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ABSTRACT

Nanocrystalline metals are often postulated as irradiation tolerant materials due to higher grain
boundary densities. The efficiency of these materials in mitigating irradiation damage is still under
investigation. Here, we present an in-situ transmission electron microscopy with ion irradiation study on
equiaxed 35 nm grained tungsten (NCW-35 nm) and compare its radiation tolerance, in terms of dislo-
cation loop damage, to several other grades of tungsten with different grain sizes at two temperatures
(RT and 1073 K). The NCW-35 nm was shown to possess significant higher radiation tolerance in terms of
loop damage. As demonstrated by Kinetic Monte Carlo simulations, at least part of the higher radiation
tolerance of the small grains is due to higher interstitial storage (at the grain boundaries) and defect
recombination (in the grain interiors) in the small grain material. In addition, experimental observations
reveal rapid and efficient dislocation loop absorption by the grain boundaries and this is considered the
dominant factor for mass transport to the boundaries during irradiation, enabling the remarkable ra-
diation tolerance of 35 nm grained tungsten. This study demonstrates the possibility of attaining high
radiation tolerant materials, in terms of dislocation loop damage, by minimizing grain sizes in the

nanocrystalline regime.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Novel materials that can sustain harsh irradiation environments
are sought for upcoming nuclear power systems. Both next gen-
eration fusion and fission reactors require materials of exceptional
performance in terms of resistance to the microstructural damage
and the consequent mechanical properties degradation when
exposed to neutron or plasma irradiation [1—8]. Current research is
focused on the discovery of new materials or the alteration of
existing materials to sustain high doses of radiation [9,10]. Metallic
multilayers [11—13], high entropy alloys [14,15], nanotwinned
metals [16—18], nanovoided [16] or nonporous metals [19], com-
plex oxides [20,21] and nanocrystalline metals and ceramics
[22—27] are among the novel materials that are being examined.
Some of these engineered materials have shown high performance
under extreme irradiation environments [16,18] but their use in
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future reactors requires further study either because other reactor
operation factors should be considered or their industrial design is
a challenge [28]. Alteration of existing and previously tested ma-
terials can then be a more efficient solution. Nanocrystalline ma-
terials of high grain boundary density are considered high radiation
resistant materials as the grain boundaries play the role of neutral
sinks for irradiation generated defects [24,29—32]. Moreover, these
materials possess enhanced mechanical properties [33—38]. The
improvement introduced by some nanocrystalline materials in
terms of radiation resistance was not large [39], and their efficiency
was shown to depend on the grain boundary microscopic character
[24,40—43]. Some recent work, however, has suggested radiation
resistance dependence on the grain size in the nanocrystalline
regime (* 100 nm) [23,39,44].

Here, we examine equiaxed nanocrystalline pure tungsten with
grain sizes <35nm, a size regime that has not been previously
examined in tungsten, under heavy ion irradiation (Kr*?) in-situ in
a transmission electron microscope (TEM) under low (RT) and high
(1073 K) temperature conditions. In addition to the high thermal
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stability prior and during irradiation, the material demonstrated
unprecedented high radiation resistance as compared to larger
grain size nanocrystalline material and to a conventional material
(coarse grained). The in-situ nature of the experiments permitted
the visualization of fast and high efficient absorption of defect
clusters by grain boundaries and the evolution of damage as a
function of radiation dose. Kinetic Monte Carlo simulations
confirmed the dependence of radiation resistance on grain size in
the nanocrystalline regime. Due to the extremely small grain size,
this material is of extraordinary resistance regardless of the grain
boundary character. This study provides new insight on the design
of extreme radiation resistant nanocrystalline materials and high-
lights the size regimes in which they should be investigated.

