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Hydrogen uptake in zirconium alloys is a major limiting factor of nuclear fuel cladding as subsequent hydride
precipitation can lead to potential cladding failure via delayed hydride cracking (DHC). The specific mechanisms
of DHC have been a focus in earlier research, however there is still no clear definition of the resulting crystal-
lography and limiting hydride sizes at various temperatures of crack propagation. In this work, a novel thermo-
mechanical testing procedure was used to induce radially propagating DHC cracks in thin-walled cladding in a
temperature range from 100 to 320 °C. Focused ion beam (FIB)- prepared lamellae were extracted from samples
containing the arrested DHC crack for synchrotron micro-beam X-ray diffraction (uXRD) mapping of crystallo-
graphic phases. The uXRD phase maps provided information about the required hydride cluster size that would
lead to fracture (less than 5 pm), i.e. the critical hydride size. Phase mapping shows that DHC-responsible hy-
drides primarily consist of the & phase, with slightly increased y/ ratios at lower cracking temperatures. In
multilayer cladding, the liner material shows significantly increased ratios of y-hydride, while on average, the
§-phase remains predominant. This work also highlights that the y-hydride is indeed a stable zirconium hydride

phase, which can precipitate during DHC propagation and within the inner liner of multilayer cladding.

1. Introduction

Zirconium alloys are used for nuclear fuel cladding in light and heavy
water reactors due to their high corrosion resistance while maintaining
sufficient mechanical properties and an economical neutron absorption
cross-section [1]. Despite its corrosion resistance, there is an inevitable
amount of cladding corrosion that occurs during its in-reactor lifetime
due to the harsh water-coolant environment. As a result of corrosion,
hydrogen is produced and partially picked up into the cladding. While
there are additional sources of hydrogen, such as hydrogen water
chemistry, that from corrosion is only observed to be picked up by the
cladding [2]. Once the hydrogen has entered the cladding, it can be
transported throughout the matrix given a number of driving forces,
including diffusion based on Fick’s law, the Sorret effect, and stress
[3-5]. Once the hydrogen concentration exceeds the solubility limit, it
will precipitate in the form of brittle hydrides. Many of the effects of
hydrogen and hydrides in the presence of zirconium are within the scope
of ongoing studies, some of which include the embrittlement of the
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cladding and delayed hydride cracking (DHC) [6,7]. DHC is a crack
growth phenomenon, in which hydrogen in solid solution migrates to-
wards a location of higher tensile stress overcoming concentration gra-
dients. Exceeding the solvus limit leads to precipitation of brittle
hydrides. Subsequently, the hydride cluster can grow to a critical length
[8,9], whereupon stresses in the material may lead to fracture and
further crack propagation in repeated steps [10].

In boiling water reactors (BWR) there is increased interaction be-
tween the fuel pellet and cladding material compared to pressurized
water reactors (PWR). The interaction is known as pellet-cladding
interaction (PCI) and can lead to internal stress-corrosion cracking. In
the 1980’s a two-part multilayer cladding was created to mitigate PCI
through the addition of an inner more ductile zirconium alloy layer.
Such inner layer has been defined in the nuclear industry as an inner
‘liner’ and is joined through metallurgical methods to the primary
structure of the fuel cladding, which is defined as the ‘substrate’ [11]. In
the context of hydrogen uptake, the effects of a liner on hydrogen
diffusion and precipitation kinetics has also been explored [12,13]
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showing that the hydrogen is strongly attracted to the liner-substrate
interface. The hydrogen subsequently precipitates at high concentra-
tions within the liner material.

Cladding embrittlement through hydride precipitation is one of the
most relevant concerns of fuel integrity during accident scenarios such
as reactivity induced accidents (RIA) and loss of coolant accidents
(LOCA), but also storage and transportation of spent nuclear fuel (SNF).
During the dry storage and transport of SNF, thermo-mechanical con-
ditions could potentially lead to DHC and put the fuel cladding me-
chanical integrity at risk. First, mechanical loads on the nuclear fuel
cladding can originate from internal gas pressures within the fuel rod,
pellet cladding mechanical interaction (PCMI), and those caused by
handling and transportation operations [1]. Second, the fuel cladding
undergoes various thermal cycles as the remaining decay heat from the
fuel only slowly decreases and the fuel assembly transitions between
various environments including cooling pools, packaging facilities, and
storage in intermediate casks. The combination of the varying temper-
atures and stresses can promote the dissolution and diffusion of
hydrogen to regions of high tensile stresses, leading to hydride precip-
itation at incipient cracks or other defects in the material.

