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ARTICLE INFO ABSTRACT

Keywords: The primary objective of this article is to gather comprehensive experimental and theoretical data

Hydride embrittlement on the fracture process of hydrogenated zirconium alloys at micro- and nano- levels and conduct

FDuctlle-to-bnttle transition an extensive analysis to identify consensus statements and any potential contradictions. The

Hragt}ge article focuses on the physical mechanisms that contribute to the ductile-to-brittle transition in
ydrides

fracture mode and examines published hypothesis that explain these mechanisms. The manuscript
contains a comprehensive list of published experimental studies on the mechanical properties of
hydrogenated zirconium alloys. This study will be useful for developing and verifying models and
for planning of experimental studies and analyzing their results.

Zirconium alloys

1. Introduction

Metals may absorb hydrogen during its operation due to interaction with the ambient environment in various industrial appli-
cations (e.g. as a secondary product of waterside corrosion). Hydrogen embrittlement in steel tubes is evident during the operation of
oil and gas pipelines, boiling evaporators at thermal power stations etc. [1]. In the nuclear industry, hydrogen embrittlement of zir-
conium fuel rod cladding and guide tubes in fuel assemblies pose a risk to safe operation, handling and storage after the operation of
nuclear fuel for water-cooled nuclear power plants [2]. Hydrogen presence can significantly reduce ductility in steels and zirconium
alloys, leading to a transition from ductile to brittle fracture mode, which poses operational risks. This transition, known as ductile-to-
brittle transition (DBT), is characterized by temperature, hydrogen concentration, hydride configuration, stress, loading scheme, and
loading type. DBT refers to the critical degradation of mechanical properties and should be taken into account when justifying the
reliability of operational conditions.

Currently, there is no theoretical model predicting the parameters of DBT in zirconium alloys, nor is there a consensus
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understanding of the governing physical mechanism. This article aims to reveal this mechanism analyzing published data on fracture
features typical for hydrogenated zirconium alloys at the micro-level in ductile and brittle modes of fracture. A similar approach
allowed Djukic [1] to develop a model of ductile-to-brittle transition in steels. However, fracture mechanisms at the microlevel vary
across different alloys: atomic hydrogen plays an important role in steels [1] in the processes of hydrogen enhanced localized plasticity
(HELP) and decohesion (HEDE), whereas in zirconium alloys, hydrogen solubility is low and the main effect is embrittlement due to
hydride precipitation (hydride embrittlement). Therefore, a model of hydrogen embrittlement, developed for steels, which is currently
more detailed, cannot be applied for simulating hydride embrittlement of zirconium alloys and vice versa.

Zirconium-based alloys exhibit specific features of hydride embrittlement which are related to the tendency of zirconium hydrides
to form a network. Hydrides precipitate in zirconium alloys as a platelike dendrites (for example, synchrotron X-ray tomography data
on Figs. 5 and 12 in [3]), and can be characterized by their length, thickness, orientation, spacing, and volume density. At high enough
hydrogen content level (~50 ppm in hydride phase) hydrides form a branched network. The network of hydrides can be determined by
its connectivity, which is a combination of parameters mentioned above. Another property of a highly-connected hydride network is
percolation, which refers to the ability to provide a hydride-only track through the sample. The parameters of the hydride network
affect the fracture process of hydrogenated zirconium alloys. Moreover, the percolation of the hydride network is a necessary condition
for hydride-induced DBT in zirconium alloys.

The mechanical properties of hydrogenated zirconium alloys have been extensively researched for several decades, as evidence by
numerous studies and reviews [2-11]. However, these researches have not yet comprehensively reviewed and analysed fracture
mechanisms at the micro-level. This may have hindered the development of a DBT model for hydrogenated zirconium alloys.
Furthermore, certain publications present conflicting interpretations of experimental findings, which have not yet been discussed in
literature. There are also instances of theoretical and numerical models that are oversimplified or based on incorrect assumptions
published in peer-reviewed journals. Hence, a thorough compilation and portrayal of all existing empirical evidence concerning the
fracture of hydrogenated zirconium alloys and their comparison with published models, as well as amongst themselves, is necessary.

This article aims to summarize all published data regarding the mechanical properties of hydrogenated zirconium alloys at a micro-
and nano-levels. Section 2 includes experimental data review. Section 3 outlines theoretical and computational models of fracture and
DBT, categorized by the specific problem and methodology applied. Section 4 Discussion concentrates on comparing data and
providing a phenomenological account to the physical mechanisms at micro-level that result in DBT. Section 5 presents the most
comprehensive list of published mechanical tests conducted on hydrogenated zirconium alloys. The list is in the open access and will be
updated as new experiments are published. The final Section 6 is conclusion.

2. Experimental data regarding fracture mechanisms at micro- and nano- levels
2.1. Fracture of as-manufactured zirconium alloys

As-manufactured zirconium alloys exhibit ductile fracture with dimples on the fracture surface during tension tests at both room
and elevated temperatures, for example [12-14]. The ductile fracture process includes three stages [12,13]: void nucleation, growth
due to the plastic deformation of the ambient metal matrix and void coalescence, ultimately leading to the final fracture.

At the fracture of low-alloy Zr-702 (Zr-0.06Ni-0.78(Ni + Fe)-1.2Sn) under room temperature, the first generation of voids nucleate
at triple points, as shown in Fig. 1a (data from [15]). The second generation of voids, which appears at higher plastic strains, arises at
Zry(Ni,Fe) and Zr(Cr,Fe), precipitates as well, but voids at triple point remain in the majority [15]. In contrast, in industrial alloys such
as as-manufactured Zircaloy-4, nucleation of voids at Laves phase particles Zr(Cr,Fe), predominates at room temperature. It has been
documented by direct observations of Laves phase presence in the center of dimples at fracture surface, as shown in Fig. 1b here and
Fig. 12b in Bertolino [16]. Damage nucleation is mainly due to debonding at the particle/matrix interface (with no evidence of in-
clusion fracture) [12,16]. Cockeram [17] identified four types of void nucleation sites Zircaloy-2 and Zircaloy-4: (1) slipband

Fig. 1. Main damage nucleation sites in as-manufactured zirconium alloys. (a) at triple node, data by Caré [15], (b) — at inclusions of Laves phase
(inclusions at the center of dimples in fracture surface), data by Le Saux [12].
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decohesion, (2) intersecting slipbands, (3) impinging slip on grain or lath boundaries and (4) grain boundary or lath boundary
intermetallic particles. According to Cockeram [14] and [17], all four mechanisms are presented in a-annealed alloys, whereas
nucleation at Laves phases situated along lath boundaries is prevalent in j-treated. The specific microstructure of j-treated Zircaloy-4
consist of colonies of alpha-Zr lath grains with an acicular shape that are contained within prior beta grains, according to [14].

Texture and temperature are two main factors that affect the void nucleation. Texture affects the damage nucleation through at
least two mechanisms. Firstly, it is related to anisotropy of properties, which leads to a voids’ density in Zr-702 under tension in the
rolling direction, about twice as high as under tension in the transverse direction [15]. Secondly, it is caused by density of nucleation
sites, which means that the voids density is lower in coarse-grained samples compared to fine-grained [15]. Another factor that affects
damage nucleation is temperature. The density of voids, which appear as dimples on the fracture surface, is approximately 15 % lower
at 350 and 480 °C than at 25 °C, as can be seen in Table 1 in [12].

Voids growth and coalescence mode are impacted by the local stress state. Zouari [18] investigated the phenomenon through
conducting experiments with Zircaloy-4 tubes loaded from inside (expansion due to compression, or EDC test). The study showed a
non-monotonic relationship between fracture hoop strain and load biaxiality. Specifically, as the load biaxiality increased from —0.2 to
0.04, the fracture hoop strain decreased significantly from 0.316 to 0.095. However, as the biaxiality increased further from 0.04 to
0.75, the fracture hoop strain then recovered smoothly to 0.137. This is due to the different mechanisms of void coalescence leading to
ductile fracture: at low biaxialities, coalescence occurs via void shearing, whereas at high biaxialities it occurs via internal necking
[18]. When necking occurs, the void growth sharply accelerates due to an increase of triaxiality [12,18]. The majority of voids beneath
the fracture surface are almost spherical and coalescence occurs due to internal necking of the intervoid ligament under axial tension,
hoop tension and EDC [12]. However, for plane-strain tensile (PST) tests, the coalescence of voids is primarily caused by internal
shearing between voids, although internal necking was also observed [12]. Typically, the fracture surface of unhydrided samples in
EDC and PST loadings exhibits different features, while the macroscopic fracture mode remains the same for both (through-thickness
slant ductile fracture) [12].

2.2. Effect of hydrogen on the fracture mechanism of zirconium alloys

At low concentrations (several ppm at room temperature), hydrogen is present in zirconium alloys as a solid solution. Atomic
hydrogen dissolved in the metal matrix increases the mobility of the dislocations and hence the creep rate and ductility of the metal, as
reported in [19] and [20]. This effect is known as hydrogen-enhanced localized plasticity (HELP) mechanism, and was also observed
by Fagnoni [21,22]. According to experimental data by Le Saux [12] and Jung [23] the material mechanical strength declines as the
hydrogen concentration in solid solution increases, but it rises as hydrogen concentration in hydride phase increases. TEM observa-
tions confirmed the increase in screw dislocation mobility with the presence of dissolved atoms of hydrogen in HCP o-Ti, [24].
Recently, in-situ ETEM experiments conducted by Huang [25] in bcc a-iron, clearly demonstrated the enhancement of the screw
dislocation motion due to the effect of dissolved hydrogen atoms. Domain [26] provided a possible explanation of this effect in Zr-H
system through ab initio calculations based on density functional theory. They showed that hydrogen atoms reduce stacking fault
excess energies, thus enhancing planar slip and hindering cross-slip.

