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Abstract

We have investigated the effects of helium ion irradiation energy and sample temperature on the
performance of grain boundaries as helium sinks in ultrafine grained and nanocrystalline tungsten.
Irradiations were performed at displacement and non-displacement energies and at temperatures
above and below that required for vacancy migration. Microstructural investigations were
performed using Transmission Electron Microscopy (TEM) combined with either in-situ or ex-
situ ion irradiation. Under helium irradiation at an energy which does not cause atomic
displacements in tungsten (70 eV), regardless of temperature and thus vacancy migration
conditions, bubbles were uniformly distributed with no preferential bubble formation on grain
boundaries. At energies that can cause displacements, bubbles were observed to be preferentially
formed on the grain boundaries only at high temperatures where vacancy migration occurs. Under
these conditions, the decoration of grain boundaries with large facetted bubbles occurred on
nanocrystalline grains with dimensions less than 60 nm. We discuss the importance of vacancy
supply and the formation and migration of radiation-induced defects on the performance of grain
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boundaries as helium sinks and the resulting irradiation tolerance of ultrafine grained and

nanocrystalline tungsten to bubble formation.

Introduction

UltraFine Grained (UFG) and NanoCrystalline (NC) metals have been proposed as radiation
tolerant materials due to their high grain-boundary area.* The grain boundaries act as defect sinks??
with large-angle grain boundaries (angles > 15°) being particularly efficient sinks.* Furthermore,
recent work has suggested grain boundaries can facilitate Frenkel pair recombination and thus
annihilation.> Tungsten is an important material for nuclear fusion applications due to its physical
properties® but several irradiation studies have demonstrated considerable drawbacks due to the
development of surface morphology when exposed to moderately-high helium doses.”#° The use
of UFG and NC tungsten with high-angle grain boundaries is one of the proposed solutions to
mitigate helium-induced radiation damage.'® These materials have been shown also to possess
improved mechanical properties compared to commercial coarse-grained tungsten.***2 In addition
to being interstitial and vacancy sinks, grain boundaries in tungsten can trap helium during
irradiation® and can thus reduce the rate of helium accumulation within the grains themselves.'*
If the observed surface morphology changes®>® depend on helium bubble formation as proposed
in the literature,® then engineering of grain boundary density could be a vital tool for controlling
this deleterious phenomenon. It should be mentioned, however, that degradation of mechanical
properties (for example, reduced creep resistance’ or enhanced grain boundary grooving®) is

likely to occur due to large bubble formation on the grain boundaries.

The formation of UFG and NC tungsten materials with elongated grains is achievable through

several Severe Plastic Deformation (SPD) techniques.t**® Although their use on industrial scales



remains a challenge due to limitations on the throughput achievable using current manufacturing
technologies, SPD techniques can fabricate high-quality samples for important fundamental
studies to gain improved understanding of physical phenomena in these materials. Whilst some
theoretical studies®!® have demonstrated the improved radiation resistance of materials with grain

boundaries, further experimental studies are crucial to validate these proposed models.

Recently, Bai et al.> demonstrated the effect of grain boundaries as defect sinks. It was shown
that grain boundaries absorb interstitial defects and can then annihilate nearby vacancies by re-
emitting the interstitial atoms back into the grain. Sefta et al.®® used molecular dynamics to
demonstrate the role of grain boundaries as helium trapping sites. In that work, the introduction of
a single grain boundary was shown to result in the trapping of significantly more helium than a

single crystal of tungsten.

Fundamental understanding can be acquired through studies in which the irradiation and
observation of the dynamic response of a material take place simultaneously. The work reported
here involved Transmission Electron Microscopy (TEM) characterization of both in-situ and ex-
situ helium irradiated UFG and NC tungsten at different ion energies to control atomic
displacements and different temperatures to control vacancy migration. Observation of bubble
formation and evolution has given invaluable insights into the role of grain boundaries in this

technologically important material.



Experimental

The formation of UFG and NC tungsten was performed via orthogonal machining as detailed
previously.'® The TEM samples were produced by electrochemical jet polishing with 0.5% NaOH
aqueous solution at Room Temperature (RT). No significant variation in mass-thickness contrast
was observed between adjacent grains in the TEM samples suggesting negligible preferential

etching due to crystallographic orientation and/or grain size.