As it is foreseen to store spent nuclear fuel up to several decades
under dry storage conditions until a final repository will be available,
the cladding temperature can largely vary depending on the amount of
remaining decay heat. Thus, deeper understanding of the DHC phe-
nomenon in a large range of temperatures is essential for safe storage
[14]. This includes the fundamental understanding of hydrogen diffu-
sion and hydride precipitation at various temperatures, whereas
research on hydride precipitation and phase analysis has already been
initiated [15-18]. However, due to the challenging test conditions and
large amount of time required for low temperature tests, the DHC phe-
nomena specifically at low temperatures have not been sufficiently
studied up to now. Therefore, it is important to be able to distinguish the
phases of zirconium hydrides as well as to quantify the hydride con-
centration with high-spatial resolution under various conditions. Among
the various hydride phases that can occur in a stoichiometric range of
ZrH;_, the fce 8- ZrH; 61,7 and fet y-ZrH phases have been significantly
reported upon [16-24]. One of the main open questions regarding the
phases is whether the y phase is stable or metastable. Literature states
that at temperatures below a transition temperature of 180 °C, the hy-
drides could precipitate preferentially to the gamma phase [19,25],
while above this temperature, hydrides should precipitate primarily to
the delta phase, especially in the context of DHC [16]. Recent studies
have shown a strong temperature [16] and cooling/quench rate [17]
dependence of the y/8 phase hydrides ratio within the region of a DHC
crack flank. Barrow et al. has shown that 3-hydride is the core of the
hydride encapsulated by a y-phase. This work also states that the hy-
dride precipitates and dissolves first in form an outer y-hydride shell,
which is followed by transition to a 8-phase. This pathway is associated
with a lower accommodation energy of the y-phase [18].

Recent literature has reported on various dependencies of DHC hy-
dride precipitation showing the hydrogen concentration gradients
around DHC cracks with neutron radiography measurements [15] as
well as multi-physics modeling [26,27], giving hints to possible changes
in phases or precipitation kinetics. As the temperature range which DHC
can occur encompasses the precipitation temperatures for both & and y
phases [28], a change in the mechanical properties between different
hydride phases, like fracture toughness [22], could lead to a change in
mechanical stability of the overall system depending on the tempera-
ture. Therefore, it is important to identify the hydride phases resulting
from DHC over a range of temperatures encompassing all possible hy-
dride phases.

The further understanding and identification of the hydride phases of
DHC in a wide range of temperatures is crucial for development of nu-
merical models for simulation of DHC phenomenon in fuel performance
codes as the mechanical properties of the y- and 8-hydrides phases can
vary. Therefore, the primary objective of this study is to identify and
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map the DHC-responsible hydride phases around an arrested crack tip
within the substrate of Zr-alloy claddings with and without an inner
liner. Moreover, hydride phases within and around the liner are
analyzed.

This work presents the results of synchrotron uXRD phase mapping of
hydrides of four DHC cracks formed at various temperatures in cladding
with and without an inner liner. In addition, the hydrides of a slow-
cooled sample, acting as an unstrained reference, with an inner liner
was measured. The results compliment recent neutron radiography of
DHC cracks improving the spatial resolution of mapped hydrides and
enabling phase identification [15].

2. Experimental
2.1. Materials

The material used in this study consisted of recrystallized (RXA)
Zircaloy-2 cladding tubes from Westinghouse with (LK3/L) and without
(LK3) an inner liner. The LK3/L tube sections have a nominal outer and
inner diameter of 9.62 x 8.38 mm. The LK3 tube sections have an outer
and inner diameter of 9.62 x 8.76 mm. Table 1 describes the compo-
sition of the two materials according to ASTM nuclear fuel cladding
standards [29].

2.2. Sample preparation for DHC testing

The cladding material was hydrogenated in tube sections through
gaseous charging using a Sievert’s type apparatus and heat treated in
order to homogenize the hydrogen distribution as described in the
following references [12,15,30]. Specific hydrogen content was then
measured through destructive testing, Hot Vacuum Extraction (HVE),
using a LECO device at the Paul Scherrer Institut (PSI) resulting in
average concentrations as seen in Table 2.