2. Experimental
2.1. Sample synthesis and preparation

TEM sample preparation of the NCW films was performed by
floating the film (prepared on NaCl salt) on a standard molybde-
num TEM grid using 1:1 ethanol/water solution [45]. The films
were prepared via magnetron deposition from a tungsten target of
99.99% purity. The deposition was performed at RT using 100 Watts
DC power and 4mTorr pressure. To achieve a 100 nm thickness,
~280 s of deposition time was required. The grain size can vary with
small changes in temperature during deposition. TEM sample
preparation of the SPD (prepared through orthogonal machining
process [46]) and the CWG (purchased from ESPI Metals, US) were
prepared by mechanical polishing the samples to 100 um thickness
before electropolishing with 0.5% NaOH solution at RT a final step.
The films as well as the electropolished-thin area in the SPD and the
CGW samples were ~100 nm thickness. The thicknesses of the films
were measured using cross-section FIB imaging.

2.2. In-situ Kr ion irradiation

In-situ Kr*? ion irradiation with 1 MeV was performed using the
intermediate voltage electron microscope (IVEM) attached to a
Tandem accelerator at Argonne National Laboratory. The electron
beam energy was 300kV and the average dose rate was 0.00075
dpa.s~! throughout the experiment for the samples irradiated to a
final dose of 2 dpa and 0.002 dpa.s~! throughout the experiment
for the sample irradiated to a final dose of 10 dpa. We do not expect
an effect of the different dpa rate (factor of 2.8) on the damage
observed. The experiments were performed at RT and 1073 K. A
CCD camera with 4kx4k resolution was used to capture the video
and still images at different dpa values. The dpa values were
calculated (see Supplementary Fig. S1) using the Kinchin-Peace
model in the Stopping Range of lons in Matter (SRIM) Monte
Carlo computer code (version 2013) [47] and 40 eV [48] was taken
as the displacement threshold energy. Prior to the in-situ experi-
ment, the samples were annealed in-situ inside the TEM using a
Gatan Heating holder at 1123 K. The in-situ experiments were
performed on grains that did not possess pre-irradiation disloca-
tion density.

2.3. Analysis

Analysis of loop densities was performed by counting the
number of loops and dividing the result by the area of the grain
measured using Image ] software. All grains quantified were chosen
to be in multibeam conditions to capture the total loop density. For
void damage, Fresnel under-focused images are analyzed. All im-
ages were taken under the same under-focus value (1.5 um) to
compare void damage between the different grades. Details about

the analysis processes and examples can be found in Ref. [44] and
ref. [49].

2.4. Kinetic Monte Carlo simulations

The kinetic Monte Carlo (KMC) [50—52] algorithm solves the
dynamic evolution of a Markovian process provided that the
probabilities per unit time of the possible events are first order in
time and they are known. It has been extensively used to study
radiation damage, following the irradiation-induced defects as they
are formed and diffuse in system [53] (and references therein). In
our model, vacancies (V) and self-interstitials (SI) are created at a
given dose rate. They can diffuse on an underlying lattice with a rate
calculated via harmonic transition state theory [54] knowing the
migration barrier and with a constant pre-factor equal to 10'? s~
Vacancies and SIs can recombine if they are at a first nearest
neighbor (1nn) distance. Interfaces are model as regions in the
system where defects have different thermodynamic and kinetic
properties. In the case of W, the migration barrier in bulk was
AEY . = 1.667 eV and 4E;. ;, = 0.054 eV for V and SIs, respectively
[55,56]. Dose rates, binding energies to the interface, migration
energies at the interface and temperature were varied to test
different hypothesis.

3. Results

Four different materials were investigated: 1) Nanocrystalline
tungsten (NCW) prepared through magnetron deposition with an
average grain size of ~35nm, labelled as NCW-35nm; 2) NCW
prepared through magnetron deposition with an average grain size
of ~85 nm, labelled as NCW-85 nm; 3) Nanocrystalline and ultrafine
tungsten (where both nanocrystalline grains of sizes less than
100 nm and ultrafine grains of sizes, 100—500 nm co-exist) pre-
pared through severe plastic deformation method (orthogonal
machining), labelled as SPD; and 4) Coarse-grained tungsten with
grains of average size of 1—3 um, purchased through ESPI Metals,
USA and labelled as CGW. The irradiation conditions of every
tungsten grade are summarized in Table 1.

