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Abstract

In water reactors, iodine stress corrosion cracking is considered the cause of pellet-cladding inter-
action failures, but the mechanism and chemistry are debated and the protective effect of oxygen
is not understood. Density functional theory calculations were used to investigate the interaction
of iodine and oxygen with bulk and surface Zr under applied hydrostatic strain (-2 % to +3 %)
to simulate crack tip conditions in Zr to ZrOg, using a variety of intermediate suboxides (ZrgO,
Zr30, Zr,0 and ZrO). The formation energy of an iodine octahedral interstitial in Zr was found to
decrease with increasing hydrostatic strain, whilst the energy of an iodine substitutional defect was
found to be relatively insensitive to strain. As the oxygen content increased, the formation energy
of an iodine interstitial increased from 1.03 eV to 8.61 eV supporting the idea that oxygen has a
protective effect. At the same time, a +3 % tensile hydrostatic strain caused the iodine interstitial
formation energy to decrease more in structures with higher oxygen content: 4.56 eV decrease in
ZrO compared to 1.47 eV decrease for pure Zr. Comparison of the substitutional and interstitial
energies of iodine, to the adsorption energy of iodine, in the presence of oxygen, shows the substi-
tutional energy of iodine onto a Zr site is more favourable for all strains and even interstitial iodine
is favourable between strains of +1-5%. Although substitutional defects are preferred to octahedral
interstitial defects, in the ordered suboxides, a 3 % tensile strain significantly narrows the energy

gap and higher strains could cause interstitial defects to form.
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1. Introduction

Zirconium (Zr) alloys are often used for nuclear fuel cladding due to their good resistance to
corrosion and excellent neutron transparency. Pellet cladding interaction (PCI) is a phenomenon
that occurs between the inner surface of the nuclear fuel cladding and the outer surface of the
fuel when they come into contact. This occurs during power transients, in incidental transients
as well as during steady state operation. PCI is developed by fuel-pellet relative motion, and
can also manifest itself through stress corrosion cracking (SCC) of the cladding in the presence of
volatile fission products such as iodine (I-SCC) [1, 2, B]. In pressurised water reactors (PWR) using
unlined Zr alloy cladding and UO, fuel, I-SCC has been suggested to be the main cause of PCI
failures [4 5]. The complete I-SCC mechanism, however, is not yet fully understood; the chemistry
of the attacking species and the oxygen’s chemistry are still subject to debate [6]. Iodine has been
suggested to create intermediate Zr-I-Zr bonds that break easier than the Zr-Zr bonds or to pin
dislocations thus limiting plastic deformation ahead of the crack tip [7].

Extensive experimental work has been performed but due to the timescale involved with an
SCC process, direct observations can be difficult, especially given the added effect of irradiation of
the material. Consequently, computational simulations have been used to study the role of iodine
and other chemical species in zirconium or zirconium alloy cladding. In previous work by Legris
and Domain [§], density functional theory (DFT) calculations were performed to investigate iodine-
zirconium interactions. Tu et al. [9] used DFT calculations and nudged elastic band (NEB) methods
to study the formation energy and migration energy barriers of a number of iodine defects in bulk
zirconium and found that the main diffusion mechanisms occurred via the iodine interstitial sites
as well as substitution on zirconium sites and zirconium vacancies. The effect of strain was not
investigated. Strain effects on oxygen migration in zirconium were modelled by Liu et al. [I0] who
showed that compressive strains slowed down diffusion. Thus far, work on iodine defect formation
energies and diffusion has only been conducted on bulk strain free systems. While previous work
yielded important results regarding the interactions between iodine and zirconium, it did so by only
considering unstrained bulk zirconium crystals. During the I-SCC process the crack tip atomic

environment is under triaxial tension. It has been suggested that due to the relatively high iodine
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incorporation energies, I-SCC is more likely to be caused by iodine adsorption and diffusion along
the surfaces of the open crack [6l [II]. At the same time, iodine has recently been experimentally
observed both at the crack tip and ahead of it [I2] [13]. In the current study, we assume the latter
to be true and examine the behaviour of iodine in bulk structures in equilibrium and in strained
environments and to some degree compare to surface environments.