As the hydrogen concentration increases, and hydrides begin to precipitate, the fracture mechanisms undergo gradual changes. For
example, according to Bertolino [16], the density of Laves phase particles on the fracture surface of Zircaloy-4 at room temperature
smoothly grow with increasing hydrogen concentration up to 250 — 350 ppm. Presumably, Laves phase particles situated at grain
boundaries act as preferred nucleation sites for hydrides, resulting in multiple inhomogeneities that cause local embrittlement of the
sample [16]. Another hypothesis is that Laves phase particles absorb hydrogen and expand, producing local stress concentrators [12].

At higher hydrogen concentrations (above ~ 350 ppm for Zircaloy-4 at room temperature) the impact of Laves phase particles
decreases, indicating that the hydride phase begins to dominate the processes of damage nucleation and crack growth for both ductile
and brittle macroscopic fracture modes [16]. Hydrides precipitate as platelike dendrites, primarily in FCC § -phase ZrH;¢ (at

Fig. 2. Evidences for plastic behavior of hydrides: (a) - plastic flow-induced hydride reorientation at 200 °C, data by Choubey [27]; (b) — continuity
of slip between the Zr matrix and hydride, data by Grange [36].
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conditions, typical for practical applications) [2]. In highly hydrogenated samples the damage nucleates almost only on fractured
hydrides, at least at low temperatures [12].

However, hydrides can exhibit basic plasticity even at room temperature, which increases at higher temperatures. The ability of
hydrides to undergo plastic deformation together with the metal matrix is demonstrated by the plastic flow-induced reorientation of
hydrides in some samples subjected to fracture tests, as shown in Fig. 2a. Evidences that hydrides plastically reorient along the external
tension direction near the fracture surface is available in Choubey [27] or Arsene [28], and that they become longer and thinner
maintaining their integrity during plastic deformation, reported by Huang [29]. Moreover, scanning electron microscopy (SEM) in-situ
test has confirmed that slip bands from the metal slip system can pass through the metal/hydride interface, as can be seen in Fig. 2b
here, Fig. 9 in Li [30], and Fig. 2 in Arsene [31]. Micropillar compression experiments conducted by Weekes [32] also confirmed that
slip bands initiated in the metal matrix can cross the hydride/matrix interface, although not always, and may be terminated by the
hydride surface as well. The nanoindentation tests carried out by Puls [33], and Wang [34] have also shown ductile behavior of
zirconium hydrides. Lastly, Kerr [35] had found that the creep of the hydride phase controls the slope of the applied stress versus lattice
strain curve at stresses above the metal yield in hydrogenated Zircaloy-2 (~90 ppm) at room temperature, using the in-situ synchrotron
X-ray diffraction method.

Hydrides fracture in a brittle manner if the plastic strain surpasses the threshold value, at least at low temperatures. Li [30]
observed the initiation of a crack in hydrides in-situ in fatigue test at room temperature after 5000 loading cycles by SEM. Besides,
brittle fracture of individual bulk hydrides was detected as an acoustic signal in acoustic emission tests [27,37,38,39]. The plastic
strain threshold for sample fractured due to hydrides is strongly influenced by load triaxiality. In Zr-2.5Nb at room temperature, the
threshold was ~ 5 % under uniaxial and ~ 1 % under triaxial stress state [38]. Simpson [39] confirmed that the threshold strain
decreases with increasing triaxiality in tests with smooth and notched samples. The threshold strain decreases also as the metal yield
stress decreases: in reactor grade zirconium the equivalent plastic strain is only 0.2 % [37]. Surface hydrides exhibit qualitatively
comparable, albeit quantitatively diverse behavior in comparison with bulk hydrides. SEM in-situ data at room temperatures indicate
that surface hydrides fracture at equivalent plastic strain above 20 % in Zircaloy-2, according to Yunchang [40], and at 15 — 25 % after
necking in Zircaloy-4, according to Grange [36]. Pure zirconium, on the other hand, experience surface hydrides fracture at plastic
strain only ~ 5 -8 %, according to Warren [41] (tested at cryogenic temperature — 196 °C). The fracture threshold of hydrides de-
creases with a rise in hydrogen content, as it was observed within the range of 400 — 1200 ppm in Zircaloy-4, according to Fig. 17in
[12] and within the range of 20 — 180 ppm in Zr-2.5Nb, [39]. Such an effect can be due to the fact that coarse hydrides breaking at
lower plastic strain when compared to fine ones. According to Arsene [31], some surface hydrides having the greatest thickness may
fracture at a matrix strain around 10 %, while others retain their integrity up to strain 50 %. However, Puls [38] reports that the critical
plastic strain at fracture depends on the average length of hydrides rather than their thickness. Hydrides longer than ~ 50 — 100 pm
fracture with minimal plastic deformation. Besides, Barraclough [42] demonstrated that the fracture stress rises with the volume
fraction of y-phase when mixed (6 + y) hydride phases are present. This can be linked to the resistance offered by y-platelets to the
propagation of cleavage cracks in the §-phase.

A brittle crack nucleates within hydrides mainly at the intersection of a slip band in the metal and the surface of the hydride, as
displayed in Fig. 3 here, according to [31,43] and [44]. Slip bands from zirconium matrix can terminate at the hydride/matrix
boundary and cause interfacial shear and cracking in some areas [45]. In general, the slip band can either initiate plastic slip within the
hydride or get arrested in the matrix/hydride interphase, depending on the slip direction and the orientation relationship of the metal
and the hydride, [46]. If dislocations moving in the metal matrix can’t pass through the interphase, they form a pile-up that acts as a
local stress concentrator, increasing the risk of the hydride fracture. Dislocation immobilization by interphase boundaries results in
significant strain localization and a more heterogeneous deformation field in hydrided zirconium matrix compared to non-hydrided
one [45]. Wang [47] observed a considerable increase in the local dislocation density near the hydride/matrix interface due to the
pile-up of dislocations in microcantilever bending tests of hydride-free and hydride-containing single crystal of Zircaloy-4. Experi-
ments carried out by Warren [41] at cryogenic temperatures (- 196 °C) confirm that damage initiates where hydrides are intersected

in-situ  1000ppm %4000

Fig. 3. Evidences of crack nucleation in hydrides at the intersection with a slip band. (a) data by Arsene [31], (b) — hydride at a grain boundary
separating a soft and a hard grain, data by Reali [43], (c) — data by Reali [44].
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with slip bands and, beyond that, by twins in the zirconium. At room temperature, twins can also cause fracture of hydrides if they
intersect with the phase boundary, however, in comparison to slip bands, their effect is negligible, according to experiments by Beevers
[48].

EBSD method, applied by Reali [43], has clarified that cracks nucleate primarily on intergranular hydrides between soft and hard
grains with the high misorientation. Supporting this find, experimental data by Silva [49] and Grange [36] also confirm the significant
role of intergranular hydrides in the damage nucleation process. Intergranular hydrides pose a higher risk of dislocation pile-ups due to
the need for slip bands to cross two types of barriers: the interphase and the grain boundary, as opposed to only the interphase
boundary for slip band crossing intragranular hydrides.

A brittle crack within a hydride is oriented perpendicular to external tension; for instance, Arsene [31] and Reali [43]. During the
fatigue tests of rings subjected to tension carried out by Li [30,50], tangential hydrides (oriented along external tension) cracked in the
through-thickness direction, whilst radial hydrides (oriented perpendicular to external tension) cracked along their length direction
and at lower critical strain. In-situ SEM observations of ring tests reported by Zhang [51] confirm that radial hydrides exhibit brittle
fracture along their length and are more preferable for crack nucleation, while longer tangential hydrides maintain their integrity in
the vicinity of fractured radial hydrides, as shown in Fig. 4.

The plastic zirconium matrix blunts the brittle crack started within a hydride, as can be seen in Fig. 3a here, Fig. 14 in Grange [36],
Fig. 4 in Yunchang [40], Fig. 2 in Arsene [31], Fig. 2 in Kim [52], Fig. 8 in Glendening [53]. Following further plastic deformation,
initial transverse cracks of hydrides area are able to open to spherical pores, creating the row of voids, as displayed in Fig. 5 (data by
Puls [37] and Le Saux [12]). The shape of pores may be irregular at room temperature, but at higher temperatures, they become more
spherical due to the increasing plasticity of the metal. Puls [37] observed that multiple cracks in the hydride may also initiate the
growth of deformation pores in the metal matrix, as can be seen in Fig. 1 in [37].

Brittle fracture is fully localized inside hydrides. Besides SEM-evidences about brittle crack nucleation in hydrides given above, it
can be confirmed by presence of brittle cleavage areas on the fracture surface of hydrogenated samples demonstrated macroscopically
ductile fracture, as shown in Fig. 6 here (data by Gopalan [54]) and Fig. 12a in Hsu [13]. Since cleavage areas are enclosed areas with
diameter similar to the length of hydrides, it is suggested that cleavage can only propagate through hydrides, and zirconium ligaments
between them undergo ductile fracture. Additionally, Huang [55] report that the coverage percentage of brittle area on the fracture
surface increases with increasing hydrogen concentration. Microcantiliver tests conducted by Chan [56] confirm that hydrides fracture
in a brittle manner, while a-Zr exhibits ductility, at least at room temperature. Further, fatigue cracks tend to propagate along the
hydrides, and the hydrides at the front of the cracks can change the fatigue crack propagation path, as reported by Zhang [57]. Finally,
secondary brittle cracks that are oriented perpendicular to the fracture surface also grow along hydrides. Secondary cracks may be
observed during SEM fractography when large hydrides are present in the sample, as displayed in Fig. 7 a here (data by Chu [58]),
Fig. 15 in Le Saux [12], Fig. 11b - 11d in Huang [29], Fig. 9 in Hsu [59], Fig. 14 in Chan [60], Fig. 9 in Min [61], Fig. 10a in Li [50].
Additionally, secondary cracks can be detected near the fracture surface in a transverse direction, as shown in Fig. 7b here (data by
Hong [62]) and Fig. 2 in Tomiyasu [63]. The only known exception is fatigue crack growth along slip bands under cycling load, as it
was observed after ~ 10* cycles by Li [30]. However, this type of loading is not conventional for the typical nuclear fuel life cycle, and
is only available due to pellet-cladding interaction during regular power manoeuvres.