Fig. 1 shows bright-field TEM images of the same specimen area
of unirradiated tungsten grades (prior to the experiment) and of the
materials irradiated to several displacements-per-atom (dpa)
values. For the two NCW specimens, post irradiated TEM images
(taken 1 week after the in-situ experiment where the sample was
held at ambient conditions) are also shown, which reveal the
continued defect evolution in the sample cooling phase and during
sample storage at ambient. For the SPD and the CGW, the increase
in damage vs dpa is clear. For the NCW specimens, while the
damage increases for low dpa, it saturates at a low dose, and re-
mains constant and relatively low, upon further irradiation. These
images suggest that the nanocrystalline materials exhibit better
radiation tolerance than the larger grained materials.

The damage in the samples is quantified by examining the
density and size of dislocation loops (both interstitial and vacancy
type) in the material, as shown in Fig. 2 (uncertainties in the values
were 10% for the loop density and area and 14% for the total

Table 1
Irradiation conditions and average grain sizes of the different tungsten grades in this
work.

Tungsten Grade  Average Grain Size  Temperature  Final Dose (dpa)
CGW 1-3pum 1073K 2

SPD 80—400 nm RT&1073 K 2 (RT & 1073K)
NCW-85 nm 85 1073K 2

NCW-35nm 35 RT&1073 K 2 (RT) & 10 (1073K)
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Fig. 1. Bright-field TEM micrographs of the unirradiated and irradiated tungsten grades as a function of dpa. (a) CGW, (b) SPD, (c) NCW-85 nm and (d) NCW-35 nm. In the case of the

two NCW films, post-examination images are also shown.

damage). Loop areal densities, average loop area and the overall
damage (product of loop density and average loop area) are shown
as a function of dpa in a TEM foil with a thickness of ~100 nm.
Starting with the largest grain size grade (CGW), at 1073 k, the loop
density saturates after ~ 0.5 dpa at a value of 0.004 (no.nm~2), while
loop area increases consistently until the final dose of 2 dpa,
reaching a value of about 140—150 nm?. The increase in loop area at
fixed loop density suggests an increase in defect accumulation to
the loops and a suppression of the nucleation of new loops. No loop
coalescence occurred since no decrease in loop density has been
observed. The overall damage (product of loop density and average
area) was ~0.8 at 2 dpa.

For the SPD (grain sizes of 80—400 nm), the experiments were
performed at both RT and 1073 K and quantifications were made
from grains of ~200 nm grain size. At RT, the loop density increases
with dpa up to 1 dpa and then starts to scatter around 0.009
(no.nm~2), while the loop areas show very little increase with dpa,
saturating at a value of ~20nm?. At 1073K, a similar trend is

observed but the loop density saturates at about half the value
(~0.0045 no.nm2) seen at RT while the average loop area saturates
at about 50 nm?. The overall damage at 1073 K is perhaps slightly
smaller than at RT but in both cases the total damage at 2 dpa
scatters around 0.2. In neither case do we observe either loop
density decrease or a large increase in loop area, suggesting no loop
coalescence. At 1073 K, the loop density is lower but the loop area is
higher than the RT case, suggesting competing effects that cancel,
resulting in similar overall damage. Moreover, the overall damage is
about four times smaller in the SPD than in the CGW at 1073 K.
For the NCW-85 nm film (average grain size of ~85nm), one
experiment was performed at 1073 K. Both loop density and loop
area exhibit flat profiles starting from a dose of 0.2 dpa. The satu-
rated loop density is ~0.002 (no.nm-2) while the average loop area
is ~20—30 nm?. The overall damage is about 0.2. Post examination
of the sample (1 week after the in-situ experiment where the
sample was held at ambient conditions) revealed much lower
values (about 20 times smaller, shown in Fig. 2 (c)) of loop density,
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Fig. 2. Three measures of loop damage in the irradiated samples — areal loop densities, average loop areas and total damage (product of areal loop density and average loop areas) —
as a function of dpa and temperature (in the case of SPD and NCW-35 nm). Loop area and density values have 10% uncertainty while total damage values have 14% uncertainty.

average loop area and overall damage. It should be mentioned that
for Cu™ (3 MeV) irradiated SPD samples [49], higher total damage
(considering the product of loop density and average area) is
observed at high temperature than RT (opposite to this work)
which can be attributed to collision cascade effects of Kr versus Cu
and different grain boundary sink efficiencies of the different grains
quantified.

