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MATERIALS SCIENCE

Complex dislocation loop networks as natural
extensions of the sink efficiency of saturated grain

boundaries in irradiated metals

Sicong He', Emily H. Mangz, Asher C. Leff*t, Xinran Zhou', Mitra L. Taheri?, Jaime Marian"*

The development of radiation-tolerant structural materials is an essential element for the success of advanced
nuclear energy concepts. A proven strategy to increase radiation resistance is to create microstructures with a
high density of internal defect sinks, such as grain boundaries (GBs). However, as GBs absorb defects, they undergo
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internal transformations that limit their ability to capture defects indefinitely. Here, we show that, as the sink ef-
ficiency of GBs becomes exhausted with increasing irradiation dose, networks of irradiation loops form in the vi-
cinity of saturated or near-saturated GB, maintaining and even increasing their capacity to continue absorbing
defects. The formation of these networks fundamentally changes the driving force for defect absorption at GB,
from“chemical” to“elastic.” Using thermally-activated dislocation dynamics simulations, we show that these networks
are consistent with experimental measurements of defect densities near GB. Our results point to these networks
as a natural continuation of the GB once they exhaust their internal defect absorption capacity.

INTRODUCTION

Materials containing a large internal surface-to-volume ratio are
important in many technologically important areas of science, in-
cluding catalysis (1-3), mechanical strength (4), magnetism (5), or
corrosion (6-8). In irradiated materials, grain boundaries (GBs) can
act as effective sinks for defects, potentially resulting in an enhanced
radiation resistance compared to their single-crystal counterparts
(9-15). The best experimentally quantifiable indicator of GB sink
efficiency has been the width of defect-free areas adjacent to inter-
faces known as defect denuded zones (DZs). DZs are the micro-
structural manifestation of highly complex defect-GB interactions.
Broadly speaking, these interactions relate the overall GB character,
defined by the five-dimensional (5D) space consisting of misorien-
tation and inclination degrees of freedom (dof), with the structure
and properties of irradiation defect clusters, although extensive
studies in recent times culminating in previously unidentified find-
ings and a much improved understanding of the internal structure
of GBs are fast changing this picture (6, 16-19). In a previous work
(20), we have shown that the evolution of the width of the DZ with
irradiation dose is associated with changes in GB (internal) micro-
states. Transitions between different allowable GB microstates occur
because of alterations in the atomic structure of GB due to absorp-
tion of irradiation defects. Such transitions are governed by a spec-
trum of time relaxation constants that reflect the hierarchy of
microstate free energies and its partition function. Together, they
set the interplay between irradiation dose rate and internal GB
changes, leading to evolution equations that predict the time be-
havior of the DZ (21). In other words, under irradiation, certain
GBs exhibit DZ collapse without altering their overall macroscopic
dof, i.e., these changes are solely navigated by internal transforma-
tions at the level of GB microstates.
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However, while the macroscopic descriptors of the GB are seen
to remain unchanged, Nye tensor analysis performed on these GBs
reveals that DZ collapse manifests itself as an accumulation of geo-
metrically necessary dislocations (GNDs) in the region previously
occupied by the DZ itself. GND accumulation is typically interpreted
as resulting from lattice curvature changes associated with the emer-
gence of a dislocation substructure with an unbalanced Burgers vec-
tor. A problem immediately arises when trying to reconcile the
observation of GND with the known fact that the only source of
dislocation content in irradiated metals is the production of small,
perfect prismatic loops originating within displacement cascades
(22-24). By themselves, these loops contribute no net GND density
in a global sense (i.e., when the Nye tensor is calculated along the
entire loop contour in a single sweep), and, thus, the puzzle of how
they form remains. Moreover, how these GNDs are connected to
DZ suppression is also lacking a proper physical explanation.

In a previous paper, we have shown that caution must be used
when reconciling experimental GND footprints with a formal defini-
tion of the Nye tensor (25). For one, we have shown that GND inten-
sities are strongly dependent on the resolution of the discretization
used. This is crucially important when comparing simulated images
with experimental signals extracted using a fixed spatial resolution.
Trivially, the loop size sets the threshold discretization limit under
which calculated GND densities deviate from the continuum definition
of the Nye tensor. Ideally then, the experimental resolution should
be tailored to the defect sizes expected under the particular irradia-
tion conditions, which is of course highly impractical. Another aspect
worth mentioning when comparing simulations and experiments is
that pixelated Nye tensor images obtained under the microscope are
eminently 2D, which projects 3D features onto the imaging plane
with the consequent loss of configurational information.

