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The need for enhanced radiation-tolerant materials for advanced nuclear en-
ergy designs has resulted in a growing number of investigations that have
explored the effect of grain boundaries under irradiation. The key motivation
for examining the role of grain boundaries in radiation environments is the
ability to tailor grain boundary networks through either the introduction of
specific grain boundaries or an increase in the grain boundary density. While
traditionally thought to be efficient sinks for radiation-induced point defects,
many recent experimental studies in model and pure systems have shown
significant heterogeneity in grain boundary-defect interactions and associated
sink efficiency as a function of grain boundary character. Furthermore, grain
boundaries can migrate under irradiation, which creates an additional level of
complexity. This article will provide a prospective on the experimental
observations associated with defect evolution near grain boundaries including
variation in sink efficiency and grain boundary mobility in radiation envi-
ronments.

INTRODUCTION

Both current and next-generation nuclear energy
systems require microstructures capable of provid-
ing structural integrity, while withstanding
demanding irradiation conditions, high tempera-
ture, and environmental interactions.1 Designing
optimal microstructures for these demanding con-
ditions requires careful consideration of the complex
and fundamental interactions of grain boundaries
(GBs) with irradiation damage. GB properties
including mobility, energy, stiffness, and free vol-
ume have been shown to be highly anisotropic as a
function of the structure.2–7 Though complex, the
heterogeneous nature of the local GB structure and
overall GB network provide a design route to tailor
the microstructural response under irradiation.

One route to improve materials response under
irradiation and other demanding environments is
GB sensitive design. GB sensitive design is broadly
defined as any route to engineer or tailor either
individual GBs or their network to improve a
property or environmental response. With the con-
cept of GB sensitive design central to this review
article, we will assess the complex interplay

between GBs and radiation damage. Previous
review articles have shown the importance of sim-
ilar interactions from both fundamental science and
nuclear energy application perspectives8,9 and have
already explored various nanostructured systems in
radiation environments including general nanos-
tructured materials,10,11 oxide dispersion-strength-
ened alloys,8 nanostructured ferritic alloys,12 and
nanoscale multilayers,13 and their associated mech-
anisms such as radiation-induced solute segregation
(RIS)14 as well as the design and processing con-
cepts for radiation-tolerant materials.13 Here, we
will highlight two key insights, gained primarily
through experimental investigations, that have
contributed significantly to the current understand-
ing of the fundamental interaction between radia-
tion-induced damage and GBs in model and single-
element metallic systems:

I. The role local GB structure plays in irradia-
tion-induced defect spatial distribution and
defect accommodation.

II. The role GB migration can play in the resul-
tant microstructure and radiation response.
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DEFECT-GRAIN BOUNDARY
INTERACTIONS

Heterogeneous Defect Evolution Near Grain
Boundaries

It has been well established that GBs act as sinks
for point defects and point defect clusters under
irradiation.15 The ability of GBs to annihilate and
absorb point defects and defect clusters under
irradiation provides a mechanism to locally reduce
radiation damage. Research efforts over the past
several decades16–18 have therefore utilized the
ability of GBs to mitigate radiation damage by
optimizing the GB character distribution and GB
density. Extensive computational modeling efforts
have shown that GB-defect interactions including
defect formation energy, defect mobility, defect
boundary loading and absorption, local boundary
structural transformations, and other defect-GB
parameters can be heterogeneous as a function of
the atomic GB structure.19–23 To fully evaluate the
GB-defect interactions under irradiation, careful
consideration of the five macroscopic GB degrees of
freedom to describe the misorientation and plane
inclination is required. Further consideration is
needed to account for possible non-equilibrium GB
structures associated with severe plastic deforma-
tion24 and far-from-equilibrium conditions.25,26 GB-
defect interactions also require assessment of the
material system, irradiation type, energy, and tem-
perature, and point defect product bias that can
modify the mobility, concentration, and kinetics of
defect migration near GBs. The myriad of important
parameters detailed above provides a challenge to
understanding the long-term radiation tolerance of
individual GBs.

