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ARTICLE INFO ABSTRACT

Dataset link: https://zenodo.org/doi/10.5281/ We recast the Howie-Whelan equations for generating simulated transmission electron microscope (TEM)
zenodo.11083370 images, replacing the dependence on local atomic displacements with atomic positions only. This allows rapid
Keywords: computation of simulated TEM images for arbitrarily complex atomistic configurations of lattice defects and
TEM dislocations in the dynamical two beam approximation directly from standard atomistic simulation output
Radiation damage files. Large-scale massively-overlapping cascade simulations, performed with molecular dynamics, are used
Cascade simulation to generate representative high-dose nanoscale defect and dislocation microstructures in tungsten at room
Radiation induced defects temperature. We then compare the simulated TEM images to experimental TEM images with similar irradiation

and imaging conditions. The simulated TEM shows ‘white-dot” damage in weak-beam dark-field imaging
conditions, in agreement with our experimental observations and as expected from previous studies, and in
bright-field conditions a dislocation network is observed. In this work we also compare the simulated images
to the nanoscale lattice defects in the original atomic structures, and find that at high dose the white spots
are not only created by small dislocation loops, but rather arise from nanoscale fluctuations in strains around
curved sections of dislocation lines.

1. Introduction nature. These small features, characteristic of radiation damage, are
often referred to as ‘black-dot’ damage when observed in bright-field
The thermomechanical properties of structural materials are conditions (or ‘white-dot’ in dark-field) [17-19]. The small features are
strongly dependent on the material microstructure, yet materials pro- of fundamental importance to understanding microstructural evolution,
posed for advanced nuclear fission and fusion must tolerate exposure for as well as being the characteristic state for low temperature irradia-
to irradiation, which introduces nanoscale defects changing the mi- tion, quasi-independent prismatic dislocation loops are the first defects
crostructure in service [1,2]. There is, therefore, a real interest in formed during irradiation [20,21], and they also form the building
characterising the evolution of microstructure as a function of irradi- blocks for defect annealing and coarsening.
ation dose and temperature. A popular and long-established tool for Image simulations suggest a single, isolated black-dot is consistent

investigating nanoscale defects characteristic of irradiated microstruc-
tures is conventional TEM, as it offers a direct window onto the
microstructure at the micrometre scale with sub-nanometre resolu-
tion [3,4]. Many features of irradiated microstructure can be identified
unambiguously with TEM — voids [5,6], bubbles [7,8], large dislo-
cation loops [9,10], dislocation lines [11,12], stacking faults [13],
stacking fault tetrahedra [14,15] and second-phase particles [16]. But
small features of a few nanometres in size are much more difficult to
characterise. Notwithstanding the issue that a small cluster of defected
atoms may image too faintly to be readily detected, by eye or other-
wise, those small features which do image brightly typically appear
as featureless spots, offering no real insight into their true atomic

with a single, perfect, isolated dislocation loop. Experimentally, we
sometimes find dots that become invisible at a particular set of imaging
g-vectors, suggesting that g-b = 0 in these conditions, and hence
indicating a loop with a single Burgers vector [4]. But this invisibility
criterion is only really true in the limit of long-range linear elasticity,
and cannot be relied on in cases where the defect is much smaller than
this elastic limit [4,22]. This identification is further complicated by the
fact that a single, perfect, isolated dislocation loop is often the one thing
the spot cannot possibly be: molecular dynamics simulations show
that small dislocation loops in Body-Centre Cubic (BCC) metals are
extremely mobile, with a diffusion constant order 0.01 pm?/s [23], and
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so prismatic loops would find their way to the TEM foil surface before
observation is possible [24]. This contradiction has been explained
previously by assuming the loop is pinned by impurity atoms [25,26],
or by elastic interactions with other lattice defects [27]. Molecular
dynamics simulations of overlapping cascades have offered another
possibility — that the defects are not simple loops with one Burgers
vector, but may be complex objects [28,29]. High-dose, massively over-
lapping cascade simulations have suggested that the transition from
simple loop-like defects to complex network dislocation microstructure
may happen at a dose of 0.01 to 0.1 dpa [30-32]. The true nature of
the black dots is therefore uncertain.