The above issues relate to the handling of microscopic experi-
mental information and its relationship to the numerical aspects of
the Nye tensor determination. They do not address, however, the
physics gap separating the emergence of a GND footprint with the
collapse of the DZ in irradiated materials. The main objective of the
present paper is to provide a physical picture that reconciles experi-
mental GND density measurements, notional definitions of the Nye
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tensor, and a connection between microstructural evolution under
irradiation and changes in the microstates of a GB. Our model is
based on the presumption that a dislocation network emerges in the
GB-adjacent region during irradiation as the GB defect absorption
efficiency evolves toward saturation. We consider this dislocation
network to be a main component of the sink efficiency, which thus
must be taken into account in our consideration of the role played
by GBs during irradiation. Our work provides potential channels to
control sink strength by tailoring these GB-adjacent regions, which
could have a marked impact on the effectiveness of optimizing ra-
diation tolerance using techniques such as GB engineering.

The paper is organized as follows. First, we present the physical
hypotheses behind the formation of imbalanced GND networks
forming as a consequence of GB sink efficiency loss and the accu-
mulation of small irradiation loops. Second, we introduce the ex-
perimental observations and the techniques used to extract and
interpret quantitative information from them. We then describe the
numerical methods used to generate Nye tensor signals and discuss
the main simulation parameters. We subsequently show that dislo-
cation networks of the type hypothesized earlier are a natural mani-
festation of the irradiation damage microstructure during the loss of
defect absorption efficiency by GBs. This is followed by a compari-
son between the Nye tensor signals emerging from these networks
and experimental signals, providing the basis for validation of our
mechanistic hypotheses and a confirmation of the physical interpre-
tation of the experimental images. We finalize with a discussion of
the results and our most important conclusions.

MECHANISM OF NETWORK FORMATION NEAR SATURATED
GBS UNDER IRRADIATION

A closed dislocation loop of any character yields no net GND signal.
This is readily seen from the mathematical definition of the Nye

tensor, o 1

where V is the system volume, b is the Burgers vector, and dl is an
infinitesimal length vector that runs along the loop’s geometric con-
tour and that is usually expressed as a normalized vector so that a
can directly represent a dislocation density. For convenience, it is
common to use scalar values of the Nye tensor by working with the
norms |ecf|; or [|oe|co.

From Eq. 1, a nonzero a implies the existence of a Burgers vec-
tor imbalance that is incompatible with a closed loop. However, the

notion of a net nonzero GND signal originating from irradiation
defects consisting exclusively of closed prismatic loops can be rec-
onciled considering the following two processes:

The first one involves the incomplete absorption of prismatic
loops, either as a consequence of GB saturation or due to a topo-
logical incompatibility between a loops Burgers (lattice) vector and
admissible displacement-shift complete (DSC) vectors (25).

The second involves processes such as that presented in Fig. 1,
which shows a schematic diagram of the reaction between two
!/,(111) prismatic dislocation loops gliding in their respective glide
cylinders (shown as quadrangular prisms for simplicity). This is con-
sistent with motion by 1D random walk typical of small prismatic
loops generated in displacement cascades (26, 27). In isolation, each
of these loops contributes zero Nye tensor signal. However, the two
loops eventually enter the coincident glide volume (shown as a shaded
orange cube) and react according to the dislocation reaction

l[111]+1[1ﬁ] — [100] )
2 2

which is an exothermic reaction according to Frank’s rule (28). As a
result, a [100] segment is created, shown in black in Fig. 1. Specifi-
cally, in a-Fe, (100) segments have very high migration energies and
turn otherwise highly mobile '/,(111) loops into sessile, i.e., immo-
bile, structures (29-31). Crucially, the (100) segment is now unbal-
anced, and it then may contribute a net GND signal when the spatial
discretization over which such signal is analyzed has a similar size as
the original loops. This can be seen in Fig. 2A, where the simulated
GND footprint of two hexagonal '/,(111) prismatic loops in 2D
is shown both when they are separated by some distance and also
when they react forming a (100) segment. It is clear that, in isola-
tion, the loops do not produce a significant footprint (the weak sig-
nal appreciated in the figure is due to the use of a scalar norm, which
provides a numerical value even for a nominal zero footprint), where-
as an intense signal is detected for the unbalanced (100) segment.
However, for discretizations larger than the whole reacted structure,
the net GND signal still adds up to zero for a closed loop. See mesh
size analysis in (28).