Oxygen has been shown experimentally to increase the resistance to I-SCC due to the protective
ZrOg layer formed [I4]. Furthermore, it has been shown that even if the cladding is in tension, as
long as the ZrOy layer is intact, I-SCC does not occur [15] 16} 17, 18] M9, 20, 21]. Nonetheless,
it has also been suggested that ZrO forms when oxygen is less readily available [22] 23]. Due to
the oxygen gradient into the metal below the oxide layer, even if the oxide does fracture, it is
unlikely that iodine will come into contact with pure Zr. Instead, it will most likely interact with
some metallic structures containing oxygen. Once the oxide film on the zirconium metal or alloy
surface forms, oxygen atoms from the film can diffuse into the bulk metal. The process has been
studied through both experimental and computational studies [24] [25] 26|, [27] (28] [T0]. At the oxide-
metal interface of Zr alloys several structures have been identified. Hu et al. [22] used transmission
electron microscopy, scanning transmission electron microscopy, transmission-electron back scatter
diffraction and electron energy loss spectroscopy to analyse the interface and identified local regions
of hexagonal ZrO, tetragonal and monoclinic ZrOs confirming earlier modelling work by Nicholls et
al. [29]. Ordered suboxides such as ZrO, Zr;O, Zr30 and ZrgO [30} [3T] have also been identified at
the metal-oxide interface [32] B3], 23]. Kenich et al. [34] used DFT calculations to produce Brouwer
diagrams of tetragonal ZrOs containing iodine and showed that there is a competition between
iodine and oxygen for anion sites in zirconia. The competition is both phase and oxygen pressure
dependent. For high oxygen partial pressure in the tetragonal phase of ZrOs, the oxygen was
found to compete with iodine for anion sites. It is not currently known how the various suboxide
structures affect iodine behaviour in Zr metal and yet understanding how iodine interacts with Zr
when oxygen is less available must be important to understanding PCI. Therefore, it is the purpose
of this study to examine the effect of strain on the behaviour of iodine in Zr with varying levels of

oxygen found at the metal free surfaces.
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2. Method

2.1. Bulk Systems DFT Calculations

To show that large (order of 1-10%) crack tip elastic strains are theoretically possible in zirco-
nium, edge cracks were investigated in pure single crystal zirconium slabs using a hybrid (quantum
mechanics/molecular mechanics) QM/MM method introduced by [35], B6]. The crack plane was on
the basal plane and the crack front was parallel to the [1010] direction. The crack growth direction
was chosen to be [1210]. Periodic boundary conditions were applied in the z direction. The dimen-
sions along the x, y and z axis corresponded to approximately 1200 A, 600 A and 6 A respectively.
Given the small thickness (z direction) of the model, the slab was under plane-strain conditions
(€2z) = 0. When under tensile stress, a typical strain map for an atomically sharp crack in the y
(mode I opening) direction is shown in Figure [I| At the tip, elastic strains (e, ) of up to 17% are
possible without any slip or twinning emission (i.e. no form of permanent deformation).

Calculations were first performed on typical crack tip configurations (Figure [2)) extracted from
the system shown in Figure The crack tip configurations were taken from QM/MM simula-
tions [35] [36]. The two positions chosen were both octahedral interstitial positions having different
€yy values (0.16 for Position 1 and 0.05 for Position 2). In both cases the crack was subject to
the same energy release rate, G, of 3.0 J m~2. Calculations were then extended to bulk zirconium
and ordered zirconium oxygen suboxides supercells in order to do a more thorough parametric
study on the effects of strain on defect formation energies. Hydrostatic strain was used for ease of
comparisons made between the various sub-oxide structures encountered at the crack tip. For bulk
zirconium, QM calculations were performed on the supercells under an applied hydrostatic strain
(-2% to 3%) where positive values are tensile. The suboxide structures were first volume optimised.
The 3 % hydrostatic strain was then applied and an iodine atom added to the system. Geometry
relaxation was then performed while keeping the volume fixed. Effectively, the volume and cell
dimensions were fixed for both the zirconium bulk cells and the ordered suboxides and the atoms
were allowed to relax.

A DFT method implemented in the CASTEP package [37] was used for all calculations. The gen-
eralised gradient approximation (GGA) exchange-correlation functional as formulated by Perdew,
Burke and Ernzerhof (PBE) was used. A conjugate gradient method was used to minimize the

Hellmann-Feynman forces during relaxations. The convergence criteria used were 1076 eV, 10~°
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eV /atom, 0.0005 A and 0.01 eV/ A for the total energy, free energy per atom, ionic displacement
and ionic force respectively. A cut-off energy of 400 eV was used. Spin polarisation was used in
all calculations. For bulk zirconium, a 5x5x3 supercell with 150 Zr atoms was used in order to
minimise the self-interaction energy of the defect across periodic cells and to keep the dimensions
as cubic as possible. For the ZrgO, Zr30, ZroO and ZrO suboxides, 3x3x3, 3x3x3, 3x3x3 and
3x3x5 supercells with 189, 216, 243 and 270 atoms were used respectively. For all the systems
considered, larger supercells were used in order to prevent significant self-interaction of the iodine
defect. A 3x3x3 Monkhorst Pack mesh (corresponding to a K-point spacing of 0.03 Afl) was
used for all geometric relaxations. A cold smearing scheme with a width of 0.1 eV was used for
the Fermi-surface smearing. Dispersion forces corrections have not been taken into account in the
current work and would be of interest for future study.