Rather than adopting the standard approach of simulating TEM
images of known, isolated defects, and checking they image in a way
consistent with experimental observations [33], in this work we per-
form image simulations of characteristic irradiated microstructure and
view them dispassionately. While this approach is similar in motivation
to that employed by Schidublin et al. previously [34]; our work has
important computational differences allowing us to explore larger simu-
lation sizes with a wider range of defect environments. In Section 2, we
rederive the equations for simulating dynamical two-beam imaging. We
recast the partial differential equations, replacing the dependence on an
atomistic displacement field with a dependence only on atomic position.
This is more physically meaningful for arbitrary atomic configurations
typically generated using molecular dynamics simulations where the
reference lattice may be difficult to define, and is computationally very
efficient, generating a simulated image of a million atom configuration
in seconds.

We emphasize that more sophisticated (and therefore more compu-
tationally expensive) models for generating simulated TEM or STEM
images exist. ABTEM [35] and PRISTMATIC [36] consider the dis-
persion of electrons during their propagation through the material, re-
quiring a multi-slice simulation technique. While often more accurate,
particularly when a simulation aims at generating a high-resolution
image of an arbitrary highly distorted atomic configuration with no
clearly defined reference crystal lattice, this added level of resolution
implies greater computational effort and restricts the number of atoms
which can be handled on a desktop computer, and requires more user
input in the form of testing for convergence in the solution.

In Section 3 we describe large-scale MD simulations used to pro-
duce characteristic high-dose irradiated microstructures. Similar sim-
ulations have been shown previously to have a maximum hydrogen
retention capacity in agreement with hydrogen plasma-loading ex-
periments [37], a qualitative strain response in agreement with X-
ray diffraction measurements [31], ion-beam mixing in agreement
with Rutherford Backscattering (channelling) experiments [38-40], and
thermal conductivity in agreement with transient grating spectroscopy
experiments [41]. For this work we use simulation boxes of 21 million
atoms; from a computational perspective, this size is necessary to
minimise elastic periodic image effects from the defects generated, but
more importantly the cell side length (70 nm) is directly comparable
to the typical thickness of a TEM transparent foil, and the simulation
boxes contain sufficient defects to enable a non-trivial statistical image
analysis. A TEM image calculation of this kind, using the methodol-
ogy developed in this study, takes a couple of minutes on a desktop
computer, and has good parallel scaling (currently to 128 cores) on a
computer cluster.

Finally, in Section 4 we use a JEOL 2100 TEM equipped with a LaBg
source to image tungsten foils irradiated to 1 dpa with 20 MeV self
ions at room temperature. These irradiation experiments are, as close
as possible, a match to the simulations. We show that there is a very
good qualitative agreement between simulated and experimental TEM
images. But when we look closer at the known nanoscale defects in the
microstructure responsible for the simulated image, we see a rather
weak correlation between the position of brightly imaging spots and
the dislocation loops. Rather we find that, in dark field conditions, the
brightly imaging regions are due to any strain fields which fluctuate at
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the nanometre scale. These strain fields are generated by all defects, be
they simple or complex loops or parts of the dislocation line network.
We conclude that black-dot damage is consistent with a range of
complex microstructural features with a characteristic nanometre scale.
And so for characterising a high dose microstructure, we show by direct
simulation that it is necessary to consider both dynamical and weak
beam conditions.

2. Howie-Whelan approximation for generating simulated TEM
images

In this section we rederive the Howie-Whelan equations for dy-
namical two-beam imaging in a form which allows us to use atomic
positions only, rather than a strain or displacement field, computed in
the elasticity theory approximation.