The above two processes are not mutually exclusive and consti-
tute the elemental mechanisms by which a “network” composed of
!/,(111) and (100) segments can form by the sustained arrival of
irradiation loops to a saturated GB. The mechanism then proceeds
through a series of sequential steps, described in the following:

1. Once the GB is no longer able to absorb the incoming defects
at the speed dictated by the irradiation dose rate, self-interstitial

3]
—_—

> Jn1)

<

7 7|

A

Fig. 1. Mobile prismatic loops react and turn into sessile structures. Schematic sequence of two square '/5(111) prismatic dislocation loops (orange and blue)
(A) gliding along their glide prisms (delineated by the thin orange and blue lines) on a collision trajectory; (B) coming into contact within the reaction volume (shaded
cube); and (C) reacting to form a [100] junction along their common intersection. The process is driven by elasticity and unidimensional random diffusion (1D Brownian
motion). The junction (black segment) is unbalanced and satisfies the Burgers vector reaction %[1 1]+ %[1ﬁ] — [100].
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Fig. 2. Dislocation loops can be imaged as diffuse maps of their GND intensity. (A) Simulated GND footprints of two hexagonal '/5(111) prismatic loops when (top)
they are separated beyond their reaction distance and (bottom) after reaction along one of their edges (color map in arbitrary units). Color coding: red,%[1 111, que,%H 11];

and black, [100]. (B) Schematic representation of an idealized prismatic loop network composed of (111) and (100) segments forming from a saturated GB (located on

the right edge of the image).

atom (SIA) loops become only partially absorbed. This leads to a popu-
lation of “half”-loops on top of the GB plane. This is illustrated by
the segments that directly abut to the GB in Fig. 2B (right-hand side
of the image).

2. Subsequent migration of prismatic loops results in segment-
segment interactions near the GB. Occasionally, some of those inter-
actions result in reactions of the type shown in Fig. 1 and Eq. 2. With
time, a network consisting of '/>(111) and (100) segments starts to
form adjacent to the GB.

3. Several layers of reactions lead to the buildup of a network
against the saturated GB. An idealized representation of this net-
work is shown in Fig. 2B, where all four '/,(111) Burgers vectors of
the body-centered cubic (bcc) lattice are indicated.

In reality, actual networks are not ideal and consist instead of ir-
regular configurations of dislocation segments, some looking like co-
alesced loops, some containing (100) junctions, generally arranged
spatially in a heterogeneous manner. Note that, once a GB has satu-
rated its capacity to absorb damage, the main driving force for the
arrival of prismatic loops to the GB is the elastic energy reduction
associated with the reaction shown in Eq. 2 (which results in a 33%
reduction in elastic energy). In addition, it is worth noting that, while
the present analysis does not require that the nature of the loops, i.e.,
whether they are of SIA or vacancy type, be specified, it is known that,
in cubic crystals, the vast majority of prismatic loops created are of
SIA type, transitioning from 3D to 1D migration paths above a criti-
cal loop size (32, 33).

Next, we carry out detailed simulations of the mechanism just
presented under constraints designed to mimic experimental condi-
tions and obtain their corresponding Nye tensor representation. The
network structure depends, among others, on the diffusion behavior
of the loops (set by the temperature), their relative trajectories (set by
the crystal structure), mutual elastic interactions (set by the loop sizes
and shapes), and their production rate (primarily set by the irradia-
tion particle energy and dose rate). These relaxed networks give rise
to Nye tensor fingerprints that can then be directly compared with
experiments specifically performed to enable such evaluations.

METHODS

Experimental

Film preparation, irradiation, and characterization
Nanocrystalline iron thin films were deposited via balanced dc mag-
netron sputtering using a 99.9% pure Fe target onto polished sub-
strates of NaCl (100) single-crystal substrates and prepared as

He et al., Sci. Adv. 10, eadj8395 (2024) 3 May 2024

detailed by Vetterick et al. (34). The resulting thin films had a nomi-
nal thickness of 100 to 150 nm. In preparation for thin-film liftouts,
cleaved thin-film samples were prepared by floating off and bonding
films onto 200-mesh transmission electron microscopy (TEM) grids.
Liftouts of columnar, polycrystalline Fe film were generated using a
focused ion beam, and cross sections were characterized using a
200-kV JEOL 2100 LaB6 TEM at Sandia National Laboratories. The
samples were irradiated using 10-keV He" ions with a 10-kV Colutron
source at a dose of 3.7 x 107> displacements per atom (dpa) per
second and a temperature of 573 K (35, 36). As explained in these
and other studies, a large proportion of the implanted He ions is like-
ly to bind itself to vacancies of their own creation (37) or created by
recoils, thus immobilizing and disconnecting them from further
evolution. As well, while He is injected in sufficient quantities to
form bubbles in the corresponding depth range, these bubbles have
limited mobility even at 573 K and are thus not expected to partici-
pate directly in the dynamics ofloop network formation near GBs (20).