Notches were cut in the axial direction of the tube with a broaching
tool using a standard steel razor blade. Notches were cut between 50 and
80 pm deep with a root radius of approximately 30 um. The tube was cut
into 4 mm long rings that were subsequently cut in half resulting in the
final arc-shaped specimen shown in Fig. 1. The specimen dimensions
resulted in a 4 mm thickness, B, and width, W, respective of the cladding
wall thickness (0.43 mm). In the context of nuclear fuel cladding, the
cladding wall thickness is equivalent to the specimen width, W,
considering ASTM standard for bending tests [31]. The standard
nomenclature for crack length is given as a.

2.3. DHC testing and slow-cooling procedures

The samples were first fatigue pre-cracked at room temperature ac-
cording to previously reported procedures [15,32]. Subsequent to the
propagation of the sharp initiation crack, the samples were mechanically
unloaded and heated above the respective temperature of terminal solid
solubility of hydrogen for dissolution (TSSD) and held for 1 h prior to
cooling at 30 °C/h until reaching the test temperature [15,32-34].
Following the stabilization of the test temperature, the starting me-
chanical load [, was applied. Upon arrival to l,, the extensometer
displacement was tared, and subsequent loading was iteratively rede-
fined based on the current extensometer displacement (see Eq. (1)).

ly=1,—rxd (€D

where [, is the newly defined load, r is the linear load reduction rate, and
d is the sample displacement. The initial values of [, were dependent on
the cladding wall thickness, while r was defined on the basis of main-
taining a stable crack growth. In other words, the sample was loaded
with a constant loading scheme, where the load was iteratively rede-
fined based on extensometer displacement on a given time interval.
More specifically, the load was held constant during each interval, and
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Table 1
ASTM specifications (weight%) of the Zircaloy-2 material used in this study. The LK3 alloy makes up the substrate of both materials (LK3 and LK3/L).
Alloy Name Sn Fe Cr Ni (0] Si Zr
LK3 1.20-1.70 0.07-0.20 0.05-0.15 0.03-0.08 0.10-0.14 max. 0.009 bal.
Liner of (LK3/L) max 0.3 max 0.07 - - - - bal.
2.4. Sample preparation for u-XRD
Table 2

Hydrogen concentrations of the material used for DHC specimens.

Cladding Test conditions Measured Average Standard Deviation
Designation (-) (wppm H) (wppm H)
LK3/L Slow-cooling

(8°C/h)

1 22

500-38 °C 43
LK3/L DHC at 100 °C
LK3 DHC at 100 °C
LK3 DHC at 150 °C 201 15
LK3 DHC at 320 °C

LK3 (without inner liner), LK3/L (with inner liner).

Upper
Fixture

Sample

Fig. 1. Three-point bending fixture with an arc-shaped sample (0.6 mm clad-
ding wall thickness) mounted for testing.

slightly reduced in the next interval relative to the extensometer
displacement. With this loading scheme the sample was effectively
unloaded in a continuous manner due the high sensitivity in redefining
the load. This loading scheme ensured a near constant stress intensity
factor, K, during DHC, ranging from 10 to 20 MPa+/m depending on the
depth of the incipient fatigue crack. As the K; value is near constant, and
well below the fracture toughness of the hydrogen free material [35],
subcritical cracking conditions are provided for DHC to occur. Further
details on the loading scheme and test parameters can be found in the
following reference in where the identical test set up is employed [32].

The slow-cooling test procedure utilized the same test facility as for
the DHC testing, however without any mechanical load. Therefore, the
heating and cooling was identically monitored and controlled so that the
slow-cooled sample would act as an unstrained reference sample and be
directly comparable to the DHC samples.

Subsequent to the DHC testing (step 1 in Fig. 2), samples were
mounted to a cylindrical aluminum stub that fits inside a stainless steel
tube with a pass-fit (like a piston and cylinder seen in Fig. 2 of step 2).
With this device, a controllable amount of the sample was extended for
accurate material removal. The next step (step 2), was to grind the inner
diameter of the cladding. In step 3, the sample was remounted on its
side, such that the crack cross section could be observed after grinding
and polishing. The sample was polished on both sides to create a lamella
thickness (~100 pm) manageable for further FIB polishing where the
extracted lamella contained a midsection of the original sample, thus
representing a plane-strain crack cross section. The lamella was then
mounted to a modified SEM stub with silver glue to the two mounting
‘pillars’ which enable an X-ray beam to pass (Steps 3 and 4). The samples
were then further thinned in the same direction with a FIB in successive
steps, with reduced current at each step (i.e. 45 nA, 27 nA, and 13 nA at
30 keV) to minimize FIB damage. The final thicknesses of the sample
were between 10 — 35 pm.