Finally, for the NCW-35 nm film (average grain size of ~35 nm),
the experiment was performed at RT and 1073 K. For the higher
temperature, the experiment was continued to 10 dpa. At RT, an
increase in loop density vs dpa occurs (~0.012 at 2 dpa), while the

loop area profile is constant versus dpa (~20 nm?). The overall
damage is 0.2 at the start of the experiment and increases to 0.3 at 2
dpa. At 1073 K, the loop density increases to 0.006 at 0.25 dpa and
fluctuates around that value through to the highest dose (10 dpa).
The average loop area is about 30 nm? and the overall damage was
~0.2 after 10 dpa. Similar to the NCW-85nm samples, the post
examination values are much smaller (again, after 1weekat
ambient conditions). The overall damage is ~20 times less at both
RT and 1073 K (even after 10 dpa irradiation). Post-examination of
the CGW and the SPD samples did not reveal any change in the
microstructure when compared to that observed at the end dose at
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the temperature of the in-situ experiments, indicating that the
damaged microstructures in those cases is much more stable.

In quantifying the damage in the NCW specimens, grains with
contrast under multibeam conditions were chosen. However, to
illustrate the effect of diffraction conditions, a post-examined
sample (the 1073 K, NCW-35nm) was tilted in the TEM to
different angles (Fig. 3), maintaining focus on the same region of
the irradiated sample. The damage is consistent and no effect of
diffraction condition was observed on damage quantification.

4. Discussion

At 1073 k, vacancies are mobile in tungsten [57], meaning that
vacancies can reach interfaces or form voids (by coalescing or
feeding vacancy loops), reducing the probability of recombination
with interstitials. At RT, however, vacancies are essentially immo-
bile and saturate the irradiation region. Thus, an interstitial has a
relatively high probability to recombine with a vacancy when
migrating in the sample. That is, interstitial-vacancy recombination
is higher when vacancies are dispersed than when they are segre-
gated to loops, voids, or interfaces. Therefore, it is not trivial to
compare interstitial-vacancy recombination at RT and 1073 K. The
lower density of loops in the cases of SPD, at 1073 K can be related
to enhanced loops annihilation by surfaces or interfaces. The total
damage originated from loops is not representative by the loop
density in this work at 1073 K, if voids are grown from vacancy type
loops [49,58].

The NCW films showed similar total damage to the SPD sample
(which consists of elongated ultrafine and nanocrystalline grains).
This suggests that the actual damage retained in the NCW materials
is much lower, due to the following reasons. Irradiation of thin foils
is accompanied with surface effects [59]. Surfaces act as tremen-
dous sinks for both point defects (interstitials and vacancies) as
well as defect clusters (e.g. loops). The smaller the grain-boundary-
area-to-surface-area ratio, the larger the surface effects are. This
ratio (considering the upper and low surfaces of the foils) was
calculated from TEM micrographs (thickness of the samples is
~100 nm) and are summarized in Table 2.

The grain boundar (GB)/surface ratio of the NCW-35 nm and the
NCW-85 nm are about 17 times and 8 times larger than the case of
the SPD, respectively. Therefore, it is expected that surfaces play a

Table 2
Grain boundary (GB) to surface ratios of the different
tungsten grades in this work.

Tungsten Grade GB/surface
cGW 0.04

SPD 0.47
NCW-85 nm 3.8
NCW-35 nm 7.9

much larger role in the SPD sample. Therefore, the similar quanti-
fied overall damage (Fig. 2) indicates that the NCW samples are of
higher radiation tolerance than the SPD sample, as surface effects
are minimized in these samples. That is, there is an extra, artificial
sink in the CGW and SPD samples that assist defect annihilation
that would not be present in a bulk material. Compared to the CGW,
where the surface effects are even greater, these samples have ~200
and 100 times larger ratios and, therefore, it can be concluded from
Fig. 2 that the NCW samples are of greater radiation tolerance than
coarse grained tungsten even when the tremendous surface effects
in the coarse grained samples are active. Moreover, the post-
examination of the NCW samples revealed at least one order of
magnitude lower overall damage than the in-situ values due to
efficient loop absorption by the grain boundaries (discussed
below). This effect is absent in the CGW and SPD samples.

