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ABSTRACT

Proton irradiation is commonly used as a surrogate for neutrons in experimental studies of structural
materials for thermal reactors, such as Zr alloys. The proton beam is unidirectional which requires a
choice to be made about the direction of the beam relative to the sample. The direction of the proton
beam will determine what lattice orientations the protons will predominantly interact with, particularly
in a sample with a strong texture. Since protons can be channelled the orientation of the crystal will
affect the energy deposition and the implantation range. We have therefore investigated the degree of
high energy proton channelling in crystal orientations found in a strongly textured sample of Zr. We
find that the crystal orientations near low-index crystal directions like the <1 150) zone axis encourage a
higher degree of proton channelling compared with other crystal orientations commonly found in a split-
basal textured sample. Channelling in these orientations can change the energy deposition of protons by
40%. Our results show that care must be taken when quantifying the damage in textured samples using
a single grain orientation. To compensate for channelling effects, the damage from ion irradiation in a
textured sample should be quantified by averaging the damage across many different grain orientations,
especially when the irradiation temperature of the bulk is less than 300 K.

© 2021 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Zr alloys are used as cladding material for the fuel in thermal
reactors. Under deformation Zr is susceptible to strong texture de-
velopment [1], which means that Zr materials develop anisotropic
mechanical properties. The processing route used to deform Zr
polycrystalline samples determines the preferential orientation of
the basal poles. The basal poles typically align parallel with the
direction of the compressive forces applied during processing. The
high wall thickness and low diameter [1] created from the pilger-
ing process [2,3] for cladding used in nuclear reactors results in
the final stable texture known as split-basal texture. This texture
includes a large fraction of the grains in a polycrystalline sample
with the [0001] crystal orientation pointing parallel with the ra-
dial direction of the tube with up to £40° tilt towards the tangen-
tial direction (TD) of the tube. The texture created by the pilgering
process can be reproduced using sheet rolling [1] in the lab, but
the basal poles are instead parallel with the normal direction (ND)
of the sample, which is perpendicular to the rolling direction. The
ND of the sheet then represents the radial direction of the cladding
tube in the lab.

* Corresponding author.
E-mail  addresses:  aadrychbrunning@gmail.com  (A.  Adrych-Brunning),
christopher.race@manchester.ac.uk (C.P. Race).
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Study of the failure mechanisms of reactor materials would ide-
ally involve experimental analysis after neutron irradiation, how-
ever sources of neutrons are scarce and expensive, the samples are
active and it can take years for property changes and failures to
appear in neutron-irradiated materials, hence the renewed interest
in using proton irradiation as a surrogate for neutron irradiation
experiments.

In our analysis and discussion we will consider a typical exper-
imental approach in which the proton beam direction (Fig. 1(a)) is
aligned with the ND of the rolled sheet, but we note that similar
arguments would apply to any choice of sample orientation with
respect to the proton beam.

Whilst the crystal orientation is unlikely to have an effect on
the energy deposited by neutrons, due to the low thermal collision
cross-section of neutrons and the many directions that the neu-
trons travel in the reactor, the crystal orientation could however
affect the energy deposited by protons because of channelling.

Channelling is a well known phenomenon whereby an ion trav-
els along an open channel in the crystal lattice. The open channel
reduces the strength of the interactions between the ion and the
crystal lattice. The channelled ion will undergo only small angle
scattering reducing the energy lost by the ion compared with an
ion travelling along a random crystal direction. The reduced rate
of energy loss increases the distance that the ion will travel into
the material (the penetration depth) before implanting (Fig. 1(c)).

0022-3115/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.jnucmat.2021.152808
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2021.152808&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:aadrychbrunning@gmail.com
mailto:christopher.race@manchester.ac.uk
https://doi.org/10.1016/j.jnucmat.2021.152808
http://creativecommons.org/licenses/by/4.0/

A. Adrych-Brunning and C.P. Race

D

. " [0001]
. 1 -

Typical
ND <c>-loops 0 grains
Zr ‘
| RD Electron N—
beam |
oroton | direction—s> . T
oo ™ Atypical
. . | rains
duecnon/‘ ND S g
£ <C>-100pS =
5
3 -
(a) )

Journal of Nuclear Materials 547 (2021) 152808

ND
"""" Grain
Proton L orientation
Beam which aII‘ows
channelling
| Grain
“ orientation
that limits
channelling
Channelled H
12pum
Average | | Non-
Damage Channelled H
— TEM cut out
L .
‘
Not drawn to e
scale
0.1um 40um Depth
(c)

Fig. 1. A schematic of (a) the proton irradiation direction of a rolled Zr polycrystalline sample and (b) the typical dislocation loop distribution within a single transmission
electron microscope (TEM) foil. A c-loop (a dislocation loop that lies on the basal plane) appears as a loop when the typical grain orientation (the [000 1] crystal orientation
within 40° of the ND of the sample) is parallel with the electron beam direction, whereas an a-loop (a dislocation loop that lies on the prismatic plane) would appear as a
line and vice versa when the [000 1] crystal orientation is rotated (atypical grains with the [000 1] crystal orientation tilted > 70° from the ND of the sample), when the
c/a ratio < ideal. (c) is a schematic of the predicted change in Bragg peak as a result of ions travelling within grains (of typical size 15 um [4]) whose crystal orientation
encourages channelling (green dashed line) compared with an ion travelling through a grain whose crystal orientation does not encourage channelling (red dashed line)
in a polycrystalline sample. The solid black line shows the region in which a TEM foil is taken for experimental observation. The TEM foil is taken from the 60% depth
from the Bragg peak position, which would typically be calculated assuming an amorphous structure in the program Stopping and Range of lons in Matter (SRIM [5]). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Channelling directions can be determined experimentally by
observing the change in the Bragg peak distribution as a function
of the angle of incidence of a beam of ions along different crystal
directions [6-8].

The first computer simulation to demonstrate channelling was
developed by Oen and Robinson [9] who numerically solved the
scattering angle integral to find the energy lost by an ion as it
travelled through a lattice, using the binary collision approxima-
tion (BCA). The authors found that the distance that the ion trav-
elled in a lattice changed with the initial direction of the ion. lons
in an fcc lattice travelled further along the [0 1 1] crystal direction
compared with the [0 0 1] crystal direction and an ion travelling
along the [1 1 1] bcc crystal direction would travel further than if
it travelled along the [0 O 1] crystal direction.