2.5. p-XRD experiment setup and data analysis

The Imaging of hydrides along crack flanks of a sample, required
micron spatial resolution as the hydrides along DHC crack flanks can be
very thin. Additionally, the sample dimensions were constrained to very
thin cross sections (<100 pm), considering the material attenuation ef-
fects on the incident beam. However, due to the mechanical instability
of a cracked region, the samples could not be produced thinner than
several microns and therefore required dimensional optimization.
Considering the aforementioned, the XRD-contrast microscopy tech-
nique available at microXAS beamline at PSI was the best-suited tech-
nique for phase identification throughout the DHC samples, allowing for
phase distribution mapping with high spatial resolutions over a large
region of interest (ROI).

The diffraction contrast imaging measurements were performed at
the microXAS beamline of the Swiss Light Source [36]. The detector
used in these experiments was the Dectris Eiger 4M [37,38]. The data
was acquired during a raster scan of the sample with the X-ray beam
focused down to 1 pm. In other words, the stage moved the sample in the
plane normal to the beam over the selected (ROI) with a defined step size
and acquisition time for each step. The scanning is also described in the
following sections (see Fig. 3). Exact experimental conditions and
scanning parameters can be found in Table 3.

2.5.1. Data processing

The first step in processing the raw data (images of Debye-Scherrer
rings) involved using the python based library for fast azimuthal inte-
gration (PyFAI) using a generated calibration file in order to create the
1D diffraction patterns [39]. A LaBg standard was used for the creation
of the aforementioned calibration file including information about the
sample-detector setup geometry. An overview of the workflow is shown
in Fig. 3.

Following the azimuthal integration, a stack of 1D XRD patterns was
created. The stack of 1D XRD patterns was then loaded into a Matlab
script where the XRD patterns were assigned to corresponding pixels in
the ROI, thus generating separate images for each diffraction angle. It
was then possible to evaluate a more refined ROI within the particular
image that includes only, or mostly, specific crystalline phase, allowing
to extract the information about the minor phases of interest. Such
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Sample during preparation CAD representation of sample

\ ¥4

1) DHC propagation Specimen thickness (B): 4.0 mm

-

Specimen thickness (B): 4.0 mm

T

Specimen thickness (B): ~100 um

Before

T

Specimen thickness at ROI (B): ~15um

4) FIB cross section thinning

Fig. 2. The left column shows sample during the respective preparation step. In the right column the CAD drawing displays a representative sample. The sample
preparation steps are as follows: (1) DHC propagation (2) excess material reduction (3) mechanical grinding and polishing to ‘extract’ a thin cross section of the crack
within the plain strain region that is mounted on a holder using silver glue (4) SEM micrographs of the before and after of FIB milling to reduce the ROI to a thickness
suitable for X-ray transmission.

Step-wise scan of sample

Debye-Scherrer Patterns
p(x,y) p(x.y)
p(xy)

”‘ ‘| ‘H‘"‘, k), ! »

I
Each image represents
one 20 angle

Calibration of Sample/Detector Geometry

Fig. 3. Detailed workflow of imaging and data processing.
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Table 3
Sample thickness and imaging parameters.
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Test Conditions Sample Thickness (um)  Energy (keV)  Wavelength @A) Step Size (um)  Dwell time ~ Beam Size (um?)  Area analyzed

(Alloy) (ms) height x width (um x pm)
Slow-cooling 500—38 °C (LK3/L) 35 1.0 646 x 100

DHC at 100 °C (LK3/L) 38 17.95 0.6907 405 x 105

DHC at 100 °C (LK3) 16 05 200 ~1.0 250 x 60

DHC at 150 °C (LK3) 7 17.2 0.7209 : 390 x 100

DHC at 320 °C (LK3) 15 320 x 135

LK3 (without inner liner), LK3/L (with inner liner).

refined ROI is created by a user-defined polygon, as seen in Figs. 4 and 5
with red lines, in which specific hydride regions are captured.

The TOPAS software was utilized to fit models containing expected
structures to the experimental diffraction patterns based on Rietveld
refinement, which allowed for identification of the crystalline phases
and their evaluation.

3. Results and discussion
3.1. Phase mapping

Based on the acquired diffraction patterns, phase maps, and light
optical microscopy (LOM) (seen in Figs. 4 and 5), a number of obser-
vations were made including the spatial distribution of the hydrides
around the crack tip and in the liner, identification of the hydride phase,
and ratio of various phases. From the obtained images, the crack flank
length containing a hydride phase was measured as the total DHC
length, apyc. DHC velocities, Vpyc, were then calculated as the ratio (Eq.
(2)) of apgc and the total DHC test time, tpgc (see Table 4).

