a remarkable high strain region
marked by a white arrow in Figure 6.14 and Figure 6.15, at a level of effective shear strain

approximately five times higher than the macroscopic elongation. Nevertheless, there is no
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Figure 6.15 Schmid factor map for (a) prismatic slip, (b) basal slip and (c) tensile twin {1012}(1011) (T1)
overlaid with the grain boundaries in black lines, T1 twin boundaries in red lines and hydride-matrix interfaces
in lime green lines of the measured area on specimen T2 after unloading. (d) IPFX map overlaid with grain
boundaries in black lines and hydride-matrix interfaces in white lines of the measured area on specimen T2
after unloading.
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strain localization on the grain boundary penetrated by slip bands with an angle of

approximately 45° to it in this region.

The Schmid factors of the parent grains for T1 twinning and the grains surrounding them agree
with those on specimen T1. The growth of the twins is affected by the hydrides nearby, as
shown in the white dashed box in Figure 6.14 and 6.15. Such interaction between hydrides and

twinning will be further discussed in section 6.3.
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Figure 6.16 Histogram graphs of (a) effective shear strain and (b) effective shear strain normalized by divided
by their means for each strain map in Figure 6.14.

The heterogeneity of the deformation is not affected by the magnitude of the elongation. It is
supported by the histograms of the effective shear strain normalized by the mean for each strain
map in Figure 6.14 (Figure 6.16 (b)). The maps of normalized strain look almost the same at
the selected macroscopic elongations, which can be found in appendix. Similar to T1, the peaks
of the histograms are located at the left side of 1. The strain distribution of these four tensile

specimens will be discussed in depth in the next section.

Different from the other three tensile specimens, small cracks were found on the edges of
specimen T2 after unloading, as shown in Figure 6.17. The small cracks seem evenly

distributed on the two edges parallel to the loading direction on the top surface and far from

150 | Page



45" tilied

Figure 6.17 (a) SE2 image of the top surface of specimen T2 unloaded at tilted angle of 0°. (b) SE2 image of
specimen T2 unloaded at tilted angle of 45°. (c) and (d) are the magnified SE2 images of the regions marked
by white and red boxes in (a). The loading direction is parallel to TD.
the middle region measured by DIC. The depth of the cracks in the RD into the specimen is no
more than 20pum in most cases. Unfortunately, the path of these small cracks cannot be well
determined due to low grain orientation contrast at the edges. In order to assess the depth of
the small cracks into the thickness (ND), the specimen was tilted to 45°. The small cracks

observed on the edges from the top view penetrate throughout the whole thickness. Some small

cracks near to each other join together during this process.

The edges prepared by the waterjet cutting machine are wavy at micro-scale. The stress is
usually built up at the sharp features during the deformation and thus the wavy edges may be
the preferential sites for stress building-up and cracking. Furthermore, the slip bands observed

around the tips of the small cracks are denser and more pronounced than those at the center of
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the specimen T2. It is consistent with the finding reported in the literature that high local shear

strain give more potential for initiation of ductile fracture in metallic materials[205].

6.3 Discussion

6.3.1 Strain distribution
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Figure 6.18 Histogram graphs of effective shear strain normalized by divided by their means for the data sets
of all four tensile specimens at the macroscopic elongation of 5%.

The comparison of frequency distributions of effective shear strain at the different elongations
for each tensile specimen indicates that the strain localization is intrinsically driven by the
microstructure during the uniaxial tensile tests. To further clarify the effects produced by
texture and hydrides on the strain localization or heterogeneity, the frequency distributions of
effective shear strain of the measured region for all four tensile specimens at the macroscopic

elongation of 5% are plotted in Figure 6.18. The effective shear strain values are normalized
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by their mean for the measured region to eliminate the influence of the different mean values
of effective shear strain for each specimen. All the frequency distributions are like skew normal
distribution. The highest strain values are nearly three times more than the mean values for all

four specimens.
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Figure 6.19 Frequency distributions of schmid factor for prismatic slip for the measure areas on the pure