The similar damage values from the RT and 1073 K experiments
indicate similar final loop damage is possible when void growth
from vacancy loops is neglected. That is, if only loops are consid-
ered, the damage structure is independent of temperature and thus
the mobility of vacancies. However, there is more void damage in
the higher temperature samples. Thus, in terms of the effect of
radiation damage on mechanical properties, samples irradiated at
higher temperature should exhibit higher hardening values in the
grain matrices (not considering the effects of grain boundaries)
than the RT samples due to similar overall loop damage and the
presence of void damage which contributes to the hardening of the
material [60]. It should be mentioned that the mechanical prop-
erties of equiaxed nanocrystalline pure tungsten samples before
and after irradiation, where grain boundary mediated plasticity is
expected, are still under investigation.

The superiority of the NCW films in terms of radiation tolerance

Fig. 3. Bright-field TEM micrographs of post-examined NCW-35nm (10 dpa) with different o and  tilts in the microscope.
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to loop damage is mainly due to two reasons. First, the higher grain
boundary density provides a mechanism to store interstitials.
Second, the observed fast and efficient loop absorption by the grain
boundaries provides a mechanism to transport interstitials to grain
boundaries. We examine these two effects in more detail in what
follows.

4.1. Enhanced interstitial storage and recombination

Fig. 4 shows the average concentration of self-interstitials (SIs)
and vacancies in bulk (far from the interface) depending on the
grain size, as predicted from KMC simulations. In general, with the
model we are using here, for a given production rate, the SI con-
centration increases as grain sizes increase. This behavior is the
result of two effects: the enhanced recombination in small systems
due to correlation effects, which is described in the literature [61]
and storage of defects at the grain boundary, assuming similar grain
boundary properties but the density of interfaces increases. In
another study [62], we showed that, even if the sink efficiencies of
different boundaries are nearly zero, if they can store a different
concentration of interstitials, they will have differing and signifi-
cant impact on the bulk defect content. This is a simple conse-
quence of the fact that moving defects from the bulk to the
boundary reduce the number of defects in bulk. Therefore, we can
conclude that the nanocrystalline systems will exhibit improved
radiation tolerance even in specific situations in which the grain
boundaries are not strong sinks for defects, i.e., when there is a
weak recombination probability at the boundary. Fig. 5 shows the
self-interstitial concentration profile for the same conditions of
irradiation and temperature but different grain sizes. The grain
boundary properties are the same in all cases, with equal binding
and migration energies of the defects. We observe that for small
grain sizes the total number of defects, i.e., the integral of the
concentration in the volume, is lower than for larger grains such
that Nsi(L) < Nsi(nL)/n, where Ngi(L) is the total number of self-
interstitials for a given grain length L and n is a factor larger than
1 that accounts for the size increased in larger grains (note that in
our simulations we are varying just one dimension). The difference
is due to the extra recombination at lower sizes. We also observe
that the concentration at the boundary is lower in small grains,
which implies that still extra storage can be used in the system to
accumulate further defects at the interface. Note also that the
concentration at the boundary seems to follow the same form as
the bulk concentration, thus the system has not reached saturation
yet. To examine the recombination effect in the nanocrystalline
grains, void damage was determined and compared between the

(a)

3010

25107

2.010™"

1510

<Xg>
P>

1.010™"

50102

AN

AAAA i

0.0 10°

123
40 70 nm
g j 140 nm —
- 255 nm —
107 popopip 477 nm
T S N A
o LA S IS S Y S T VO N
10712 e S N

0 50 100 150 200 250 300 350 400 450
z (nm)

Fig. 5. Concentration profile at 1050 Kat steady state for different grain sizes as
determined from KMC simulations.