The concept of sink efficiency27,28 provides a
means to describe the affinity of the GB to absorb
point defects from the adjacent matrix. The GB sink
efficiency for point defects, such as vacancies, nv;
has previously been defined as:

nv ¼ Jv

Jp
v

ð1Þ

where Jv is the actual vacancy flux to the GB and Jp
v

is the vacancy flux to a perfect interface (e.g., a free
surface).29 Currently, there are no direct experi-
mental methods to determine sink efficiency of
individual GBs due to an inability to track, tempo-
rally and spatially, the local evolution of point
defects under irradiation. However, several studies,
highlighted below, have explored indirect methods
to evaluate GB sink efficiency in pure metallic
systems. One such method evaluates indirect sink
efficiency by examining the spatial size and distri-
bution of point defect clusters such as cavities and
dislocation loops near the GB. The formation and
coalescence of these irradiation-induced defect clus-
ters rely on local nucleation from a supersaturation
of point defects. In this respect, local defect (cavities
or dislocation loops) denuded zones can form in

regions adjacent to sinks, such as GBs, where there
is insufficient defect supersaturation. Beyerlein
et al.29 correlated void denuded zones (VDZs) to
the GB sink efficiency for vacancies following Eq. 2:

kVDZ

ffiffiffiffiffiffiffiffi

Ksv

Dv
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¼ lnnv � ln 1 � Dcv
ksv

k0
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where kVDZ is the VDZ width adjacent to GBs, ksv is
the vacancy sink rate coefficient, k0 is the defect
production ratio, Ksv is a defect-sink reaction rate
coefficient, Dv is the vacancy diffusivity, and cv is
the vacancy concentration.29

Several studies, highlighted below, evaluate the
heterogeneous defect evolution through examina-
tion of the variation in defect denuded zone width as
a function of GB character. All of the studies in FCC
metals observe that the coherent R3 twin boundary
has no denuded zone, while there are conflicting
observations in the denuded zone width trends
between high- and low-angle GBs. Importantly,
many of these experimental studies rely on deter-
mination of the GB character through scanning
electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) orientation mapping tech-
niques.30,31 These orientation imaging techniques
typically do not provide the full macroscopic GB
character as the out-of-plane angle to account for
the GB plane inclination cannot be easily deter-
mined, except under a limited set of circumstances,
such as the R3 twin boundaries. Therefore, there is
limited exploration into the GB plane inclination
because of the experimental challenges detailed
above; hence, there should be an emphasis of future
work in this field. Han et al.32 explored VDZ as a
function of misorientation and GB plane inclination
(exclusively for the R3 twin boundary plane) under
helium irradiation between 300�C and 450�C in
coarse-grained Cu. Figure 1 shows the significant
variation in VDZ width found within the GB plane
inclination for the R3 twin boundary misorientation.
No VDZ was observed adjacent to the R3 coherent
twin (111) boundary plane normal, while the R3
incoherent twin (112) boundary plane normal con-
tained a VDZ width of � 25 nm. Han et al. also
showed that general random high-angle GBs (> 15�
misorientation) had a large spread in VDZ widths,
between 37 nm and 70 nm, with a slightly positive
correlation with increasing misorientation angle.
Zinkle and Farrell33 examined void swelling in
neutron-irradiated Cu between 250�C and 350�C
and observed large VDZs between 300 nm and
700 nm along random GBs and incoherent twin
boundaries, but not at coherent twin boundaries.
The large anisotropic denuded zone formation
among twin boundary planes was also reported in
a model Ni alloy system after heavy ion irradiations
at 500�C to � 3.4 dpa.34 The study observed no VDZ
along the R3 coherent twin boundary, while the R3
incoherent twin had VDZ widths similar to random
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high-angle GBs. Low-angle GBs (< 15� misorienta-
tions) were examined and had VDZ widths of the
same magnitude as random high-angle GBs. The
ability of low-angle GBs to accommodate point
defects and subsequently form wide VDZs is consis-
tent with work in polygonized high-purity Al where
low-angle dislocation cell walls were observed to
form VDZs after neutron irradiation.35 Siegel
et al.36 examined stacking fault tetrahedra (SFT)

denuded zones after elevated temperature non-
equilibrium quenching in high-purity Au. High-
temperature non-equilibrium quenching, although
not an irradiation effect, provides a useful compar-
ison because quenching can create a supersatura-
tion of vacancies and subsequently SFTs. It was
observed that both low-angle and non-special high-
angle GBs operate as efficient sinks, whereas the R3
coherent twin boundary had significantly lower sink