As temperature increases, the brittleness of hydrides decreases to negligible values. An acoustic emission test shows that the
number of brittle fractures of hydrides decreases by an order of magnitude at 200 °C compared to room temperature, as can be seen in
Fig. 5 in Choubey [27]. A SEM study by Le Saux [12] revealed that there was no fragmentation of hydrides at 480 °C and very few
fractures at 350 °C, while multiple brittle fractures of hydrides were observed at 25 °C. SEM-fractography conducted by Raynaud [64]
has confirmed that fracture surfaces of hydrogenated Zircaloy-4 are different at 25, 300 and 375 °C: large brittle primary voids
nucleate at large hydrides at room temperature, while at 300 and 375 °C hydrides fracture in ductile mode [64].
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Fig. 4. In-situ SEM observation of the crack initiation and growth along the length of radial hydrides (marked as R1 and R2) at ring tension test; (a)
and (b) - displacements 0.80 mm and 0.95 mm, data by Zhang [51].
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Fig. 7. Secondary cracks perpendicular to fracture surface; (a) — SEM fractography of fracture surface, data by Chu [58], (b) - transverse cross-
section, data by Hong [62].

2.3. The balance between ductile and brittle fracture mechanisms in hydrogenated zirconium alloys

Fracture of zirconium alloys can occur through various modes, which are dependent on factors such as hydrogen content, tem-
perature, loading scheme and other parameters. Different research groups apply different classifications to describe failure modes at
macro-level. This creates certain difficulties, but is associated with objective reasons, specifically the use of different samples and
loading schemes. For example, Kim [52] have observed three fracture modes of macroscopic fracture in ring tests of hydrogenated
zirconium alloys (Zircaloy-4, HANA-4, HANA-6): (1) cup-and-cones, (2) 45° shear and (3) brittle (flat). Puls [38] identified four
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Fig. 8. The scheme of plastic shear localization mechanism: two large voids of the first generation and distributed small voids of second generation.
Voids in shaded zone participate in coalescence process in the presence of external tension, data by Faleskog [66].
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Fig. 9. Ductility versus temperature and DBTT. Each curve is relevant for a specific hydride morphology. (a) — data by Billone [69], (b) — data by
Kim [70], (c) — data by Sharma [71].

fracture modes of smooth flattened specimens: (1) diffuse neck and fracture at 90° to the tensile axis, (2) localized neck oriented at 60°
to the tensile axis, (3) 60° neck starting from either edge, but then became perpendicular (zigzag) and (4) flat fracture perpendicular to
the tensile stress axis. And Le Saux [12] reports the following five fracture modes in tests with different loading schemes: (1) slant, (2)
cup-and-cone like, (3) stable, (4) through-thickness slant and (5) flat. Only the last mode in all described above examples represents the
brittle fracture, while the others correspond to ductile behavior.

Nevertheless, only a few basic mechanisms present fracture modes at micro-level. Even in the most general case (fracture of
metals), brittle fracture result from cleavage or intergranular/interphase decohesion, while ductile fracture occurs due to cavitation or
plastic instability, according to Pineau [65]. In the case of hydrogenated zirconium alloys, brittle micromechanisms are only presented
by cleavage through hydrides. The only evidence of cracking along the metal/hydride phase boundary was observed by Li [30] under
cyclic loading conditions after ~ 10* cycles (beyond the typical nuclear fuel life cycle conditions). Ductile fracture of hydrogenated
zirconium-based alloys occurs mainly through the classical mechanism of voids nucleation, growth, and coalescence. However, sig-
nificant plastic deformation and necking are often required for cavitation [12,27,43,51]. Alternatively, void coalescence can occur in
the plastic instability manner [12].

Compound fracture mechanisms are also possible based on few fundamental micromechanisms listed above. For high-strength
metals, Faleskog [66] proposed the plastic shear localization mechanism, which relies on void coalescence in quasi-brittle ductile
fracture and has a low fracture toughness. The mechanism presumes two generations of voids: large pores of the first generation and
smaller voids of the second one. Further, the inhomogeneous stress field of the large voids results in the rapid growth of small voids
between them, which ultimately leads to coalescence, as shown in Fig. 8. Le Saux [12] assumes that this mechanism can occur on
microscale for the zigzag type fracture of hydrogenated zirconium alloys, as displayed in Fig. 3 in [12]. According to Le Saux [12], the
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Fig. 9. (continued).

first generation of voids nucleate at fractured hydrides, whilst the second generation nucleates at grain boundaries and Laves phase
particles.

The primary external factors, determining the balance between brittle and ductile mechanisms and, therefore, the fracture mode,
are temperature, stress level and loading scheme. Meanwhile, the external conditions for DBT depend on the hydrogen concentration,
hydride morphology, microstructure, texture and metallurgical state of the alloy.

8



M. Kolesnik Engineering Failure Analysis 159 (2024) 108110

o 160 60 : : : , ; r r
X ° Test temperature 20°C e @ Offset strain (Zircaloy4)

N i= — Fitting Line

o) 50 | 7 T —
S120 O Recrystallized ZIRCALOY o [%s

9 O  Stress-relieved ZIRCALOY RO MLl S Y il
B= .5 6
= 80 4‘%‘ 30+ ' 1
= a2 !
= ©
= Rz LIS ]
é 40 L‘o" o |

L T J
iS s B
(D] I"'r”““'y_ L - pay
a oo — " . { LI )
0 500 1000 1500 2000 2500 3000 0 200 400 600 800 1000 1200 1400 1600
s
Hydrogen content, wppm Hydrogen content, wppm

Fig. 10. Zircaloy-4 plasticity versus hydrogen content; (a) — data by Arsene [28], (b) — data by Kim [77].
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Fig. 11. Fracture of high-burnup fuel cladding with rim; data by Tomiyasu [63].

The temperature is one of the most significant factors influencing the plasticity parameters of the sample, including fracture
roughness, offset strain, or others. Even a moderate temperature increase of 50 — 100 °C can cause these parameters to increase by
3-10 times, as shown in Fig. 9 here, [67,68,69,70,71,72,73,74]. The DBT in samples with radially-oriented hydrides may be much
sharper than in samples with tangentially-oriented hydrides, as can be seen in Fig. 9b and 9c. This difference may be due to a wider
temperature interval with a mixed fracture mechanism in samples with tangentially-oriented hydrides, resulting from the hydride
network’s inability to provide a brittle crack through the sample, which is necessary for a fully brittle crack. According to the frac-
tography analysis, brittle fracture at temperatures below the DBT temperature (DBTT) exhibits a total dominance of cleavage through
hydrides as a fracture micro-mechanism. Analogue samples at temperatures above DBTT exhibits either mixed or fully ductile dimple
structures of the fracture surface, which indicate micro-void coalescence [12,28,68,70]. As the temperature rises further above DBTT,
the ductile fracture enhances its dominance. For instance, Hsu [13] reports that Zircaloy-4 samples containing 250 — 300 ppm of
hydrogen experience ductile fracture at both 25 and 300 °C. However, the fracture surface at 25 °C exhibits both quasi-cleavages and
dimples, indicating mixed mechanisms at micro-level. In contrast, the fracture surface at 300 °C shows exclusively ductile tearing
dimples. At temperatures significantly higher than the DBTT, the fracture toughness is only slightly affected by temperature, hydrogen
content and hydride morphology. This is supported by Fig. 9 in this study, as well as Fig. 8 in [59], Fig. 6ain [71], Fig. 5in [75], Fig. 3
in [73], Fig. 13b in [72]. The fatigue crack growth rates at 300 °C remains nearly constant as the hydrogen content increases, while at
room temperature it increases with the increase of hydrogen content, according to data by Zhang [57] (with the same hydrogen
content, the fatigue crack growth threshold at 300 C is lower than that at room temperature). The main difference between the as-
manufactured and hydrogenated samples at temperatures above DBTT is that the hydrogenated samples exhibits a greater concen-
tration of dimples at fracture surface for 30 — 60 %, as can be seen from Table 1 in [12]. During high-temperature fracture, the role of
hydrogen is to create additional nucleation sites of voids due to additional local inhomogeneities because of volume increasing of
intermetallides Zr(Fe,Cr), absorbing hydrogen, as assumed Le Saux [12], or due to remaining hydrides causing dislocation pile-ups.

The hydrogen concentration in the sample also has a significant impact on mechanical properties and may cause the change of
fracture mode, as shown in Fig. 10. As reported by Silva [49], Zircaloy-4 plates fracture in a ductile manner (cup-and-cones mode) at
room temperature when the hydrogen content is between 25 and 250 ppm; fracture mode is mixed with isolated areas of cleavage
when the hydrogen concentration is within the range 420 — 450 ppm and fully brittle with cleavage dominance above 1230 ppm.
Arsene [28] and Bai [76] also observed a fully brittle fracture of Zircaloy-4 when hydrogen concentration is above 1000 ppm and sharp
DBT in the range 500 — 1000 ppm; however, Kim [77] provided lower threshold concentrations of DBT: ~ 550 ppm for Zircaloy-4 and
~ 500 ppm for Zr-Nb alloy. On the other hand, Martin-Rengel [78] found that ZIRLO™ alloy exhibit a smooth and gradual dependence
(without sharp transition) in ductility as the hydrogen concentration increases up to 2000 ppm, as displayed in Fig. 20 in [78], and
even at 2000 ppm the fracture mode is mixed and includes both ductile shearing and quasi-cleavage mechanisms, according to Fig. 11
in [78]. The alteration of fracture mode and DBT due to hydrogen concentration increment arises due to the formation of interlinked
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hydride network.