In-situ TEM during ion implantation was performed using the Microscope and lon Accelerator
for Materials Investigations (MIAMI) facility at the University of Huddersfield which is described
in detail elsewhere!* and at Sandia National Laboratories’ (SNL) new in-situ ion irradiation TEM
facility.?’ Ex-situ ion irradiation followed by TEM characterization were performed using the
Interaction of Materials with Particles And Components Testing (IMPACT)?! facility in the Center

of Materials Under eXtreme Environments (CMUXE) at Purdue University.

Two samples were irradiated in-situ whilst under TEM observation. One sample was irradiated
at SNL at RT with 8 keV helium with an angle of 15° between the ion beam and the sample surface
in a JEOL JEM-2100 TEM operating at 200 kV. The other sample was irradiated at the MIAMI
facility at 1223 K with 2 keV helium at an angle of 60° to the sample surface in a JEOL JEM-
2000FX TEM operating at 200 kV. The ion fluxes were ~3.3x10% and 1.2x10'" ions.m2 st in the
2 keV and 8 keV experiments, respectively. The range of helium normal to the surface was
calculated to be 23.6 nm (maximum = 70 nm) and 10.6 nm (maximum = 30 nm) for the 8 and 2
keV irradiation conditions, respectively, using the Stopping Range of lons in Matter (SRIM)??
Monte Carlo computer code. Two further samples were irradiated ex-situ at the IMPACT facility
with 70 eV helium ions at RT and at 1173 K both at normal incidence. The ion flux in the 70 eV

experiments was ~1x 10 ions.m™2.s%. The range in the 70 eV experiments was calculated to be
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1.4 nm (maximum = 4 nm) using SRIM. Irradiation conditions are summarized in Table 1. Post-
irradiation, samples were examined using an FEI Titan 80/300 field emission TEM and/or a JEOL
JEM-3010 LaBe TEM both operated at 300 kV. Electron BackScattered Diffraction (EBSD) was
performed on non-irradiated electrochemically polished samples using an FEI XL40 field emission

scanning electron microscope equipped with an EBSD detector.

Tablel: Irradiation conditions used in the four experimental regimes (see Fig 2)

compared in this study.

Helium ion irradiation

Regime Sample

(see Fig.  temperature  Energy Flux Fluence
2) (K) (eV) (ions.m2 s (ions.m?)
| 298 70 1x10%° 2.5x10%
I 1173 70 1x10%° 4.5x10%
1 298 8000 1.2x10%7 1.5x10??
\Y; 1223 2000 3.3x10% 3.6x10%°

A bright-field TEM image with the associated Select Area Diffraction (SAD) pattern inserted
and an EBSD orientation map of a typical UFG and NC tungsten sample used in this study is
shown in Figure 1. Ultrafine grains are defined as those having the shortest distance between
opposite grain boundaries < 500 nm*? and nanocrystalline grains as having the shortest distance <
100 nm*t. As shown in Figure 1, both ultrafine and nanocrystalline grains coexist in the material.
EBSD performed on several samples showed 40-50% of the grains to be high-angle type with

grain boundary angles > 15°.

Atomic displacements occur in a material if an energetic particle transfers enough energy to an

atom to overcome the displacement threshold energy, Eq. The displacement energy for tungsten is



reported to be 40 eV.2 Assuming a perfectly elastic binary collision, the minimum energy a helium
atom, Emin, requires to displace a tungsten atom can be calculated by:

E. = (Mye + Mw)?
min 4MHeMW d

€Y)

where Mue and Mw are the masses of the helium and tungsten atoms, respectively. According to
equation 1, a 480 eV helium atom is required to displace a tungsten atom which is in agreement
with the literature?* of 500 eV. In order to explore the role of point defect generation we used
helium ions with energies of 70 eV (i.e. below the threshold for atomic displacements in tungsten)
and at 2 keV or 8 keV (i.e. above the threshold).

When vacancies and interstitials are generated in tungsten, their mobility will depend on
temperature. Due to their low migration energy of 0.054 eV, interstitials can migrate in tungsten
even at RT. Vacancies have a higher migration energy of 1.7 eV.% Therefore higher temperatures
are needed for vacancy migration to occur. Different temperatures for tungsten vacancy migration
have been reported in literature. Debelle et al.?” used positron annihilation spectroscopy and
reported that single vacancy migration occurs between 523-573 K. Eleveld and Veen?® used
positron annihilation and thermal desorption techniques and reported 650 K as the temperature
were monovacancies migrate to form clusters. However, small vacancy clusters begin to migrate
and form cavities at higher temperatures over 773 K.2” To explore the effect of vacancy migration,
we irradiated at RT (i.e. below the temperature required for vacancy migration) and at 1150 K or

1223 K (i.e. above the activation temperature). Helium is known to migrate freely in tungsten even

below RT?%% and will therefore have been mobile at all the temperatures used in this study.