Fig. 1. Illustrations of variation in void denuded zones for the R3<110> tilt grain boundaries in Cu irradiated at 450�C by 200 keV He ions with a
fluence of 2 9 1017 ions cm�2: (a, b) show radiation-induced voids but no void denuded zone near a coherent twin boundary; (c, d) show a void
denuded zone near an asymmetric R3<110> tilt grain boundary; (e, f) show a void denuded zone at the incoherent twin grain boundary. Image
was reprinted from Han et al.32, with permission from Elsevier.
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efficiency. In contrast, Dollar and Gleiter37 reported
that both low-angle GBs and high-angle, low-energy
GBs in coarse-grained high-purity Au have lower
sink efficiency compared with random high-angle,
high-energy GBs after room temperature irradia-
tion with 150 keV Ar and post-irradiation anneal-
ing. The irradiation conditions in this study were
different from the previous ones and the denuded
zone width was evaluated at room temperature, and
after post-irradiation annealing.

In nanocrystalline Fe with equiaxed grains irra-
diated with 10 keV He, El-Atwani et al.38,39

observed He denuded zones at 427�C (but not at
300�C) where He-vacancy migration is expected.
The effect of GB character on sink efficiency was
explored by inspecting denuded zone formation for
GBs of different misorientation angles, as shown in
Fig. 2. It was found that both low- and high-angle
GBs can be denuded or non-denuded, and no trend
was observed for denuded zone formation as a
function of misorientation angle. These results
suggest that other parameters control the GB sink
efficiency including the GB plane.32

The experimental literature continues to show
conflicting observations regarding whether the GB
atomic structure is a key factor in GB sink effi-
ciency. While there is no ambiguity concerning the
R3 coherent twins behaving as poor defect sinks
under irradiation,40 discrepancies exist on whether
low-angle, special high-angle, and random high-
angle GBs have discernable differences in sink
efficiency. Computational modeling has aided in
understanding GB-defect interactions related to
sink efficiency. For example, Uberuaga et al.41

showed that GB sink efficiency is non-static and
evolves dynamically depending on how defects are
accommodated in the GB, which is a function of the
local GB atomic structure. Tschopp et al.19 observed
that both low- and high-angle GBs could be effective
defect sinks for both vacancy and interstitial point
defects through examination of the point defect
formation energies. Atomistic and mesoscale mod-
eling has been utilized to explore the effect of other
factors on sink efficiency and GB atomic structure-
defect interactions, but these computational predic-
tions are beyond the scope of this perspective.42–44

The reviewed experimental studies in pure and

Fig. 2. Illustrations of variation in helium denuded zones in nanocrystalline Fe where (a, b) show the denuded zone type split into three
categories: full denuded zone, partial denuded zone, and no denuded zone as a function of projected grain area (a), grain boundary
misorientation angle (b); denuded zone width as a function of misorientation angle is shown in (c); (d) highlights a TEM micrograph with the three
classifications of denuded zones. Image was reproduced from El-Atwani et al38.
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model systems suggest that the boundary misorien-
tation and GB energy are insufficient parameters to
correlate local GB sink efficiency trends under
irradiation. Although experimentally challenging,
improved methods relating the GB structure to sink
efficiency are required which includes GB plane,
microscopic GB degrees of freedom, and possible
localized GB phase transitions under irradiation.