Voue = apuc [tonc 2

The crack velocity is constant over time in a mesoscale view and based
on the process of continuous hydrogen diffusion and precipitation, but
not in view of cracking of individual hydrides, which is known to be an
iterative process. This is a standard way to define the DHC velocity.
However, considering the difference in alloy, the crack velocities of
these samples are very comparable with those values which can be found
in literature giving confidence in the velocity measurement method and
test procedure [33,34,40]. It is important to highlight the velocity
comparison between the cladding material with and without an inner
liner. While both sample crack velocities were extremely slow at 100 °C,
the material with an inner liner cracked at about one third of the velocity
as the cladding without an inner liner. The decreased velocity is likely
explained by the reduced hydrogen concentration in the substrate as a
result of significant hydrogen diffusion towards, and precipitation
within, the liner material during cooling to the test temperature [13]. It
can otherwise be understood as a reduced hydrogen source for DHC as
the crack propagates within the hydrogen-depleted substrate.

The crack velocities of the two low temperature (100 and 150 °C)
samples were extremely slow compared to the 320 °C sample. Therefore,
it can be inferred that the time to reach a critically sized hydride cluster,
which is the minimum region of material occupied by hydrides sufficient
to initiate fracture, was much longer at low temperatures (100 and
150 °C) as compared with 320 °C. The slow rate of precipitation, and
subsequent crack propagation, is primarily due to the small source of
hydrogen in solid solution (equivalent terminal solid solubility of
hydrogen for precipitation (TSSP): ~10 wppm H and ~20 wppm H for
100 °C and 150 °C, respectively [41,42]) in combination with the slow
rate of diffusion at low temperatures, as demonstrated in [43]. It should
be noted that while DHC velocities are also expected to be slow above
300 °C [33,44], the limiting factors for high and low temperature DHC
propagation must be considered when comparing the respective veloc-
ities. In this work, two temperature extremes for DHC are exhibited
leading to velocities slower than those measured at ideal DHC conditions

found in literature [33]. At these temperature extremes, the limiting
factor of slow hydrogen diffusion at low temperatures is greater than the
plasticity of the zircaloy-2 at higher temperatures, leading to slower
velocities at low temperatures. At higher temperatures (320 °C),
significantly higher amounts of hydrogen remain in solid solution
(equivalent TSSP: 150-200 wppm H for 320 °C [41,42]), leading to a
larger hydrogen source for DHC. Subsequently, the 320 °C sample dis-
plays much larger volumes of hydride precipitation along the DHC crack
flanks. It can also be seen in the phase maps that there was sufficient
hydrogen diffusion towards the crack, even in excess, as the hydride
cluster extends away from the crack flanks near the onset point of DHC
(tip of the fatigue zone) in the form of the stress field (see Fig. 4c).

In addition to the crack velocities, the exact location of the hydrides
precipitation, under various conditions, can be identified with submi-
cron resolution. In particular, it can be seen from LOM and XRD phase
mapping (Figs. 4 and 5), at the lower test temperatures (100 and 150 °C)
that very thin hydride clusters have precipitated at the crack tip and
crack flanks. This shows that thin hydride clusters are sufficient to
induce DHC propagation, where at higher temperatures (320 °C) larger
hydride clusters may be necessary to induce DHC propagation, as it can
be seen in the phase maps and LOM of Fig. 4. With these observation one
can begin to infer the dimensions of a critically sized hydride cluster
where the critically sized hydride cluster appears to be rather short (less
than 5 pm) at low temperatures, as the extension of intact hydride is
rather indistinguishable. With increased temperatures, the critical size
appears to increase in width. However, the critical size may be disguised
by excessive hydride precipitation when considering the hydrogen ki-
netics at elevated temperatures. Particularly, the increased amount of
hydrogen in solid solution at higher temperatures will lead to increased
hydride precipitation, which has previously been quantified using
neutron radiography [15]. A secondary observation can be made about
the hydride orientation around the crack tip of the samples. During the
low temperature tests (100 and 150 °C), the hydrogen within the ma-
terial has had time to precipitate according to the solvus limits. As the
cladding is strongly textured, it is expected that hydrides will precipitate
in the circumferential direction (horizontally oriented in Fig. 4) as seen
in the phase maps and LOM. However, at high temperatures (320 °C)
most of the hydrogen was still in solid solution prior to quenching, and
after DHC propagation, therefore no significant circumferential hydrides
have had a chance to precipitate.