zirconium specimens pulled along rolling direction (R1) and transverse direction (T1).
For pure zirconium (Figure 6.18 (c)), the specimen pulled along TD (T1) generally shows
higher frequencies than that pulled along RD (R1), when the normalized effective shear strain
is higher than 1.3 or lower than 0.9. In between, the frequency of T1 is lower. The strain
distribution for T1 is more heterogeneous than R1. This is attributed to the strong texture of the
specimens and the anisotropy of hcp crystal structure of zirconium. When the loading direction
is changed from RD to TD, the frequencies of the low Schmid factor (< 0.4) for prismatic slip,
which has the lowest critical shear stress, significantly increase, as shown in Figure 6.19. As a
result, harder grains appear. Some hard grains accommodate shear strain by twinning, which
also induces strain localization. Meanwhile, it is supposed to lead to higher yield strength for

specimen T1.
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The hydrides enhance the strain localization for the specimens pulled along the same direction,
whether RD or TD, as shown in Figure 6.18 (a) and (b). For low strains, the frequency of the
hydride-containing specimen is higher than specimens without hydrides. The low effective
shear strain observed inside the hydrides contributes to this. The hydride-containing specimens
also show higher frequencies at high strains. It is supported by the strain localization observed
at the hydride-matrix interfaces. Furthermore, the hydrides block the propagation of slip bands
and twins, presumably leading strain to be spatially localized more. The interaction between

the hydrides and slip, as well as twins, will be discussed in detail in the following sections.

Figure 6.18 (d) gives a comparison between the hydride-containing specimens pulled along the
different directions. The frequencies of T2 are higher than those of R2 when the effective shear
strain is more than the double of the mean. It is speculated that T2 is more likely to have cracks

in the same conditions, which is consistent with the observation of cracks on the edges of T2.

6.3.2 Interaction between hydrides and slip

Two regions in the dashed boxes in the SE image and effective strain map of specimen R2 after
unloading in Figure 6.6 are selected for more detailed investigation on the interaction between
slip and intra-granular hydrides (regionl), as well as inter-granular hydrides (region2) during

the deformation.

Figure 6.20 includes the magnified SE images and effective shear strain maps of regionl in
Figure 6.6 at the selected elongations, as well as the Schmid factor map for prismatic slip and
crystal orientation map overlaid with grain boundaries of this region. In Zr-1, a few slip bands
are observed and stopped at the intra-granular hydride (shown by the black arrow) at an
elongation of 2.0%. With more deformation applied, these slip bands become more clearly
visible and new slip bands progressively form. Meanwhile, the local effective shear strain at

the slip bands gradually increases. The slip bands in the bottom left of Zr-1 terminate at the
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Figure 6.20 (a) Magnified SE2 images and the effective shear strain maps of the regionl in the dashed box
in Figure 6.7. (b) Schmid factor map for prismatic slip and (c) IPFX map of the region, overlaid with grain
boundaries. The plane traces shown in (b) are in blue for basal planes and yellow for prismatic planes.

grain boundary with Zr-2. The others in the top right of Zr-1 successfully penetrate through the
hydride. The orientation of the slip bands slightly changes at the hydride-matrix interfaces.
This suggests that the slips in the matrix grain could propagate through the intra-granular
hydrides by activating the slip on the plane close to them in the hydrides. The slip bands
observed in Zr-1 is due to the activation of a prismatic slip system, as shown by the slip trace
analysis. The surface traces of the prismatic and basal planes of Zr-1 and Zr-2 are shown in

yellow and blue lines in Figure 6.20 (b).

In Zr-2, there are two sets of hydrides. The hydride-1, shown by the red arrow, is located close
to the grain boundary between Zr-1 and -2. The hydride-2 is at the middle of Zr-2, as shown
by the white arrow. Slip bands with two different sets of orientations are seen in the region
between hydride-1 and -2 from the elongation of 3.5%. They are identified as basal slips and

prismatic slips respectively by slip trace analysis. The basal slip bands are parallel to hydride-
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1 and the angle between them, and hydride-2 is quite small. Some of them penetrate through
hydride-2. The prismatic slip bands terminate at hydride-2 with an angle close to 90°. All the
slip bands are enhanced and intensified with increase of the applied deformation. The hydride-
matrix interface shear is only observed between hydride-1 and Zr-2. It has already been enabled
at the elongation of 2.0%, earlier than that for the basal slip parallel to them nearby, which
implies that the critical resolved shear stress for the shear of the hydride-matrix interface may
be lower than that for the basal slips in the matrix and/or the higher stress at the interface caused
by the large elastic stiffness difference between the hydride and matrix. The local shear on the
hydride-matrix interface also becomes more noticeable upon the further deformation. Similarly,
the effective shear strain is localized in the region between hydride-1 and -2. More pronounced
accumulation of strain is found along the shear trace on the right-side interface between

hydride-1land Zr-2.