In addition, measuring the sink efficiency by
denuded zone width may not be ideal. As empha-
sized by El-Atwani et al.,45 using Eq. 2, even with
no dislocation denuded zone formation, the sink
efficiency can still be non-zero, which implies that
GBs may still act as sinks with no apparent
denuded zone formation. It was proposed that
denuded zone formation can be related to the
relative mobilities of vacancies and interstitials
and that extra recombination of vacancies and
interstitials at the GBs is a necessary requirement
for denuded zone formation. The extent of the
denuded zone depends on the disparity between
defect mobilities. It was concluded that the rela-
tionship between sink efficiency and denuded zone
width is not one to one. As a result, it is shown that
the sink efficiency depends not only on the GB, but
also on factors such as defect recombination rates in
the grain interior.

An additional complication is the potential for
heterogeneous defect sizes and density distributions
in the vicinity of GBs under irradiation.18,46–49

Under neutron irradiation as well as heavy ion
and proton irradiations, the region adjacent to the
VDZ has been reported to have enhanced void size,
void density, and associated enhanced local swel-
ling. The relative width and distribution of the non-
uniform cavity distribution is a function of energetic
irradiation species, temperature, and dose.46,50 The
heterogeneity of the cavity distribution adjacent to
the denuded zone has been linked to defect produc-
tion bias along with higher mobility and transport of
glissile self-interstitial clusters to adjacent
GBs.46,51,52

In addition to exploring the individual correla-
tions between defect denuded zones and sink effi-
ciency, nanocrystalline metals provide the
opportunity to examine the role of a high GB
density associated with a grain size reduction. The
examination of grain size effects on irradiation has
been an active research field over the past several
decades and has been reviewed previously.53,54 The
interest in nanocrystalline materials is primarily
related to the increase in GB density and corre-
sponding defect sink density compared with their
coarse-grained counterparts. Increased GB density
in nanocrystalline and ultrafine-grained metals has
been widely linked to an increase in Ni,54

Fe,26,38,39,55–57 Au,58 Cu,59,60 Pd,61 Mo,62 Pt,63 and
W.56,64–66 Radiation tolerance is often defined in
these studies as a reduction in defect (voids, helium
bubbles, dislocation loops, or SFTs) density, size, or
both. The common thread in all of the studies

highlighted above is either the reduction in defect
size and/or density with a grain size reduction. This
trend does point towards the effectiveness of
nanocrystalline materials in reducing the overall
concentration of irradiation-induced defects within
the grain interior compared with coarse-grained
counterparts. However, the all-encompassing state-
ment that radiation tolerance improves with a
reduction in grain size must be carefully assessed,
as some reports have shown that defect density does
not always improve with a grain size reduc-
tion.39,63,67 In these studies, factors such as the
irradiation temperature, irradiation species, and
irradiation-induced defect nature are highlighted as
possible reasons for a lack of defect density trend
with a grain size reduction into the nanocrystalline
regime. For example, the lack of defect density
reduction with grain size was observed in nanocrys-
talline Pt irradiated at 350�C with 2.8 MeV Au3+

ions to approximately 3 dpa.63 In this case, no
quantifiable difference in defect density was
observed between 20 nm and 100 nm grains. The
wide defect density scatter was attributed to
stable sessile SFT defects adjacent to grain bound-
aries, which was reported in grain sizes down to
20 nm.