different grades. Fig. 6 shows bright-field Fresnel (under-focused)
images of the NCW-85 nm, SPD and CGW which are irradiated to
the same dpa at high temperature (1073 K). Void density in the
100 nm film thickness, average void area as well as the total change
in volume due to void formation [44] are shown in Fig. 7. The void
density in the NCW was higher. The high density of voids in the
grain matrices in the NCW is attributed to the less annihilation of
small void nuclei due to less interstitials and interstitial loops
presence in the grain matrices. The average void area and the cor-
responding total void damage (change in volume taking into ac-
count the void density and average area), however, decrease
significantly with the decrease in the grain size indicating less va-
cancy concentration in the matrices of the NCW in agreement with
the simulations results (Fig. 4b). In tungsten, the migration energy
of interstitials and vacancies are 0.054 eV and 1.67 eV respectively
[55,56], and corresponding mobilities of interstitials and vacancies
at 1073 K are 5.6 x 1074 and 1.65 x 10~ cm?/s (the ratio of inter-
stitial mobility to vacancy mobility at 1073 K is approximately 34
million times). Therefore, the vacancy mobility is very low and the
decrease in the vacancy concentration in the grain matrices as a
function of grain size has to be mainly due to defect recombination.
This enhanced recombination at small grain sizes dictated the low
void damage in the nanocrystalline grains and ensured extra stor-
age [62] in the grain boundaries.
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Fig. 6. Under-focused (1.5 um) bright-field TEM micrographs of post-examined 2 dpa irradiated a) CGW, b) SPD and c) NCW-85 nm 1073 K showing uniform distribution of voids.
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Fig. 7. Void density, average void area and the corresponding change in volume due to
void formation in the 1073 K irradiated CGW, SPD and NCW-85 nm at 2 dpa.

4.2. Grain boundary loop absorption

Loop absorption by grain boundaries has been observed in
several works [30,31]. In the present study, the NCW-35 nm sample
exhibited continuous and rapid loop absorption by the grain
boundaries, which could only be observed due to the in-situ nature
of the experiments. Fig. 8 (Video S1 in the supplemental materials)
shows loop annihilation after nucleation by the grain boundaries.
Through this type of process, the sample can maintain a constant
density of loops vs time (Fig. 2) when irradiated at RT. Although a
similar density of loops is observed in the SPD sample, the much
lower GB/surface ratio in the SPD sample results in more loop and
defect annihilation by the surfaces, while loops in the NCW-35 nm
are absorbed by the grain boundaries. This effect is enhanced at
high temperature. At 1073 K, loop absorption occurs more
frequently and a higher number of loops are observed to be
absorbed by the grain boundaries in a given time period. Fig. 9
(Video S2 in the supplemental materials) shows an example of

Fig. 8. Snapshots bright-field TEM micrographs taken from an in situ irradiation experiment (Video S1 in the supplemental) at ~0.42 dpa showing loop absorption by the grain

boundaries in the NCW-35 nm irradiated with 1 MeV Kr*?at RT.
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NCW-35'nm
$2.2 dpa, 1073 K

Fig. 9. Snapshots bright-field TEM micrographs taken from an in situ irradiation experiment (Video S2 in the supplemental) at ~2.2 dpa showing loop absorption by the grain

boundaries in the NCW-35 nm irradiated with 1 MeV Kr*? at 1073 K.

loop absorption by the grain boundaries at 1073 K. The rapid
annihilation by ~35 nm grains at a higher dose is shown in Fig. 10
(Video S3 in the supplemental materials). During 43 s of irradia-
tion time, the number of loops in the 35 nm grains remained the
same (1 loop) despite the nucleation of several loops (which were
absorbed by GBs after their nucleation). This explains the flat
profile in the overall damage (up to 10 dpa) in the NCW-35 nm
sample at 1073 K. Post irradiation examination showed an order of
magnitude decrease in the damage. After the irradiation stops, loop
migration to grain boundaries can continue in the high tempera-
ture cases during the temperature ramping down period (where
irradiation is stopped). Migration of small loops in tungsten was
also shown to occur at RT under the electron beam in the TEM [63].
The loop migration to grain boundaries leads to lower loop den-
sities in the sample. Loop migration will also lead to smaller average
loop sizes since the only loops that will remain will be sessile (100)
loops (which were concluded to be of vacancy type [64]) and are of
much smaller size [49]. This unprecedented amount of loop ab-
sorption by the grain boundaries, and the much lower damage of
the post examined samples in the 35nm grains, should be the
dominant factor in the extreme radiation tolerance at these grain
sizes considering that loops were forming during the irradiation
process but were not surviving for a long time before being
absorbed by the grain boundaries. However, this efficient loop
absorption has to be facilitated by the high recombination in the
grain matrices which leaves the grain boundaries of the