Recent developments in computer simulations mean that the
crystal directions that encourage channelling can be identified. For
example, Nordlund et al. [10] developed the program MDRANGE
[11] which employs a simplified molecular dynamics (MD) ap-
proach to ion interactions using a recoil interaction approximation
(RIA). Whilst a classical MD simulation calculates the forces be-
tween all the atoms in the system and then integrates the equa-
tions of motion to calculate the positions and velocities of all
the atoms, the developers of MDRANGE limit the force calculation
to only a recoiling ion (E> 1keV) and its nearest neighbours. By
significantly reducing the number of force calculations the speed
of the simulation is increased which makes more feasible range-
distribution calculations for high energy ions and the broad sam-
pling of lattice orientations required in channelling simulations to
find open channels. However by limiting the number of atoms in-
cluded in the force calculation, effects of more distant atoms in
the lattice are ignored, including the dissipation of heat through
atomic vibrations generated along the ion’s trajectory into the lat-
tice.

Using MDRANGE the authors of Ref. [10] explored a series of
beam and lattice orientations to find that the dominant chan-
nelling directions for 10 keV Zr ions into Zr were along the [0001]
and [12710] directions in bulk Zr and that such channelling events
can increase the maximal penetration depth of an ion by a factor of

two compared with the same ions travelling along non-channelling
directions.

Whilst channelling has been used in the experimental analysis
of materials such as determining the occupational sites of defects
in a lattice and the surface structure of the material [12], there
has been little work that describes what effect channelling would
have on ions, including protons, interacting with a polycrystalline
sample with a strong texture.

After irradiating a sample with protons the irradiation-induced
changes in the microstructure can be compared with the equiva-
lent features in a neutron-irradiated sample using techniques like
transmission electron microscopy (TEM) [13,14]. One common in-
dication of irradiation damage in the material is the increase in
the dislocation density in the sample. The change in the disloca-
tion density is of particular interest in Zr alloys because of the role
of dislocation loops in irradiation-induced growth (IIG) [15-18].

The dislocation loops can be observed using TEM by removing a
thin foil from the bulk of the proton-irradiated material. The irradi-
ated surface of the material is electro-polished [19] down to a pre-
defined depth determined with respect to the position of the Bragg
peak e.g. at 60% of the peak depth [19,20] and then is typically cut
to be 100 nm thick and 3 mm wide. The position of the Bragg peak
is most often calculated using the Monte Carlo program, Stopping
and Range of lons In Matter (SRIM [5]), which assumes an amor-
phous structure. For pure Zr the TEM foil is typically taken beyond
12 pm into the sample, shown by the solid black line in Fig. 1(c).
This approach to sampling the irradiated material avoids the effect
of surface damage as well as ignoring the region of implanted hy-
drogen. The foil can contain several different grains (the average
grain size for Zircaloy-2 is 15 pm [4]). As shown in Fig. 1(c), the
energy lost by protons can vary dependent on whether the protons
interact with a grain whose crystal orientation encourages chan-
nelling or is “shielded” to different degrees by the grain above. The
change in the energy lost therefore changes the position of the true
Bragg peak. However the depth at which a TEM foil is cut from
a sample is dependent on the Bragg peak as calculated by SRIM.
Given the change in the Bragg peak as a result of ion channelling,
the TEM foil could instead be cut from a high damage region (see
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Fig. 2. A histogram of the number of grains in the Zircaloy-4 sample binned by
the misorientation angle of the grain’s [000 1] crystal direction from the ND of the
sample [1].

the red dashed line in Fig. 1(c)) because of the protons travelling
through grains whose orientation does not encourage channelling.
As such more damage could be observed within the TEM foil than
would be expected based on the calculation of the damage distri-
bution using SRIM.

The crystal orientation has previously been found to affect
the damage introduced by ion beams. Whilst the authors of Ref.
[21] do not mention channelling specifically, they observed a
change in the lattice hardness with the orientation of the crystal.
The largest lattice hardness was near the basal plane orientation
[10 1 3 0] which is assumed to be caused by an increase in the
damage accumulation. The authors suggest that the orientations
with low linear densities (number of atoms per unit cell length),
like the [10 1 3 0] crystal orientation, have fewer atoms to disperse
the momentum evenly. In terms of channelling this would mean
that there would be fewer atoms within a channel that could con-
strain the ion within the channel. The ions are instead more likely
to scatter off individual atoms within a channel and increase the
number of displacements and damage in a grain.

In the following discussion we will assume that the TEM foil is
cut so that its normal is aligned along the irradiation direction and
hence also along the ND of the rolled plate (See Fig. 1(a)) according
to our earlier assumption.

In a Zr polycrystalline material with a split-basal texture, the
majority of the grains have the [0001] crystal axis orientated
within 40° of the ND of the sample (59.2% for recrystallized
Zircaloy-4, see Fig. 2(b)), otherwise referred to as typical grains,
which increases the probability of channelling based on Nordlund
et al.’s results [10]. Since the proton beam is aligned parallel with
the ND of the sample, the protons could deposit less energy in
the typical grain orientations compared with atypical grain ori-
entations and cause less damage to occur within the grains that
encourage channelling or in those that are "shielded” by a non-
channelling grain above.

A common experimental practice used to quantify the amount
of damage in a sample is to count the number of a-loops. However,
this is difficult to do in a grain with the [0001] crystal direction
perpendicular to the foil because the loops appear as small dots
(short lines) as a result of their habit plane (see Fig. 1(b) [18]).
In some foils the a-loops can be too numerous to distinguish from
other defects [15]. The a-loop density can be more easily calculated
from a grain that has its [0001] crystal orientation tilted > 70°
from the foil normal e.g. a grain with an orientation of [1210]
[19] close to parallel with the ND of the sample so that the a-loops
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appear as loops instead of dots (see Fig. 1(b)), which we refer to as
an atypical grain.

Although a-loop counting is easier using a grain with the
[l 21 0] crystal orientation parallel with the TEM foil normal, this
will also be aligned with the ND in the original rolled plate and so
the damage quoted for the entire sample is quantified using atyp-
ical grains rather than the more common grain orientations in the
split-basal texture.'

As discussed above, protons may be channelled more in atypical
grains than typical grain orientations. With less energy deposited
in grains by channelled protons than non-channelled protons, the
damage calculated using atypical grains would therefore underes-
timate the damage in the textured sample.

As such three questions arise. First, what degree of ion chan-
nelling occurs in Zr crystal orientations using 2 MeV protons typ-
ical of those used in irradiation experiments and second, what ef-
fect will channelling have on the possible damage distribution in
the grain orientations found in a textured sample. Third, what, if
any, biases might be introduced by counting loops under the con-
straints of TEM. This paper aims to answer these questions using
molecular dynamics simulations of proton bombardment in Zr and
discusses the implications for experimental TEM observations of
dislocation loops with respect to proton and neutron irradiation.

2. Computational methods

As discussed above, channelling is a well known phenomenon
whereby an ion travels along an open channel in the crystal lattice
and loses less energy than a non-channelled ion because of the re-
duced strength of interactions between the ion and the crystal lat-
tice. Channelling was originally described by Lindhard’s continuum
approximation [22] whereby a row of atoms can be described as
a string and two-body collisions can be assumed between the in-
cident ion and the string. The continuum potential, U;(p), due to
the ith string,

U= [ Lz, (1)

is calculated as an average of the atoms in the string, where p is
the separation between the ion and the row of atoms, z is the dis-
tance along the row, d; is the interplanar spacing between atoms
in the row i and V (/22 + p2) is the interaction potential between
the host atoms and the channelling species.