The study in chapter 5 shows that the intra-granular 6-hydrides prefer to precipitate along the
basal plane or the planes close to the basal plane of the parent grain. The shear of the intra-
granular hydride-matrix interface is always accompanied by the basal slips parallel to them in
the matrix. The prismatic slip is often obstructed by intra-granular hydrides with a specific
angle. The intra-granular hydrides lead to greater strain localization inside the grains when the
basal slip is active, compared with the prismatic slip. The observed interactions between the
slips and intra-granular hydrides above are in agreement with the findings reported by the
compression tests of the zircloy-4 micro-pillars containing intra-granular hydrides[206],

indicating that they are intrinsic mechanical behavior regardless of size.

Within a-Zr matrix grains, the slip system is activated when the resolved shear stress exceed
the critical value[163]. The slip stops when they reach the hydride-matrix interfaces and some

of the slip propagates through the hydrides by triggering slip inside the hydrides with increasing
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the applied deformation. It consists with the load transfer between the zirconium matrix and
the hydrides, reported by Kerr et.al[201]. Similar slip transfer between the zirconium matrix
and o-hydrides was observed in the compression tests of micro-pillars[206][172]. In other
words, the intra-granular hydrides arrest the propagation of slip and localized the strain in a
specific region inside the grains. Two factors are proposed to determine whether the slip
transfers from the matrix to hydrides happens. One is the stress build up at the hydride-matrix
interfaces when the slip is stopped at the hydride-matrix interfaces. As presented in chapter 5,
hydride formation induced GNDs around the phase interface in the matrix, which may prevent
slip when it gets close to the hydride-matrix interface, presumably leading to stress build-up.
Wang et.al[207] observed the build-up of stress and pile-up of GNDs at the hydride-matrix
interfaces in the micro-cantilever tests. Another one is the geometric orientation relationship
between the active slip systems in the matrix and the potential slip systems in hydrides. Slip
may tend to transfer between the matrix and hydrides where the preferential slip systems are
closely oriented[206]. Once the slip transfer into the hydride, the stress build-up at the
interfaces would be released. The slip may then transfer from the hydride to matrix at the other
side via the similar process and finally penetrate the hydride. In addition, deformation twinning
of hydrides in zirconium was previously reported[172]. The stress built up at the matrix-
hydride interface is also able to result in twinning in hydrides and change the potential slip
systems in hydrides to be closely oriented with the activated slip systems in the matrix. At the
interfaces where the slip transfer is hard to happen, the build-up stress may lead to micro-
cracks/voids there when larger total deformation is applied. EBSD with smaller step size or
TKD measurements of the deformed specimen R2 is required to further clarify the slip transfer

observed above.

The magnified SE images and effective shear strain maps of the region2 in Figure 6.6 at the

selected elongations are shown in Figure 6.21, along with the prismatic Schmid factor map and
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Figure 6.21 (a) Magnified SE2 images and the effective shear strain maps of the region2 in the dashed box
in Figure 6.7. (b) Schmid factor map for prismatic slip, overlaid with grain boundaries in blue and phase
interfaces in green and (c) IPFX map of the region, overlaid with grain boundaries in black and phase
interfaces in white. The plane traces shown in (b) are in blue for basal planes and yellow for prismatic planes.

crystal orientation map (IPFX) overlaid with grain boundaries of this region. The slip trace
analysis shows that the slip bands in Zr-1 and Zr-2 are due to the activation of a prismatic slip

system.

In Zr-1, the slip bands can be seen from the elongation of 3.5%. They initiate at the top right
side and extend toward the bottom left with more deformation applied, until meet the hydride
along Zr-1/Zr-3 grain boundary. In the hydrides, no slip bands are observed. It is speculated
that the prismatic slip in matrix has not triggered slips in the hydride and the stress is likely to

be built up at this hydride-matrix interface.