nanocrystalline grains with extra storage for accumulating further
defects (as discussed above).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.11.024.

Previously [31], in-situ TEM studies were performed on SPD
samples at RT, but rare loop absorption by the grain boundaries was
observed when compared to the 35nm grained tungsten, indi-
cating increased jump frequency in the very small grains. For larger
grains, interstitial loops can be self-trapped due to interactions
with other loops and defects. That is, when loops cannot escape so
quickly to interfaces and they build up, the resulting stress fields
can enhance trapping of other loops, reducing their rate of ab-
sorption. Interaction between loops in tungsten was confirmed
experimentally and through modeling approaches, a phenomenon
which can ultimately lead to raft formation [63,65,66]. The survival
rate of the loops before being annihilated was shown to differ in our
samples (Figs. 8—10 and the corresponding videos). We attribute
this difference to the efficiency of the grain boundaries and their
stress states. It should be mentioned that, in addition to the effect of
grain size, the higher stress fields on grain boundaries of the NCW
can lead to more efficient absorption of interstitials and interstitial
loops by the grain boundaries [67]. However, isolation of the stress
field effect is not possible. A future experimental work can focus on
in-situ irradiation/straining experiments to examine the effect of
grain boundary stress fields on defect absorption. A related obser-
vation is that grains with higher stresses (residual stresses from
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Fig. 10. Snapshots bright-field TEM micrographs taken from an in situ irradiation experiment (Video S3 in the supplemental) at ~8 dpa showing loop absorption by the grain

boundaries in the same grain in the NCW-35 nm irradiated with 1 MeV Kr*2 at 1073 K.

deposition) in the grain matrices (Fig. 11) exhibit higher loop
densities. Samara et al. have demonstrated that defect clusters were
attracted to regions of large stress gradient [32]. These stresses
were noted by dark bending contours in the TEM micrographs.
Fig. 8 shows another example of the higher loop density in those
grains with larger strains, taken from NCW-85nm sample. It is,
therefore, reasonable to conclude that the density of radiation-
induced defects, such as interstitial loops, depends on the strain
state of the given grain.

5. Conclusion

In summary, we report a remarkable irradiation tolerance, in
terms of dislocation loop damage, of small-grained tungsten when
compared to larger grained and coarse grained materials. Disloca-
tion loop densities, average loop sizes and overall loop damage
were monitored and quantified in-situ during 1MeV Kr+?

irradiation at RT and 1073 K. Tungsten with grain sizes of 35 nm
possesses exceptional radiation tolerance than ultrafine and coarse
grained tungsten. These grain sizes also maintain the same overall
damage even when irradiated to 5 times higher dpa values than
ultrafine and coarse grained tungsten. KMC simulations reveal that
nanocrystalline materials contain a lower interstitial defect con-
centration within the grain matrices as compared to larger grained
material, thus explaining part of their irradiation tolerance. The
other major factor in the extreme radiation tolerance of these
materials is the rapid and continuous loop absorption by the grain
boundaries (low survival rates of loops in the grain matrices). The
loop absorption by grain boundaries is also responsible for the
enhanced radiation tolerance (decrease in radiation damage) of the
post examined samples. Nanostructure tungsten is demonstrated
to be a promising material resistant to dislocation loop damage,
confirming enhanced radiation resistance of nanocrystalline
materials.
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NEW-85 nm
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Fig. 11. Bright-field TEM micrograph of irradiated nanocrystalline NCW-85nm at
1073 K showing grains with higher strain (dark grain) develop more and larger defects
(arrows). The inset highlights these defect populations.
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