We start with the Schrédinger equation to describe the propagation
of high-energy electrons:

2 52 212
o ) + UG = ), )
where ¥(r) is the one-electron wave function of a high-energy electron,
as a function of position r, k is the wave vector of incident electrons,
and U(r) is the potential energy of interaction between the high-
energy electron and the atoms. Although the above equation is taken
in the non-relativistic form, in the treatment of electron diffraction
the relativistic effects can be accounted for by replacing m with the
relativistic electron mass [42].

We look for the solution in the form of a sum of propagating
and diffracted beams, where the amplitude of each varies slowly as a
function of spatial coordinates

P(r)=®y(r)exp(ik-r)+ tbg(r) expli(k+g)-r], (2)

where g is a reciprocal lattice vector used for imaging.

A dark field TEM image of microstructure is given by the intensity
distribution I,(x, y) computed as |@,(x, y, L)|? at the exit surface of the
foil at z = L. The corresponding bright-field image is computed as the
intensity distribution of the transmitted beam |®(x, y, L)

Substituting (2) into (1), we find (see the Eq. (3) in Box I).

we have neglected the second order derivatives of the slowly varying
amplitude functions @y(r) and @4(r). The fact that these functions
indeed vary slowly as functions of z is confirmed by the form of
Egs. (4). The relative significance of the second order derivatives in
these equations is discussed below.

Separating the terms associated with either exp(ik - r) and exp(i[k +
g) - r], and choosing the direction of the z axis in the direction of k,
where |k| > |g|, we arrive at a system of coupled equations for the
amplitudes of the transmitted and diffracted beams

J U, .
57 o) = —i—-= explig - u(r)]Py(r),

dz

9y (r) = —izd’ (I’)—iﬁexp[—igﬂ(r)]@ (r) 4
oz & h ® hv ovn

where v = hk/m is the velocity of electrons, u(r) is the field of

atomic displacements at r, treated in the deformable lattice approxi-
mation [43], where ions are assumed to be displaced from ideal lattice
positions as rigid objects whereas the u(r) field is assumed to vary
smoothly on the lattice parameter scale, and U, is a Fourier component
of the periodic potential in an ideal crystal with no atomic distortions,
ie.

Ur) = 2 Uy exp(ih - ).
h

Summation over h in the above equation is performed over reciprocal
lattice vectors. Parameter
Pk+g?*  p?
€, = —— = —
g 2m 2m



D.R. Mason et al.

Acta Materialia 277 (2024) 120162

212 h2(k 2
hzrl; exp(ik - r)®,(r) + %

expli(k + g) - r]d,(r)

1h? ) d h? ) d
—i= exp(ik - 1) (k . ) @y(r) — i~ explitk +8) - ] ((k +g)- 5) By (r)

212
+U(r) {®g exp(ik - 1) + Dy explik + ) - 1]} = hz—k { @ exp(ik - 1) + D, explik + g) - r1}, 3)
m
Box I.
characterises the deviation of the orientation of the incident electron idig(r) = <i_” + izmg> Dy (r) + in expl—ig - u(r)]®,(r). 5)
beam from the exact Bragg condition, corresponding to ¢, = 0. In oz % S

applications, it is often advantageous to use imaging conditions where
the magnitude of ¢, is substantial, even though this implies that the
amplitude of @,(r) is relatively small and the overall intensity of the
diffraction image is lower.

The derivation of Eqgs. (4) assumes that the notion of the Fourier
component of the potential U, is still well defined, and the field of
displacements u(r) varies on the scale much larger than the size of the
unit cell. This condition is often satisfied even in the core regions of
defects and dislocations [44-46].