In Fig. 5, the location of the hydrides within the two cladding sam-
ples with an inner liner (LK3/L) resulting from slow-cooling (8 °C/h)
and low temperature DHC (100 °C) can be seen, in particular, with
respect to the liner-substrate interface. The liner-substrate interface can
be seen with high resolution where the two zones are delimited through
the varied diffraction intensities in the phase map resulting from
differing secondary phase particle (SPP) concentrations. The slow-
cooled sample has been used as a reference sample in order to under-
stand the precipitation of hydrides in the liner without external variables
such as a stress field or an oncoming crack. These results specifically
expand upon the neutron radiography studies on liner cladding under
similar slow-cooling conditions where hydrogen concentrations were
quantified in the liner and substrate showing the magnitude of hydrogen
diffusion and precipitation within the liner [12,13]. The primary reason,
as stated in the previous references, for the strong hydrogen
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Fig. 4. The DHC cracks were propagated at (a) 100 °C, (b) 150 °C, and (c) 320 °C in fuel cladding without an inner liner (LK3) and contained an average hydrogen
concentration of 201 wppm H. For each sample a)-c), the reduced diffraction patterns are shown to the left. The reduced diffraction pattern (left) represents the
diffraction data only from the selected ROI, which is encompassed within the red polygon seen on the two phase maps (middle). The two phase maps represent the
2.76 and 2.71 A p-spacing corresponding to the (111) lattice plane of the 3-hydride and y-hydride respectively. The far right image is an LOM of the respective sample
mapped with XRD.
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Fig. 5. Shown in (a) is a slow-cooled (8 °C/h) sample while in (b) the sample contains a DHC crack that was propagated at 100 °C. The material used was fuel
cladding with an inner liner (LK3/L) and contained an average hydrogen concentration of 143 wppm H. For each sample, the reduced diffraction patterns are shown
to the left representing the diffraction data from the selected ROI, which is encompassed within the red polygon seen on the three phase maps (middle). The three
phase maps represent a Zr(Fe,Cr), diffraction peak, as well as peaks at 2.76 and 2.71 A p-spacing corresponding to the (111) lattice plane of the §-hydride and y-
hydride respectively. The far right image is an LOM of the respective sample mapped with XRD.

Table 4
Summary of the DHC velocities from the tests in this work.

DHC Test Conditions (Alloy) Velocity (m/s)

100 °C (LK3/L) 2.5E-11
100 °C (LK3) 7.7E-11
150 °C (LK3) 6.7E-10
320 °C (LK3) 6.9E-09

LK3 (without inner liner), LK3/L (with inner liner).

precipitation within the liner is due to chemical potential differences in
the liner and substrate. As the hydrides begin to precipitate within the
liner, the chemical potential is drastically reduced, resulting in hydrogen
absorption out of the substrate. In the slow-cooled sample of Fig. 5a, ROI
1 and 2 were defined in order to highlight the SPP’s within the substrate
and liner respectively, while ROI 3 was selected to highlight the hy-
drides within the liner. It can be clearly seen that the some of the peaks
related to the SPPs in ROI 2 are missing in ROI 1. As the composition of
the liner and substrate is known (Table 1), it can be deduced that the
remaining peaks of ROI 2, correspond to a phase of ZrFe; as chromium
and nickel are not present in the liner material and tin does not create an
SPP [45,46]. Inversely, the missing peaks might correspond to the ZrCry
SPP, however further investigation has not been done as SPP identifi-
cation was not the primary focus of this work.

The phase maps in Fig. 5b displays the DHC crack region including
the liner. Within the phase maps and LOM it is first apparent that a
significant amount of hydrogen has precipitated within the liner. The
second observation is that the hydride cluster along the crack flanks
appears more dispersed compared to the samples seen in Fig. 4. How-
ever, it should be noted that the imaged ROI was about 38 um thick
(thicker than the other DHC sample ROIs). The increased thickness could
result in a reduced average hydride signal as the rough crack flanks were
likely not exactly parallel with the X-ray beam. Consequently, the hy-
dride along the crack flanks may appear slightly blurred and broadened
in the phase map. Considering the image blurring due to the sample
thickness, as well as LOM, it can be assumed that the critical size of the
hydride cluster must be just as small, or smaller than cladding without
and inner liner as seen in Fig. 4a.