The continuum approximation assumes that the ion is only af-
fected by the forces in the transverse plane, i.e. normal to the rows,
and so the conditions for channelling can be described by differ-
ences in the ion’s transverse energy, E, ,

E. =U(p) +Esin(yr), (2)

where 1/ is the transverse angle between the ion’s trajectory and
the row of interest and E is the ion’s kinetic energy. U(p) is the
sum over i row potentials and is written as

U(p) = _Ui(pi) = Unin, (3)

where Uy, is chosen so that U(p) tends to zero in the middle of
the channel.

If an ion’s angle of incidence, 1/, is less than some critical value
Ve then the ion is channelled [22,23] and if an ion is separated
by more than a critical approach distance, p;;, from the nearest

1 Note that though the sample for irradiation can be cut from the rolled plate
with a different orientation and the TEM foil can be cut from the irradiated sam-
ple with a different orientation to those assumed here, an analogous effect would
always be possible as a result of the uniaxial nature of proton irradiation and the
constraints in observing loops in the TEM.
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row the ion will oscillate within the channel and the row of atoms
will continue to act as a continuum string. If however E, increases,
the ion can overcome the continuum potential and scatter off in-
dividual atoms instead of the continuum string.

To predict active channels previous authors (e.g. Lindhard [22],
Hobler et al. [24] and Nordlund et al. [10]) have used the screened
Coulomb potential to describe the atom-ion interactions. In the
present work we instead used an embedded atom method (EAM)
potential developed by Christensen et al. [25] to describe the in-
teratomic forces of interstitial H interacting with bulk Zr.

Using the molecular dynamics (MD) code LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator [26]), the EAM po-
tential was used to simulate the channelling of protons in Zr. A
Ziegler-Biersack-Littmark (ZBL) potential was individually splined
on to the Zr-H pair potential at 2.2 A in the Zr-H EAM potential
to model the repulsive forces expected for high energy collisions
in scattering interactions. This is because at very small separations
(< 0.01 A) there is a discontinuity in the EAM potential, this cou-
pled with the steep gradient of the Zr-H EAM potential at small
separations (< 1A) required the ZBL to be splined at a large sep-
aration. At separations >2.2 A the original Zr-H EAM potential is
used to describe the interatomic forces.

Whilst the interatomic forces described beyond the spline ra-
dius of 2.2 A would have a significant effect if the calculation was
performed beyond 1 x 1070 s i.e. observing the formation of cas-
cades or the implantation of hydrogen into zirconium, we were
only interested in the interatomic forces at short range and high
energy up to 1x 1071 s. Although a check was performed that
the splined EAM potential did not affect the equilibrium proper-
ties of the Zr lattice, it is possible that using the splined EAM po-
tential in this work to model the formation of cascades may be
misleading.

Previous channelling simulations have used a periodic bulk sim-
ulation cell and so only a small number of crystal orientations
could be simulated for a hcp crystal. The orientation of the beam
with respect to the bulk then had to be varied by changing the
angle of incidence [10]. In order to sample the full range of beam
orientations, an angle of incidence of up to 85° with respect to the
bulk surface normal had to be used.

Here we use a different approach using a variant of the spher-
ical cluster method (SCM) previously described in Ref. [27]. The
SCM is a convenient way to construct cells that allow us to simu-
late arbitrary crystal orientations and hence removes the need for
variations of the angle of incidence of the ion beam to the sample
surface. Due to the symmetry of the hcp crystal lattice only ori-
entations within a fraction of the full solid angle need to be sim-
ulated to determine the effect of the crystal orientation on pro-
ton channelling. As such our simulated crystal orientations are as
shown in Fig. 3.

The lattice vector along which the proton travels (vector A) can
be simulated by creating a sphere of Zr and rotating the sphere so
that the crystallographic vector A is parallel with the z-axis of the
external reference frame. The sphere is then cut along the x —y
plane of the external frame at the closest interplanar spacing to
z = 0 for the rotated crystal, exposing a flat plane of the chosen
crystal orientation to incident protons.

The sphere of crystal (with a radius of 264 A) was reduced
to a simulation box size of 25872 A x 336.06 A x 268.68
A (80 x 60 x 52 lattice units) in x, y and z with periodic bound-
aries applied in x and y and finite boundaries along the z-direction
as shown in Fig. 4. Although there are interfaces at the x and y
boundaries because of a mismatch of the lattice across the bound-
aries, the interfaces do not interfere with the implantation process
because the protons do not cross the x —y boundaries and there
are no defects produced that traverse the boundary. A 25 A deep
vacuum exists above the crystal surface in which the 2 MeV H
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Fig. 3. A stereographic projection of the hcp crystal directions aligned parallel with
the beam on to the (0 0 0 1) plane in Zr. The blue points show low-index direc-
tions and the orange points show high-index directions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

2 MeV H
atom

Initial
Velocity

259 A

Fig. 4. A schematic of the simulation setup in LAMMPS. The crystal is orientated
with respect to the reference frame so that the H atoms travel parallel with the
chosen crystal direction from Fig. 3. The surface of the crystal is at z= 0.

atoms were introduced at 15 A above the crystal surface, outside
the range of the EAM potential.

The very high forces of the EAM potential at small separations
mean that the movement of a high energy H atom at small sepa-
rations from a Zr atom could only be captured with a very small
time step of 1 x 10~> femtoseconds.?

The EAM potential used in LAMMPS describes metallic bonding
and therefore implicitly describes interactions between the nuclei
and the majority of the effect of the electrons, but the potential
does not include the non-adiabatic effects of nuclear-electron in-
teractions. As discussed in previous papers [28-31] electronic in-
teractions are important in metal simulations as the free electrons
can conduct heat away from cascades. The electrons can also act
as a reservoir that causes local heating and cooling of the ions via
electronic excitations. These extra electronic interactions need to
be explicitly included.