Table 1 illustrates the four experimental regimes compared in this study: 1) no atomic

displacements (Exe = 70 eV < 480 eV) and minimal vacancy migration (T = RT < 600 K); 11) no



atomic displacements (Exe = 70 eV < 480 eV) and significant vacancy migration (T > 600 K); I11)
atomic displacements (Ene > 480 eV) and minimal vacancy migration (T = RT <600 K); and V)
atomic displacements (Ene > 480 eV) and significant vacancy migration (T > 600 K). For regimes
| and 11, TEM samples were irradiated ex-situ with 70 eV helium at RT and 1150 K, respectively.
For regimes Ill and 1V, the experiments were performed in-situ and the TEM samples were
bombarded with 8 keV helium at RT and 2 keV helium at 1223 K, respectively. Despite possible
differences in sample thickness, dose rate, incident irradiation angle and penetration depth,
comparison of how bubbles are distributed within the grains and the grain boundaries is possible
and valid since the objective of this work is to qualitatively examine the behavior of helium in this
UFG and NC tungsten system and particularly to investigate the irradiation conditions at which

preferential bubble nucleation on grain boundaries occurs.

Results and Discussion

Figure 3 shows bright-field TEM micrographs of UFG and NC tungsten bombarded with 70 eV
helium at RT. The images were taken in under-focus imaging conditions and therefore the bubbles
appear bright due to their Fresnel fringes. The images demonstrate a uniform distribution of 2-3
nm bubbles with an average areal-density of approximately 0.04 bubbles.nm=2 at a fluence of
2.5x10% ions.m2. The diffusion coefficient of helium has been reported to be comparable both in
the bulk and on grain boundaries.® However, due to the 2D diffusion of helium atoms on the grain
boundaries compared to 3D in the matrix, once helium is captured by a grain boundary it is able
to cluster more efficiently.® Similarly, this effect will be even greater on dislocations due to 1D
diffusion.® Since vacancy formation and migration do not occur under these conditions, the

nucleation of bubbles can happen when a helium atom binds to an impurity or a thermal vacancy,
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which can then grow by the addition of more helium atoms. Although in this case 70 eV helium
atoms do not displace tungsten atoms, defects could be generated though trap mutation®! or loop
punching? when more helium atoms trap in a bubble nucleation site (such as a thermal vacancy)
thus generating over pressurized bubbles that emit interstitials or dislocation loops to relieve the
excess pressure. Bubble formation, however, can also occur due to helium atoms clustering®®.
Figure 3c shows 3-5 nm dark spots distributed in the grains. It is expected that defects generated
from helium-vacancy cluster growth (as described above) can agglomerate and generate
dislocation loops.®32 Iwakiri et al.*® observed dark spots after low fluence sub-threshold 250 eV
helium irradiation of coarse grained tungsten and assumed them to be plane agglomerates of
implanted helium (i.e. helium platelets). Similar helium platelets have been reported in helium-
irradiated molybdenum samples at non-displacement energies (150 eV).** Trinkaus et al.*®
reported that He platelets formed due to helium irradiation of silicon carbide at RT, can transform
into dislocation loops and helium bubbles when subsequently annealed to between 1300K and
2100K. For irradiation conditions below the threshold for atomic displacements in the current
study, these dark spots are therefore expected to be caused by strain fields associated with
dislocation loops formed due to growing or dissociated platelets or helium platelets themselves.
Moreover, formation of helium platelets is expected to occur when vacancy supply is too low
(expected at non-displacement energies such as the 70 eV irradiation in this study) for three-
dimensional helium-vacancy agglomerations.®® The formation of helium platelets can mark the
initial stage of bubble formation.*®3’ At high temperatures® or high helium doses®* these platelets
can evolve into small bubbles. It has been reported that under high internal pressure, several small

bubbles are a lower energy configuration than one single large bubble.®



It might be expected that the grain boundaries, which are effective helium traps,® will become
regions of high helium concentration. Surprisingly, in the sub-threshold RT irradiations, neither
large bubble formation on the boundary nor denuded zones around the grain boundaries were

observed despite the high fluence of 2.5x10% ions.m2.