Given the prevailing theory that iodine will remain on the surface of Zr through an adsorption
and diffusion mechanism, adsorption calculations were performed. Here, complete monolayer (@ =
1) adsorption of O, iodine and a mixture of the two, on the surface face centred cubic (SFCC) sites
of the [0001] 2x2 Zr surface was investigated as a function of strain, similar to past work [38]. A
7-layer slab was used with the position of the atoms in the bottom 4 layers being fixed. A vacuum
region of 20 A was used to minimise the interaction of periodic slabs. Formation energies using
an isolated iodine and diatomic Is molecule, as reference, were calculated to quantify the effect of
reference state. Bond population analysis was also performed on the bulk systems and the method

is explained in more detail in Section

2.2. Defect Formation Energies

The formation energies of interstitial and substitutional defects were calculated. Structures with
an octahedral interstitial iodine defect and a substitutional iodine atom on a Zr site were made.
Only single octahedral interstitials were considered due to the large atomic size of iodine and the
octahedral defect having a lower formation energy (values are presented in the Results section).

The formation energy for an iodine interstitial defect was defined as:

E(int defect) — E(Structure—i—[) - EStructure - EI

(1)

where E(siructure+1) 18 the total energy of a structure supercell with an iodine interstitial atom,

FEgtructure 1S the total energy of the structure supercell without any iodine atoms and Ej is the



us  ground state energy of an iodine atom in a box of the same dimensions as the one used for the
supercell.

Similarly, the iodine substitutional defect energy is defined in Equation 2 as

n

-1
Ez. — Er

Esuwp = E(Zr—l),] -
" (2)

where F(z,_1) 1 is the total energy of a Zr supercell with an iodine atom substituting for a Zr

atom, Ez, is the total energy of a Zr supercell without any iodine atoms, E; is the ground state
120 energy of a single isolated iodine atom and n is the number of Zr atoms.

For the suboxides considered in this work, the substitutional defect formation energy is defined
by Equation For example, for an iodine substitutional defect on a Zr site in the Zr3O 3x3x3
supercell containing 216 atoms, the doped cell refers to the cell having an iodine atom on a Zr site
(161 Zr atoms, 54 O and 1 I), the neighbouring phase refers to the pure Zr atoms in that phase (162

s Zr), the neighbouring phase with dopant refers to only the Zr atoms with one iodine substituting
for a Zr atom (161 Zr atoms, 1 I) and the pristine cell refers to the pure ZrzO structure (162 Zr
atoms, 54 O)

Esub defect = (Edoped cell T Eneighbouring phase) - (Eneighbouring phase with dopant + Epristine cell)

(3)
For the surface adsorption calculations, Equation [ was used for oxygen and iodine onto the

SFCC sites of the 0001 (2x2) Zr surface. Similar to past calculations [39)

EI ads — EZr surf + 1 — (EI + EZr surf) (4)

130 Furthermore, in order to compare the energy of a single iodine interstitial or substitutional
defect in bulk Zr versus a Zr surface, Equations [f] and [6] were used where a negative energy change

would indicate a lower energy of formation on the surface.

AE = (Ezy vulk + Ezr swt, 1) — (Ezr bulk, 1 int + E2r surf) (5)
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1
AFE = (EZr bulk + EZr surf, I) - (EZr bulk, I sub + EZr surf + NEZr bulk) (6)

2.8. Ordered Suboxide Structures Considered

In order to analyse the effect of oxygen on the energy of iodine as an octahedral interstitial
defect or substitutional defect on a zirconium site, ordered suboxide structures were considered. The
ordered suboxides ZrgO (R3), Zr30 (R3c), Zro0O (P31m) and ZrO (P62m) were considered [30, 40]
as they have stable phases [4I] and are predicted to exist. The defect formation energies were
calculated for both unstrained and 3 % tensile hydrostatically strained structures.

ZrgO has three different octahedral interstitial positions where an iodine atom can be placed.
The three positions will be referred to as ZrgO-1, ZrgO-2 and ZrgO-3 respectively in the order that
they appear in Figure 3] For the ZrgO ordered suboxide a 3x3x3 supercell with 241 atoms was
used.

The ZrsO structure has only a single octahedral interstitial position where an iodine atom can
be placed (Figure [4) that will be referred to as ZrsO-1. For the ZrzO ordered suboxide a 3x3x3
supercell with 216 atoms was used.

The Zr,0O structure has two different octahedral interstitial positions where an iodine can be
placed. The two positions will be referred to as ZroO-1 and Zr,O-2 respectively in the order that
they appear in Figure [f] For the ZrO ordered suboxide a 3x3x3 supercell with 189 atoms was
used.

The hexagonal ZrO structure with P62m symmetry [29] has four different interstitial (not oc-
tahedral) positions where the iodine atom can be placed. The four positions are shown in Figure |§|
and are referred to as ZrO-1, ZrO-2, ZrO-3 and ZrO-4 respectively. The ZrO-4 was chosen for
further study as it had a significantly lower interstitial defect formation energy compared to the

other positions.

2.4. Bond Population Analysis

Mulliken charge and population analysis was performed in order to analyse the bonding prop-
erties of the structures. The plane-wave states are projected onto a localised basis set [42] and the
population analysis is done using the Mulliken formalism as described by Segall et al. [43] [44]. The

bonds analysed were classified based on their proximity and bonding with the iodine interstitial
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defect. Figure [7]illustrates the concept using the ZroO structure but the method is applicable to
all structures (except for the pure Zr structure which did not contain any O atoms). The bonds
that contain an atom that is close to the defect (i.e. the iodine atom has a bonding contribution
with either or both) are termed I-bonded. The bonds that do not contain an atom that is close to
the defect (i.e. the iodine atom does not have a bonding contribution with either) are termed non

I-bonded.