For fast moving ions (¥ > D’ozf/g’ where 7 is the Bohr velocity
and Z; is the projectile’s atomic number) the electronic loss can
be approximated by applying a drag force equal to the electronic
stopping force. For slow moving ions (7 « 0.17) the electronic in-
teractions are described by an electron-phonon coupling which in-

2 The default neighbour list cutoff was kept as the default value of 2.0 bins, with
the neigh modify option check included to determine whether atoms have moved
after every 10 steps in the simulation.
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cludes the back and forth exchange of energy between the ions
in the bulk and the electronic sub system. Whilst there are mod-
els that include both of these regimes such as the two tempera-
ture model (TTM) developed by Duffy et al. [32] or non-adiabatic
models [28,33,34], these approaches are unnecessarily complicated
for the fast light ions simulated here. The electronic losses can be
approximated by removing energy from the H atoms via a simple
drag force as mentioned above. Although the strength of the drag
force will be dependent on the charge state of the channelling ion,
the force can be approximated using SRIM [5]. SRIM [5] calculates
the electronic stopping force of H using a fit to experimental data,
hence the value of the stopping force will take into account any
statistical distribution in the charge state of the H ion in Zr. For
2 MeV H in Zr, SRIM [5] calculates the electronic stopping to be
4.465 eV/A. The drag force in LAMMPS is written as:

Fs:topping = *V\7 (4)

Where V is the ion’s velocity and y is the drag coefficient, which
in this case is 0.2198 molar mass/ps (in LAMMPS “metal” units).
Although the electronic stopping force actually changes with the
ion energy, a single value for the drag coefficient is justified by the
small range of velocities exhibited by the channelling proton in our
simulations

The complexity of the EAM potential compared with the
screened Coulomb potential makes it difficult to find an analyti-
cal approximation to the interatomic potential for a row of atoms
[23,24]. Without an approximation for the potential, the solution
for the critical approach distance is difficult to obtain. This work
instead finds the critical approach distance via direct simulation
by sampling the surface of Zr bulk with a large number of proton
implantations for different crystal orientations in order to find the
separation, p, between the proton and a lattice row below which
there is an increase in the energy lost by the proton as a result
of high energy scattering events. This approach is based on Lind-
hard’s discussion in Ref. [22] where the change in the energy lost
by the ions in a thin film may be assumed to be dependent on the
separation of the ion from the lattice atoms.

514 x —y coordinate combinations were randomly generated

within a box size of 239.32 A x 35846 A (74 x 64 lattice units)
and used as the entry points for the protons. Samples were pruned
to ensure that each x —y position was separated by at least 10
A from other x —y positions to reduce H-H interactions. For each
proton, the perpendicular distance to every lattice atom, p (i) was
calculated as:
P () =/ (= X)2 + O — )% 5)
where xy and yy are the initial x and y coordinates of the proton
and x; and y; are the x and y coordinates for the ith atom in the
lattice. The smallest value of p, for lattice atoms with z-positions
<200 A from the surface, was then plotted as a function of the
energy lost by each proton, after travelling 200 A into a crystal.

The critical approach distance p;; is the point at which there is
a distinct change in energy lost by the protons. To find p., each
p, for all crystal orientations, was binned into 100 bins. Within
each bin, an average was taken of the binned p to reduce the scat-
ter. The p value at which the energy loss rate of protons exceeded
the energy loss rate via electronic stopping (4.465 eV/A) was iden-
tified as p. The likelihood of proton channelling is then based on
the value of p for each proton relative to pg;;, where if p > Pt
the proton is considered to be channelled whereas if p < p.;;, the
protons will undergo high energy scattering events. p.;; can then
be regarded as the radius of a region around each row of atoms
to distinguish regions of the lattice where protons are likely to be
scattered or channelled.

Once p.i was found, the energy lost by the protons in each
crystal orientation was averaged over all protons to get an average
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Fig. 5. A schematic illustration of the steps taken to calculate the occluded area
fraction and the linear density for a given crystal orientation. (a) shows a view par-
allel to the initial proton direction and (b) a view normal to this, in which the sam-
ple surface is indicated. The filled circles mark the positions of atoms, with colours
indicating different layers. Only those atoms within a distance d.,, of the surface
are considered (in reality many more layers than shown are included within dey,).
In (a) we show the calculation of the occluded area fraction. We consider each atom
to occlude an area of radius p; about its centre (shown by larger blue circles). We
then consider a grid in the x —y plane (in reality, much finer than shown) and
squares whose centres fall within the p.; are considered occluded (shown shaded
red). In (b) we show the calculation of the linear density. A cylindrical volume of
radius pqj around an atom in the surface layer is considered (shown in blue). The
number of atoms n falling within this cylinder (indicated by crosses) is calculated
and the linear density is then given by n/d,,. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this arti-
cle.)

energy loss for that orientation, where the energy loss includes the
contribution from both electronic and nuclear interactions. The av-
erage energy loss was then compared with geometric features of
the crystal orientation such as the occluded area fraction, linear
density and the angular distribution of the orientation relative to
the ND of the sample.

To calculate the occluded area fraction for a chosen crystal ori-
entation, the fraction of the surface that is occluded by rows must
be determined (see the schematic illustration in Fig. 5):

1. The atomic positions above an evaluation depth, d.,,, which in
this work was taken as 100A, were extracted from the simula-
tion.

2. The extracted atomic positions were projected on to the xy
plane.

3. For each unique xy atomic position, a screening centre was ap-
plied to each atom with radius equal to the calculated critical
approach distance, p;;. The screening centre represents the re-
gion outside of which a proton is channelled (p > p;;) rather
than scattered (0 < Pgrit)-

4, The lattice surface was discretised with a grid, which in this
case was 30 A x 30 A x 100 A in x — y — z. The scale of the grid
was chosen to be 0.1 A; small enough to identify unique atomic
positions in the lattice surface. Each grid point was checked
to see if it fell within p.; of an atom centre. If so, the grid
point was counted as being occluded, shown as a red square in
Fig. 5(a).

5. The fraction of occluded grid points is then the occluded area
fraction.
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To calculate the linear density of each string of atoms
(Fig. 5(b)), the number of atoms whose single screening centres
overlap was divided by d.y,. The linear density for each string was
then averaged across all the strings within the evaluated surface.

The effect of channelling in a sample with a strong texture was
also investigated by using the same method described above but
constructing crystal orientations that were randomly sampled from
a textured sample that contains a large fraction (59.2%) of grains
with the [0001] crystal axis tilted 40° from the ND of the sample
and a small fraction of grains with the [OlTO] crystal direction
aligned parallel with the TD of the sample.

As discussed above, there has been previous work by Nordlund
on channelling in Zr [10] but the results were obtained using a
simplified version of MD and with a low energy ion (10 keV Zr
ion). To compare the results of Nordlund’s model and this work,
the implantation simulation was repeated using 10 keV protons
and an input drag coefficient in Eq. (4) of 6.0724 molar mass/ps.

The Zr crystal in the 10 keV and 2 MeV simulations was at 0 K,
but proton irradiation experiments are carried out at high temper-
atures (>600 K) to roughly match the temperatures in a reactor,
to accelerate the migration of clustered defects and to compensate
for the high rate at which damage is introduced by proton irradi-
ation compared with neutron irradiation. To observe the effect of
temperature on the channelling of protons, the implantation sim-
ulations of the crystal orientations in Fig. 3 were repeated using
simulation cells thermalised to 300 K, 600 K, 900 K and 1200 K
using the Nosé-Hoover thermostat at fixed volume in LAMMPS for
10 picoseconds, with a time step of 10~> fs. Once thermalised the
thermostat was applied only to a 15 A wide border around the
bulk and the NVE integration was applied to the remaining atoms
during the 2 MeV proton bombardment.