Defect Quantification Protocols

The varying literature on the radiation response,
especially with some of the nanocrystalline and
ultrafine-grained conditions highlighted above, is
likely due, in part, to the difficult nature of quan-
tifying dislocation loops, SFTs, and bubbles within
small grains. Challenges result from two key
aspects: (1) experimental difficulty of obtaining the
correct imaging conditions for accurate defect iden-
tification and (2) defect counting issues and ambi-
guity. For the latter, traditional TEM-based defect
imaging techniques68 utilizing weak beam dark-
field and kinematic two-beam bright-field imaging
have been well established as a method to count
dislocation loops, SFTs, cavities, and black-spot
defects. However, due to the small nature of the
nanocrystalline grains, especially with grains
< 50 nm, the traditional protocols of tilting to
multiple precise imaging conditions can become
experimentally challenging and non-trivial.
Recently, characterization techniques such as on-
zone scanning TEM (STEM)-BF, STEM-annular
BF, and STEM-annular DF69 for dislocation imag-
ing have been adapted for counting irradiation-
induced dislocation loops and determining loop
nature in coarse-grained Fe-based alloys. These
adapted techniques could provide improved routes
for quantifying radiation defects in nanocrystalline
materials. The on-zone STEM imaging technique,
detailed elsewhere,69–71 provides the ability to uti-
lize an imaging condition with reduced elastic
contrast. In this approach, accurate defect counting
requires only tilting or identifying grains on a single
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on-zone condition. The difficulty of determining the
exact and repeatable imaging condition under irra-
diation, especially with ultrafine and nanocrys-
talline-grained conditions, is likely a main cause
for the reported large spread in experimental vari-
ations in defect size and density trends. Consistent
imaging conditions and methodologies should be
adopted to provide enhanced confidence in the
reported defect size and density trends. In addition
to the challenge of consistent imaging condition for
quantifying defects, defect counting issues can arise
from a lack of repeatability, human bias, and
manual identification error.72 Automated protocols
for defect counting that utilize machine-learning
and computer vision-based approaches72–74 could
provide an ideal avenue for defect analysis. Efforts
to extend round-robin type defect imaging technique
comparisons should be of benefit to the community
at large. It is also apparent that sample preparation
can be a large factor in reported defect statistics.
This is particularly important for focused ion beam-
based TEM sample preparation where defects can
be introduced by the low-energy Ga beam during
the thinning process to electron transparent thick-
nesses. It is therefore important to consider tradi-
tional methods such as electropolishing or methods
to remove low-energy Ga-induced damage such as
low-energy Ar polishing75 or flash electropolishing.

Grain Boundary Migration Under Irradiation

In addition to the complex role of the local GB
character and adjacent defect evolution under irra-
diation, the GB itself can become mobile during
displacement damage events. This creates a moving
target for the radiation damage to interact with.
Although commonly treated as static in most radi-
ation-related studies, GB migration due to other
driving forces is well studied and an active field of
materials research.76–81

Already in the 1980s, ion irradiation was observed
to cause grain growth in thin films at temperatures
where thermal effects alone did not induce any
grain growth. The uniformity of grain growth
combined with the irradiation dose dependence of
grain size was found to be similar to the grain-
growth behavior observed in isothermal annealing
experiments (power law), which suggested that the
driving forces are the same in both cases. Attempts
to model grain growth by the thermal grain-growth
models under irradiation were made,82–84 all of
which assumed the same driving force, the reduc-
tion of the total system free energy as a result of the
global reduction in GB area.

In ion-irradiated Ni thin films, Wang et al.85,86

found a linear trend of grain growth as a function of
dose and a linear dependence of the grain-boundary
mobility on the deposited damage energy. In 1988,
Atwater and co-workers worked with Au, Ge, and Si

thin films in a study of ion-induced grain growth83

and found a dose dependence of grain size (D)
varying from D4 / U to D1:96 / U (where U is the
dose). Normal grain growth was observed in all
their irradiated thin films, even those that exhibited
abnormal grain growth under purely thermal
annealing conditions. Atwater reported a ‘‘weak’’
dependence of ion irradiation-induced grain growth
on temperature. In the study, an atomistic model
was proposed to describe the observed results of ion
bombardment-enhanced grain growth. The model
was based on independent processes all consisting of
(1) the formation of a vacant site into which an atom
can jump and (2) an atomic jump across the
boundary into the vacant site. The model, which
was ballistic in nature, did not take into account the
intrinsic properties of the target materials (e.g.,
cohesive energy). It resulted in the prediction of a
linear dependence of GB mobility on the defect
generation rate and therefore failed to accurately
describe the experimental results. Done around the
same time, another study of ion-induced grain
growth carried out by Liu and co-workers led to a
very different model. In 1987–1990, Liu et al.84,87