The fact that the scale of variation of the displacement field is
much larger than the interatomic distance also enables neglecting the
x and y second-order derivatives of the amplitude functions @, (r) and
@,(r) [47]. Indeed, the magnitude of a second order derivative term
0°®d(r)/dx* is of order I=2d(r), where I is the characteristic scale of
variation of the displacement field in x and y. At the same time, the
transverse Howie-Basinski [48,49] linear derivative terms, account-
ing for the non-parallel propagation of the transmitted and diffracted
beams, and proportional to derivatives g, 0®(r)/dx, have the magnitude
of order (al)~'@(r), where a is the interatomic distance. In the limit
where [ > a, the Howie-Basinski linear derivative terms therefore
play a more significant part in image simulations than the transverse
second order derivatives. While we are not treating either term here, in
applications the Howie-Basinski terms are known to affect mostly the
images of the smallest visible defects in the 1 to 2 nm size range, see for
example the detailed analysis given in Ref. [49] and in the Appendix
to Ref. [50].

In many cases of practical relevance U, = U_, < 0, and it is
convenient to define the so-called extinction distance &

nho

&=

characterising the depth dependence of the solution, describing diffrac-
tion of high-energy electrons in the crystal. At the exact Bragg condition
€ =0, the distance e corresponds to a half the period of oscillation
of solutions of (4). In this study, for the sole purpose of focusing
attention on the complexity of the defect microstructure and its repre-
sentation in electron microscope images, we did not include the effects
of anomalous absorption stemming from the imaginary part of Fourier
components of the periodic potential, and also neglected the effects of
phonon thermal diffuse scattering. For the treatment of the latter, we
refer an interested reader to Ref. [42].

Finally, as a purely technical note, we observe that in literature [13,
51], the energy parameter ¢, is often replaced by another parameter
s, that also characterises the deviation of the direction of the incident
beam from the exact Bragg diffraction condition. This parameter is
defined as
P N 1

g 27 ho'
Using the above notations, and also adding the term describing the
effect of the average constant crystal potential, Eqs. (4) can be written

in the form [52]

2 ayr) = ;—’;%(r) + ’5—’; explig - ()|, (r),

Note that in our notations, the reciprocal lattice vectors already include
the factor of 2x that in earlier literature on electron microscopy is still
written separately in the relevant formulae [51,52].

To integrate Egs. (5), we need relatively smoothly varying fields
of atomic displacements. Consider atoms at positions R;, where j =
{1,2,..., N}. If we imagine perfect reference positions for these atoms,
R;O), then small displacements u; = R; — R are well defined. But near
a dislocation core, displacements are not small, and even the reference
lattice site for a given atom may be difficult to uniquely identify. To
solve this problem, note that to integrate Eq. (5) we actually only need
the phase factor exp [ig - u(r)|.

If our imaging vector g is a reciprocal lattice vector satisfying

exp (ig RY) =1, 6)

we find that at atom positions exp (ig-u;) = exp (ig-R;). Therefore,

to provide an unambiguous answer for the smoothly varying field of

displacements needed to integrate Eq. (5), we can interpolate the phase

factor from atomic positions themselves, and not the atomic displace-

ments, by interpolating the uniquely defined value of exp (ig- R;). At
position r, we write the interpolated phase as

2

Y jeN ) EXP [— (Ré{y;) +ig - Rj]

x(r) = > ) @)

(R;-r) :
Y jeN () EXP [— o t+ig: Rj]

where N (r) is the set of atoms local to point r, taken to be those within
a 3o cutoff distance. ¢ is taken to be approximately half the unit cell
parameter.

One can then reformulate Egs. (5) using a gauge transformation
defined by the formulae

Dy(r) = ¢y(r),
Dy(r) = x7 (r)y(r). ®

This does not affect the images since |, (r)|* = |¢y(r)|*. As a final
detail, we note that in a void region electron waves propagate freely,
and to describe this we need to set the crystal potential to zero but
retain the energy parameter ¢, in Eqgs. (4).