3. Results and discussion
3.1. Average energy loss

In Fig. 6 the energy lost by each simulated proton is plotted as
a function of p to find pg = 0.72 A, shown by the black line.
At p <0.72 A the energy lost by the protons increases rapidly
whereas the energy loss plateaus at p > 0.72 A. The average en-
ergy lost by the protons travelling through each orientation of the
Zr crystal is plotted on the stereographic projection in Fig. 7. The
orientations were divided into subgroups based on the segments
A-B-C-D in the stereographic projection. However there was no ob-
vious pattern in the energy lost by the protons within each sub-
group of the stereographic plot other than group D having an av-
erage energy loss that was 43% higher than A,B or C. This may be
because there is a high number of high-index directions (shown
in Fig. 3) within group D compared with A,B C. The orange points
in Fig. 7 show a higher average energy loss than the blue points,
because the orange points are fractionally higher index directions
compared with the blue points.

Fig. 8 (a) shows that protons travelling through crystal orien-
tations with a high occluded area fraction are more likely to lose
a large amount of energy because there is less open space in the
lattice in which the protons can be channelled. This becomes in-
stantly apparent if the fraction of the occluded surface, includ-
ing the screening centre, is plotted for the (d) [0001] and (e)
[018181] crystal orientations as in Fig. 8.

The low index crystal orientation [0001] (Fig. 8(d)) has less
space occluded by rows of atoms (and by the continuum poten-
tial of the row represented by the screening centre). Protons are
therefore more likely to enter an open channel and be channelled
compared with protons travelling in a high index crystal orienta-
tion like [018181] (Fig. 8(e)).
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Fig. 6. The energy lost by 2 MeV protons after travelling 200 A into a Zr crystal as a
function of the separation between each proton and the closest lattice atom within
each crystal orientation. Each point represents a single proton and each series one
of the orientations shown in Fig. 3. The black line is the critical approach distance,
Peric = 0.72 A.

3000

2800 A

N

o

o

]
L

2400 -
2200 -

2000 I

1800 A

Average energy loss, eV

1600 -

1400 -

1200 -

OHNMSINON®OOO
—

11
12

SNON©OOO
HeH A A A AN

=N MmN
NNNNN

Y 13

?

A B (o] D

Fig. 7. The average energy lost by the protons travelling through a crystal with a
given orientation grouped by the subset of the crystal orientation on the stereo-
graphic projection. The numbers follow the same distribution as that of Fig. 3. The
error bars represent the standard error in the average energy lost by the protons for
each orientation. The orange points distinguish marginally higher index directions
than the blue points. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

For the high index crystal directions the lattice does not repeat
until large depths in the material, and this results in the low lin-
ear density in Fig. 8(c). The authors of Ref. [21] theorised that the
damage created by incoming ions was reduced if the crystal ori-
entation had a high linear density because the momentum trans-
ferred by the scattering of ions along the channel was more evenly
transferred in comparison with an orientation with a low linear
density. This observation appears to be consistent with the ob-
served trend in Fig. 8(b).

Since protons lose less energy when travelling through low in-
dex crystal orientations compared with high index crystal direc-
tions, there is less energy deposited in the lattice that can produce
radiation-induced defects and hence changes in the microstructure
such as the formation of dislocation loops. This suggests that there
should be less microstructural changes in low index crystal orien-
tations compared with high index crystal orientations. Of course,
the processes leading to dislocation loop formation, for example,
form over much longer timescales (1x10-10 s) than was studied in
this work (1x10~13 ),
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Fig. 8. For each crystal orientation the average energy lost by the protons is plotted as a function of (a) the occluded area fraction and (b) the linear density. The error bars
are the standard error in the average energy lost by the protons. The linear density for each crystal orientation is plotted against the corresponding occluded area fraction
in (c). The red circle around each lattice point (black points) represents the occluded area around a row of atoms within which scattering is likely to occur in the crystal
orientations (d)[0001] and (e) [0 lsﬁl]. The grid lines in (d) and (e) show the distribution of the grid employed to calculate the occluded area fraction, as shown in the
schematic in Fig. 5(b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The correlation between the occluded area fraction and the av-
erage energy lost by protons as a function of crystal orientation
suggests that the occluded area fraction may be an easily calcu-
lated predictor of the degree of proton channelling with changing
crystal orientation avoiding the need to calculate analytical solu-
tions from channelling theory or to run full simulation dynamics.

3.2. Effect of texture

To study the effects of texture, we simulated the proton im-
plantation for 166 crystal orientations randomly sampled from a
textured sample with clusters of atypical grains with the [OlTO]
crystal direction aligned parallel with the TD of the sample. The
randomly sampled grain orientations are plotted along with the

low index crystal orientations from Fig. 3 in Fig. 9(a). The majority
of the crystal orientations from the textured sample were found to
have an occluded area fraction of 1.0 (Fig. 9(b)), which indicates
that the there should be no channelling in these crystal orienta-
tions because there are no open channels available in the surface
when the occluded area around each atom is taken into consider-
ation. The occluded area fraction is high because there is no re-
peating lattice structure within the bulk depth simulated. There
are therefore many unique atom positions in x —y that increase
the occluded area fraction. All the grain orientations from the tex-
tured sample have a linear density of 0.01 atoms A~ (Fig. 9(c))
because there was only one atom for each unique atom position
in x — y within the bulk depth used in the calculation of the linear
density. If a deeper bulk were to be simulated (> 400 A), it is ex-



A. Adrych-Brunning and C.P. Race

. [1,1,0,0]

Journal of Nuclear Materials 547 (2021) 152808

3250 A

Average energy loss, eV
N N N N
o N w ~
o w o w
o o o o

17501

15001 ¢

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Occluded area fraction

(b)

oo ¢[1,2,10]
(a)
3250 1
3000 A
>
@ 2750
o
3
> 2500 -
o
@
S 2250 A
&
gzooo- ! .
< 7s0q | +o’+
P [}
1500 A o

’0. R

0.00 0.05 0.10

0.15 0.20 0.25 0.30

Linear density, atoms A~

()
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pected that the linear density would increase because a repeating
lattice structure would be expected within a larger bulk depth.

As a measure of the degree of channelling in the sampled crys-
tal orientations, the average energy lost was converted into an in-
dicative penetration depth i.e. the depth to which a proton will
travel in a crystal before coming to rest. The indicative penetration
depth, R, can be calculated by converting the average energy loss
into a stopping power, S, and assuming that the protons lose en-
ergy at a rate given by a viscous damping with a drag coefficient
based on the average energy lost within the simulated depth of
200 A:
~ 2E,

R==2, (6)
where Ej is the ion’s initial energy, which would be 2 MeV in this
case and S was calculated by dividing the average energy lost by
the protons for each orientation by the simulated depth of 200 A.