Bright-field TEM images acquired during in situ irradiation were
collected at a constant two-beam diffraction condition, and in situ
irradiation videos were captured at a frame rate of 30 frames per
second. However, it should be noted that bright-field TEM does not
provide sufficient spatial resolution to capture structural information.
For that reason, intermittent precession electron diffraction (PED)-
automated crystallographic orientation mapping (ACOM) was con-
ducted throughout irradiation at doses of 0.0, 6.1, 12.2, and 18.3 dpa
to demonstrate structural evolution with respect to dose (38, 39).
PED-ACOM data were used for GND density calculation inputs (40).
GB structure and experimental Nye tensor analysis
GND signals are observed via mapping of lattice curvature gradients
according to

_ T
o=x" —Tr@l 3)

which is known as Nye’s equation, linking the curvature gradient
tensor k to the GND tensor (40-42). The components k;; are obtained
as the local gradient of the lattice orientation map, i.e., k;; = dw;/0x;,
where o is the lattice orientation vector, which is, in turn, obtained
from discrete pixelations of spatially resolved PED-ACOM data. A
scalar metric of the GND density (||at||; in our case) is then used for
graphical representation (25).

Computational models

Physics modeling of irradiation loop dynamics

The computational methodology developed in this work is designed
to capture irradiation loop diffusion and elastic interactions, including
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self-interactions (i.e., between segments belonging to the same loop)
and loop-loop interactions (between segments belonging to different
loops). Diffusion is modeled following the physical mechanism
ascribed to prismatic loops generated in displacement cascades,
namely, 1D diffusion along the Burgers vector direction. The diffu-
sivity for one such loop is inversely proportional to the loop size,
given by the expression (33)

D(T, ;1) = Dy(n)exp [ - A(;—Y(fy)] (4)

where T is the absolute temperature, 6 is the stress tensor at the
position of the loop, and # is the number of SIA in the loop.
Do(n)=8.98 x 101! (in square centimeters per second) is a dif-
fusion pre-factor that captures the defect size dependence of the
loop diffusivity and AQ(e) is an activation energy that depends on
the local stress state. ¢ is obtained within a non-singular linear
elasticity framework implemented in a dislocation dynamics (DD)
code. AQ(6) comprises a crystallographic contribution, AE,,, asso-
ciated with migration along the prismatic coordinate, and an elastic
contribution, A W(6), associated with the work done by the elastic
forces during loop glide

AQ(6) = AE,, — AW,(6) = AE,, — f ,bL 5)

where b is the Burgers vector and f; is total elastic force on a seg-
ment of length L. In DD methods, f; is obtained as the linear super-
position of the Peach-Kohler force originating from all other segments
in the simulation cell, i.e., f; = Y ,6,(b X t), where the subindex i
runs over all dislocation segments, each with its own line direction ¢
(43). With this, the loop dynamics is controlled by the following set
of equations:

v=Mf, (6)

Ox = vdt + &V 2Ddt (7)

where M is the dislocation mobility tensor (further explanation
about M is given in the Supplementary Materials), v is the velocity
vector (v = ||v]| is its modulus), € is a uniform random number be-
tween 0 and 1, and 8t is the timestep. The segment displacement,
dx, is thus a combination of a “mechanical” contribution and a
“thermal” or diffusive one. Note that the diffusive contribution is
treated here as a stochastic (Wiener) process and thus can be in the
direction of or against the elastic forces (as represented by the “+”
symbol in the equation). Moreover, for a closed prismatic loop, the
shear stresses have the effect of torquing the loop, which induces no
net displacement. As such, defect migration is controlled by the
thermal component until segment-segment collisions take over as
the dominant process.

Calculation and processing of GND fingerprints

The relaxed network configurations are processed with GND finger-
print parsers developed by the authors (25). First, the simulation
volume containing the network is discretized by tessellating it with
the desired spatial resolution. The parser then identifies the inter-
sections between mesh cells and dislocation loops and places nodes
at the intersection sites on the cell boundaries. The GND density is
then calculated in each cell according to Eq. 1, and the resulting cell
densities are processed using the Plotly library (44) to generate 3D
color maps with a prescribed signal intensity spread.

