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Hydride precipitation in zirconium alloys leads to embrittlement, making it essential to understand their prev-
alence and stability in the microstructure. Dictionary indexing of Kikuchi patterns, along with orientation
relationship analysis and x-ray diffraction, confirmed the presence of both delta and gamma hydride phases in
Zircaloy-4. Both phases were found to be stable in recrystallised zirconium, with the gamma phase exhibiting a
distinct orientation relationship with the matrix. Delta hydride morphology and orientation were influenced by

local stresses, resulting in a change in orientation during precipitation. By analysing the orientation relation-
ships, the evolution of hydride phases could be visualised, providing insights into the room temperature stability
of both delta and gamma hydrides.

Hydrogen precipitation is an embrittlement mechanism that can
result in the premature failure of zirconium (Zr) alloys. Four hydride
phases are commonly reported to precipitate in Zr: y-ZrH, 8-ZrHj ¢3,
¢-ZroH and e-ZrH; respectively [1-5]. Of these, the § and y phase have
received the most attention owing to their stability under nuclear
reactor conditions [6]. One of the most contentious topics within this
field is the stability of the y phase at room temperature. Recent studies
suggest that alloy purity influences the prevalence of y, whereby it was
shown to be stable in high purity Zr [7-19]. Here, microstructural
analysis highlighted that the hydride microstructure consists of a § core
surrounded by a y fringe. On the other hand, the prevalence of y at room
temperature for alloyed Zr is scarce. It is typically only identified in
significant quantities after quenching, suggesting that it is metastable
[8,10,20-22]. Presently, factors promoting or inhibiting the formation
of the y phase are not well understood and are of constant debate.

Typically, transmission electron microscopy (TEM) and synchrotron
X-ray diffraction (S-XRD) are utilised to characterise hydrides, but their
associated errors and uncertainties may contribute to the lack of un-
derstanding of the y phase stability [23]. For example, the techniques
used to prepare hydrided Zr for TEM analysis can induce hydride defects
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that are indistinguishable from the original hydrides, making subse-
quent analysis on the microstructure unreliable [22]. Using S-XRD to
identify y can be challenging due to the very low volume fraction of
hydrides, relatively weak scattering properties of hydrides and over-
lapping diffraction peaks [24].

To supplement these techniques, we developed a novel, reproducible
experimental protocol employing electron backscatter diffraction
(EBSD) in conjunction with dictionary indexing (DI) and orientation
relationship (OR) analysis to identify and characterise Zr-hydrides. The
combination of these two techniques enables visualisation of evolution
of the hydride phase such that the stability of both y and & can be
inferred.

In this study, recrystallised Zircaloy-4 cladding tubes were gas-
charged to a hydrogen content of 360 wt. ppm and furnaced cooled at
a rate of 1 °C/min. The gas hydriding was conducted at 400°C. More
information on the samples’ thermal, stress and hydriding history is
detailed elsewhere [25]. The EBSD maps presented in this study focused
on a single magnified hydride stringer that is separated by hydride free
regions. For more information on this see [25]. The radial/transverse
face of samples were mechanically polished and analysed on an FEI
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Magellan using a NordlysNano EBSD detector with AZTEC® 4.3. A beam
current of 1.6 nA, accelerating voltage of 20 keV and step size of 0.1 pm
at an acquisition speed of 1.87 Hz was utilised for EBSD collection. All
Kikuchi patterns have a resolution of 672 x 512 pixels and were stored
for further post processing. The EBSD maps were generated and pro-
cessed in AZtecCrystal.

Both Hough and Dictionary based indexing (DI) methods were uti-
lised and compared. Hough Indexing (HI) initially identifies the loca-
tions of Kikuchi bands within a pattern. The angle between the bands is
compared with known values for a particular crystal system to identify
phases and orientations within the material [26]. In contrast, DI em-
ploys a physics based forward model to generate all possible patterns
representing a particular crystal structure. These are compared to each
experimentally obtained Kikuchi pattern to obtain a dot product
[27-29]. The simulated orientation with the highest dot product is
assigned to that point. The software used to perform DI was EMsoft 5.0
[30]1.