After plotting each crystal orientation simulated on a (0 0 0 1)
Zr plane pole figure, each point was coloured by the respective
change in R as shown in Fig. 10(a). A linear interpolation was
made between the sampled orientations to create a contour map
(Fig. 10(a)) for the indicative penetration depths of protons in a Zr
crystal. 5

The maximum R calculated in this work was found to be 28 pym
deeper (71.8% higher) than the implantation depth for an amor-
phous Zr structure calculated using SRIM [5] as a result of chan-
nelling in the low-index direction [12710]. Whilst R is only an in-

dicative penetration depth, we note that the mean R for all sim-
ulated crystal orientations is within 4% of the implantation depth

for an amorphous Zr structure calculated using SRIM. This suggests
that SRIM will significantly underestimate the penetration depth of
ions where channelling occurs and therefore will not capture the
correct damage distribution in a grain whose orientation encour-
ages channelling.

Since many of the crystal orientations were sampled from a tex-
tured sample there is a high density of points within +40° tilt from
the ND of the sample. The majority of these orientations show a
shallow penetration depth that is almost half that of the low index
crystal directions like [0110] and [T270].

As the crystal lattice is tilted so that the [0001] crystal direc-
tion is more than 40° from the ND of the sample there are more
crystal orientations which encourage proton channelling, hence the
protons lose less energy and travel further into the crystal. As
mentioned previously, when the TEM foil normal is aligned with
the ND of the rolled plate (or the radial direction of the pilgered
tube), a-loops can most easily be counted using atypically orien-
tated grains i.e. with the [0001] tilted > 70° from the ND of the
sample.

If an average is taken across the energy lost by protons in grains
whose orientation are typical (< 40° from the ND of the sample)
or atypical (> 70° from the ND of the sample) and then compared
in Fig. 11 it can be seen that 10.3% less energy is lost in atypical
grains compared with typical grains at 0 K.

Although the difference in the average energy lost in atypi-
cal grains compared with typical grains is small, the average en-
ergy lost in a single atypical grain varies more than the typical
grain orientations as shown by the large standard deviation in
Fig. 11 and the variation in R in Fig. 10(a). Hence by quantifying
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Fig. 11. A plot of the average energy lost by protons travelling in grains with the
crystal direction [0001] tilted < 40° from the ND of the sample (typical grain ori-
entations) and grains with the crystal direction [0001] is tilted > 70° from the ND
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legend, the reader is referred to the web version of this article.)

the damage in a sample using a single atypical grain orientation,
the damage may vary by a factor of 2.

As mentioned previously there is already literature available for
the channelling directions in Zr for 10 keV Zr [10], the results of
which are reproduced in Fig. 10(b)>. Most notable in a comparison
between Fig. 10(a) and (b) is that Fig. 10(b) is missing data at the
90° polar angle on the (0 0 0 1) pole figure. This is because the
ions enter the crystal at oblique angles to the (0 0 0 1) planar sur-
face when using the method in Nordlund et al.’s paper [10], hence
many ions are back-scattered and do not enter the crystal. Instead
the entire crystal surface must be rotated and a second pole figure
plotted for the (2 1 1 0) planar surface to observe the penetration
depth of ions into a lattice with the [000 1] crystal direction tilted
by 90° from the ND of a sample. Meanwhile the spherical cluster
method employed here can be used to simulate arbitrary crystal
orientations and so the ion beam does not need to be tilted to ac-

3 Reprint used within the creative commons license 4.0 for Ref. [10]

cess crystal orientations that have the [0001] crystal direction at
90° from the ND of the sample and the ions do not need to enter
at oblique angles. Instead all of the ions bombard perpendicular to
the crystal surface.

Comparing Fig. 10(a) to (b), the positions of the largest penetra-
tion depths coincide for the low index crystal directions [Tz TO],

[2203] and [1213]. These low index directions also coincide
with the crystal orientations with low occluded area densities in
Fig. 9(b). Unfortunately there are few grains with the [TZTO] crys-
tal orientation near parallel with the ND of the sample in the tex-
tured sample set shown in Fig. 9(a), hence the linear interpola-
tion made between the sampled points has broadened the zones of
highest penetration depths in Fig. 10(a) compared with Fig. 10(b).
Apart from the [1210], [2203] and [1213] crystal orientations
the penetration depths for the other crystal orientations are differ-
ent, which could be for four reasons; the sampling of the orien-
tations, the difference in lattice temperature and/or the mass and
energy of the ion:

1. In this work 166 orientations were randomly taken from a tex-
tured sample, therefore there are a high number of data points
clustered within +40° tilt of the ND of the sample shown in
Fig. 10(a). The linear interpolation between data points will
therefore be a good approximation to the implantation depths
for unknown orientations around the clustered points. There
are fewer data points beyond 40° tilt therefore the linear in-
terpolation may not adequately capture the change in implan-
tation depth of protons in crystal orientations which are tilted
more than 40° from the ND of the sample. This would explain
the broad hot spots around the low index directions and why
the small amount of channelling along the planes is not cap-
tured in Fig. 10(a) compared with Fig. 10(b).

2. The lattice was not thermalised in the simulations whereas
Nordlund et al. [10] used a thermalised lattice at 300 K. Hence
to investigate the effect of the lattice temperature on the chan-
nelling of protons we have repeated the simulations with a lat-
tice thermalised to 300 K, 600 K, 900 K and 1200 K. The results
are discussed in the next section.

3. In channelling theory, the mass of an ion does not alter which
crystal orientations encourage channelling. However as found in
the literature [10,35] the energy deposited in the crystal and
the range that the ion travels change with the ion mass. For
example Nordlund et al. [10] calculated that in theory the frac-
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Fig. 12. (a) shows the change in the critical approach distance, p;, with the temperature of the lattice. (b) is a plot of the average energy lost by 2 MeV protons as function
of occluded area fraction calculated for a lattice at 0 K, 300 K, 600 K, 900 K and 1200 K, using a screening centre=0.72 A for the respective temperatures in (a). The error
bars represent the standard error of the average energy lost for the protons in each crystal orientation and (c) shows the change in the average energy lost by 2 MeV protons
in a thermalised lattice at 300 K, 600 K, 900 K and 1200 K as a function of the change in occluded area fraction from a non-thermalised lattice. (d) is the change in the
penetration depth of the 2 MeV protons as a function of the change in occluded area fraction for the lattice thermalised to 300 K, 600 K, 900 K and 1200 K.

tion of ions that are channelled increases as the mass of the
ion decreases but did not observe the expected change in the
channelling fraction in their MD simulations. This effect how-
ever was not investigated further in Ref. [10]. In this work
the simulated protons are 100x lighter than the Zr ions simu-
lated in Ref. [10], therefore some of the crystal orientations may
show a larger penetration depth in Fig. 10(a) compared with
Fig. 10(b).