Figure 4 shows TEM micrographs of UFG and NC tungsten bombarded with 70 eV helium at
1173 K. Similar to the RT irradiation at 70 eV, a uniform distribution of approximately 3 nm
bubbles with an areal density of approximately 0.025 bubbles.nm= (at a fluence of 4.5x10%* m=2)
were observed with defects assumed to be helium platelets or associated dislocation loops as
discussed above. At this elevated temperature, vacancy migration occurs but the creation of
vacancies under these irradiation conditions is limited to thermal vacancies or vacancies generated
through possible trap mutation processes during bubble growth (although such vacancies are by
definition immediately incorporated into the generating bubble). As well as grain boundaries being
efficient vacancy sinks, Bai et al.’> showed that interstitials absorbed by grain boundaries can be
re-emitted to combine with nearby vacancies. The removal of vacancies from the regions
surrounding the grain boundaries could lead to a reduction in the density of potential bubble
nucleation sites. However, in this experiment bubbles were uniformly distributed across the grains.
Recently, Sefta et al.'® demonstrated through molecular dynamic simulations that a {100} tungsten
surface intersected by a grain boundary retains around 20% more helium than {100} single-crystal
surface at 1200 K when irradiated with 60 eV helium ions. Based on that work, one might expect
to observe larger bubbles on the grain boundaries than the matrix. However, this was not observed

in the current study under these sub-threshold irradiation conditions.

Comparing the 70 eV experiments at RT and 1173 K, no large differences were observed.

The higher temperature experiment required a greater final fluence (4.5x10% m=2 versus 2.5x10%



m2 for the RT experiment) to produce comparable bubble size to those formed at lower
temperatures. This can possibly be explained by considering vacancy migration, the probability of
helium trapping and the proximity of the surface. Although vacancies are not generated via atomic
collisions in the 70 eV case, those which are naturally present in the relatively-shallow implanted
region will be mobile at 1173 K and will be able to migrate to the surface. Sefta et al. demonstrated
how helium retention in the tungsten matrix decreases with increasing temperature.’® If this
process (helium migration to the surface) had a greater effect than the similarly-increased thermal
vacancy production rate, then it will have lowered the number of bubble nucleation sites meaning
a helium atom is more likely to escape to a surface or grain boundary before it is trapped in the
matrix. Therefore the bubbles were smaller and had a lower areal-density than at the same fluence

in the lower temperature experiments.

Figure 5 shows TEM micrographs of UFG and NC tungsten bombarded with 8 keV helium
at RT during an in-situ experiment. At this energy, vacancies and interstitials are generated by
atomic collisions; however the vacancies are immobile at RT. These conditions resulted in bubbles
of approximately 5 nm in diameter, uniformly distributed and with an areal density of
approximately 0.01 bubbles.nm™ at a fluence of 1.5x10% ions.m2. Irradiation with sufficient
energy to induce atomic displacements and at a temperature (1223 K) sufficient to make vacancies
mobile, drastically changed the resulting microstructure compared to the other experimental
regimes, as shown in Figure 6. At this higher temperature, vacancies and interstitials are generated
due to atomic collisions and both are able to migrate. Bubbles of varying size were uniformly
distributed across the grains but with lower areal-densities on the smaller nanocrystalline grains.
As shown in Figures 6 and 7, defects on ultrafine grains and a lower areal-density of bubbles on

the nanocrystalline grains were observed. The grain boundaries of the nanocrystalline grains were
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decorated with large and facetted cavities. These have been reported to occur due to high vacancy
supply and anisotropic surface energies at high temperatures.*® The variation of bubble size and
density among different grains in the 2 keV and 1123 K irradiation case at a fluence of 3.6 x10%°
ions.m~2is illustrated in Figure 8. It should be noted that similar imaging conditions were used so
that the average bubble size is not significantly affected by imaging conditions. Grains of less than
~60 nm showed lower bubble densities but higher bubble sizes than other nanocrystalline grains
(60-100 nm) and ultrafine grains (100-500 nm).1* While the high density of bubbles on the grain
boundaries of these materials (Figure 6) demonstrates better helium sink efficiency, degradation
of mechanical properties can possible as a result of large cavity formation. Other structural nuclear
materials were shown to suffer, under stress from high temperature mechanical property
degradation (ductility deterioration, creep and fatigue life reduction, embrrittlement ) due to bubble
growth on grain boundaries which can initiate crack formation and intergranular brittle failure.**
In addition to bubble formation, it has also been reported that the formation of defect clusters,
dislocations and dislocation loops occurs in ultrafine grains at high temperatures due to the
increased mobility of defects.’* In both experiments in which the energy of the incident helium
was above that required to cause atomic displacements, irradiation enhanced and/or induced
diffusion are expected.*? However, defect formation and migration'* were much more pronounced
in the higher temperature experiment suggesting the thermal enhancement to diffusion was a more
significant factor. It should also be mentioned that in both experiments (2 keV and 8 keV
irradiations), no significant modification of the thin edges of the TEM samples was observed
during the in situ irradiations so therefore sputtering is not considered to have been a relevant