He et al., Sci. Adv. 10, eadj8395 (2024) 3 May 2024

RESULTS

Experimental GND maps as a function of irradiation dose
Figure 3 shows the change in GND density with dose of four distinct
grains in the irradiated material (illustrated in rows A to D in the figure).
The microstructure is seen to undergo a highly heterogeneous tem-
poral and spatial GND density evolution, with clear distinctions de-
pending on the grain matrix observed. The most salient features that
can be reasonably extracted from the observations are as follows:

1. As shown in all figures, different GBs behave differently, even
in adjacent GBs belonging to the same grain.

2. Figure 3 (A and C) reveals a gradual transfer with increasing
irradiation dose of GND density from the grain interior toward the GB.

3. Figure 3 (B and C) displays the existence of twin boundaries,
captured as elongated high-GND intensity planes.

4. Strong redistributions of GND content can be appreciated in
Fig. 3B. GNDs appear to concentrate first near GBs and in selected
locations inside the grain (possibly along native dislocation lines),
subsequently accumulating in half of the grain volume, depleting
the other half to practically zero GND concentration.

5. None of the native GBs is seen to displace or suffer any trans-
formation that suggests changes in GB macrostates.

Next, we present simulation results designed to put our network
formation hypothesis to the test and add insight to the experimental
observations.

Simulation results

To carry out the simulations, we construct a computation cell with
dimensions of 20 by 20 by 20 nm, with the GB being one of the
external edges of the computational cell and periodic boundary
conditions in the two directions parallel to the GB. The GB nor-
mal corresponds to the crystallographic direction [012] of the
computational cell’s crystal lattice, representing a X5 boundary
with 53.1° misorientation. Loops are generated at a distance of 20
nm from the GB at a random location relative to the 2D GB plane.
The Burgers vector is assigned at random among the four (111)-
independent directions in the bec crystal lattice. The loops all have
hexagonal shape and have a size (hexagon width) ranging between
2.5 and 5.0 nm, sampled uniformly. This mimics reasonably well
the defect shapes and size distributions observed in most studies of
Fe irradiation (45, 46). Using the GB area and the number of loops
entering the simulation cell, we correlate loop densities to irradi-
ation dose.

Formation and evolution of the dislocation loop network

We start with a pristine planar GB assumed to be in a saturated state,
i.e., unable to fully absorb incoming defect loops. Instead, loops be-
come partially absorbed, giving rise to substructures such as that
shown in Fig. 4A. After a certain irradiation dose, these substruc-
tures “blanket” the GB, leaving no exposed surface for subsequent
loops to directly interact with the boundary (Fig. 4B). The next loop
interacts instead with one or several of the partially absorbed loops,
as shown in Fig. 4C. This interaction is spatially complex, as it is
governed by elasticity in 3D and loops of various sizes and orienta-
tions. Here is where the DD module becomes critical, to capture
long-range elastic interactions and apply short-range inelastic inter-
action rules (segment-segment reactions). After considering several
hundred loop arrivals corresponding to an approximate a total dose
of 1.0 dpa (the estimation of the dose in the DD simulations is ex-
plained in section S.3), a network is formed in the near-GB region,
as shown in Fig. 4D.
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Fig. 3. Irradiation of nanocrystals produces inhomogeneous accumulation of crystal defects. Nye dislocation tensor maps generated from PED ACOM orientation
data, highlighting the increase of GND density at the GBs, as well as the evolution of Nye tensor signals, proposed to be dislocation networks, throughout differing nano-
crystalline grain matrices (A to D) with the increase in He ion damage from 0.0 to 18.3 dpa.

anod

50 nm

Fig. 4. Simulations of defect absorption at GBs reveal the formation of a loop network. (A) Initial formation of partial loop substructures on a saturated GB.The loops
are colored according to their Burgers vectors. (B) The GB is fully “blanketed” by partial loops. (C) Snapshot showing the arrival of the first loop that does not reach the GB
(interacting instead with the half-loops). (D) Final loop network after 1.0 dpa of irradiation. Color coding: red,% [111]; yellow, % [111]; green, % [111]; blue, 13 [111]; and white, (100).