The influence of hydride rim and blister on fracture mode provide further evidences of the significance of hydrogen concentration.
Strain to failure decreases as the thickness of hydride rim or the depth of blister increases both at room and higher (300 - 480 °C)
temperatures [79,53,80,72]. It appears that the rim or blister plays a role in initiating a brittle crack. Fractography indicates that rim
fractures occur via brittle mode perpendicular to external tension, even in cases where the material underneath fractures in the ductile
mode with a slope 45°, as shown in Fig. 11 here, Fig. 14 in [72], Fig. 9d and 10d in [81]. SEM data obtained by Tomiyasu [63] support
the observation that the dominant mechanism involved with rim fracture is cleavage, while the fracture surface of the metal below the
rim is covered by ductile dimples present, as displayed in Fig. 14. Notably, the rim and the metal layer situated below it both contain
hydrogen in the hydride phase, but in different concentration.

However, the impact of hydrogen concentration on the embrittlement degree is not always monotonic, as shown in Fig. 12. The
highest degree of embrittlement is exhibited by specimens with a hydrogen concentration equal to the solubility at the maximum
temperature in the preceding thermomechanical treatment (hydride reorientation treatment), Fig. 12b. Daum [82] explains it through
hydride morphology factor: the most harmful hydride morphology is generated in samples where hydrides experience complete
dissolution and reprecipitation in thermomechanical cycling; more recent evidences supporting this statement is presented in Fig. 6 in
[83] and Fig. 4 in [84]. Therefore, it is important to consider both the hydrogen concentration factor and the hydride morphology
factor.

The morphology of hydrides is another factor significantly affecting the fracture mechanisms [58,60,82,86,87,88,89,90].
Morphology is understood here as a set of following parameters: orientation, hydride spacing, its length and thickness. Reorientation of
hydrides can change fracture mechanisms at both the micro- and macro-levels. Zirconium samples with hydrides oriented perpen-
dicular to external tension are more susceptible to brittle fracture compared to those with hydrides oriented parallel to the tension,
even when the hydrogen concentration is equal, according to SEM data in [59,61,71,91,88]. For instance, the complete reorientation
of hydrides resulted in a shift of the DBTT from the range of 200 — 250 °C to the range of 25 - 100 °C in a Zircaloy-4 sample with
100 - 200 ppm of hydrogen, as shown in Fig. 9b here (data by Kim [70]). The reorientation also caused a shift in the DBTT of more than
100 °C, according to Fig. 12 in Kim [92]. Additionally, the distance between hydrides plays a crucial role in crack propagation and void
coalescence. It determines whether a cracked hydride can cause its neighbour to crack, and at which plastic strain the voids nucleated
at neighboring hydrides can coalesce through the metallic ligament between them. According to experimental data reported by Arsene
[28], the critical distance between hydrides that restrict the crack growth is 0.5 pm. Thickness and length impact the brittleness of
hydrides (large hydrides being more prone to a brittle crack nucleation), as previously mentioned in Section 2.2 with the references to
works of Arsene [31] and Puls [38]. Another coupled effect of length and orientation is the creation of a continuous path for brittle
crack propagation, requiring less fracture energy than a crack path through the ductile metal. Therefore, the connectivity of a hydride’s
network determines the hydride embrittlement degree and DBT conditions. Various metrics of connectivity are defined as a combi-
nation of hydrides length, orientation and volume density. These metrics exhibit a substantial correlation with the mechanical
properties of a hydrogenated zirconium alloy, as evidenced by sources [54,69,75,85,93,94]. For example, Fig. 13 depicts the corre-
lation between ductility and the widely-used metrics in practice, namely hydride continuity coefficient (HCC) or accumulated hydride
length (AHL) [54,75,85,93]. Both metrics are defined as a summary of the hydride length projection on a direction perpendicular to
external tension, which is then normalized to the sample’s width. Furthermore, other factors, such as grain size, hydride rim-layer,
texture, and metallurgical state (which will be discussed below) influence hydride embrittlement by affecting the hydride
morphology. Besides, hydride morphology plays an important role in the delayed hydride cracking (DHC) process. DHC is mechanism
for a brittle crack growth in which the crack tip acts as a sink for hydrogen in solid solution, due to diffusion in an inhomogeneous stress
field, leading to the formation of a large hydride and local embrittlement near the crack tip. If the stress intensity factor (SIF) exceeds
the threshold value, the hydride cracks by its length and then the process repeats. The SIF threshold and DHC kinetic is determined by
the length and thickness of the hydride near the crack tip [95,96].
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Conflicting data have been published on the effect of grain size on the hydride embrittlement degree and DBT conditions. Kim [77]
assume that increasing grain size reduces hydride connectivity and, thus, raises the threshold hydrogen concentration of DBT (i.e.
coarse-grained alloys have lower susceptibility to hydride embrittlement). This statement is based on the experimental data [77],
according to which the threshold hydrogen concentration of DBT in Zr-2.5Nb (490 ppm at a grain size of 0.89 pm) is lower than that of
Zircaloy-4 (560 ppm at a grain size of 1.86 pm). It should be noted that Kim [77] neglected other inequalities between these two alloys
such as chemical composition, microstructure, texture and internal stress, which can impact the morphology of hydrides and
embrittlement degree. Arsene [28] excluded influence of all factors except grain size by comparing Zircaloy-4 samples with the mean
grain sizes 3 and 8 pm and got opposite conclusion to Kim [77]: increasing the grain size reduces the threshold hydrogen concentration
of DBT (1200 ppm at 3 pm against 760 ppm at 8 pm, as can be seen in Table IV in [28]). Arsene [28] explain such behaviour by the fact
that percolation of the intergranular hydrides’ network needs lower hydrogen concentration in coarse-grained alloys than in fine-
grained alloys. In coarse-grained samples, the grain boundary length per unit square of a cross-section is lower and, if hydrides
occupy the grain boundary randomly, the alloy with large grains may reach the interlinked network of hydrides at lower hydrogen
concentrations, creating a continuous path for brittle cracks to propagate.

The texture and metallurgical state of the alloy also affect the fracture mode due to their impact on the hydride morphology,
particularly under low external stress. As it can be seen from optical micrography in Fig. 3 in Hsu [13], stress-relieved annealed (SRA)
Zircaloy-4 is more prone to form prolonged hydride networks with greater connectivity in the rolling direction than the recrystallized
(RXA) Zircaloy-4, which has more misoriented and discontinuous hydrides. Therefore, the ductility of RXA is superior to SRA at
hydrogen concentrations below the DBT threshold, as demonstrated by Fig. 7 in [13], Figs. 5 and 7 in [28], and Figs. 5 and 6 in [76].
SEM data by Hsu [13] (Figs. 12 and 13 in [13]) confirm that secondary brittle cracks and quasi-cleavage play an important role at
micro-level in macroscopically ductile fractured SRA, whereas fracture surface of RXA samples display only dimples, indicating full
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ductile fracture. Nonetheless, a prolonged hydride network that is highly connected in SRA Zircaloy-4 is strongly oriented in rolling
direction and is not effective in providing a completely brittle crack path transversely, which needs for the brittle fracture of fuel rod
cladding. In fuel rod cladding geometry, the SRA cladding promotes connectivity of tangential hydrides but suppresses it of radial ones.
Therefore, since connectivity of radial hydrides in RXA is not suppressed as in SRA, RXA requires a lower hydrogen concentration for
DBT (as shown in Figs. 5 and 7 in [28]), even despite RXA having higher ductility than SRA below the DBT threshold. This coun-
terintuitive behavior results from loading highly-textured samples only in a pre-defined direction, simulating the real process of fuel
rod cladding loading.

The stress state is another factor affecting the proportion of ductile and brittle fracture mechanisms. The presence of a notch in a
uniaxially loaded Zircaloy-4 sample reduces the threshold hydrogen concentration of DBT at room temperature to ~ 100 ppm [29],
compared to ~ 1000 ppm in an unnotched sample [28,49]. Bai [76] reported that an increase in the thickness of the tensile plate from
0.5 to 3.1 mm led to a shift in the threshold concentration from ~ 700 ppm to ~ 300 ppm. When converting from plane stress to plane
strain, the DBTT in hydrogenated Zircaloy-2 significantly increases from ~ 100 °C to ~ 300 °C, as depicted in Fig. 14. Yunchang [40]
provided a feasible elucidation for the stress state effect, which demonstrated that void link-up occurs at a much lower critical void
density in equibiaxial tension than in uniaxial tension. Moreover, at triaxialities below 0.33, interhydride metallic ligaments exhibit
increased capacity for plastic deformation; at these levels of triaxiality, the fracture mechanism for metal ligaments situated between
cracked hydrides alters from voids nucleation, growth, and coalescence to one of shearing with some indication of voids formation, as
described by Cockeram [14]. Another aspect of the stress state is that the impact load shifts the DBTT by 100 — 200 °C to higher
temperatures compared to the slow load, as shown in Fig. 3 in [67].