We write an atomic density function p(r) defined as equal to one
in the crystal and zero in void regions, which is determined from the
closest atomic position to r as
R ]

p(r) = SmoothStep| 2 — min ©)]

SmoothStep(y) is Perlin’s polynomial function [53], zero for y < 0, one
for y > 1, and smoothly varying between.

Note that as it is a requirement of the approximations used here
that the displacement field, x(r) and p(r) are smoothly varying fields
on the lengthscale of atomic separation. Therefore while the output
image is insensitive to the exact form of Egs. (7) and (9), the smoothing
lengthscale o effectively determines the spatial resolution of the output
image.
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Box II.

Egs. (5) therefore acquire the final form to be numerically inte-
grated for each pixel in the output image (see the Eq. (10) in Box II).

As an aside, we note that we can re-express the phase-factor term
using

x_l(r)%x(r) =ig- [F(r)z|,

where F(r) is the deformation gradient tensor [54] at position r with
elements F;; = du;/0x;, and 2 is a unit vector pointing along z. This
shows explicitly that it is the deformation gradient tensor projected
onto the imaging vector g and the direction of propagation of the
electron beam %, rather than atomic displacements as such, that is
responsible for the observed variation of intensity in TEM images of
defects.

We can recognise the three matrix terms in Eq. (10) as the par-
tial differential equation coefficients for propagation through vacuum,
propagation through perfect crystal, and the effective change in the
local lattice orientation due to the strain field. Lattice strain and
rotation enters the equations, through the lattice deformation gradient
tensor, via the third term in (10) that is analogous to the deviation Sg
from the exact Bragg diffraction conditions entering the first term in the
same equation. The effect of local lattice distortions on the propagation
of high-energy electrons is therefore exactly equivalent to the effect of
spatial variation of the local Bragg condition.

Furthermore, our phase field x(r) has an associated multi-valued
coordinate-dependent displacement field, U/(r), defined by x(r) =
explig - U'(r)]. Near atom sites, this displacement field satisfies

g Ur) =g UR;+8)=g-u;+g-F+2nx,

where n is an integer. This shows that by introducing a single-valued
phase field x(r), we are able to truly circumvent the problem of having
a multi-valued displacement field near a dislocation core.

We use a fourth-order Runge-Kutta integration scheme with four
samples of x(z) per unit cell length. The extinction distances are com-
puted from the crystal structure factors |U,| in the Doyle-Turner ap-
proximation [55,56] including a finite temperature Debye-Waller fac-
tor [57].

More technical details about our implementation of these equations
are given in the Appendix. We validate the correct functioning of the
code by comparing to TEMACI [50] in the supplementary material,
section X A. Choosing a foil orientation for a good two-beam condition
is discussed in section X B. The geometry of how the imaging space
relates to the frame represented by the input atomic positions is in
section X C.

3. Generation of high-dose simulated microstructure

To be able to compare simulated TEM with ground truth high dose
network dislocation microstructures, we need to generate representa-
tive atomic configurations. Recently it has been shown that massively
overlapping MD cascade simulations [38-40,58,59] produce high dose
microstructures with characteristic properties consistent with several
independent experiments: Zhang et al. [60] and Markelj et al. [61] have
shown that simulations agree with Rutherford Back Scattering Chan-
neling measurements; Mason et al. have shown that changes in lattice
strain in high dose simulations of tungsten are consistent with micro-
Laue X-ray diffraction [31], the vacancy content in high dose simula-
tions of tungsten is consistent with the observed saturated deuterium

retention [37], and the thermal diffusivity consistent with transient
grating spectroscopy experiments [41]. But these are all calculations
of ensemble properties of the simulated microstructures, and here we
need to consider the spatial variation in the microstructure.

We therefore use here the simulated irradiation microstructures
generated for an earlier paper by some of the authors, Ref. [62], where
full details of the simulation methodology can be found. Briefly, a large
single crystal box of 21 million tungsten atoms was subjected to mul-
tiple 10 keV PKA collision cascades using the MD code LAMMPS [63],
with traction-free periodic boundary conditions, until an NRT dose [64]
of 1 dpa was reached at order 6 x 10° cascades total exposure.