As a secondary observation within the liner cladding samples
(Fig. 5), it might have been expected to see significant circumferential
hydrides due to the slow-cooling and low test temperatures, as seen in
the material without and inner liner (Fig. 4). However, there are little to
no circumferential hydrides present in the substrate with the exception
of the far side (away from the liner). While this is not the main focus of
the study, it shows how significant the liner attraction is, to the degree
that the substrate is nearly completely depleted of hydrogen before
circumferential hydrides can precipitate.

In addition to the spatial distribution of the hydrides, the specific
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hydride phase and can be determined through analysis of the selected
diffraction patterns. However, in some cases, as in Fig. 4, the diffraction
pattern alone was not sufficient to confirm the minor phases and
required refined fitting.

3.2. Crystalline phase identification

Crystalline phase identification was performed by fitting a model to
the diffraction pattern based on Rietveld refinement, which is necessary
especially in case of a strong overlapping of peaks corresponding to
different phases. The fitted models included structures of a-zirconium
(ICSD 53,785), &-hydride (ICSD 169,451), y-hydride (ICSD 253,517).
These enable high quality fitting and ability to calculate the ratio of the
amount of the two hydride phases. It should be noted that due to large
grain size and texture of the zirconium alloy (resulting in low zirconium
alloy grain statistics), the absolute percentage of the a-zirconium
structured phase, and subsequently hydride phases, could not be eval-
uated. The effects on the diffraction pattern of the zirconium alloy grain
size and texture can be seen in the supplementary Fig. S1. However, the
calculation of the ratio of the two hydride phases is reliable, as the grain
size of the hydrides is significantly smaller providing a very good grain
statistics in the measured data. For this reason, the whole diffraction
patterns were fitted to identify the hydride crystalline structures and
calculate the unit cell parameters. Next, the obtained parameters were
used for fitting a diffraction pattern in a selected range for evaluation for
the relative amounts of the hydride phases.

In Fig. 6 the results of curve fitting are shown for the three DHC
cladding samples without an inner liner, where Fig. 7 presents the
curving fitting of the two samples with an inner liner. The selected
diffraction angles for curve fitting are highlighted in blue and represent
the (1010) a-Zr, (111) 8-Hydride and (111) y-Hydride peaks. It was
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determined that while other §-hydride peaks occurred in the diffraction
pattern, the peak corresponding to the (111) plane was most visible and
least obstructed by the overlapping o-zirconium structure diffraction
reflections. Additionally, the reflection (111) of the y-hydride appeared
most visible as a shoulder in the (111) §-hydride reflection.

According to the fitting the 3-hydride was the major phase around
the DHC crack tip, while the y-hydride phase was indeed detectable,
particularly in low temperature (100 and 150 °C) DHC crack tips. This
became more apparent when analyzing the ratios of y/ §-hydrides (seen
in Table 5) where there is a slight increase in the relative amount of
y-hydrides with decreasing temperature. The increased y-hydrides phase
at low temperatures correspond with findings in literature [20,25]
where a §-y transformation take place below 180 °C. It should be noted
that the uncertainty of the y-hydride quantity at 320 °C was greater than
the absolute amount giving doubt in the estimated amount. Considering
the spatial resolution, while very high (sub-micron), might still be too
low compared to what previous experiments have required (sub--
nanometeric/high-resolution TEM) to identify very small regions of the
y-hydrides which encapsulated 8-hydrides [18]. However, the technique
proves a viable method for the phase identification at the crack tip of
submicron-sized features and phases.

Some XRD and EELS studies have reported dominating fractions of
y-hydrides which precipitated at lower temperatures or faster cooling
rates [16-18,47]. In such XRD studies, relatively large X-ray beams
(several hundred square microns) in reflection mode were utilized, thus
making any phase mapping impossible. The EELS studies have shown in
very small regions, at the atomic scale, y- and §-hydrides boarding one
another. However, as the EELS technique allows for analysis of only
small ROIs, phase mapping is limited in the total area (less than 10 ym?).
The analysis in this work does not support the findings of overwhelming
amounts of y-hydrides along low temperature DHC crack flanks.
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Fig. 6. (a) Diffractions patterns from the selected ROIs (DHC crack tip) outlined in the red frames seen in Fig. 4. The blue box in a) highlights the region used for
curve fitting as shown in, (b) DHC at 100 °C, (c) DHC at 150 °C, and (d) DHC at 320 °C. The diffraction peaks used for curve fitting in (b), (c), and (d) represent the
(1010) o-Zr, (111) y- and 3-hydride planes. The individual theoretical phase patterns are shown with the experimental data and fitted curve.
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DHC at 100°C (ROI 3)
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Fig. 7. Shown in (a) is the ROI 3 of the slow-cooled (8 °C/h) sample, (b) ROI 3 and (c) ROI 2 of DHC at 100 °C. The diffraction peaks used for curve fitting represent
the (1010) a-Zr, (111) y- and &- hydride planes. The individual theoretical phase patterns are shown with the experimental data and fitted curve.