Heetal, Sci. Adv. 10, eadj8395 (2024) 3 May 2024 50f9



SCIENCE ADVANCES | RESEARCH ARTICLE

This network displays several interesting features. The main
outcome of loop-loop interactions in the near-GB region is (i)
coalescence of two loops with the same Burgers vector and (ii) the
formation of (100) segments from reactions between loops with
dissimilar ones. Both of these can be appreciated in Fig. 4D ({(100)
junctions shown in white). The conditions for prismatic loop coales-
cence have been studied in detail by McElfresh et al. (47, 48) and are
also briefly discussed in section S.2. We have simulated 10 indepen-
dent configurations with the same conditions as those in Fig. 4, all
with similar qualitative outcome (see section S.3 for more examples).
For statistical significance, we also have simulated 60 nm-by-60 nm
GB plane configurations, which we use to generate GND fingerprint
images in the next subsection.

GND analysis

Figure 5 shows a color map of a loop network configuration relaxed
over a GB plane with dimensions of 60 nm by 60 nm. The image is
then processed according to the procedure described in the “Calcu-
lation and processing of GND fingerprints” section using a pixel reso-
lution of 10 nm and a spread of 5 nm. Note that this is consistent
with the experimental resolution of 10 to 12 nm used in the studies
referenced earlier (36, 39) and appropriate to avoid any analysis ar-
tifacts related to the spatial discretization, i.e., sufficiently coarse to
not produce a net GND signal for individual loops but fine enough
to detect segments with unbalanced Burgers vectors due to loop
reactions. Figure 5 shows two views: one directly edge-on to the GB
plane and another tilted by 30° for oblique view. The color map has
been chosen to capture the range of GND densities measured in the
experiments (using the same color palette for ease of comparison).
Our analysis thus confirms that irradiation loop networks can
furnish GND fingerprints detectable through lattice curvature mea-
surements with nanometer resolution.

Aswell, it is of interest to analyze the intense GND bands travers-
ing the grains in Fig. 3 (B and C). Our starting hypothesis is that
these correspond to preexisting low-X boundaries (e.g., £3 or X5)
created during processing prior to irradiation. Taking as an example
the configuration contained in the area indicated by the dashed line
in Fig. 3C, we carry out an analysis of the GND density assuming
that it corresponds to a thin twin plate bounded by two 109° (110)
>3 twin boundaries. The results are shown in Fig. 6, where the as-
sociated lattice orientation component along the (110) direction is

10
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Fig. 5. Comparison between simulations and experiments leads to identifica-
tion of key mechanisms. Rendition of the configuration shown in Fig. 3B pro-
cessed as explained in the“Calculation and processing of GND fingerprints” section.
The left image is a side view (edge-on to the GB), whereas the one on the right is
the same configuration tilted at an angle. The inset corresponds to the box high-
lighted in Fig. 3A. The color bar for the GND density is quantitatively equivalent in
both cases.
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Fig. 6. Atomistic simulations reveal defect structures. Calculated GND finger-
print of a twin plate bounded by two X3 boundaries (~109°-misorientation GB),
showing the underlying atomistic structure seen along a (110) crystal direction.
Superimposed on the image are the profiles for the lattice orientation @ and the
lattice curvature K profiles. The inset corresponds to the box highlighted in Fig. 3C.

shown along with its gradient, the lattice curvature. As shown, the
GND fingerprints corresponding to this configuration display are
characterized by dislocation densities that are one order of magni-
tude larger than those shown in Fig. 5. A similar analysis performed
for a #37° (100) X5 boundary led to identical results, thus confirm-
ing the nature of the structure shown in the inset of the figure. Next,
we discuss the most important aspects of our results and the impli-
cations for the interpretation of microstructural evolution in irradi-
ated nanocrystalline materials.

DISCUSSION

The present paper incorporates two original contributions that are
worth discussing in more detail. First, we introduce a hypothesis
explaining the reasons behind the emergence of strong GND finger-
prints with irradiation dose near GBs. This hypothesis is then tested
using advanced models for defect transport and evolution. Second,
we provide a quantitative comparison of simulated/calculated GND
fingerprints with experimental images, with considerable agree-
ment achieved between both approaches.