3. Results and Discussion

3.1. Benchmarking against existing literature

The interstitial formation energy of iodine in bulk zirconium was previously calculated by Legris
and Domain [8], Tu et al. [9] and Han et al. [45] whilst the substitutional energy of iodine in bulk
zirconium was previously calculated by Legris and Domain [8] and Tu et al. [9]. Table [1] shows
there is some variation in the formation energy of the two types of iodine defects considered in bulk
zirconium but the values are relatively close in energy. Different DFT codes and parameters were
used for the calculations.

The adsorption energy of an isolated iodine atom was also calculated in order to make compar-
isons. The adsorption energy was calculated to be -3.84 eV. The adsorption energy of a molecule,

from literature [46], is approximately -6.2 eV per Iy molecule or approximately -3.1 eV per atom.

8.2. Iodine Defects in Bulk Zirconium

The formation energy of an iodine octahedral interstitial defect at the two crack tip config-
urations from Figure [2| were 0.14 eV at a uniaxial tensile strain (ey,) of 0.05 and -2.49 eV at a
uniaxial tensile strain of 0.16. As the tensile strain increased, the defect formation energy became
more favourable. This is unsurprising given the relatively large atomic size of iodine. These results
provided the motivation for further studying the effect of strain on the formation energies of iodine
defects in zirconium.

Figure [§ shows the energies for iodine substitutional and interstitial formation energies in bulk
HCP Zr and compares these energies to the adsorption energies of iodine on the [0001] Zr surface, as
a function of strain. This comparison was made as it is a prevailing theory that iodine will remain on
the surface of Zr as the adsorption energies are lower (more favourable) than the substitutional and

interstitial energies in bulk Zr. Indeed, this latter part is true when considering a bare Zr surface.
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However, calculations of the adsorption of iodine atoms on an oxygen terminated surface (replacing
an oxygen) are comparatively less favourable. This is due to the fact that oxygen has a strong
binding to the Zr surface. In fact, when comparing the substitutional and interstitial energies of
iodine to the adsorption energy of iodine, in the presence of oxygen, it is the substitutional energy of
iodine onto a Zr site that is the more favoured for all strains and even the interstitial iodine energy is
more favoured between strains of 1-5% in tension. It is acknowledged that it is common practice for
a diatomic iodine molecule to be used as a reference state for similar calculations. Although it is not
clear what state iodine will be in during SCC scenarios, we have performed a comparison between
an isolated iodine atom and diatomic iodine to quantify the difference of 1 eV in favourability.
This difference does not change the relative favourabilities of the compared mechanisms. It is
therefore plausible that iodine could exist in the bulk Zr matrix as a subsitutional defect, and
additionally an interstitial defect in regions of tension i.e. at a crack tip of order of nanometres, as
shown for iodine stress corrosion of Zr. At a cladding crack tip under reactor conditions, neutron
irradiation damage will create other types of defects including self-interstitials and vacancies and
the defect population will be higher than equilibrium levels. Kenich et al. [34] showed that iodine
substitution onto Zr sites is likely to occur. Consequently, it is important to consider the case of
an iodine atom occupying a zirconium vacancy and these defects are important for the diffusion of
iodine in zirconium. It was observed that the hydrostatic strain did not have a significant effect
on the formation energy of an iodine substitutional defect in pure Zr. For interstitial defects the
space available increased significantly with increasing hydrostatic tensile strain. For substitutional
defects, as the iodine took the place of a zirconium atom, the formation energy was not as affected
by strain. In addition, any volumetric mismatch in the case of a substitutional defect is expected
to be minimal.

Equations 5] and [6] were used to calculate the relative energies between a surface adsorbed iodine
atom and unstrained bulk zirconium. The surface defect formation energy was 3.31 eV lower for
the substitutional defect and 4.86 eV lower for the interstitial defect. It is noted that the formation
energies of both interstitial and substitutional defects are higher than the adsorption of an iodine
atom onto an unstrained oxygen free Zr surface. While the mechanism of iodine ingress into the bulk
structure is not nvestigated here, its presence below the surface is observed in past literature [12][13].
We assume here that the structures iodine will substitute into will be the sub-oxide layers, present

just below the ruptured or porous oxide surface. Even if the oxide film is completely ruptured,
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oxygen diffusion would likely prevent iodine from encountering an unstrained oxygen-free bulk-Zr
surface through diffusion. Consequently, alternative mechanisms of iodine reaching zirconium metal
should be considered and investigated including grain boundaries [47] and nano-pipes in strained

structures [4§].