Neutron irradiation can also increase the degree of hydride embrittlement, which should be considered when modelling of spent
nuclear fuel behaviour. The majority of publications indicate that pre-irradiation increases the level of hydride embrittlement, if all
other conditions being equal [85,97,98]. However, some studies report that the effect of irradiation has a level of uncertainty in
measurements [87,89]. SEM-analysis of the fracture surface conducted by Nakatsuka [85] and Jang [98] indicated that the unirra-
diated specimen exhibit more ductile features compared to the irradiated one. The fracture surface of the irradiated samples shows a
quasi-cleavage mechanism and is covered with clear brittle flat facets that are comparable to the grain size, as illustrated in Fig. 8 in
[85]. According to Jang [98] (Figs. 10 and 15 in [98]), the fracture surfaces of unirradiated Zircaloy-4 samples have more secondary
cracks oriented perpendicular to the fracture surface compared to irradiated ones. This difference in fracture mechanisms is likely due
to shorter hydrides with higher tendency to radial orientation in irradiated samples, as displayed in Figs. 5 and 11 in [98]. Daum [82]
also explains the irradiation effect in Zircaloy-4 suggesting that radially-oriented hydride formation in fuel rod cladding is more
susceptible under irradiation conditions, causing stress threshold (for reorientation of hydrides) to drop from 80 MPa in unirradiated
samples, to 70 MPa in irradiated ones. Auzoux [97] validates this hypothesis through their experimental data, which confirms the
reduction of the reorientation threshold in Zircaloy-2; however Jang [98] reports conflicting results for Zircaloy-4. Alternatively,
Tomiyasu [63] has claimed, that the primary factor for reducing the fracture toughness of high burnup fuel cladding is the formation of
hydride rim. Kim [72] has confirmed that specimens with hydride rims can imitate the mechanical behaviour of high burnup zirconium
alloys to a certain degree.

3. Theoretical approaches to the fracture problem of hydrogenated zirconium alloys
3.1. Damage nucleation
The earliest approaches to model fracture mechanics and DBT conditions in hydrogenated zirconium alloys were found on the

estimating fracture stress and strain of hydrides, which were considered as parameters for the damage nucleation. Puls [38] utilized
finite element method (FEM) to evaluate fracture stress by taking into account hydrides as hard precipitates embedded in a metal
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matrix that is undergoing plastic deformation. Fracture was assumed to necessitate a crucial internal stress, which originates from the
inhomogeneity of strain between the ductile matrix and the less ductile hydride. Later, Choubey [27] has applied FEM in elasto-plastic
approximation and demonstrated that, according to their calculations, fracture strength of hydrides reduces with an increase of
temperature from 575 MPa at room temperature to 520 MPa at 100 °C. The slight reduction in fracture strength of hydride with an
increase in temperature was confirmed through experiments conducted by Shi [99] as well as later FEM calculations by Wang [34].
However, this decrease is too weak and cannot fully explain the sharp nature of DBT. Alternatively, the sample tensile strain at hydride
fracture, calculated by isotropic elasto-plastic FEM by Wang [34], shows a sharp increase approximately for two times in the tem-
perature range 100 — 150 °C, as shown in Fig. 15. This increase is due to the reduction in yield stress of hydrides with temperature,
which has a stronger dependence on temperature compared to yield stress of the metal matrix. It is important to note that at room
temperature, hydrides have a higher hardness than the metal matrix, but by 200 °C, this is vice versa, as shown in Fig. 16a here and
Fig. 2bin [100]. As a result of the temperature increase, the stress in the hydride decreases, leading to a reduction in the probability of
hydride fracture. Therefore, according to Wang [34], the temperature at which the yield stress in hydrides becomes lower than that of
the metal defines the DBT temperature. It is worth noting, that Simpson [101] had previously proposed a similar hypothesis.

Shi [99] proposed a hypothesis that is similar with the interpretation of DBTT presented by Wang [34] and Simpson [101]. Shi [99]
has determined in experiments that the fracture strength of hydride decreases with increasing temperature at a faster rate compared to
yield stress of the metal, as shown in Fig. 16b. Specially, the fracture strength of hydride is lower than the yield stress of the metal
below ~ 125°C, while the opposite is true at higher temperatures, which is the root of DBT within the temperature range of
120 - 140 °C, according to Shi [99]. This hypothesis was later substantiated by experimental data obtained by Kubo [68] (Fig. 15 in
[68]). According to Bind [74], the process can be explained as follows: at high temperatures, the material exhibits ductile fracture
because the yield stress of the metal is lower than the fracture strength of the embedded hydride, and the matrix strength cannot
generate enough stress to fracture the hydrides. Conversely, at low temperatures, the material exhibits brittle fracture because the yield
stress of the metal is higher than the fracture strength of the embedded hydride, and the matrix strength can generate sufficient stress to
fracture the hydrides.

The ratio of the yield stresses of the metal matrix and the hydride phase could indeed affect the crack conditions within hydrides, as
demonstrated by fracture tests with various alloys. Hydrides in hardened alloys Zircaloy-2 and Zr-2.5Nb (yield stress is in the range 600
—900 MPa) fracture at higher plastic strains (¢, ~ 1 %) [38], compared to hydrides in pure zirconium (yield stress ~ 300 MPa, ¢ ~ 0.2
%) [37]. Both experiments [37] and [38] were conducted by Puls at room temperature utilizing the same acoustic emission technique.

Finally, Cherubin [102] recently suggested a third similar explanation of DBTT. They compared the hardness of hydrides and Zr-
2.5Nb and found that hydrides soften more than the Zr-2.5Nb alloy at around 200 °C, which corresponds well with DBTT. Cherubin
[102] assume that at low temperatures, hydrides are harder than the metal matrix and act as stress concentrators, causing brittle
fracture.

All three hypotheses described above, posing that the fracture mode change resulting from an increase in temperature is the
consequence of changes in the mechanical properties’ ratio of metal and hydride, are supported by experiments (both directly and
indirectly) and calculations. However, they do not explain the dependence of DBT on hydrogen concentration, loading scheme, and
other factors.

These factors can be taken into account by considering the fracture nucleation process in more detail. A brittle crack nucleates near
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local stress concentrators generated by dislocation pile-ups. Therefore, the next level of detail in simulation involves considering the
interaction between the metal/hydride interphase and dislocations. Ziaei [103,104] considered the possible semi-coherent orientation
relationships between bcc hydrides and HCP zirconium matrix and coupled it to a dislocation density model that considered gener-
ation, interaction and annihilation for both mobile and immobile dislocations. Then, Ziaei [103,104] applied their approach to
simulate the nucleation and propagation of a cleavage crack in a multigrain sample. The approach enables simulation of the stress
accumulation in sample and can help to predict the brittle crack nucleation, despite some oversimplifying assumptions such as dis-
regarding the ductile fracture mode of metal (cleavage of the metal matrix was not observed in conditions of practical interest).
Besides, Ziaei [103,104] considered only intragranular hydrides, whereas intergranular ones play the main role in the fracture process.
Later, Hasan [105,106,107] has developed a new machine learning framework for microstructural analysis based on this model. The
framework enables the prediction of fracture nucleation in zirconium alloys with hydride populations and estimation of fracture
probability. Note, that earlier, Tummala [108] also investigated the interaction of metal dislocations with hydride utilizing 3D discrete
dislocation dynamics (DDD) method, albeit beyond the scope of fracture problems.

The most detailed and basic approach for simulating the brittle crack nucleation is to consider the stress concentrator itself.
Ghaffarian [109] investigated the process of dislocations passing through the metal/hydride interphase under uniaxial load of a
polycrystalline sample, using the molecular dynamics (MD) simulation method. The study revealed that the number of stress con-
centrators on the surface of the hydrides depends on their size, orientation, and intersection length with the dislocation line. Reali
[44,110,111] implemented the discrete dislocation plasticity (DDP) approach for the same aim. Their findings highlighted the sig-
nificant influence of the interface’s permeability, alongside the presence of dislocation sources within the hydride and intersections
between edge and screw dislocations, plastic stress relaxation [110], misfit stress and dislocation structure surrounding the hydride
[110,111]. Their approach simulates principal and shear stresses near the concentrator, dislocation and energy densities at pile-ups
where a slip band intersects the Zr/hydride interface. Fig. 17 illustrates some findings of Reali [111]. The approach currently
under development by Reali and co-authors is crucial for comprehending the damage nucleation process, and needs to be expanded to
intergranular hydrides as well.

3.2. Growth and coalescence of cracks

According to the phenomenological model developed by Arsene [28], the DBT in hydrogenated zirconium alloys is predominantly
caused by crack propagation instead of their nucleation. This approximation predicts that fully brittle fracture is only possible if the
initial crack (a cracked hydride) is able to induce brittle fracture of the neighboring hydride. If applicable, the DBT is determined by
two parameters: hydride length and distance between hydrides. The distance between hydrides must be small enough for brittle
fracture, as well as the fracture toughness of the metal ligament. Arsene [28] stated that the critical distance between hydrides,
allowing for crack propagation, is 0.5 pm, although this value may depend on temperature and loading scheme. Tseng [112] inves-
tigated the impact of hydrides in the vicinity of the crack tip on crack propagation, applying a 2D elastic FEM-model and found that the
morphology of the hydrides was a strong factor. However, the elastic approach ignores the plastic zones near the crack tips in metal
ligaments which plays an important role in crack propagations, [28]. Moreover, the plastic zone adjacent to the crack tip provides
shielding of the stress field, thereby preventing the brittle fracture of neighboring hydrides. This phenomenon is supported by the
features of DHC process, which is not observed above temperatures of ~ 350 °C, i.e., brittle fracture of a hydride near the crack tip does
not occur at high temperatures, as shown in Figs. 8 and 9 in Resta Levi [113]. Analytical models developed by Shi [95] and Aliev [96]
explain this behavior due to temperature dependence of the metal yield stress, as displayed in Fig. 18 here and Fig. 10. 22 in [2].
According to the interpretation of Aliev [96], the plastic zone present near the crack tip shields the stress field at high temperatures and
protects hydrides from the brittle fracture. The crack blunting is an additional important factor that may prevent brittle crack growth,
thereby limiting DBTT from above.