4, Along with the effect of the ion’s mass, the ion’s energy af-
fects p.ic- As the ion’s energy decreases p. must increase to
find the regions of a channel where the high transverse en-
ergy (Eq. (2)) is conserved for low energy ions. Hence p.; will
be smaller for the high energy protons simulated in this work
compared with the low energy ions simulated in Ref. [10]. The
smaller p.;; means that a higher fraction of the 2 MeV protons
are likely to be channelled compared with 10 keV ions and as
such some crystal orientations will appear in Fig. 10(a) as crys-
tal orientations that encourage channelling but may not appear
on Fig. 10(b). To investigate the ion energy effect on channelling
the low index crystal orientation simulations were repeated us-
ing 10 keV protons instead of 2 MeV. The results are discussed
in Section 3.4.

3.3. Effect of temperature

In channelling theory the temperature of the lattice is expected
to change the fraction of ions that are channelled because the vi-
bration of atoms increases E,. p.;; for a thermalised lattice must
therefore increase to satisfy the conditions for channelling de-
scribed above [23,24]. As the atoms are displaced from their equi-

10

librium positions the effective area that the atoms occupy during
a single vibration increases compared with an atom at 0 K. As the
area occupied by an atom increases, the available space in the lat-
tice for the protons to be channelled reduces. This can be seen by
an increase in pgj with the temperature of the lattice in Fig. 12(a),
which is consistent with the observations of Ref. [23].

If the area fraction for each of the thermalised lattices is calcu-
lated using pg;c at 0 K (0.72 A), the area fraction increases with the
lattice temperature as a result of the atomic vibration as shown in
Fig. 12(b).

In Fig. 12(c) the change in the occluded area fraction for the
thermalised lattices compared with the equivalent occluded area
fraction calculated for a non-thermalised lattice shows a corre-
sponding increase in the average energy lost by 2 MeV protons.
However the average energy lost for each crystal orientation does
not seem to be dependent on the temperature of the lattice. On
average the energy lost by protons travelling in a thermalised lat-
tice increases by 500 eV but has no dependency with increasing
lattice temperature above 300 K. Morgan et al. [23] discuss how
the trajectory of channelled ions may become unstable after 200
A because of the change in E, with the temperature of the lattice,
at which point a large fraction of initially channelled ions may be-
come dechannelled because of the increase in the probability of
a nuclear interaction between the lattice atoms and the protons
with increasing lattice vibrations. The bulk in this work was how-
ever only 200 A deep therefore the different lattice vibrations for
the thermalised lattices may not result in a large deviation in the
energy lost by the protons, which may explain the lack of an in-
crease in the average energy lost by protons with increasing lattice
temperature.
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Fig. 13. The weighted average energy lost for typical grain orientations (< 40° from
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protons travelling in atypical grain orientations (> 70° from the ND of the sample)
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and minimum average energy losses in the two grain classes. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

As mentioned previously proton irradiation is carried out at >
600 K to simulate the temperature of a reactor and the damage
in a proton-irradiated sample has in the past been quantified us-
ing atypically orientated grains [19,20]. To assess the effect of tem-
perature on the damage measured in this way the average energy
lost by protons travelling in atypical and typical thermalised lat-
tices was weighted by the fractions of atypical and typical grains
in the textured sample. The weighted average for the 600 K data
is compared with the non-weighted 0 K data in Fig. 13. The av-
erages for the 0 K data do not require any weighting as the 0 K
simulations involved crystal orientations sampled randomly from a
representative split-basal texture.

The trend in the average energy lost by protons in atypical and
typical grains changes with the temperature of the lattice. Whereas
less energy is lost on average in atypical grains compared with typ-
ical grains at 0 K, the reverse is found at 600 K. The average energy
lost in typical grains only increases by 0.2% with an increase in lat-
tice temperature whereas the average energy lost in atypical grains
increases by 18.7% with the increase in lattice temperature.

The standard deviation is consistently larger in the atypical
grains, at both lattice temperatures, than the typical grains be-
cause of the smaller number of grains (7.3%) in the split-basal tex-
ture that fall into the atypical grain category. The large deviation
in the average energy lost in atypical grains compared with typ-
ical grains means that, on average, there is likely to be a large
difference in the damage quantified in single atypical grains com-
pared with typical grains, assuming that the average energy lost by
protons in a grain correlates with the damage introduced into the
grain. However, the reduction in standard deviation at 600 K com-
pared with 0 K, suggests that the difference between atypical and
typical grains is reduced at high temperatures.

With the limited number of crystal orientations simulated with
a thermalised lattice it is difficult to discern whether the high av-
erage energy lost by protons in a thermalised lattice in Nordlund’s
work [10] (Fig. 10(b)) could explain the difference in the distri-
bution of penetration depths calculated in this work as shown in
Fig. 10(a). It is possible that the small standard deviation in the
energy lost by protons travelling in thermalised lattices compared
with non-thermalised lattices (Fig. 12(c)) would have resulted in
tighter and fewer hot spots in Fig. 10(a) and may have instead been
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more similar to Fig. 10(b) had more crystal orientations been sim-
ulated.

3.4. Effect of ion energy

As discussed in Section 3.2, the differences in the distribution
in R (our proxy measure of range) between Fig. 10(a) and (b) could
also be caused by the difference in the energy of the simulated
ions. To investigate this possibility we now examine the results of
simulations using 10 keV protons instead of 2 MeV protons.

Similar to the lattice temperature, channelling theory predicts
an increase in pg i as the ion’s energy decreases to compensate
for the increase in E; of the low energy ion. In this work o, for
10 keV protons was found to increase by 76% compared with o0
calculated for 2 MeV protons.

To compare the average energy lost by 10 keV protons with
2 MeV protons the occluded area fraction was calculated using
Perit= 0.72 A and is shown in Fig. 14(a). The higher average en-
ergy lost by 10 keV can be explained by the larger fraction of the
simulated protons that fall into the occluded regions of the lat-
tice for 10 keV protons compared with 2 MeV protons as shown
in Fig. 14(c). The fraction of the total protons that were channelled
or scattered in each crystal orientation was calculated by finding
whether p for each proton was separated less than the critical sep-
aration for the individual crystal orientation, p., or more than p
respectively, where p; is the critical separation, calculated for each
of the crystal orientations individually, using the same method as
described in the methods section and in Section 3.1. Whilst the
protons travelling through the different crystal orientations follow
the same distribution as Fig. 6, the separation at which the in-
crease in the energy loss occurs, as a result of high energy scat-
tering events, can vary slightly for each crystal orientation because
of the differing amounts of channelling in each lattice structure.
A critical separation per crystal orientation was therefore used in
this instance instead of p;; found in Fig. 6.