3.8. Iodine Defects in Ordered Subozides

Figure [ shows the formation energies of iodine interstitial and substitutional defects in un-
strained and 3 % strained bulk Zr and the structured suboxides considered. For ZrO, only the
lowest energy site (ZrO-4) is shown with an iodine defect formation energy of 8.60 eV. The other
sites (not shown), ZrO-1, ZrO-2 and ZrO-3 had even higher energies of 9.3, 11.5 and 13.6 eV respec-
tively. As the oxygen content of the structures increased, the formation energies of the interstitial
defects increased from 1.03 eV in pure zirconium to 8.60 eV in ZrO. It is worth noting that these
defect formation energies are very high and unlikely to occur under normal conditions. The increase
from Zr to ZroO was relatively linear (given the approximately equal increase in oxygen concen-
trations) followed by a larger jump in energy to ZrO as the oxygen content increased significantly.
The higher iodine interstitial defect formation energies in the structures with higher oxygen con-
centrations support the idea that oxygen has a protective effect against iodine ingress at the crack
tip. How these energies compare to the adsorption energies of iodine to the respective sub-oxide
surfaces has not been quantified to-date and was not within the scope of this work.

A pristine zirconium cladding has an oxide layer of ZrOy and below this layer, as the distance
from the cladding surface increases inwards, structures with decreasing oxygen content are found [22]
29, 30, BT, B2, B3]. In work studying defect concentrations in the oxide layer, Kenich et al. [34]
showed that in the monoclinic phase iodine occupied oxygen anion sites with an oxidation state
of -1. In the tetragonal phase at high oxygen partial pressures iodine defects preferred zirconium
cation sites instead of anion sites suggesting the oxygen has a blocking effect on iodine defect
formation. Figure |§| (top) shows that as the oxygen content decreases, the competition between
oxygen and iodine becomes less significant as reflected by the lower formation energy of iodine
defects. Nonetheless, a 3 % hydrostatic tensile strain was found to simultaneously decrease the
energy of formation of iodine interstitial defects more in structures with increasing oxygen content.
Although the oxide layer’s protective effect against I-SCC has been shown, it was suggested that

it must remain intact in order to fulfill that role [49] negating the role of oxygen in the underlying
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metal. The oxide was postulated to have to partially break and expose the metal surface underneath
in order for I-SCC to be possible [3, 50, 51]. Videm and Lunde [I8] made a similar observation for
Zircaloy at 340 °C. For unstrained and unstressed specimens, Is did not react for days or even weeks.
At the same time, Hu et al. [48] showed that diffusion of H, albeit the smallest of atoms, can occur
through nanopores in the corrosion film layer and can then diffuse through nano-pipes and reach
the suboxide layers. Figure |§| (bottom) shows the magnitude of the energy decrease between the
formation energy of the interstitial defect in the unstrained and the 3 % tensile strained structures.
In pure zirconium, a 3 % hydrostatic tensile strain caused the iodine interstitial formation energy
to decrease by 1.47 eV to -0.44 eV.In ZrO, applying a 3 % hydrostatic tensile strain caused the
formation energy to decrease by 4.56 eV, a much larger decrease than the 1.47 eV for pure zirconium.
Nonetheless, it still has a large positive energy of 4.04 eV. The findings suggest that in a highly
tensile strained structure the oxygen might actually lead to more defect incorporation possibly
due to the oxygen causing the lattice to expand while leaving enough interstitial sites available for
iodine [48]. The existence of nanopores can allow chemical species to diffuse through. Combining
the diffusion mechanism for iodine diffusion in zirconium investigated by Tu et al. [9] with the
existence of irradiation induced vacancies and a strained lattice could provide a path for the iodine
to diffuse through to the suboxides. The larger decrease in iodine interstitial defect formation
energies with increasing oxygen could account for the the occurrence of I-SCC in the presence of a
strained or damaged oxide.

An increase in formation energy was also exhibited by iodine substitutional defects in the struc-
tured suboxides as the oxygen content increased. The substitutional iodine defect formation energy
was also lower than the interstitial iodine defect energy reflecting the same trend that was observed
for iodine defects in pure zirconium (Figure [§in Section[3.2). The effect of strain on substitutional
defects, however, wasn’t as significant as it was for interstitial defects. Kenich et al. [34] showed
that as the oxygen partial pressure increased in ZrQOs, the iodine defects would preferentially form
on Zr sites. In the current work, as oxygen content increased and tensile strain was applied, the in-
terstitial defect formation energy was very similar to the unstrained zirconium substitutional defect
formation energy and was even lower than the substitutional defect for some of the structures and
sites considered as seen in Figure[] For Zr3O, the formation energy of an iodine interstitial defect
under 3 % tensile hydrostatic strain was 1.24 eV compared to the 1.45 eV formation energy for an

unstrained iodine substitutional defect. Similarly, it was lower for the ZroO-1 site as well: 1.91 eV
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vs. 2.21 eV. Nonetheless, the substitutional defect formation energy in the 3 % strained structures
was always lower than the interstitial defect formation energies. Substitutional defects are likely
to form preferentially (0.1-1.5 eV lower depending on the structure) to interstitial defects for the
strain considered in this work but for higher than 3 % strains, as shown at crack tips in Figures

and [2] that may not be true.