Phenomenology of DZ evolution near GBs in

irradiated crystals

Structural materials for advanced nuclear energy concepts (e.g., fu-
sion energy) will have to contend, among other things, with unprece-
dented levels of irradiation dose. Materials will not be capable of
withstanding these high doses unless the concomitant irradiation
damage defects are removed, to a large degree, as they are being pro-
duced. GBs have long thought to be effective defect sinks, which
has brought nanocrystalline materials to the forefront of radiation-
tolerant material design strategies. However, GBs are not ideal sinks,
at least not permanently, and their efficacy in removing irradiation
defects must be carefully studied. DZ formation and “collapse” is seen
as a strong marker of GB defect absorption efficiency, as its existence,
or lack of, can be directly mapped to defect concentration profiles
near GBs that are directly influenced by their sink strength. Previous
work has established a clear connection between this sink efficiency
and the macroscopic GB character (16, 49), as well as between sink
efficiency and DZ formation (35, 50-54). However, we have recently
demonstrated that changes in absorption efficiency can lead to DZ
collapse without the need for a change in macroscopic GB dof (20).
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Our work has also shown that changes in irradiation defect concen-
tration can be mapped to changes in the GND density. However,
interpreting these GND signals in the context of irradiation damage
production was not clear, as defects are universally produced as small,
closed loops that should, in principle, contribute no net Nye tensor
fingerprints. The work presented here attempts to provide the link
that explains the equivalence between observed GND fingerprints
and what we know about damage production. We prove that net-
works of damage loops can be shown to produce nonzero Nye tensor
signals. The preconditions for these networks to form are as follows:

1. DZ collapse must have occurred as a prior condition. This
means that the GB may have run through its entire hierarchy of
available microstates, exhausting its ability to accommodate defects
via changes in its internal dof.

2. Subsequently, the exposed surface of the saturated GB must
undergo a partial coverage with semi-absorbed loops (Fig. 4B). This
process is likely to be the rate-limiting step in the entire process.

3. The material in question must allow reactions among damage
loops that change the balance of Burgers vector along the loops’
perimeters. Mathematically, this amounts to a closure failure of the
integral in Eq. 1. In the present case, such reactions are represented
by Eq. 2.

4. The formation of these networks immobilizes defects near the
GB region, resulting in a gradual transfer of matter from the grain’s
interior toward the GB. The kinetics of the process switches from be-
ing driven by chemical forces (concentration gradients) to mechanical
ones (elastic forces). This represents a partial paradigm change, as it
is the network now, instead of the GB per se, that acts as the sink for
defects going forward in time.

Discussion on simulation methods and comparison with
experimental results

While DD models have been extensively used to simulate dislocation
loop dynamics, our model adds two original elements that are worth
discussing. First, it captures loop reactions of the type described by
Eq. 2, which gives rise to experimentally observed (100) segments
typical of irradiated Fe microstructures. Second, it simulates a (semi-)
saturated GB as a planar boundary with partially absorbed, immo-
bile, prismatic loops. This is based on molecular dynamics simula-
tions of prismatic loop interactions with a X5 boundary (25). Our
model also captures all four independent '/,(111) Burgers vectors of
the bec crystal lattice, which thus sets no geometric limitations on
the space of dislocation reactions among different irradiation loops.

In terms of comparison, as Fig. 5 shows, the color map of the
GND fingerprints in the simulated structures and the experimental
images are in good agreement in regard to the accumulated GND
densities. Although GND fingerprints are a scalar integrated quan-
tity where much of the fine details of the microstructure are lost, this
confirms (i) that the loop sizes, shapes, densities, and network struc-
ture considered in the models are consistent with the experimen-
tally revealed structures, and (ii) the correspondence between the
physical manifestation of the Nye tensor according to its two defini-
tions, Egs. 1 and 3, i.e,, the equivalence between the dislocation-
based definition used in the DD model and the one based on lattice
curvature gradients considered in the experiments.

In real specimens, which are thin TEM discs with thicknesses on
the order of 150 nm, surface sinks will compete with GBs for mobile
loops (55) likely delaying the onset or formation of the absorbing
loop network near GBs relative to bulk specimens such as those
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nominally represented by the simulations. A proper treatment of the
effect of the free surfaces on the timescale of network formation re-
quires a more detailed computational analysis where the geometry
of the TEM discs is explicitly considered, but this is presently be-
yond the scope of this work. For this reason, however, the comparison
between the observed doses at which the network forms in experi-
ments and simulations should be done with caution.