The energy lost by 10 keV protons was found to increase on
average by 49% compared with the average energy lost by 2 MeV
protons travelling in the same crystal orientations (See Fig. 14(a)).
The trend of increase in the energy lost with the occluded area
fraction of the crystal orientation appears to be consistent for both
ion energies.

The average energy lost by 10 keV protons travelling in the
[0001] and FZTO] crystal directions was converted into an effec-
tive range (Eq. (6)) and compared with the penetration depth for
the same crystal directions from Nordlund’s work [10] in Fig. 10(b).
The energy lost by 10 keV protons travelling in [000 1] simulated
in this work resulted in R that was 11x larger than the pene-
tration depth in Fig. 10(b) and the R calculated in this work for
the [T2710] crystal direction was 5x larger than the equivalent in
Fig. 10(b). As mentioned at the end of Section 3.2, the ion mass
can change the energy deposited in the grain and the range of the
ion, which appears to be the cause of the smaller average energy
lost by the protons simulated in this work compared with the Zr
ions simulated in Ref. [10].

The smaller average energy lost by low energy protons in this
work compared with Nordlund’s work in Ref. [10] and the differ-
ence in the distribution of penetration depths between Fig. 10(a)
and (b) suggests that the most likely cause of the disagreement is
the lattice temperature and the ion mass rather than the ion en-

ergy.
4. Impact on future studies
Throughout this paper, we have considered the common exper-

imental practice of preparing samples to observe the microstruc-
tural changes caused by irradiation in textured samples. In this
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Fig. 14. The average energy lost by 2 MeV protons compared with 10 keV is plotted as function of (a) the occluded area fraction and (b) the linear density of the simulated
crystal orientations shown in Fig. 3. The fraction of the total number of protons simulated per crystal orientation that are either (c) scattered or (d) channelled is plotted as
a function of occluded area fraction for protons simulated with 2 MeV and 10 keV kinetic energy. Whether a proton is classed as being scattered or channelled is determined
by the proton’s separation from the nearest lattice atom relative to the critical separation for the individual crystal orientation, p, i.e. a proton is considered channelled if

p > pq and scattered if p < pg.

section we summarise the key points that might impact future ex-
perimental studies of irradiated samples.

First we note that the difference in energy loss (and there-
fore the likely difference in damage) between the average typical
and the average atypical grain is rather small. This is because al-
though the zirconium alloys used in fuel clad have a strong texture,
there is still considerable spread in the orientation of the basal
poles amongst the typical grains and channelling is only appre-
ciable when the proton beam is closely aligned with a low index
direction. Therefore we conclude that the suitability of proton irra-
diation as a surrogate for neutron irradiation is not detrimentally
affected by channelling.

Second, as a caveat to the above statement, we note that we
do predict a large grain-to-grain variation in the energy loss as a
function of grain orientation. Therefore an evaluation of damage in
a proton irradiation experiment that examines only a small num-
ber of grains may not be representative of the average grain. Hence
we conclude that whilst channelling has a small effect on average
it can have a large effect on the damage in any given grain.

Third, to guard against incorrect conclusions from studies based
on a small number of grains, we have shown that the energy de-
posited is strongly correlated with the occluded area fraction. This
observation provides a means of assessing the individual grains in-
cluded in an experimental TEM study to determine the extent to
which they may be poorly representative of average behaviour. If
the orientation of the proton beam relative to the sample is known,
then those grains likely to show anomalously large channelling ef-
fects can be identified.

5. Conclusions

This paper reports the results of our simulations of the interac-
tions between protons and Zr bulk using the molecular dynamics
code LAMMPS [26]. We have examined how the degree of proton
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channelling changes with the orientation of a crystal as well as the
effect of the ion energy and the temperature of the lattice on the
energy deposited by protons in bulk Zr. As previously described,
atypical grains can be chosen to quantify the damage in a proton-
irradiated sample because of the increase in contrast in TEM when
viewing a-type dislocation loops. The choice of a specific texture
component should however be made with regard to the effects of
proton channelling on the energy deposition in grains [19,20]. We
have determined what may be the consequences of using atypical
grains to quantify the damage from proton irradiation in a textured
sample. In summary, we conclude that:

o The average energy lost by 2 MeV protons can change with the
orientation of the Zr crystal by up to 40%.

o The degree of channelling from grain to grain changes the en-
ergy lost by protons and can result in losses that differ by a
factor of 2 between grains. Hence quantifying the damage in
an irradiated sample using a single grain, or a small number of
grains, will give results that may not be representative of the
damage in a textured polycrystalline sample.

Furthermore, we conclude that:

o The average energy lost by protons increases with the calcu-
lated occluded area fraction per crystal orientation. The oc-
cluded area fraction may be an easily calculated predictor of
the degree of proton channelling with changing crystal orienta-
tion without the need to solve analytical equations from chan-
nelling theory.

o The average energy lost by protons increases by 49% with de-
creasing ion energy from 2 MeV to 10 keV.

o Protons travelling through thermalised and non-thermalised
bulks with low index crystal orientations like [TZTO] and

[0110] show a high degree of channelling. However the ther-
malised lattice increased the number of scattering events and
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increased the energy lost by protons (500 eV) compared with a

lattice at 0 K.

The average energy lost by protons increased by 38% in a ther-

malised lattice of 300 K compared with a lattice at 0 K. There

was however no noticeable further increase in the average en-

ergy lost in lattices with increasing temperature beyond 300 K,

most likely because of the thin simulation bulk used in this

work.

o We compared our work with Ref. [10] and found discrepancies
between the results, namely in which of the crystal orienta-
tions encourage the smallest amount of energy loss as a result
of channelling. We conclude that this was mainly due to the
difference in the temperature of the lattices simulated.

e« When the energy lost by high energy protons is instead aver-

aged across many grains, there is little difference in the en-

ergy lost by protons, for example 10.3% less energy being lost
in atypical compared with typical grains.

The difference in the energy lost by protons travelling in atyp-

ical grains compared with typical grains is reduced with in-

creased lattice temperature (>300 K). At 600 K 6.2% more en-
ergy is lost by protons in atypical grains compared with typical
grain orientations.

The change in trend between the average energy lost in atypical

and typical grains with lattice temperature is because of the

variability (34% at 0 K and 10% at 600 K) in the energy lost
within individual crystal orientations.

The large deviation in the average energy lost in atypical grains

compared with typical grains means that, on average, there is

unlikely to be much of a difference observed in the damage
quantified in atypical grains compared with typical grains at
high temperatures.

Since proton irradiation experiments are carried out at 600 K,

the damage quantified using atypical grains can be represen-

tative of the damage in a textured sample, if the damage has
been averaged over many atypical grains.
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