worked on pure metal thin films of Co, Ni, Cu, Pd,
Pt, and Au and co-evaporated alloy systems of Ni-
Co, Ni-Cu, and Pd-Pt. Liu’s experimental results
followed a power law in a similar way to Atwater’s
with an exponent averaging 3. The observation of
significant variations in grain growth rates among
systems that exhibit similar collisional damage
behavior (namely Pt and Au as well as Ni-Cu alloys
of different atomic concentrations) showed that a
purely collisional model was inadequate to describe
ion-induced grain growth and that intrinsic mate-
rial properties (e.g., thermal conductivity and cohe-
sive energy) must be taken into account in any
attempt to model ion-induced GB mobility and thus
ion-induced grain growth under irradiation. Fur-
thermore, it was observed that greater grain growth
was induced in those materials with low cohesive
energy, DHcoh. By assuming the activation energy
for grain growth scales with the cohesive energy,
GB mobility was related to the cohesive energy of
the material. Finally, Liu suggested that ion irra-
diation-induced grain growth, and thus the GB
mobility could be related to the ‘‘thermal spike’’
effects of ion irradiation. Indeed, it was implied that
the mobility of GBs depends on the number of
atomic jumps generated in a thermal spike
expressed in Vineyard’s analysis of thermal
spikes.88,89 For thermal spikes of cylindrical geom-
etry, it was proposed that the mobility of GBs varied

with
F2

D

DH2
coh

. In 1989–1992, Alexander and co-workers

further supported the application of the thermal
spike model to ion-induced grain growth with their
studies of the ion-irradiated binary systems.82,90,91

In all the films, normal grain growth was induced by
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irradiation with the average grain size increasing
with ion dose according to:

D
n �D

n

0 ¼ KU ð3Þ

whereD is the average grain size,U is the dose, andK
is related to the mobility of the GB under irradiation.
Despite observed grain growth exponents spanning
values from 1.9 to 4.3 (averaging n = 3), Alexander
et al. associated deviations from ideal parabolic
(n = 2) grain growth kinetics with the drag effect of
inhibiting driving forces. Their observations sup-
ported the idea that a purely collisional model could
not accurately describe ion-induced grain growth
and that properties of the material should be taken
into account, implying that GB mobility under
irradiation will depend on both material properties
and irradiation parameters. The thermal spike
model of ion irradiation grain growth developed by
Alexander incorporated grain curvature and chem-
ical gradients as the driving forces for atomic migra-
tion across boundaries within thermal spikes and
found a grain-boundary mobility of (with FD being
the damage energy deposition density), in contrast

with that proposed by Liu,
F2

D

DH2
coh

. The model success-

fully accounted for ion irradiation-induced grain
growth in co-evaporated alloy films where the sole
driving force considered was boundary curvature,
but it failed to describe observed grain growth data in
multilayer thin films. Noticeably, Alexander’s model
ignored the irradiation-induced defect cascade struc-
ture (with subcascade formation), an important
feature of ion irradiation that is expected to vary
considerably among different ion target combina-
tions and lead to varying grain growth behavior.92

This important feature of ion irradiation-induced
damage was finally incorporated in the model devel-
oped by Kaoumi et al.93 to describe the kinetics of
grain growth under irradiation, giving the thermal
spike-based model a realistic basis. The study
employed in situ ion irradiation TEM observations
in Pt, Au, Cu, and Zr and found significant GB
migration as a result of displacement damage, as
illustrated in Fig. 3.93 Through detailed grain size
measurements taken from individual still frames
captured during the in situ study, a statistical
representation of the grain size distribution as a
function of nanocrystalline metal bombarded, ion
species, and ion flux was obtained and used to
develop the analytical model. Other systematic
in situ ion irradiation TEM experiments have stud-
ied the grain growth evolution of nanocrystalline
metallic Cu-Fe and Zr-Fe thin films, which high-
lighted a dragging effect on the kinetics of grain
growth under irradiation.94–96 A theoretical model of
grain growth under ion irradiation was developed
(for low temperatures where thermal grain-bound-
ary migration is not observed, i.e., 0.2Tmelting), based
on the direct impact of irradiation-induced thermal
spikes on GBs. The model described grain growth (in

pure metals) as being driven solely by the reduction
of GB area. GB migration occurs by atomic jumps
within the thermal spike biased by the GB curvature
driving force.93 In contrast with previous models of
grain growth under ion irradiation, which ignored
the nature of the cascade structure, this model
incorporated cascade structure features such as
subcascade formation and the probability of subcas-
cades occurring at grain boundaries. The model
yielded a power law expression relating the average
grain size with the ion dose, with an exponent of
n = 3, which was in good agreement with the exper-
imental data and was found to be an inherent feature
of grain growth under ion irradiation; it related the
mobility of the GB under irradiation with the colli-
sional properties of the material as well as the
intrinsic material properties.