These simulation boxes have a good size for our purpose, as the
simulation cell side of 70 nm is comparable to TEM foil thickness.
Sub-optimally they have periodic boundary conditions in all directions,
rather than a free surface, so there are no image forces on the mi-
crostructure [65], and no loop loss to the surface [66]. To generate
the images, we take multiple periodic replicas in the plane normal to
the beam direction, and a single replica parallel to the beam, essen-
tially creating a new, unrelaxed surface. The geometry of the image
generation is discussed in section X C.

In these and similar massively overlapping cascade simulations in
bce metals, the microstructure at low dose (order 0.01 dpa) shows
small, isolated, interstitial character dislocation loops. The size and the
Burgers vector of these loops is somewhat potential dependent [59]—
here we used the potential of Ref. [67]. At a critical dose (order 0.1
dpa), the density of the loops gets so high that they are no longer
separated, but rather form complex networks. At high dose, the loops
have become so large that they span the simulation cell, and can be
better described as planes of perfect crystal cut by dislocation lines.
At all doses we see some dislocation loops, but we note that MD
simulations have a short timescale, order tens of nanoseconds, and so
these isolated loops might be able to diffuse and further coalesce if
evolved over a longer timescale or at higher temperature.

4. Experimental imaging of high-dose microstructure

TEM imaging of dislocation loops was carried out on a set of
tungsten samples irradiated to 0.01,0.1, and 1.0 dpa. These samples
were electro-polished and then irradiated by 20 MeV self ions at room
temperature. Images were taken using weak beam dark field conditions
on a JEOL-2100 TEM (accelerating voltage 200 kV, LaBg source). All
images were taken with g = [200] and zone axis [001] diffraction
conditions. The weak beam images were taken in conditions g,4 — 5g,
with the deviation parameter varying from 0.16 1/nm at n, = 4 to 0.22
1/nm at n, = 5.

A detailed description of the high dose microscopy can be found
in [68].

5. Results and discussion

In this section we show images of simulated high-dose microstruc-
ture and compare to overlays of the ground-truth dislocations and to
experimental TEM images.

The principal result of this work is shown in Fig. 1. This shows
the evolution of the microstructure from dislocation loops through a
network to dislocation lines. Dynamical bright-field and weak-beam
dark-field images were generated with s, ~ 0.03 nm~!' and 5g N
0.20 nm~! respectively, corresponding to ny = 1.50 and n, = 6.25. A
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description of how the foil orientation is chosen to find these deviation
parameters is given in appendix X B. In these, and subsequent simulated
TEM images, we use an accelerating voltage of 200 keV, and assume a
sample temperature of 300 K for the extinction distances. The bright-
field images can be compared directly to the images of high-dose,
room-temperature tungsten irradiation by El-Atwani et al. [6,69] who
observed spatially ordered structures at the tens of nanometre length-
scales. An image from Ref. [69] is reproduced in Fig. 2. We see the same
qualitative pattern of a high density of curved dislocation lines in both
experiment, Fig. 2 and the corresponding dose in simulation, Fig. 1. El
Atwani et al. attributed the spatial ordering to loop rafting [70], where
mobile loops with the same Burgers vector orient and align themselves
to reduce their mutual elastic interaction energy. Here, we have found
the complex dislocation network is generated at low temperature in
such a way as to lower elastic energy density, which leads to orientation
and alignment of parts of the network without the need for assuming
the existence of independent mobile dislocation loops. This is in better
agreement with the network growth mechanism suggested by Wang
et al. [71]. Note that our simulations are low-temperature irradiation,
and so would not show the loop rafting mechanism where the defect
density is lower at high temperatures.