Another significant area of theoretical research into the fracture mechanisms for hydrogenated zirconium alloys is focused on
examining the fracture of the matrix ligament between hydrides, which leads to the coalescence of cracks and plastic flow localization.
Chan [114] considered hydrides in zirconium-based alloy as a lattice of equivalent microcracks. In this assumption, the fracture of the
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sample occurs due to the collapse of ligaments between cracked hydrides. Mathematically, this condition represents the threshold
plastic strain in the metal ligament required for its fracture. Chan [114] estimated this threshold analytically in 2D approximation by
considering the interaction of two neighbouring cracks. The resultant mechanical field in the ligament depends on the length of the
cracks and distance between them, enabling an interlinking of hydride morphology and fracture conditions. The morphology of hy-
drides is modelled with a single parameter “continuity of hydride network”, which is determined by the relationship between the
volume fraction of hydrides, their length and the distance between them. The model of Chan [114] describes the observed impact of
the volume fraction of hydrides on normalized ductility, including a sharp reduction in ductility resulting from the formation of an
interconnected hydride network. Based on the analytical approach of Chan [114], Nilsson [115] developed a 2D FEM-model to
simulate the elasto-plastic mechanical behaviour of the ligament between cracked hydrides. To estimate J-integral, Nilsson [115]
considered a real morphology of hydrides rather than a regular lattice, as it assumed by Chan [114]. Nilsson [115] conducted FEM
calculations that establish that the fracture toughness of a specimen relies on the configuration of a local hydride cluster, and the key
morphology parameters are orientation of hydrides to external stress, their length and distance between hydrides. Another extension to
the approach of Chan [114] is represented by the analytical model of Qin [116]. In contrast to Chan [114] and Nilsson [115], Qin [116]
rejects the idea that all hydrides crack simultaneously at the initial stage of plastic deformation. Instead, they proposed that the longest
and/or intergranular hydrides are the first to crack. This results in including uncracked hydrides in the ligament between the cracked
ones, which reduces the critical plastic strain in the ligament. Nevertheless, the ligament fracture condition mathematically aligns with
models of Chan [114] and Nilsson [115]: the ligament fractures when the local strain reaches a critical level. Another feature of the
Qin’s [116] approach is that they accounted for the hydrides’ growth in the specimen with a permanent hydrogen source (due to
oxidation, for example). In this approximation, they estimated time until DBT at typical operational conditions of the fuel rod cladding.

Liu [117] had developed a 3D FEM model that challenges the basic assumption of Chan [114] that hydrides are already fractured.
Instead, Liu [117] proposed that damage nucleation occurs due to the separation of the hydride/matrix interface along the hydride.
However, this contradicts experimental data. Another weakness of the model lies in its parameter determination through calibration
with experimental data that exhibit significant statistical scatter (40 — 100 % of the relative value, according to Fig. 6 in [117]).
Nevertheless, despite the weak verification, the model of Liu [117] demonstrated the potential to the mechanical behavior of mac-
roscopical samples under various loading scheme (dog-bone notched and smooth samples, fuel rod cladding and others). An important
feature of the approach developed by Liu [117] is the ability to predict the maximum equivalent plastic strain in the ligament as a
function of the stress triaxiality.

3.3. Percolation of a brittle crack (hydride morphology modelling)

The morphology of hydrides has a significant impact on fracture mechanisms, and the formation of an interconnected hydride
network can lead to DBT. This is supported by experimental data and theoretical models from Chan [114], Nilsson [115], and Qin
[116], who have considered the hydride morphology as an external parameter in their modelling. In this context, the DBT problem can
be reduced to the task of brittle crack percolation and modeling the hydride morphology.

Arsene [28] assumed that an interlinked network of hydrides forms when hydrides fully occupy grain boundaries in the metal.
Based on this assumption, they obtained a qualitative agreement with experimental data demonstrating that finer grain size require
higher hydrogen concentration need for DBT. However, Arsene’s approach [28] overestimates the threshold hydrogen concentration.
This is because a hydride network with the required connectivity for DBT forms when there is only partial occupation of grain
boundaries, not a total one, as assumed for simplicity by Arsene [28]. Qin [118] also considered the problem of interlinked hydride
network formation; however, their approximation does not involve random hydride nucleation. They assumed that a new hydride
typically nucleates close to the tip of an already existing one within the nearest metal grain or at the grain boundary, depending on the
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Fig. 18. Dependence of the threshold stress intensity factor (Kyy) of DHC on temperature, calculations by Aliev [96]; markers — experimental data
by Resta Levi [113].

15



M. Kolesnik Engineering Failure Analysis 159 (2024) 108110

Long and fine
hydride IT

Long and fine |

| Long and fine
| hvdride I |

hvdride ITT

930ppm

T T T T T T T T T TN TTTTID
AR RA AR AR AARAR AR AARARN NN
P 0 i W P ST TTTP.

Long and fine hydrides IIT

35
300., Z, mkm
30
2004 § 251
S
4t 201
100 S
é 151
3
600 ol Z 10t
600 L
5
Y, mkm
0
0 0 0.2 0.4 0.6 0.8 1
0 RHCP

Fig. 20. Numerical simulation of hydrides in 3D domain by Aliev [141]; a — 3D domain and hydrides as discs with two possible orientations; b —
calculated distribution of a morphology metric RHCP, determined in [94].

local stresses and the grain boundary energy. As a result, Qin [118] were able to ascertain the correlation between threshold hydrogen
concentration for DBT and the metal’s texture (including the misorientation and size of metal grains). The study by Qin [118]
demonstrates excellent consistency with experiments: at temperatures 673 and 721 K the calculated threshold hydrogen concentration
for the formation of continuous hydride network within the sample (and, consequently, DBT) was estimated as 590 and 820 ppm, while
the experimental values were 600 and 850 ppm, respectively.

The texture and microstructure of the alloy solely determine hydride morphology under sufficiently low external stresses. However,
external stress that exceeds the threshold value (~100 MPa) becomes the main determinant of hydride orientation, as hydrides tend to
orient perpendicular to the external tension. The mechanism of reorientation remains unclear and lacks a common explanation. The
complexity of this problem arises from the fact that microscale hydrides have a complicated structure of nanoscale hydrides (both
inter- and intragranular ones) forming a two-dimensional surface, also known as a stack, for example EBSD data on Fig. 4 in [119] and
synchrotron X-ray tomography data in [3]. Several hypothesizes have been proposed to elucidate the mechanism of hydride reor-
ientation under external stress: (1) varied stacking order of nanoscale hydrides, (2) change of the habit plane, and (3) different
nucleation sites activation.

A reorientation mechanism, frequently discussed in literature, involves the varied stacking order of nano hydrides, whose orien-
tation relationships are not reliant on external stress. The experimental observation and graphical interpretation are presented by
Veleva [120] and shown in Fig. 19. This mechanism was verified through phase-field calculations by Han [121] and Heo [122].
However, another phase-field simulation carried out by Simon [123] did not confirm the hydride reorientation caused by the different
stacking of nanoscale hydrides due to external stresses. This discrepancy has not been commented by the authors of the calculations.
Unfortunately, phase-field models have not yet accounted for the influence of hydrides on the mechanical properties of zirconium
alloys, despite the potential to do so. For instance, Kharchenko [124] utilized the phase field method to simulate both the morphology
of p-phase in Zr-1 %Nb-1 %Sn alloy and the interaction of these inclusions with dislocations in the metal matrix during plastic
deformation.
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Both the habit plane selection of hydrides and their nucleation sites are influenced by applied external stress, as per EBSD findings
presented by Kiran Kumar [125]. In stress-free samples both intergranular and intragranular hydrides are found to conform with the
(0001)4.7://(111)5.2;u orientation relationship, and preferred nucleation sites are located at grain boundaries, which are almost
parallel to the basal plane in one of the neighboring grain. In contrast, the hydrides formed in the presence of external tension mainly
follow the (10-11),.z//(111);.2:y relationship, but relationships (10-17)y.z://(1 1 1)s5.7:1, (10-13)4.2//(111) 5.2 and (10-10),.z,//
(111)s.7ry are also occasionally ovserved. Moreover, hydrides tend to form at grain boundaries aligned perpendicularly to external
tension [125], indicating a shift in preferential nucleation sites. Toghraee [126] have reported that phase field calculations estimate
the magnitude of applied strain required to change a single hydride’s habit plane to be ~ 0.02, which is one order higher than the
experimental value. Nevertheless, the presence of neighboring hydrides may markedly decrease the stress needed for reorientation,
making it comparable to the experimental results [126].

An analytical model developed by Qin [127] allows estimating the stress threshold for hydride reorientation caused by changes in
orientation relationships and preferred nucleation sites on grain boundaries in the presence of external stress. The model is based on
evaluating the Gibbs energy for inter- and intragranular hydrides with various nucleation sites and orientation relationships. Thereby,
Qin [127] simulate the dependence of the lower threshold (the stress level at which reorientation begins) and higher threshold (the
stress level at which full reorientation occurs) on the mechanical properties of the metal matrix, temperature and texture.

An alternative method for simulating the morphology of hydrides in zirconium alloys relies on semi-correlation relationship be-
tween the orientation of hydrides and external stress, and is typically applied for practical purposes. The first model within this
framework was formulated by Ells [128]. A fundamental assumption was made, which is that the orientation of hydrides is determined
by the that of its nucleus, thereby determining the type of the correlation. The model parameters in this correlation are calibrated
against experimental data. Later, Hardie [129] and Bai [130] employed a similar method in their experiments to simulate the fraction
of reoriented hydrides under external stress. Puls [131] modified this approach by taking into account internal stresses. The model of
Ells [128] is also a basis for a number of computational tools which predicts the orientation of hydrides in zirconium fuel rod cladding
during operation and post-operational storage of nuclear fuel, [132,133,134,135,136]. Feria [137] introduced a semi-correlational
alternative model that rests upon an assumption of linear dependence between the fraction of reoriented hydrides and external stress.