More recently, a similar in situ ion irradiation
TEM experiment on nanocrystalline Au was per-
formed with the addition of crystallographic orien-
tation and GB character information through the
incorporation of automated crystal orientation map-
ping (ACOM).97 This addition not only provided a
computational tool to rapidly characterize the grain
size distribution as a function of dose, but it also
provided insight into the local GB migration as a
function of GB misorientation, as can be seen in
Fig. 4. Figure 4 highlights the before and after
correlation of a site-specific region of localized grain
growth in nanocrystalline Au and associated grain
growth. In one case, a GB (labeled as Grain ‘‘1’’)
with a medium misorientation (15�–30�) appears to
migrate until reaching a sequence of low-angle
(subgrain) boundaries (< 3�), as shown in Fig. 4g,
h, i, and j.97 The ability to couple ACOM and related
orientation mapping techniques provides a path
forward to explore local GB structure and orienta-
tion texture effects on GB migration and irradia-
tion-induced grain growth in general.

FUTURE DIRECTIONS

The future is bright for experimental investiga-
tions of the interplay between radiation damage and
complex interfaces, including GBs, because of the
recent development of integrated structural and
chemical characterization tool sets as well as the
rapid development in data analytics. Advancements
in these areas provide not only the ability to
interpret the contributions from second- and third-
order factors influencing this complicated interplay,
but also provide a stronger coupling to theory and
modeling efforts.

The path toward comprehending the role of GB
structure during irradiation is two-pronged: under-
standing both the role of the individual GB struc-
tures and GB network along with the potential role
of GB migration. Further experimental methodolo-
gies to probe GB-defect evolution during irradiation
could be developed to answer the following out-
standing questions:
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� How does the local GB structure change as it
accommodates irradiation-induced defects and
defect clusters including potential formation of
extrinsic boundary dislocations and boundary
disconnections phase transitions?

� How does GB migration affect the local defect
evolution? For example, how does boundary
migration modify local defect denuded zones
adjacent to the GB?

To understand the latter, a detailed understanding
of the role defect structures play in GB motion is
needed. There is emerging insight from the compu-
tation materials science community suggesting that
the ‘‘roughness’’ of the GB at the atomic scale will
greatly impact the mobility of some GBs.4 This
prediction has not yet been experimentally verified,
but advancements in both aberration-corrected
TEM and stable high-temperature in situ TEM
heating stages may change that in the near future.
Beyond individual grain boundary studies, the
migration of GBs has been correlated to the sur-
rounding GB network and specifically the drag of
the triple points connecting GBs.98 Advancements
in accounting for the local GB network effects
including triple junctions and twin boundary

networks99,100 should provide further insight into
irradiation-induced grain growth. To examine the
local GB structure accommodation of irradiation-
induced defects, experimental efforts are needed to
combine atomic resolution imaging of the local GB
structure with sequential irradiation. In these
studies, the evolution of the local atomic GB struc-
ture could be examined as a function of irradiation
dose. Indeed, probing the irradiation-induced evo-
lution of the internal GB structure may require the
development of an aberration-corrected in situ ion
irradiation S/TEM, a facility that has yet to be
developed.