8.4. Bond Population and Length Analysis

The bond population for the Zr-I bonds in both the unstrained and strained structures is shown
in Figure [I0h. Please note that all the bond population values shown are the averages of the
respective bonds. As the oxygen content increased the bond population value became more negative
suggesting the interaction was increasingly antibonding. Figure shows the percentage increase
in the Zr-I bond length for all the structures due to the 3 % hydrostatic tensile strain applied
compared to the unstrained structure. For bulk zirconium there was a 1.6 % increase whereas for
ZrO the bond length increased by 6.0 %. In a structure devoid of oxygen, the large electronegativity
of iodine keeps the surrounding zirconium atoms close to it, even when strain was applied. For
ZrO, however, a more detailed analysis is needed. Figure [11|shows the Mulliken charges for the 15¢
neighbouring Zr atoms (average), the I atom and the 15 neighbouring O atoms (average). For ZrO,
the Mulliken charge on the Zr atoms for the defect free structure was slightly lower when strain
was applied. For the other structures the difference was insignificant. The high electronegativity
of oxygen causes a strong attraction for the electron density available. When strain was applied,
however, that attraction was weakened more than for the other structures. As a result, the bond
length increase was higher when the tensile hydrostatic strain was applied. Consequently, the
decrease in the defect formation energy due to strain was larger for ZrO than it was for Zr.

Figure |11| also shows that as the oxygen content increased, the charge on the Zr atoms became
more positive. The highly electronegative oxygen pulls more of the electron density (becoming
more negative in the process, especially in ZrO as seen in Figure ) and the Zr atoms become
increasingly positively charged. Consequently, the structure loses some of its metallic nature.

Figures and show the bond population and bond length values for the Zr-Zr and Zr-O
bonds. For both the I-bonded and the non I-bonded Zr-Zr bonds, the bond population decreased
from a value of approximately 0.2 to close to 0. A higher positive value implies the structure has

a more metallic nature (electron sharing), whereas a value closer to 0 implies the structure has a
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more ionic character. As the oxygen content increased, the ionic nature of the Zr-Zr bonds also
increased and the structure showed a less metallic nature. Point defects (such as interstitial defects)
in ceramic materials are charged. Consequently, introducing an interstitial defect in an increasingly
ionic-like material would lead to a greater charge imbalance. The increasing Coulombic forces cause
the formation energy of the defect to increase. Therefore, as the oxygen content was increased the
formation energy of an iodine interstitial defect also increased (seen in Figure E[) It is also noted
that the DFT calculations of all the suboxide structures indicated a metallic nature that decreased
as the oxygen content increased as shown in Figure This included ZrO although there is a clear
decrease in states at the Fermi level compared to structures with less oxygen. Nonetheless, Annand
et al. [23] used a dual electron energy loss spectroscopy (DualEELS) technique to show that the
ZrO phase is no longer metallic in nature, but is either an insulator or more likely a semiconductor.
As the current work used a GGA approach it is not surprising that it may underpredict the band
gap. The defect formation energy is likely to be higher than the value calculated in Section [3.3] and
the bond population value to be lower due to an even more ionic nature of the structure than that
indicated by the DFT calculations.

For the non I-bonded Zr-Zr bonds, there was little difference between the structures with an
iodine interstitial defect and the defect free structures. The larger distance between the atoms
involved in those bonds and the iodine defect prevented the iodine defect from having a significant
impact on the bonding. The strain did, however, have a noticeable effect. For all oxygen contents (all
structures), the Zr-Zr bond populations in the strained structures were higher than in the unstrained
ones. The increase in bond population values for all Zr-Zr bonds due to strain was approximately
the same for all the structures. In addition, the Zr-Zr bond length also increased with higher oxygen
content. Although the increase in the ionic nature of the structure, due to increasing oxygen content,
caused the iodine interstitial defect formation energies to increase, an applied tensile strain did the
opposite, allowing the structure to retain more of its metallic nature and thus causing the defect
formation energy to decrease relative to the unstrained case (see Figure E[)

Figures [12| and [13]| also show the bond population and length values for the Zr-O bonds in both
the 3 % hydrostatically tensile strained and unstrained structures. For the non I-bonded atoms,
just like for the non I-bonded Zr-Zr bonds, the presence of the defect did not have a significant
impact on the bond populations or bond lengths. The Zr-O bond length also increased with higher

oxygen content. As more oxygen was present in the lattice, the structure expanded in order to be
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able to accommodate it. The oxygen content did not have a significant impact on the Zr-O bond
population values. The tensile strain did, however, have the same effect as on the non I-bonded Zr-
Zr bonds. The tensile strain resulted in the structure having a more metallic nature. Consequently,
an applied hydrostatic strain would lead to easier defect incorporation into the structure.