To obtain accurate information on the phases and orientations from
DI, the Efit package in EMsoft was employed [30]. Here, a Zr reference
pattern from the studied dataset with a high band to background
contrast was refined. The pattern centre, scintillator distance and de-
tector pixel size were refined from the initial AZtec derived values. Prior
to indexing, the patterns were binned four times to reduce the pattern
noise, ensuring that pattern noise was not affecting the indexing and
effective indexing of the hydride patterns could be obtained. The crystal
structures were assigned as face centre cubic (FCC) with space group
Fm3m lattice parameter a,= 4.778 A for the § phase [31-42] and face
centred tetragonal structure with space group P4,/n and lattice pa-
rameters a,= 4.586 A and co = 4.948 A for the y phase [10,11,19,23,
37-40]. The final stage in DI analysis was to perform orientation
refinement using EMFitOrientation [30]. DefDAP [41] was utilised to
compute differences in orientation between DI and HI.
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HI was first optimised to improve the extent of indexing whilst
retaining accuracy. This is particularly important for large-scale EBSD
maps, where storing patterns and DI searches is not practical. The effect
of the maximum number of Kikuchi bands used and the Hough Reso-
lution (HR), which sets the Hough space resolution for band detection,
were investigated. Owing to the high similarity and low signal-to-noise
of the y and & hydride patterns, only the 5 phase was indexed in AZtec to
avoid additional mis-indexing between the two phases during collection.

The influence of the maximum number of bands (MBN) is shown in
Fig. 1a-c). Here, AD, RD and TD are the axial, tangential and radial di-
rection respectively. In these three cases, the HR and number of re-
flectors for the hydride phase were kept constant at 60 and 44
respectively. The reflectors being the 44 strongest calculated bands for
each crystal system that the Hough transformed pattern is compared
against for indexing. The variation in indexing at the different band
levels is shown in Fig. 1d and e. Here, the overall extent of hydride and
total indexing as a function of the MBN at a HR of 60 and 80 is plotted in
blue and red respectively. A peak in hydride indexing at a MBN of 11 and
HR of 60 is apparent and will be discussed in detail in this study. The
extent of indexing at MBNs either side of this peak at both HRs is dis-
cussed in S1.

To understand the peak in indexing at an MBN of 11, it is important
to note that when the MBN is 7-11, a minimum of 6 bands must fit for
indexing (see S1 for more details). Thus, when a minimum of 6 bands
need to fit, then the greatest difference between the maximum and
minimum band number values occurs at an MBN of 11. The greater
difference in band number allows for a larger number of bands to be
indexed by the software. This increased tolerance enables the weaker
hydride bands to be indexed with greater confidence reducing the in-
fluence of pattern overlap on hydride indexing. The accuracy of the
indexing is highlighted by comparing the indexed points to the DI map
in Fig. 1 f. Further, reducing the HR at an MBN value of 11 improves

b) Hl where Max Band Number = 11

£t B 4

- 4 - Hough Resolution = 60
@ - Hough Resolution = 80

- ]
[ L —_
y X
: ] £
c
= L4 2 »}
3 k)
2 e » | 3 -
e @ [<}
S d s
:E E 15k
> 25 1 &
DT = - # - Hough Resolution = 60
[ ] - @ - Hough Resolution = 80
8 9 10 " 12 b Sl ;
RD Max Number of Bands

Max Number of Bands

n
10 1 12

Fig. 1. The white, AD-IPF colours and black regions are the Zr, Hydride and un-indexed hydride pixels, respectively. a-c) are Hough indexed AD-IPF maps at MBNs of
8,11 and 12 and HR=60. d-e) Plot the percentage of hydride and un-indexed points as the MBN and HR is altered. f) AD-IPF map after DI. Note that the EBSD dataset

above used has been initially presented in Maric et al. [25].
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indexing by 3% as there is greater tolerance for band position, enabling a
greater proportion of the deformed hydride bands to be detected. The
optimisation of MBN and HR improved hydride indexing by up to 10%,
highlighting the importance of adjusting HI parameters when differen-
tiating between multi-phase materials with varying pattern qualities.

However, differentiating between the y and § hydride phase, which
are crystallographically similar and highly deformed, using HI was not
feasible. The effectiveness of HI strongly depends on the pattern quality
so weak patterns with low band to background contrast will have poor
indexing and reduced accuracy [42]. When DI was employed (Fig. 2a), y
hydride has been effectively indexed on the fringes of the §/a-Zr phase
boundary as observed in previous studies [7,9,10,19].

XRD was utilised to verify the DI results and identify the y-phase
(experimental details in S2). The low y volume fraction and overlapping
reflections from other phases meant only a small {111}, peak (2.7 f\)
shown by the blue circle could be conclusively observed (Fig. 2b),
however this correlates well to the small extent of y-hydride identified
by EBSD.

Fig. 2c-e plot the dot product, y-H and 8-H IPF maps, respectively. A
value closer to one indicates a greater correlation between the simulated
and experimental patterns. The dot product is substantially lower for the
hydride phase than the a-Zr. This could be due to the greater misori-
entation and strain within and around the hydride grains resulting in a
lack of discrete patterns when compared to recrystallised o-Zr. See S2 for
analysis on the difference in deformation between the hydride and
matrix phase.