Although not the focus of this review, the impact
of chemical additions to the radiation tolerance of
GBs and interfaces will be significant. Radiation
damage has long been known to induce both mixing
and segregation of solutes in alloys,101 but recent
developments in chemical mapping with nanometer
resolution via atom probe tomography and high-
resolution STEM spectroscopy techniques have per-
mitted new insight into the complex interac-
tions.14,102 In addition to RIS and ion beam mixing
effects, solute modification can be used as a tool to
alter the internal GB structure (GB phase and/or

Fig. 3. Sequence of bright-field TEM micrographs taken at a range of ion doses showing grain growth induced by ion irradiation at room
temperature; from left to right: as deposited, 5 9 1014 ions/cm2, 2 9 1015 ions/cm2; from top to bottom: Au irradiated with 500 keV Ar ions, Pt
irradiated with 500 keV Ar ions, and Cu irradiated with 500 keV Kr ions. Image reprinted from Kaoumi et al.93, with the permission of AIP
Publishing.
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stability the GB network).103–105 One such approach
is given by Schuler et al.105 where trends in the
enthalpy of mixing, enthalpy of segregation, and
atomic size mismatch between the solute–solvent
are highlighted in Fig. 5 for a series of binary alloys.
The selection rules for amorphous intergranular
film (GB complexion) formation include a positive

enthalpy of segregation and negative enthalpy of
mixing. Amorphous intergranular GB phases have
been shown through computation modeling to
enhance GB sink efficiency under irradiation.106

This demonstrates the need to investigate the role of
chemistry on the interaction between radiation
damage and the underlying GB structure including
GB solute ordering and disordering.

Finally, one of the greatest advancements
expected to impact our understanding of radiation
defect interplay with GBs will be the incorporation
of advanced data analytics. If properly integrated,
this will permit the elimination of the often flawed
and extremely time-consuming manual analysis of
radiation damage. Recent studies have made great
progress72–74 in this area and provide a roadmap to
increase the speed and reliability of defect counting.
The digitization of defect counting increases the
information gained on the spatial and temporal
evolution of the radiation damage and provides the
potential for overlaying the data onto the structural
and chemical maps of the evolving sample, provided
by, for example, ACOM and energy-dispersive x-ray
spectroscopy. The ability to process complex spec-
tral analysis will require a strongly collaborative
effort combining the expertise of diffraction physi-
cists, metallurgists, radiation physicists, and
advanced data scientists. Linking advanced struc-
tural and chemical characterization capabilities
with the ability to process and incorporate large
data sets into predictive models provides the oppor-
tunity to more fully elucidate the interaction of
radiation defects with the underlying and evolving
microstructure.

CONCLUSION

Most classical theories and current models treat
GBs as stable and constant features to absorb
radiation defects. In contrast, many recent experi-
ments highlighted in this brief review have shown a
wide range of interplay mechanisms between GBs
and irradiation-induced defects in both time and
space. These experimental results are often con-
flicting, resulting in significant confusion in the
community. GB sink efficiency and associated defect
denuded zones are heterogeneous as a function of
the GB character. However, there is no consensus

bFig. 4. Illustrations of both global and boundary specific grain growth
during heavy ion irradiation from Bufford et al.97 TEM images (a, c)
and inverse pole figure colored orientation maps with index data
overlaid (b, d) were collected from the same area before (a, b) and
after (c, d) irradiation with a dose of 2 9 1015 cm�2 with 10 MeV
Si3+. Grain size was determined and is shown in the histograms from
before (e) and after (f) irradiation conditions. Local boundary
migration is shown in images (g–j) where grain 1 is shown to
migrate downwards into a series of preexisting grains (labeled).
Orange, yellow, cyan, and blue indicate grain boundaries with
misorientation angles in the respective ranges of 0�–3�, 3�–15�, 15�–
30�, and ‡ 30�. Images are reprinted from Bufford et al.97, with the
permission of AIP Publishing (Color figure online).
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on the key aspects of the experimentally determined
GB character that result in a variation in the sink
efficiency. To further complicate the dynamics
between GBs and radiation damage, experiments
have shown that GB migration can occur because of
displacement damage and is dependent on the GB
character, local radiation environment, and proba-
bly the interconnected nature of the microstructure.
The combination of radiation-induced GB migration
and evolving defect sink efficiency makes the
response of GBs difficult to predict. Advanced
experimental efforts coupled with refined computa-
tional models are needed to fully understand the
governing mechanisms and influencing factors asso-
ciated with the complex GB-radiation defect inter-
action and temporal evolution.
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