The image size of the spots seen at low dose in weak beam con-
ditions in Fig. 1 is very similar to the dislocation loop size. But at
high dose it is clear that the spot size in weak beam conditions is
correlated with the curved sections of dislocation lines. Individual small
dislocation loops are present in the high-dose simulation images but
have lower intensity contrast than the emerging network of dislocations
which has higher local strain fields. A discussion of brightly and faintly
imaging defects in otherwise perfect crystal is given in section X A.

To understand the difference in the bright-field and dark-field im-
ages, we consider a high-dose microstructure snapshot at a range of
deviation parameters. Fig. 3 shows a series of images with the same
g = [200] imaging vector and zone axis close to [001], with varying
fine tilt in the g-vector direction of the order of a few degrees to change
the value of s,. The images go from dynamical two beam condition to
weak beam condition. The dose for this sequence of images is 0.1 dpa,
where the microstructure is one of densely packed complex network
dislocations and dislocation loops. From Eq. (10), we see that under
kinematical conditions, |x~'dx/dz| > |sg|, image intensity associated
with the long range elastic fields is seen. As the foil is tilted to a weak-
beam condition, |s,| > |x~1dx/dz|, we only see short range intensity
peaks at the positions of the highest strain. The spatial correlation
between the simulated TEM image and the ground truth dislocation
configuration is equally good in each image, we simply highlight
different magnitudes of the strain field.

The sequence of images in Fig. 3 demonstrates how the weak beam
image offers a correct but incomplete view of the microstructure,
and interpreting a high dose microstructure as consisting of quasi-
independent dislocation loops from the weak beam image alone can
be misleading. Fig. 4 makes a direct comparison between experimental
weak beam TEM images of ion-irradiated tungsten with the corre-
sponding simulated TEM images. As the experimental images cover a
much larger area with a long spatial correlation length compared to
the simulations, we artificially increase the apparent simulated area by
stitching together six symmetry-related g-vector - zone axis orientations
of the same simulation.

Comparing these image shows the same qualitative behaviour in
experiment and simulation. At low dose (0.01 dpa) the image is one
of isolated black dots, apparently homogeneously distributed. At in-
termediate dose (0.1 dpa), the dots show emergent spatial correlation,
appearing clustered rather than homogeneous. At high dose (1.0 dpa),
the spatial arrangement is of strings of dots. With the ground-truth
dislocation microstructure, we therefore identify the low dose as dis-
location loops, the intermediate as complex dislocation networks, and
the high dose as curved sections of dislocation lines. This is the same
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conclusion as that drawn by Wang et al. [71] looking at dynamical
two-beam images.

We note that the spot size in our simulations is smaller than seen in
experiment. As noted above, this is partly potential dependent, though
it may also be related the fact that loops at room temperature will have
non-zero mobility, even when self-trapped by elastic interactions [27],
and so be able to coalesce to some extent at timescales beyond those
accessible with MD.

A slightly better conventional TEM image can be generated by
using the precession method of Haley et al. [10]. This is a microscopy
technique similar in intent to the convergent weak-beam method of
Prokhodtseva et al. [18], in that both methods sample a small range
of deviation parameters s, by rocking the incident beam angle over a
small angle. Where Prokhodtseva used a linear tilt, Haley precesses the
beam in a circle. Both suggest averaging over order 10 images with the
angle chosen so that the diffracted spot remains within the objective
aperture. In simulation we use a tilt angle of 5 mrad and 10 images.
Taking more images does not improve the result to the naked eye. The
result of this procedure is shown in Fig. 5. Two g-vectors are shown
here, both in weak beam conditions, s, ~ 0.2 nm~!. For both imaging
vectors the contrast oscillations due to variations in strain in the
background and the beading seen in dislocation lines, exaggerated by
high deviation parameter, are smoothed out by averaging over several
images with varying s, [73]. This has the effect of joining the black
spots into more clear lines. However the g-b invisibility criterion [4] is
still clearly in effect, with approximately half the dislocation network
visible at each g-vector.