For the I-bonded Zr-O bonds, the oxygen content and incorporation of an iodine interstitial
defect did affect structures differently to some extent. Overall, the Zr-O bond length increased
as the oxygen content increased. The bond population also stayed relatively constant save for the
ZrgO-2 and ZryO-1 structures. The incorporation of the iodine defect led to a significant increase in
the Zr-O bond population values in the ZrgO-2 site but not ZrgO-1 or ZrgO-3. In both the ZrgO-1
or ZrgO-3 sites, the iodine interstitial defect is closer to the existing oxygen atoms (3 A for ZrgO-1
and 3.4 A for ZrgO-3 compared to >4 A for ZrgO-2). As a result, not only were the defect formation
energies higher (3.0 and 2.6 eV compared to 2.4 eV for ZrgO-2), the electron density pull by the
iodine is weaker for both structures. In the ZrgO-2 site, because the iodine was further away from
any oxygen atoms, it pulled more of the available electron density from the surrounding zirconium
atoms. Figure [11|shows that the charge on the I atom in the ZrgO-2 structure is less positive than
the charges on the I atom in the ZrgO-1 or ZrgO-3 structures. That increase in electron density
can also be seen in Figure [I5] where the PDOS for iodine has a more pronounced peak at an energy
of approximately 3 eV. Consequently, the zirconium atoms were then pulled closer towards the
oxygen atoms and the Zr-O bond length was shorter. At the same time, the bond population was
higher indicating a more metallic local bonding in the structure. The same behaviour was seen for
the ZryO structures. In the ZroO-2 site, the iodine defect is surrounded by more oxygen atoms (8
different atoms) than in ZroO-1 (2 atoms). Consequently, the charge on the iodine atom is higher
in ZroO-2 than it is in ZroO-1 (as seen in Figure . The proximity of the iodine defect to the
nearest oxygen atoms in the structure impacts the formation energy of the defect even in structures
that have the same overall amount of oxygen. Understanding how each of the structures affects the
various processes occurring during I-SCC (such as diffusion) is therefore essential in order to build
a complete mechanistic understanding of I-SCC. The diffusion process via interstitial sites in bulk
zirconium [9] will be affected by increasing oxygen content in the various structured suboxides and
is likely to be favoured by increased tensile hydrostatic strain similar to the strain states envisaged

at very sharp crack tips.
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4. Conclusions

1. considering an oxygen terminated [0001] Zr surface, the adsorption energy (replacement of
oxygen ion) is energetically less favourable than the substitution of a bulk Zr atom with iodine
for all strains investigated.

2. The formation energy of a single iodine octahedral interstitial defect in bulk zirconium was
found to decrease with increasing hydrostatic strain whereas the substitutional defect forma-
tion energy and [0001] surface adsorption energies were relatively unaffected by strain.

3. In unstrained structures, the iodine octahedral interstitial defect formation energy increased
(less favourable) with increasing oxygen content supporting the oxygen’s protective role at a
crack tip in the presence of iodine.

4. A 3 % hydrostatic tensile strain was found to decrease the energy of formation of iodine
interstitial defects more in structures with higher oxygen content.

5. Substitutional iodine defects would likely form preferentially to octahedral interstitial defects
at zero strain but tensile strain significantly narrows the gap between them possibly even

reversing the trend for very large (>5 %) strains possible at an SCC tip.
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Figure Captions

10.

11.

12.

13.

14.

15.

. Crack tip extracted from a pure zirconium slab subject to a strain equivalent to a G (energy release rate) value of

3.0 J m™2. The strains shown are in the y-direction (eyy) [0001] and in the x-direction (exx) [1210]. Due to the
plane-strain nature of the model the strains in the z-direction (e,,) [1010] were approximately zero. The minimum
value of €y, represents the strain the entire slab was subject to in order to create the edge crack. Only the top layer
of atoms is shown for clarity.

Octahedral interstitial positions for iodine (red) at a strained crack tip configuration extracted from a pure zirconium
slab (green) subject to a strain equivalent to 3.0 J m~2. There are 2 layers of atoms in the [1010] direction repeated
periodically. Only atoms from the full QM region where DFT was applied are shown.

(a) ZrgO structure and (b-d) the three unique octahedral interstitial positions available in the ZrgO structure (ZrgO-
1, ZrgO-2 and ZrgO-3 respectively).

(a) ZrsO structure and (b) the single unique octahedral interstitial position available in the ZrsO structure.

(a) Zr0O structure and (b-c) the two unique octahedral interstitial positions available in the Zr,O structure (ZryO-1
and Zry0-2).

(a) ZrO structure and (b-e) the four unique interstitial positions available in the ZrO structure (ZrO-1, ZrO-2, ZrO-3
and ZrO-4 respectively).

Tllustration of the atoms analysed in the bond population analysis performed: bonds that contain at least an atom in
the first shell around the iodine defect are termed I-bonded and colored purple and the rest are termed non I-bonded.
Formation energy of a single iodine octahedral interstitial or substitutional defect in pure zirconium as a function
of hydrostatic strain (left panel) and comparison to I, O and O+I adsorption energies (right panel).

(top) Formation energies of the lowest energy iodine interstitial and substitutional defect in both unstrained and 3
% hydrostatic tensile strained zirconium, ZrgO, ZrzO, ZroO and ZrO. (bottom) The magnitude of the decrease in
iodine interstitial defect formation energy due to the 3 % applied hydrostatic tensile strain (Estrained — Funstrained)-
(a) Zr-I bond population analysis and (b) Zr-I bond length analysis for unstrained and 3 % hydrostatically tensile
strained structures for iodine in interstitial sites.