The prismatic slip bands in Zr-2 are parallel to the hydride along the Zr-2/Zr-3 grain boundary.
The shear of the interface between the hydride and Zr-2 is progressively intensified and extends

to the hydride-matrix interface in the neighboring grain on the left with increasing macroscopic
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deformation. The noticeable strain localization is observed along the interface shear nearby in
Zr-2. There is no shear trace on the other side of this inter-granular hydride. It can be assumed
that the shear of the hydride-matrix interface may be promoted by slip parallel to them in the
neighboring matrix grain. Meanwhile, the interface shear strength for an inter-granular hydride

may vary with the neighboring matrix grains.

Although the values of effective shear strain is relatively high, no slip band can be seen in Zr-
3, even at the places where the strain is greatly localized almost along the two grain boundaries
on the top. Two possible reasons for this are proposed. The first is that the steps caused by slip
is too small for SE2 imaging to catch at the magnification and image resolution used. Another
one is that the strain here is mainly accommodated by the other plastic deformation
mechanisms, such as lattice rotation and the formation of GNDs. It may be clarified by HR-

EBSD analysis of this region in the future work.

In general, the mode of interaction between the hydrides and slip is likely to depend on the
geometrical relation between them. The loading direction is supposed to influence the
activation of the slip systems inside the grains, affecting the interaction between slip and the
intra-granular hydrides and then the strain distribution, since the intra-granular hydrides has
the preferential habit planes close to basal plane of the parent grain. In the cases studied, most
of the active slip in the matrix are prismatic slip and thus the obstruction of slip propagation
from the intra-granular hydrides is dominate. The morphology and habit planes of inter-
granular hydrides varies with crystal and geometrical orientation relationship of the grain
boundaries. The inter-granular hydrides are more likely to be oriented parallel to the active
slips and the frequency of shear happening at the inter-granular hydride-matrix interfaces is
higher. Furthermore, seldom do slip bands completely penetrate the inter-granular hydrides,

probably due to the large misorientation between the hydride and the neighboring grains at the
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other side. This is speculated to induce more stress building up at the inter-granular hydride-
matrix interfaces where the slip impinges the interfaces, presumably leading to micro-voids at
larger macroscopic deformation. The micro-voids were previously observed along the hydride-

matrix interface in the micro-cantilever tests[171].

6.3.3 Interaction between hydrides and twinning
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Figure 6.22 (a) Magnified SE2 images and the effective shear strain maps of the region in the dashed box in
Figure 6.14. (b) Schmid factor map for prismatic slip, (c) Schmid factor map for the tensile twin
{1012}(1011) (T1) and (d) IPFX map of the region, overlaid with grain boundaries. In (b) and (c) twin
boundaries are represented by red lines.
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Figure 6.22 is taken from the region in the dashed box in Figure 6.14, including the SE2 images
and effective shear strain maps at the selected elongations, Schmid factor maps for prismatic
slip and T1 twinning and the crystal orientation map. A hydride across the grain at the center
where the T1 twining happens during the deformation. In this grain, a twin extends from the
bottom right, a triple junction of the matrix grain boundaries, to the top left and penetrates the
hydride before the elongation is increased to 3.5%. With further deformation applied, the twin

thickens unevenly. The increase in the thickness of the twin seems positively related to the

160 | Page



distance between the twin and hydride. In the top left area where the twin penetrates the hydride,
as marked by the white arrow, the twin slightly thickens, while the thickness of the twin far
from the hydride at the bottom right corner significantly increases, as marked by the red arrow.
The distribution of the effective shear strain generally follows the twinning and strain
localization at this multiple junction of the grain boundaries with the twin is pronounced. It
implies that the hydride prevents the growth of the twin nearby and then increase the strain
localization. After unloading, the shear strain in this twin is around 0.1, close to the

characteristic shear strain estimated from the T1 twin shear.