factor.
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One remaining question is whether the facetted cavities in the high temperature experiments
were helium bubbles (formed by helium-vacancy agglomeration) or voids (formed by vacancy
clustering) or started as small bubbles and ended up as a large faceted voids. This issue can be
explored by examining the bubble density and distribution in the nanocrystalline grains in the high
temperature experiment (2 keV irradiation at 1223 K) compared to the low temperature case (8
keV irradiation at RT). The two experiments were run at different conditions with helium diffusion
and escape as well as bubble size and pressure all potentially different. However, in the low
temperature experiment, the bubbles were uniformly distributed over each grain with a relatively-
high areal-density of approximately 0.01 bubbles.nm at a fluence of 1.5x10?! ions.m2 regardless
of the grain size. Conversely in the high temperature experiment, bubbles were more spatially
separated with a bubble density of approximately 0.003 bubbles.nm2in the ultrafine grains at a
fluence of 3.6 x10'° ions.m™2. No bubble coalescence, which could alter the bubble density, was
observed during the in situ irradiations. The lower areal density in the high temperature experiment
suggest that the helium atoms were able to travel greater distances before being trapped and so
will have reached grain boundaries in greater numbers. Therefore the facetted cavities on the grain

boundaries are likely to be large bubbles given this high flux of helium.

Comparison of the 70 eV and 2 keV helium irradiations at 1173 and 1223 K, respectively,
reveals the importance of point defect production for the formation of large bubbles on grain
boundaries. As shown in Fig. 6, under displacing 2 keV helium irradiation, large bubbles were
formed on grain boundaries at the end-fluence of 4.0x10%° ions.m=2. However, under 70 eV helium
irradiation which cannot create atomic displacements, no such large bubbles were observed on the
grain boundaries as shown in Fig. 4 despite the higher end-fluence of 4.5x10% ions.m~2 versus and

comparable irradiation temperatures. Vacancies may also enhance bubble growth by increasing
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the mobility of helium through the matrix in the form of helium-vacancy complexes, which are
expected to form*® and migrate®® under these conditions. Once in the boundaries, both the helium
and vacancies are able to migrate and agglomerate to form bubbles. However, in the absence of an
irradiation-induced vacancy supply in the 70 eV case, helium atoms which reach a grain boundary
can only become immobilized in a pre-existing region of low electron-density on the boundary,
combine with a thermal vacancy or continue to migrate on the boundary until they reach a surface
and escape. It is then, concluded that both vacancy generation and migration are necessary to
efficiently trap helium on grain boundaries as summarized in Table 2. These results indicate the
importance of helium, vacancy, and possibly helium-vacancy cluster formation and the subsequent

migration to grain boundaries in the irradiation response of UFG and NC tungsten.

Table 2: Output results summary from this work

samol Defect dynamics Preferential
regime | 1 ampter Energy — nucleation of
€gime | temperature — q\/) Displacement Vacancy  Interstitial bubbles on gbs
(K) migration migration
I 298 70 No No Yes No
I 1173 70 No Yes Yes No
1 298 8000 Yes No Yes No
v 1223 2000 Yes Yes Yes Yes

It should be noted that the 70 eV experiments have higher fluxes ( ~ 300 and ~80 times the
flux in the 2 and 8 keV experiments respectively) and very low implantation depth. Surface effects
(helium escape to the surface) and rate effects (difference in helium implantation rate) can be a
concern. Although the 70 eV experiments have higher implantation rate and mutual clustering of
helium can occur, the flux is still much (~1000 times) lower than the expected helium flux for

surface saturation and fuzz formation °#, and therefore, helium can diffuse to grain boundaries.
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Moreover, MD simulations by Sefta et al.!® demonstrated grain boundary effects at even higher

fluxes (2.5x10%" ions.m2.s1).