The degree of hydride embrittlement is determined not solely by the orientation of hydrides, but also by other hydride morphology
parameters like their length, volume density and connectivity. To determine all the morphology parameters, the approaches developed
by Chan [138] and Kolesnik [139] take into account hydride nucleation in a classical heterogeneous approximation. The next gen-
eration of models by Kolesnik [140] and Aliev [141] simulates detailed morphology of hydrides in a 3D domain, as shown in Fig. 20a.
Nucleation is assumed to occur on predetermined sites within the metal matrix, such as triple points, grain and phase boundaries, and
intersections of dislocations. Distribution functions of nucleation sites by space and energy is defined by user before the calculation as
external parameters of the model. The growth of hydrides is simulated upon through an analytical solution of the diffusion task that
considers misfit stress and competition amongst adjacent hydrides for hydrogen in solid solution (in simplified approach according to
[141]). The model simulates both the mean value and distribution width of any morphology metric, such as length, orientation, and
connectivity, for example, the calculated radial hydride continuous path (RHCP) in Fig. 20b.

3.4. Fracture strain modelling (continual approach)

An alternative viewpoint on the modeling of hydride embrittlement involves analyzing zirconium alloys with hydrides using a
continual approach. The ground model in this approach is based on the theory of spherical void growth in a yielded matrix, introduced
by Rice and Tracey [142]. According to their model, the plastic strain resulting in fracture (when the voids’ coalescence occurs) can be
predicted given the initial porosity and load triaxility. Arsene [28] applied the model of Rice and Tracey [142] to simulate the
behaviour of hydrided zirconium alloys. However, they were unable to describe a function of fracture plastic strain on the hydrogen
content and, therefore, DBT at room temperature. This may be attributed to the fact, that at room temperature brittle cracks of hydrides
exhibit minimal opening and are non-spherical, thereby contradicting to fundamental assumptions of Rice and Tracey’s theory [142].
In contrast, at 300 °C initial brittle cracks of hydrides open up as nearly spherical shapes in plastic matrix and the model developed by
Rice and Tracey [142] effectively describes well this type of fracture, as stated by Arsene [28].

The theory of Rice and Tracey [142] can also be applied to fracture modelling of non-hydrided zirconium alloys, as demonstrated
Cockeram [17]. They modified the original model by considering the distribution of initial void radii to take into account various
damage nucleation sites: (a) slipband decohesion, (b) intersecting slipbands, (c) impinging slip on grain or lath boundaries and (d)
grain boundary or lath boundary intermetallic particles. The model of Cockeram [17] describes experimental dependence of effective
strain on load triaxiality. In another publication, Cockeram [143] analysed non-hydrogenated Zircaloy-4 and explored unstable crack
extension, thereby identifying three potential crack growth mechanisms based on experimental observations: (a) tearing along slip
bands, (b) the nucleation, growth, and coalescence of voids with the crack tip, and (c) a combination of tearing along slip bands with
and without void nucleation, growth, and coalescence. Furthermore, they developed an analytical model for the second fracture
mechanism based on the continual theory. The model postulates that void nucleation occurs on Laves phases Zr(Cr,Fe); in three steps if
plastic strain surpasses the critical value: (a) slip impingement at a particle, (b) particle cracking, and (c) particles’ interface deco-
hesion. The simulation of voids’ growth and coalescence is based on the theory of Rice and Tracey [142], but by taking into account the
fact that voids near the crack tip are in an inhomogeneous field of mechanical stress simulated in the approximation of Hutchinson-
Rice-Rosengren (HRR), based on Hutchinson [144] and Rice and Rosengren [145]. According to HRR asymptotic solution, power-
hardening material stresses within the plastic zone remain independent of the distance to the tip and depend only on the angle
formed by the crack plane and by the direction to the tip. The model developed by Cockeram [143] estimates the critical stress
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intensity factor (SIF) required for plastic crack growth. While Cockeram and Chan did not take into account the impact of hydrides on
the fracture process, it remains applicable in predicting the growth of ductile cracks in the ligament between hydrides.

Further development of the continuum damage mechanics is associated with the Gurson’s model [146]. Gurson defined the yield
criterion and the flow rule for porous material as functions on stress-state triaxiality for rigid-plastic approximation. Plastic strain
growth causes the volume fraction of voids to rise, and eventually leads to sample fracture when the porosity reaches the critical level.
Later, Needleman and Tvergaard [147] modified the Gurson’s model by taking into account interaction between pores, their coa-
lescence and nucleation of new ones, and, thus, the modified approach is known as Gurson-Tvergaard-Needleman, or GTN-model. This
model has been successfully utilized for simulating mechanical behaviour in unhydrogenated zirconium alloys, such as Zr-2.5Nb by
Williams [148] and p-treated Zircaloy-4 by Zhou [149].

Prat [150] applied GTN-model to simulate the fracture of hydrogenated zirconium alloys. They considered two mechanisms of void
nucleation: brittle fracture of hydrides and void nucleation in the metal matrix. For both mechanisms, the damage evolution was
assumed to be linear on plastic strain above the threshold values (hydride fracture occurs after necking). Prat [150] demonstrated a
good agreement with experiments for calculated dependence of fracture strain on hydrogen content for both smooth and notched
samples at room temperature. However, the model slightly overestimates the plasticity of notched samples in the 400 — 1000 ppm
range, potentially due to the simulation of void nucleation at fractured hydrides, ignoring the influence of stress and triaxiality. Later,
Grange [151] extended GTN-model by accounting for plastic anisotropy and viscoplasticity and applied this model to simulate the
ductile fracture of hydrided Zircaloy-4. Le Saux [152] adjusted the parameters of the model developed by Grange [151] and used their
own new experimental data [12] to validate the model under wide-ranging temperatures and loading schemes. Le Saux [152] also
assumed that damage nucleation occurs both on fractured hydrides and Laves phases, with the latter being more prevalent in
unhydrided samples and at elevated temperatures.

The GTN-model effectively describes the growth of ductile crack and ductile fracture in the sample by taking into account
nucleation, growth and coalescence of voids. However, the GTN-model necessitates the definition of several model parameters, some
of which are non-physical, such as coefficients of correlations. This fact significantly restricts the practical usage of the GTN approach.

An alternative to GTN approach is to apply the cohesive zone model (CZM), also known as Dugdale model, based on the pioneering
works of Dugdale [153] and Barenblatt [154]. CZM considers the narrow region near the crack tip as a cohesive traction between the
bounding surfaces. Hillerborg [155] and Needleman [156] modified the CZM concept by coupling it with the FEM, defining a cohesive
zone element that follows the traction-separation law. Cohesive traction T, is determined as a function of the separation 6, as T,, =
omax-f(6n) (0max is the peak value of traction and the function f(5,) defines the traction-separation law), and the area under the plot is
the cohesive energy. Cornec [157] demonstrated that both parameters (cohesive traction and cohesive energy) can be determined by
experiments. This results in a significant advantage for the CZM approach when compared to the GTN-model and makes CZM more
suitable for practical application. Note, that Wéappling [158], Kim [159] and Matvienko [160] applied CZM-based models to simulate
the threshold value of stress intensity factor (SIF) in the DHC problem in zirconium alloys, however this is beyond the scope of this
research.

Subsequently, Banerjee [161] developed the traction-separation law which takes into account the stress-state triaxiality using only
two model parameters, but gives the same simulation results as the GTN model using more model parameters. Recently, Fang [162]
applied the CZM approach in the interpretation of Banerjee [161] to simulate the mechanical behavior of hydrogenated zirconium
alloys. They described the dependence of the crack tip opening displacement (CTOD) on external tension. Fang [162] simulated the
impact of hydrides by incorporating an element with specific mechanical properties into the cohesive zone, to model hydrides. This
facilitated an examination of the impact of hydride size and morphology on the force/CTOD diagram. Fang [162] cross-verified their
results using FEM-based code developed by Chen [163]. In their subsequent paper, Fang [164] conducted 2D simulations and
demonstrated that the fracture behavior of a hydrogenated zirconium sample is dependent on the cohesive strength of the zirconium
alloy, alongside the number density and arrangement of hydrides.

A continual approach developed by Chen [165] is different from all models described above. The mechanical behaviour of the
hydrogenated Zircaloy-4 in [165] is derived using a stored potential strain-energy function. The model is FEM-based and uses 3D
approximation for isotropic elastoplastic material. The hydrides are represented as elastic brittle inclusions. The mechanical energy
density function relies on the volume fraction of hydrides that have two perpendicular orientations, which are external parameters of
the model. The model of Chen [165] simulates the diagram of large deformations and load vs. displacement of ring compression tests,
however the model lacks fracture prediction capabilities.

3.5. Alternative approaches

Kulkarni [166] utilized the crystal plasticity finite element method (CPFEM) to forecast the effect of hydride volume fraction, their
orientation, and distance between hydrides on the mechanical properties of a zirconium alloy. The simulations were conducted using a
3D representation, featuring hundreds of metal grains within the representative volume. A notable simplification of the model is the
neglect of the alloy texture; grains are assumed to be equiaxed with a random orientation. Another simplification is to solely consider
intragrain hydrides, whereas intergrain hydrides can be prevalent or a vital component, as demonstrated, for example, by El Chamaa
[167] and Kiran Kumar [125]. Furthermore, intergrain hydrides are known to play a dominant role in the fracture process, according
to Silva [49]. The fracture condition of hydride was defined by Kulkarni [166] as the point at which the local accumulated plastic strain
exceeds a critical value, which is dependent on the stress triaxiality through the correlation. The fracture threshold correlation takes
the same form as the one in Liu [117] (the model by Liu [117] was discussed above), however Kulkarni [166] understand it as a
condition of brittle fracture of hydrides, while Liu [117] as a condition for ductile fracture of the metal in the ligament between
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hydrides. The accumulated plastic strain at hydride fracture, calculated by Kulkarni [166], is approximately 0.03, which is in close
agreement with the experimental value reported by Huang [29]. Additionally, the approach by Kulkarni [166] predicts a comparable
hydrogen hardening degree (i.e. a growth in yield stress with increasing hydrogen concentration) to that observed in the experimental
data.