In general, the presence of hydrides is likely to enhance the strain localization during
deformation whether the strain is accommodated by slipping or twinning. The much lower
strain observed inside hydrides is attributed to their brittle nature. Assumptions about the
fracture of the zirconium with hydrides are proposed in terms of the experimental results above.
At low hydride content where the hydrides are relatively isolated, the hydrides presumably
enhance the strain localization, leading to the ductile fracture at the lower macroscopic
deformation. When the hydride content is increased to allow the hydrides to connect with each
other, forming hydride network, the micro-voids and/or micro-cracks may be induced by the
potential strain/stress built up and the shear on the hydride-matrix interfaces, leading to brittle
fracture along the hydrides. This is consistent with the fracture tests of the Zircaloy-4 tensile
specimens with different hydride contents, where ductile fracture was observed at low hydride
content and a ductile-to-brittle transition was shown when the hydride content reached a
specific range[197]. More in-situ fracture tests should be conducted with varying hydride
contents to further understand the role that the hydrides play in the failure of zirconium

claddings.
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Chapter 7 Conclusion and Future work

This thesis reports on the microstructure and micromechanics of 6-hydrides in pure zirconium

by advanced microstructure characterization techniques (e.g. serial sectioning, conventional

and high angular resolution EBSD) and mechanical testing technique (in-situ DIC tensile

testing in SEM), and explored the intrinsic mechanism for hydride nucleation and growth in

zirconium, as well as mechanical property degradation induced by hydride formation. The key

conclusions are now summarized in this chapter and some suggestions for future work are

proposed here.

7.1 Conclusions

Based on the experimental observations reported in previous chapters, the following conclusion

can be made:

The electrolytic hydrogen charging can generate surface hydrides on zirconium, which
can be dissolved and re-precipitated in the bulk by a homogenization anneal at 400°C.
Much more localized hydrides were observed on the grain boundaries close to the basal
planes of the matrix grains for slower cooling. Hydrogen in the lattice is expected to be
homogeneous at anneal temperature but grain boundaries are preferential sites for
hydride nucleation. The distribution and morphology of hydrides in zirconium are

controlled by many factors, including grain size, texture, cooling rate, etc.

All hydrides generated in this work are identified as 0-hydrides in a-Zr by EBSD. Most
hydrides follow the orientation relationship of {0001},]|{111}5(1120),||{110)s
(OR1) with their parent matrix grains. The orientation relationship of {0001},||{100}5
(1120),]]{110)5 (OR2) was only seen in the large inter-granular hydrides at slower

cooling rate and surface hydrides composed of many small hydride grains where it just
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occupies 13.4%. OR2 is supposed to be the secondary relationship between o-hydride
and a-Zr presumably due to the larger and more anisotropic lattice misfit, which will
only occur when OR1 is constrained, e.g. by transformation strain accumulation in
strongly localized precipitation. OR1 has two twin-related variants and OR2 has three
variants. Meanwhile, the orientation relationship between d-hydrides and o-Zr has no
relation with the nucleation sites (whether inside matrix grains or on the grain

boundary).

For faster cooling, an intra-granular hydride plate is composed of smaller hydride flakes
with the same orientation of its habit plane. The potential habit planes for intra-granular
8-hydrides were found to be close to each other and identified as {0001}, {1011},
{1012} and {1017} of the surrounding matrix. This microstructure of intra-granular
hydrides is likely related to anisotropy in the accommodation of transformation strain
by matrix plasticity, which is revealed by HR-EBSD analysis. The GNDs and higher
lattice shear stress-strain on the basal plane surrounding the tip of an intra-granular
hydride will promote hydride nucleation there. Different values of GND density and
lattice shear stress-strain on the basal plane, as well as the reverse directions of stress-
strain on either sides of a hydride tip in the matrix presumably lead to hydride

nucleation with a specific orientation variant on one side.

The nucleation and growth of inter-granular 4-hydrides, as well as the mechanical
accommodation of the strain induced by their formation in zirconium, are much more
complicated than intra-granular hydrides due to the involvement of grain boundary. The
hydride precipitation on grain boundary is suggested to be controlled by grain boundary
structure, not only misorientaion but boundary plane. The inter-granular hydrides can

nucleate at multiple points and grow by coalescence into each other on some occasions.
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The morphology of inter-granular hydrides (completely or partially along grain
boundary) may be associated with the competition between the reduction of grain
boundary energy and increase of the phase interface energy during growth. Apart from
lattice strain and GNDs, grain boundary dislocations and their movement may
contribute to the accommodation of transformation strain. The anisotropy of plastic
accommodation through GNDs is suggested to be enhanced by grain boundary, as the
different orientations lead to different easier plastic shear mode on either side of grain
boundary. And in turn, this may affect the growth of hydrides on either side of grain
boundary. In addition, twinning was found to accommodate transformation strain in the

matrix on some occasions.