This observation leads us to conclude that it will be difficult to
establish the true extent of a complex dislocation network using TEM,
unless care is taken to superimpose the images from a range of g-
vectors. A dramatic example of this can be seen in Ref. [6], where
elastic energy minimisation leads to the majority of large loops having
the same Burgers vector at high dose.

6. Conclusions

In this paper we have described a simple transformation of the
Howie-Whelan equations which enables their quick and efficient eval-
uation over arbitrarily complex atomic configurations without the need
to find displacement or strain fields. This is done by constructing the
complex phase x(r) = exp(ig-r) at atom sites, and interpolating to form
a continuous field.

Partly for didactic purposes, we showed how established results
in expert TEM lab use transfer to simulated TEM image generation.
We showed how changing the deviation parameter highlights different
parts of the strain field, and how each images produced show a strong
spatial correlation to the ground truth dislocation structure, and how
our simulated microstructure is a good qualitative fit to both dynamical
and weak beam images in the literature. We conclude that the gener-
ation and evolution of our low-temperature high dose microstructure
in simulation is a match to the description of network formation in
Wang et al. [71], and does not require the diffusion of mobile loops.
Importantly here we were able to demonstrate unambiguously, by
comparing to ground-truth dislocation microstructure, how the network
of dislocations produced by high dose irradiation is almost invisible in
weak-beam dark-field imaging due to a combination of the suppression
of the image intensity of small strain fields and g - b invisibility.

We conclude that attempts to model the irradiated microstructure
with simple dislocation loop objects, such as used in object kinetic
Monte Carlo [74-76] or cluster dynamics [77], must fail at the high-
dose limit where the formation of a complex dislocation network is
driven by fluctuating elastic stresses rather than diffusing point-like
objects. Conversely, attempts to characterise high-dose microstructure
in terms of a size-frequency distribution of dislocation loops will also
be misleading, without first demonstrating that a complex dislocation
network has not formed.
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Fig. 1. Snapshots of massively overlapping cascade simulations with zone axis close to the [001] direction. At each dose, the three panels are Left: simulated dynamical bright-field
two-beam image with g = [110] horizontal; Centre: weak-beam dark field image; Right: dislocation network shown computed with Ovito [72] (green lines 1/2(111), pink lines
(100)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Bright-field experimental image of tungsten, ion-irradiated at room temperature
to 0.25 dpa, reproduced from Ref. [69]. Note the simulated images in this work are
about 100 nm across, the size of the scale bar in this image.
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Fig. 3. Snapshots of overlapping cascade simulations at 0.1 dpa, with zone axis close
to the [001] direction, computed for different deviation parameters s,. Top dynamical
two-beam conditions, rotating to bottom weak beam conditions. Dislocation network
computed with Ovito [72] overlaid coloured by Burgers vector: green !/2(111) type
and pink (100). All images shown with inverted contrast. Note we have exploited the
simulation box periodic boundary conditions to extend the images. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)


https://zenodo.org/doi/10.5281/zenodo.11083370
https://zenodo.org/doi/10.5281/zenodo.11083370
https://zenodo.org/doi/10.5281/zenodo.11083370

D.R. Mason et al. Acta Materialia 277 (2024) 120162

d

e e A "", b‘_f iz

Fig. 4. A direct comparison between experimental and simulated weak beam dark field images of irradiated tungsten, shown in inverted contrast with same scale bar and g =
[200] imaging vector.
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Fig. 5. A snapshot of a massively overlapping cascade simulations at 0.10 dpa, with
zone axis close to the [001] direction. Simulated TEM with g-vectors g = [110], n, =
6.25 in images (a) and (b) and g = [200], n, = 4.0 in (c) and (d). Images (b) and (d)
use the precession technique. Images are shown in reverse contrast. Right: dislocation
network coloured by g-b (red g-b = +1, white g-b = 0, blue g-b = —1). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.actamat.2024.120162.
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