From the IPF maps in Fig. 2d, e and Fig. 1f, a fringe can be identified
on § and a-Zr phase boundary. The fringe has a 45° shift in orientation
from <101> to the <001> fibre direction when compared to the bulk
hydrides it encases. When comparing the phase and IPF map, DI iden-
tifies both & and y hydride within the fringe region. Here, areas of high
and low dot product exist. As shown by the red circles in Fig. 2¢, high dot
product regions on the exterior of the fringe typically index as y, whilst
the neighbouring fringe regions have a lower dot product and index as 5.

Both the § and y phases present within the fringe are oriented in the
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<001>//AD in contrast to the bulk § oriented in the <111>//AD di-
rection. The origin of the shift in & phase orientation has been related
back to the increased thermal expansion and volumetric mismatch that
occurs during hydride precipitation [6,43,44]. Kerr et al. [45] also
observed & hydrides oriented in the two aforementioned directions
where the difference was attributed to high transformation stresses
imparted on the microstructure during cooling. The weaker patterns
coupled with the change in orientation of the § phase at the fringe al-
ludes to the formation of a more deformed & phase that adopts a different
orientation to better accommodate the increased stress. However, due to
the poor contrast in the Kikuchi patterns stemming from the high level of
deformation and potential pattern overlap, TEM studies of this region
are required to further confirm the presence of y and § phases.
Furthermore, a distinguishing feature between hydrides of different
phases and orientations is the ORs that they have with the matrix ma-
terial. It is important to note that EBSD rather than TEM is readily
employed for hydride OR characterisation [45-47]. This is because,
unlike TEM, bulk ORs at lower magnifications can be observed in
addition to having simpler sample preparation techniques [47]. The
most commonly observed OR between the § phase and Zr matrix is
{0001},||{111}; and (1120),]|(110); [21,47,48]. Whilst the minor
{0001},]|{001}; and (1120),||(110); OR have also been identified in
highly stressed hydride regions [45]. In this study we will refer to the
respective §-hydride ORs as 8-Major and 8-Minor. Less research into the
ORs between the y phase and Zr matrix is available, with belief that the y
phase was meta-stable limiting analysis at room temperature. However,
with an increased number of studies reporting its stability, the following
OR has been proposed: {0001},|[{001}, and (1120),[|(110), [49,50].
OR analysis was performed using the AZtecCrystal OR analysis tool
inspired by Une et al. [47]. This technique was expanded allowing ORs
across the whole micrograph to be visualised such that inferences about
the order of hydride precipitation could be made. Fig. 3a plots the OR
boundaries for v, 5-Major and §-Minor phases. The ORs plotted have a +
10 ° tolerance to account for the high strain and hence potential OR
mismatch that occurs during hydride precipitation. Both y and &
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Fig. 3. a) Phase map where the green, red and black boundaries shown are phase boundaries that adhere (+10°) to the y-Zr, §-Minor and 5-Major ORs, respectively.
The red rectangle is the region where localised OR analysis was conducted. b-e) are pole figures for the Zr, y-hydride, 8-Minor and 8-Major phases within the red
rectangle, where the pink circles and orange rectangles display the matching points within the respective pole figures for each phase. If the locations of the pink and
orange points are identical between the different phases, then an OR exists between them.

hydrides located on the fringe adhere to y and 8-Minor OR, respectively,
whilst the bulk & phase follows the 5-Major OR.

The fraction of boundaries adhering to each OR was investigated
(Table 1), representing a dataset of ~100 Zr grains and ~10 hydride
clusters. The greatest percentage of hydride-matrix boundaries comes
from y-Zr OR (38%), followed by the 8-Minor OR (36%). It is evident
that the conventional {0001}, |[{111}; s and (1120),][{110)5_pgior
OR still populates around 26% of the hydride phase boundaries. To
understand the origin and distribution of the 3-Major OR, analysis of the
Zr grains where this OR is present was conducted. As highlighted in
Figs. 2d and 3a, the Zr grains where the 8-Major OR is largely prevalent
are mostly orientated close to the (1010) direction. It could be that some
grain orientations stabilise the & hydride formation and inhibit y for-
mation more than others due to variations in their local stress states
[24]. The change in stress conditions of these grains could also mean
that less deformation is imparted onto the hydride during precipitation
such that the § phase precipitation adhering to the §-Minor OR does not
occur as readily. The mechanisms of this will be explored in a future

Table 1
Fraction of hydride phase boundaries that adhere to the y, 5-Minor and 8-Major
orientation relationship respectively.