Formation of GNDs is an important approach for 6-hydrides to accommodate
transformation strain. Twin-related structures were commonly seen in inter-granular
hydrides and surface hydrides, presumably assisting the accommodation of

transformation strain as well.

At the macroscale, the formation of hydrides increases the yield strength of zirconium
but presumably reduces the working hardening. For the same hydride content, the
degree of effect caused by hydrides varies with loading directions due to the strong

texture of zirconium.

At the microscale, hydrides markedly enhanced strain localization during deformation.
The contribution of hydrides to deformation is extremely small due to their brittle nature.
Hydrides were found to obstruct the propagation of slip and prevent the growth of the
twins nearby to increase strain localization, which may lead to stress build up at the
interface where the hydrides interact with slip or twins. Meanwhile, shear was found

on some hydride-matrix interfaces usually accompanied with the slip bands parallel to
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them in matrix, more frequently observed for inter-granular hydrides. This may be
attributed to the higher local stress at the interface caused by the large difference of
elastic stiffness between 6-hydrides and o-Zr and/or lower critical shear strength of
hydride-matrix interface. The hydride-matrix interface is likely to be the preferential
sites for micro-voids and/or micro-cracks with more deformation applied. These should

be taken into account for embrittlement induced by hydrides in zirconium.

7.2 Future works

In order to further explore the hydride formation in zirconium and its effects on local

deformation, following suggestions for future work can be considered.

The detailed roles of grain boundary and hydride-matrix interface in hydride
precipitation are still not clear due to the uncertainty of them in 2D EBSD
measurements. Serial sectioning combined with EBSD or 3D EBSD technique can be

helpful to completely show the structures of boundary and interface.

It would be good to perform TEM and/or TKD measurements on hydrides to further
explore the dislocations and their behaviors inside or surrounding hydrides. This would

be useful for a better understanding of the interaction between hydrides and matrix.

The in-situ DIC strain measurements can be further improved to achieve a higher spatial
resolution to distinguish the slip bands in effective shear strain map and maybe also
expanded to fatigue and creep regimes, and/or thermal cycling. These will give more
details of micromechanics of both hydrides and zirconium during various deformation

modes.
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The mechanism of the ductile-to-brittle transformation with increasing hydride content
can be further studied by mechanical tests of the zirconium with varying hydride

contents and larger deformation.

The role of alloy elements in hydride formation and deformation of zirconium has not
been studied in this thesis. More experimental and modelling work is need to be done

in this area, which will be very helpful for better alloy design of zirconium.

Irradiation has not been considered in this thesis but cannot be avoid when zirconium
alloys serve as fuel claddings in nuclear reactors. The effects of irradiation on the
microstructure and micromechanics of hydrides in zirconium are suggested to be further

investigated.

This thesis provides great experimental data on the microstructure and micromechanics
of hydrides in zirconium, which could be the useful input data for modelling work.
Further modelling work, e.g. CP-FEM, would be helpful for a better understanding of

hydride-induced embrittlement.
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Appendix
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Figure 1 The normalized effective shear strain maps of the measured area on the pure zirconium specimen
pulled along the RD (R1) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and after unloading
respectively.

Figure 2 The normalized effective shear strain maps of the measured area on the pure zirconium specimen
containing hydrides and pulled along the RD (R2) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and
after unloading respectively.

<«—RD

0

167 |Page



4
35
3
25
2
15
1
05
o

Figure 3 The normalized effective shear strain maps of the measured area on the pure zirconium specimen
pulled along the TD (T1) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and after unloading
respectively.
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Figure 4 The normalized effective shear strain maps of the measured area on the pure zirconium specimen
containing hydrides and pulled along the TD (T2) at the macroscopic elongation of 2.0%, 3.5%, 5.0% and
after unloading respectively.
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