Consistency of the present results with radiation

damage theories

Defects are produced in displacement cascades in numbers and sizes
that vary across material class, particle type and energy, temperature,
and existing microstructure. Thanks to several decades of research
combining detailed electron microscopy and atomistic simulations,
we now have a deep understanding of the structure and numbers of
these irradiation defects. Although we cannot ascertain from images
such as those shown in Fig. 3 what the nature of the observed defect
is, we can confidently infer that they are of SIA type. It is known that,
in cubic metals, the large mobility difference between SIA and vacancy
defects (up to several orders of magnitude depending on tempera-
ture) tilts the balance toward a preferential arrival of self-interstitial
clusters at defect sinks. Moreover, SIA clusters move along rectilin-
ear paths, covering much longer distances than vacancy defects in
the same amount of time. Such features form the basis of one of the
pillars on which irradiation damage theory rests: the so-called pro-
duction bias (PB) model. The PB model is captured in our simula-
tions, and the relatively good agreement between the simulated and
experimental GND fingerprints, both qualitative and quantitative
(referred to the total GND densities), is an indirect confirmation of
the partial validity of our assumptions as it relates to prismatic loop
sizes and shapes.

In terms of the role played by vacancies, while the temperature at
which the irradiations were carried out (573 K) is well above the
stage III temperature in Fe [~200 K (56), at which monovacancies
become mobile], it is worth remarking that the injection of He ions
during implantation has the immediate effect of immobilizing mono-
vacancies and vacancy clusters, allowing self-interstitial clusters to
escape the cascade region and favor their accumulation near the GB
without a delayed recombination effect. This is likely to facilitate the
formation of loop networks with strong GND signals, as vacancies
remain trapped by He atoms in the interior of the grain or are re-
leased in negligible concentrations, not sufficient to affect the for-
mation of the network. This mechanism is expected to hold up to
the peak swelling temperature, which for Fe is ~700 K (57). At tem-
peratures beyond that, the bubbles begin to dissolve by evaporation
of vacancies and desorption of the He atoms, which could conceiv-
ably lead to delayed recombination and the dissolution or weaken-
ing of the SIA loop network.

The other pillar, referred to as the dislocation bias model, refers
to the preferential absorption of SIA clusters by defect sinks. Once
again, our models are consistent with this picture, taking a saturated
GB, i.e,, one that has exhausted its ability to absorb more damage
loops, as the starting configuration for our simulations. From this,
an interesting picture emerges, wherein, as a GB exhausts its capacity
to absorb damage loops, the system ascribes a strip of material
immediately adjacent to the GB to continue storing defects. In other
words, the effective thickness of the GB widens as to maintain a high
sink efficiency overall. This could be a natural mechanism to keep
absorbing damage when the actual GB has become saturated. This is
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reminiscent of the notion of complexions in deformed nanocrystal-
line systems (58-60), which act as extensors of the disordered re-
gion of a GB beyond the strict interface separating two grains with
dissimilar orientations.

Closing thoughts

We have developed a discrete DD model that incorporates thermal
motion of dislocation loops to simulate loop network formation and
evolution near GBs in irradiated Fe. The model successfully predicts
the formation of a prismatic dislocation loop network near a satu-
rated GB. The network is stabilized by energy-reducing dislocation-
dislocation interactions such as coalescence and the formation of
(100) junctions.

We have processed the complex dislocation loop network struc-
ture with software that extracts and images its GND content, enabling
direct comparison with Nye tensor analysis of experimental lattice
curvature observations using PED. We find a remarkable agreement
between the GND fingerprints generated by the simulated network
and those measured experimentally.

We find that loop networks can maintain a high defect sink effi-
ciency once the actual GB has become saturated, switching the ab-
sorption mode from being concentration-driven to elastically driven.
The network thus acts as a functional extension of the GB as a defect
sink once the latter have exhausted its ability to absorb damage.

One of the implications of our findings is that the collapse of
the DZ does not necessarily imply an inability for self-healing in ir-
radiated materials. In systems that favor (or enable) the formation of
loop networks, a high sink efficiency can be maintained even after
DZ collapse, maintaining the material’s ability to tolerate higher
irradiation doses.

Last, although our work is helping reveal some of the fundamen-
tal mechanism of microstructural evolution in irradiated nanocrys-
talline systems, several outstanding questions remain, including the
following:

1. Once DZ collapse takes place and the network forms, can the
DZ establish itself again by self-healing processes in the GB? In that
case, what happens to the loop network?

2. How do the processes in the interior of the grain inform the
dynamics of DZ collapse/network formation?

3. Here, we have studied what takes place in a specific GB, but
how is the formation/evolution of the network affected by other GBs
in the same grain or in the other side of the same GB?

4. What controls the thickness of the network that can form?
What is the extent of the region near the GB that can sustain the
formation of the network. Put differently, can the network grow in-
definitely to maintain a high sink efficiency?
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