Table 5
Summary of relative concentrations of the contained phases in the selected ROL

Test conditions (Alloy) y/8-hydride ratio (%)

Slow-cooling 500-38 °C (LK3/L) — liner 14.4
100 °C (LK3/L) — liner (ROI 3) 121.5
100 °C (LK3/L) - crack tip (ROI 2) 46.3
100 °C (LK3) 3.7
150 °C (LK3) 2.0
320 °C (LK3) 1.5

LK3 (without inner liner), LK3/L (with inner liner).

However, the findings do show that y-hydrides exist in a stable form, and
possibly act as the precursory hydride precipitating at the DHC crack tip.

In Fig. 7, the curve fitting shows that the liner contains a very high
amount of y- and 8-hydride phase, while the a-zirconium structure is still
present in such densely hydride concentrated regions. The quantitative
analysis (see Table 5) shows that the liner contains distinct levels of the
y-hydride phase under slow-cooling conditions. Additionally, when
undergoing stresses that lead to DHC, the liner material becomes more
saturated in certain regions with y-hydride than §-hydrides. A number of
studies have suggested that the more pure alloy, as shown within the
inner liner of this study, will accommodate more y-hydrides [19]. It has
been suggested that the high-purity, i.e. lack of a-stabilizers, allow for
the y-hydride phase to be in equilibrium. Within this study, it appears
that the strain within the liner, caused by deformation through DHC, can
actually increase the amount of y-hydride phase. This has also been
investigated in literature, however under different conditions [48].
Additionally, the tip of the DHC crack in material with an inner liner
contains more y-hydride phase than DHC crack tips in material without
an inner liner. As it well known that the hydrogen source for DHC within
the substrate is low (due to the absorption into the liner) [13,33], the
hydrides which do precipitate at the DHC crack can be postulated to be
at minimum hydrogen-zirconium stoichiometry levels, resulting in
higher amounts of the y-hydride phase.

Table 5 presents the y/8-hydride ratios of the various ROIs defined in
Figs. 4 and 5. It is apparent that the lower temperature DHC hydrides
within the substrate have increased y/8-hydride ratios compared to
elevated temperatures, while the liner material exhibits higher
y/8-hydride ratios than the substrate under all conditions (reference and
strained). Moreover, it was observed that not only the temperature, but
also presence of stress affects the hydride phases formation within the
liner. More specifically, the region of the liner material which had been
strained (ahead of the crack tip) exhibits a significantly higher
v/8-hydride ratio than the less strained regions of the liner away from
the crack tip, as well as the unstrained liner region of the reference slow-
cooled sample, indicating the effect of stress on the accommodation of
y-hydrides. While the quantities depend on the selected ROI, care was

taken to select representative regions with highest signals.
4. Conclusion

In this study, pXRD phase mapping was used to analyze radial DHC
cracks propagated in Zircaloy-2 fuel cladding with and without an inner
liner at temperatures of 100, 150, and 320 °C. XRD contrast microscopy
allowed to distinguish between the delta and gamma hydride phases
within the Zr-alloy matrix and to map their distribution. The results
show that the 8-hydride is the primary DHC-responsible hydride phase,
while y-hydrides are present, but at relatively low ratios. Phase maps
showed that the majority of hydrides have precipitated within the liner
material of the multilayer (LK3/L) cladding and form higher y/8-hydride
ratios in strained regions of the liner compared to unstrained regions.
The phase mapping also hints at the critical size of hydride cluster (less
than 5 um) required to induce DHC while the increased hydride pre-
cipitation at elevated cracking temperatures (320 °C) may disguise the
critical size of a hydride cluster due to potentially excess hydride
precipitation.

The results have provided evidence that, while the y-hydride is a
minority phase in the DHC context, it is indeed found in a stable phase.
Finally, a low concentration of y-hydrides will likely have a low impact
on DHC properties in the substrate of Zircaloy-2 fuel cladding, while
further investigations on hydrides in the liner material should be
performed.
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