Orientation Relationship (OR) Length of hydride-
matrix phase

boundary that

Percentage of total
hydride-matrix phase
boundary that satisfies

satisfies OR (pm) OR (%)
{0001}, (1120), | 488 38
{001}, <110 > ,
{0001},,(1120), | 459 36
{001} _yginor < 110 > 5-pinor
{0001}, (1120), | 343 26

{111 }5 ptgjor <110 > 5 tgjor

study exploring correlations between grain orientations and hydride
phase stability.

Alocalised OR study was conducted on the region outlined by the red
rectangle in Fig. 3a. Here, the TD/RD pole figures for the Zr, y, 5-Minor
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and 8-Major ORs are shown in Fig. 3b-e confirming the aforementioned
ORs locally.

A 3-Major OR between the bulk & phase and o-Zr exists even though
there is no phase boundary between the two phases (Fig. 3b,e). This
suggests that §-Major is a high temperature stable phase that forms
initially upon cooling. A schematic of the hydride precipitation sequence
upon cooling based on the observed ORs is shown in Fig. 4. Initially, the
8 phase precipitates at the grain boundaries of a-Zr grains resulting in
the distinct §-Major OR. As cooling proceeds, precipitation of 6 hydride
oriented in the <001> direction is promoted to accommodate the
increased stress at the Zr-hydride phase boundary. The change in local
stress conditions could cause the precipitating hydride to change
orientation, forming a new OR with the Zr as shown by the blue rect-
angle in Fig. 4c. The extent of stress required for this change has not been
investigated in this study but should be a focus of future studies.

After this at the final stages of cooling, y forms at the edges of the
phase boundary between the § and a-Zr obeying the OR in the orange
rectangle in Fig. 4d. By analysing the orientation distribution of these
phases, the order of their formation, and hence stability upon cooling,
can be better understood. Additionally, sharp transitions between the
hydride phase boundaries are observed suggesting that the precipitation
of y and & of different orientations occurs to accommodate for the altered
stress and thermal states of the microstructure during cooling rather
than being formed by slow diffusion related processes.

The formation of the y phase at the end of cooling supports previous
reports of its room temperature stability [7,9,10,19]. Further studies
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with increased ageing at room temperature are required to confirm this
trend and better understand y phase transformation kinetics.

This study details techniques developed to optimise and improve the
indexing of multi-phase materials whilst retaining accuracy when uti-
lising EBSD. We highlight the importance of optimising the HI param-
eters if the indexing efficiency for a particular material is to be
maximised. By altering the MBN and HR for the Zr hydrides, we were
able to improve the indexing by up to 10%. Moreover, when the pattern
quality is poor and the crystal structures of the present phases are very
similar, we highlight that DI can be employed to differentiate and
characterise the phases. DI analysis highlighted the prevalence of three
hydride variants within the microstructure, y, <001> & and <111> &
hydrides. The proportions and relative distributions of each phase could
be visualised and mechanisms for their formation are proposed. Finally,
OR analysis combined with phase identification has, for the first-time,
enabled bulk characterisations of the evolution of the hydride phase
upon cooling using EBSD. The location of hydrides adhering to different
ORs has been correlated to their sequence of precipitation within the
matrix, indicating that the y hydride is the last to form at the Zr-Hydride
phase boundary upon cooling; providing evidence that it is stable at
room temperature in Zr alloys with reduced strength. The present study
conducted both phase identification and OR analysis on the micro-
structure at the conclusion of precipitation. If the hypotheses proposed
in this study are to be further validated, TEM as well as in-situ experi-
ments observing hydride evolution during precipitation should be con-
ducted and further developed.

a) b)
a-zr &-Major OR
GB
OR = {0001},< 1120 >, || {111}5_1ngj<110> 5_pq;
C) d)
6-Major OR &-Major OR
. —
&-Minor OR &-Minor OR
Y OR
OR = {0001},< 1120 >4 || {111}5_1nqj<110> 5_mq; OR={0001},< 1120 > || {111}5_gj<1105 5_mg;
[ OR={0001},< 1120 >¢ || {001}5-min<110> 5-min | OR={0001},< 1120 >, || {001},<110>,

Fig. 4. Schematic of the proposed precipitation and evolution of § and y hydride upon cooling. Initially, a) there are two neighbouring Zr grains and then b) the &
phase forms adhering to the OR depicted by the pink rectangle. With further cooling, § forms as a mechanism of stress accommodation adhering to the OR in the blue
box in ¢). Additional cooling results in the formation of the y phase at the y— a Zr phase boundary following the OR shown in the orange rectangle in d). Here, a new
technique for the characterisation of the evolution of the different hydride phases has been developed such that their order of formation can be determined.
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