Finally, Singh [100] put forward an original hypothesis that suggest the fracture mode changes in hydrogenated zirconium alloys
due to the thermal treatment history of the sample. According to Singh [100], the growing hydride undergoes compression because of
the volume dilatation in phase transition, whilst the metal matrix near the hydride tip experiences tension. This condition is commonly
observed in hydrides at room temperature following cooling. If a sample with hydrides is heated and the hydrides partially dissolve,
their stress state changes to the opposite. The metal matrix close to the hydride tip compresses, thus increasing the crack resistance of
hydrides after heating. FEM calculations by Singh [100] based on a linear elastic and perfectly plastic solids approach for both matrix
and hydrides, demonstrated that the effect becomes significant at 150 °C, which is close the DBT temperature in certain experiments.
To validate their hypothesis and determine the impact of the approach direction on the test temperature (through cooling or by
heating), Singh [168] conducted an empirical investigation on Zr-2.5Nb alloy. Their analysis revealed that the approach direction did
not significantly impact the fracture toughness below and above the DBT temperature; however, there was a discernible effect in the
transition regime, as indicated in Fig. 21. At micro-level, the experiments revealed that the fracture surface exhibited greater axial
splitting after heating compared to the surface after cooling. These disparities can be explained by the impact of dilatational stresses
induced by the phase transition. Therefore, the hypothesis has an experimental confirmation, however the effect appears not to be
forceful enough to determine the DBT temperature.

4. Discussion

Hydrogen significantly impacts the mechanical properties of zirconium alloys in various ways. When hydrogen is in solid solution,
it decreases the mechanical strength, whereas the hydride phase has the opposite effect and increases it. Additionally, severe hydride
embrittlement mechanisms have been observed. At low concentrations in hydride phases or at high temperatures (when hydrides lose
their brittleness), the embrittlement of Zircaloy-4 appears to be caused by an increase in Laves phase volume due to hydrogen
adsorption and the interaction between Laves phase and hydrides nucleated on its surface. However, the primary impact of hydrogen
on the mechanical properties of zirconium alloys is the embrittlement resulting from the presence of the brittle hydride phase.

There are three embrittlement mechanisms that can be associated with the hydride phase in zirconium alloys (by analogy with
Chan [114]): (1) a reduction in the threshold plastic strain required for microcrack nucleation due to the fracture of brittle hydrides,
(2) the provision of easy pathways for brittle crack propagation through the continuous network of hydrides, and (3) an increase in the
plastic flow concentration in the metal ligaments between hydrides due to a decrease in the effective plastic cross-section. Thus, the
DBT problem in hydrogenated zirconium alloys can be broken down into three sub-tasks (corresponding to the mechanisms mentioned
above): (1) on the damage nucleation; (2) on the brittle crack percolation, and (3) on the growth and coalescence of cracks and/or
voids. Each mechanism determines different parameters of DBT (temperature, continuity of hydrides’ network, plastic strain, triax-
iality) on various degree. The selection of a particular task depends on the parameter of DBT that is of greatest interest. Further details
on these tasks and related parameters are discussed below.
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Fig. 21. The effect of direction of temperature approach on fracture toughness and DBT. Cooling — higher line, heating — lower line; data by
Singh [168].
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Task 1. On the damage nucleation (fracture of hydrides).

Brittle fracture of hydrides (if it occurs) is the dominant mechanism for damage nucleation in hydrogenated zirconium alloys.
However, hydride brittleness is sensitive to temperature and is not observed at high temperatures. Therefore, the task on damage
nucleation allows determining the temperature of DBT. The influence of triaxiality and local plastic strain in the slip band on DBT
temperature can also be considered in the scope of this task. Most likely, the ductile to brittle transition resulting from an increase in
temperature is associated foremost with the change in the mechanical interaction between the hydride and the ambient metal matrix,
rather than other factors. The partial dissolution of hydrides upon heating cannot sufficiently account for this phenomenon. On the
contrary, minimal volume fraction of the hydride phase causing brittle fracture mode increase with the temperature. According to
experimental data by Arsene [28], the DBT threshold hydrogen concentration at 20 and 300 °C are 800 and 2200 ppm, respectively
(solubility at 300 °C is below 100 ppm, according to Zanellato [169] and can be neglected in comparison with 2200 ppm). The effect of
local dilatation stresses due to partial dissolution of hydrides is weak and also cannot explain the DBT, as shown in Fig. 21 in [168].
Apparently, hydrides lose their brittleness at high temperatures (above DBT temperature, or DBTT) because the yield stress of the
metal matrix becomes lower than the yield stress [34,101] and/or fracture strength [68,99] of embedded hydrides, and therefore, the
weak metal matrix is not able to generate sufficient stress to fracture hydrides [74]. While at lower temperatures (below DBTT), the
yield stress of the metal matrix, on the contrary, is higher than the fracture strength of hydrides, and internal stresses in metals can
cause a brittle crack [74]. This hypothesis is supported by both experimental and calculated evidences. However, current theoretical
approaches are still unable to simulate the DBTT dependence on stress triaxiality. Potentially, the strong temperature dependence of
the ductility near the DBTT can be described by the exponential function of void nucleation. If one elucidates the void nucleation
process at a micro-level, taking into account the interaction between brittle hydride and pile-up of metal dislocations in the slip band,
the task can be accomplished.

Task 2. On the brittle crack percolation (morphology of hydrides).

The second mechanism of hydride embrittlement of zirconium alloys is providing the easy pathway for the brittle crack propa-
gation through the continuous network of hydrides. This is due to the formation of a hydride cluster with critical parameters, resulting
in DBT and allowing for a continuous pathway through the sample (i.e., the brittle crack percolation). The percolation phenomenon
can explain the threshold nature of ductility dependence on the hydrogen content, as displayed in Fig. 10. Thus, the relevant parameter
of DBT in the scope of this task is the continuity of hydride network and it ultimately reduces to the simulation of hydride’s
morphology. This task can be sub-divided into two sub-tasks: (1) finding the threshold hydrogen concentration and (2) identifying the
optimal thermomechanical loading scenario to prevent the formation of an interconnected network of hydrides. The first subtask
represents a classical percolation problem, where hydrides randomly occupy grain boundaries. The second sub-task holds significant
practical importance for the safety justification of spent nuclear fuel storage and handling regimes. This is particularly relevant when
the hydrogen concentration in the zirconium fuel rod cladding remains constant, and the thermomechanical load should be limited to
avoid the formation of a critical hydride morphology. Numerous models have been developed to address this task, however the
majority of them only predict radial hydride fraction in fuel rod cladding and are validated in a relatively narrow range of conditions. A
new approach [141] has been recently published, which predicts various continuity metrics of hydride network.

Task 3. On the growth and coalescence of cracks and/or voids (fracture of the ligament).

The presence of hydrides in zirconium alloys can increase the plastic flow concentration in metal ligaments between hydrides. The
primarily objective of this task is to forecast the fracture plastic strain. Typically, this approach takes into account plastic deformation
and ductile fracture regimes, while the DBT being a boundary case. In the context of hydrogenated zirconium alloys, the task is
pertinent to the conditions of reactivity-initiated accident (RIA) or impact loading (for instance, during transport operation with spent
nuclear fuel), wherein intense short-time mechanical loading takes place. For the task solution, continual theory methods (GTN model
and CZM), crack and voids growth and coalescence approaches, and models based on Chan approach [114] have been successfully
applied. This task allows developing an integral approach for simulation of fracture in hydrogenated zirconium alloys. However, the
input data for such a model (hydride morphology and the critical plastic strain of hydride fracture) are solutions obtained from the
prior two tasks.

5. The list of experiments

Experimental studies on the hydride embrittlement of zirconium alloys have been compiled into an open online list of experiments
accessible through the following link: https://docs.google.com/spreadsheets/d/1CKe31ALjrUiOavObEmu47CnnwEaTpPxQExf7tp2
S9r4/edit#gid=0. The list comprises over one hundred experiments, providing references, main parameters of experiments and a
list of measured parameters. The list of experiments will be continuously updated as new experiments are published.

6. Conclusion

The hydride embrittlement of zirconium alloys is almost always associated with the presence of a brittle hydride phase. In con-
ditions typical for the lifecycle of nuclear fuel (operation, transportation and post-operational storage), the brittle fracture nucleates
and is localized in the hydride phase, while metallic ligaments between hydrides fracture in a ductile mode. The macroscopic fracture

mode changes from ductile to brittle, if the following conditions are simultaneously satisfied:

1. hydrides must be capable of brittle fracture to serve as sites for brittle crack nucleation,
2. the nucleated brittle crack must be capable of growth to induce the brittle fracture of the subsequent hydride near the crack tip,
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3. hydrides must form an interconnected network that could provide an easy pathway for the propagation of the brittle crack.

Zirconium hydrides lose their brittleness when they are heated. This fact can explain the change of the macroscopic fracture mode
from brittle to ductile at elevated temperatures. This change has been confirmed by both experimental data and calculations, indi-
cating that the fracture mode change can be attributed to the temperature dependency of the mechanical properties of the alloy and the
hydrides. However, the existing models do not account for the initiation of fracture at the intersection of the slip band and hydride
surface, and therefore fail to simulate the dependence of DBT temperature on the stress triaxiality. Additionally, elevated temperature
can impede crack propagation by shielding the mechanical stress field near the crack tip with the plastic zone of the metal. The
temperature limit for the brittle crack propagation is usually higher than that for the brittle fracture of hydrides.

The problem of interlinked hydride network formation can be classified as a classical brittle crack percolation problem. The ul-
timate objective of hydride morphology modeling is to forecast morphology parameters that characterize the connectivity of the
hydride network in radial direction.

The complete DBT model requires a self-consistent solution of damage nucleation, brittle crack growth and percolation problems.
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