Mulliken charges for the 15! neighbouring Zr atoms (average), I atom and 1%¢ neighbouring O atoms (average) in
each of the structures.

Zr-Zr and Zr-O bond population analysis for unstrained and 3 % hydrostatically tensile strained structures for a
single iodine interstitial defect.

Zr-Zr and Zr-O bond length analysis for unstrained and 3 % hydrostatically tensile strained structures for a single
iodine interstitial defect.

Density of states for bulk Zr, ZrgO, ZrzO, Zro,O and ZrO showing highest density of states, around the Fermi level,
for Zr and progressively less states as oxygen content increases.

PDOS for the iodine interstitial atom in the 3 % tensile hydrostatic strained ZrgO in the three positions labelled
ZrgO-1, ZrgO-2 and ZrgO-3.
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Tables

Table 1: Todine defect formation energies

Octahedral Tetrahedral Zirconium

Source
Interstitial ~ Interstitial ~ Substitutional
VASP, GGA-PW, 36 Zr atoms, 225 eV cutoff energy [8] 0.78 — -0.75
VASP, GGA-PBE, 216 Zr atoms, 350 eV cutoff energy [9] 1.21 1.01 -0.73
VASP, GGA-PBE, 64 Zr atoms, 176 eV cutoff energy [45] 1.32 — —
Here: CASTEP, GGA-PBE, 150 Zr atoms, 400 eV cutoff energy 1.03 1.28 -0.56
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Figure Captions

7% 5%
10 % 25%
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Figure 1: Crack tip extracted from a pure zirconium slab subject to a strain equivalent to a G (energy release rate) value of 3.0 J m~2. The
strains shown are in the y-direction (eyy) [0001] and in the x-direction (exx) [1210]. Due to the plane-strain nature of the model the strains in
the z-direction (€,;) [1010] were approximately zero. The minimum value of €yy represents the strain the entire slab was subject to in order to

create the edge crack. Only the top layer of atoms is shown for clarity.

Position 1 Position 2
[0001] ® @
[1010] [1210]

Figure 2: Octahedral interstitial positions for iodine (red) at a strained crack tip configuration extracted from a pure zirconium slab (green)
subject to a strain equivalent to 3.0 J m~2. There are 2 layers of atoms in the [1010] direction repeated periodically. Only atoms from the full

QM region where DFT was applied are shown.
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Figure 3: (a) ZrgO structure and (b-d) the three unique octahedral interstitial positions available in the ZrgO structure (ZrgO-1, ZrgO-2 and
ZreO-3 respectively).

a) / b)

Figure 4: (a) ZrzO structure and (b) the single unique octahedral interstitial position available in the Zr3O structure.
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Figure 5: (a) Zr2O structure and (b-c) the two unique octahedral interstitial positions available in the ZroO structure (ZroO-1 and Zr20-2).

Figure 6: (a) ZrO structure and (b-e) the four unique interstitial positions available in the ZrO structure (ZrO-1, ZrO-2, ZrO-3 and ZrO-4

respectively).
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Figure 7: Illustration of the atoms analysed in the bond population analysis performed: bonds that contain at least an atom in the first shell

around the iodine defect are termed I-bonded and colored purple and the rest are termed non I-bonded.
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Figure 8: Formation energy of a single iodine octahedral interstitial or substitutional defect in pure zirconium as a function of hydrostatic strain

(left panel) and comparison to I, O and O+I adsorption energies (right panel).
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Figure 9: (top) Formation energies of the lowest energy iodine interstitial and substitutional defect in both unstrained and 3 % hydrostatic
tensile strained zirconium, ZrgO, Zr3O, Zr2O and ZrO. (bottom) The magnitude of the decrease in iodine interstitial defect formation energy

due to the 3 % applied hydrostatic tensile strain (Estrained — Bunstrained)-
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Figure 10: (a) Zr-I bond population analysis and (b) Zr-I bond length analysis for unstrained and 3 % hydrostatically tensile strained structures

for iodine in interstitial sites.
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Figure 11: Mulliken charges for the 1%% neighbouring Zr atoms (average), I atom and 1! neighbouring

structures.
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Figure 12: Zr-Zr and Zr-O bond population analysis for unstrained and 3 % hydrostatically tensile strained structures for a single iodine

interstitial defect.
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Figure 13: Zr-Zr and Zr-O bond length analysis for unstrained and 3 % hydrostatically tensile strained structures for a single iodine interstitial

defect.
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Figure 14: Density of states for bulk Zr, ZrgO, Zr30, ZroO and ZrO showing highest density of states, around the Fermi level, for Zr and

progressively less states as oxygen content increases.
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Figure 15: PDOS for the iodine interstitial atom in the 3 % tensile hydrostatic strained ZrgO in the three positions labelled ZrgO-1, ZrgO-2

and ZrgO-3.
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