While the low penetration depth of the 70 eV experiments can lead to higher helium escape to
the surface (lower retention), helium particles implanted in the proximity of a grain boundary
should be able to diffuse to the grain boundary considering the low migration energy of helium in
tungsten (~0.24 eV) and the corresponding very high diffusion rate** . In addition, helium-vacancy
complex formation should enable helium diffusion to nearby grain boundaries thought complex
migration in the high temperature experiment (70 eV and 1173 K). The recent simulations of Sefta
et al.® was performed at 60 eV and helium implantation percentage was ~ 85% in tungsten with a
grain boundary at temperatures ranging from 500-2000K. Moreover, bubbles were shown to form
at the area deeper than that of the helium implantation determined by SRIM at non-displacement
energies (eg. 50 eV).!® demonstrating larger diffusion lengths of helium than expected.
Stereoscopic measurements and thermal desorption spectroscopy measurements (not available in

this work) should help in addressing concerns regarding surface and rate effects.

Summary

Ultrafine grained and nanocrystalline tungsten TEM samples have been irradiated under
different helium energy and temperature combinations to investigate the radiation tolerance to
bubble formation and the role of grain boundaries in trapping helium. Bubbles were shown to
nucleate uniformly at energies below the displacement threshold of tungsten regardless of
temperature. Bombarding with helium energies over the displacement threshold, demonstrated

more bubbles or helium trapping on the grain boundaries only at high temperatures at which
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vacancies are mobile. It is concluded that at the experimental conditions used in this work, vacancy
generation and migration are necessary conditions for enhanced trapping of helium at grain
boundaries demonstrating the importance of these phenomena for the radiation response of
tungsten materials with tailored grain size. Future work will focus on stereoscopic and thermal
desorption spectroscopy measurements to support these findings and eliminate doubts about

surface and rate effects.
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Figure 1: (a) Bright-field TEM micrograph of an UFG and NC tungsten sample and (b) EBSD
map of a sample demonstrating the presence of high-angle grain boundaries in most regions of the
sample.
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Figure 2: Summary of the four experimental regimes compared in the current study.
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Figure 3: Bright-field TEM micrographs of UFG and NC tungsten irradiated with 70 eV helium
ions (flux of 1x10%° ions.m2.s1) to a fluence of 2.5x10% ions.m™2 at RT demonstrating: (a)
uniform distribution of bubbles; (b) no denuded zones along the grain boundaries; (c) defects
assumed to helium platelets or associated dislocation loops (see text for discussion); and (d)
coexistence of helium platelets or dislocation loops and 2-3 nm bubbles.

Figure 4: Bright-field TEM micrographs of UFG and NC tungsten irradiated with 70 eV helium
ions (flux of 1x10%° jons.m2.s) to 4.5%10?! ions.m~2 at 1173 K demonstrating: (a) uniform areal-
distribution of bubbles; (b) no denuded zones near the grain boundaries and uniform areal-
distribution of bubbles on an ultrafine grain with few helium platelets observable.
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Figure 5: Bright-field TEM micrographs of UFG and NC tungsten irradiated with 8 keV helium
(flux of 1.2x107 jons.m2.s1) to a fluence of 1.5x10%? jons.m at RT demonstrating: (&) uniform
distribution of bubbles and no denuded zones near grain boundaries; and (b) same region as (a) in
an over-focused imaging condition with bubbles appearing dark.

Figure 6: Bright-field TEM micrographs of UFG and NC tungsten irradiated with 2 keV helium
ions (flux of 3.3x10%® jons.m2.s1) at 1223 K demonstrating: (a) overview of sample with bubbles
decorating grain boundaries at a fluence of 3.6x10° ions.m2; (b) nanocrystalline grain with large
facetted bubbles/voids on grain boundaries and few bubbles in the grain matrix at a fluence of
3.6x10'° jons.m; and (c) grain boundary and (d) grain boundary triple-junction decorated by
facetted bubbles with different sizes inside ultrafine grains at fluence of 4.0x10% ions.m=2.
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Figure 7: Bright-field TEM micrograph of UFG irradiated with 2 keV helium ions at 1223 K to a
fluence of 3.6x10%° ions.m= demonstrating uniform distribution defect clusters, dislocations and
bubbles.
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Figure 8: Bubble areal density (right columns) and average bubble size (left columns) vs grain
size for 2 keV helium ions irradiation at 1223 K and a fluence of 3.6x10%° ions.m2. Bubbles
located on grain boundaries were not counted. A total of 18 neighboring grains were analyzed in
order to ensure maximum consistency in ion fluence, sample thickness and irradiation temperature.
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