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a b s t r a c t 

In this work, a nanocrystalline (NC) Cu-10at.%Ta alloy is irradiated with helium at different temperatures 

to assess the stability and effectiveness of Ta nanoclusters in trapping helium and suppressing swelling. 

Advanced microstructural characterization of the room-temperature irradiated specimens indicated the 

presence of small He-bubbles ( ∼1-2 nm) at the peak damage depth mainly at the core and along the 

interface of Ta nanoclusters with Cu matrix. Few bubbles were found along grain boundaries, with much 

smaller bubbles homogenously distributed within the copper lattice. High-temperature irradiation ex- 

hibited bubbles of ∼3-5 nm, which were primarily associated with nanoclusters as compared to other 

locations, with no observed faceting of the bubbles. Atom probe analysis confirmed helium partitioning 

to the Ta nanoclusters indicating the effective entrapment of these He atoms. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Efficient operation and extended lifetime of future nuclear reac- 

ors depend on the performance of structural materials in extreme 

adiation environments [1] . High energy particle radiation causes 

isplacement of atoms from their lattice sites resulting in the 

ormation of numerous point defects (vacancies and interstitials) 

hose subsequent diffusion and clustering lead to volumetric 

welling, hardening, phase segregation, disordering, etc., in reactor 

tructural materials [2] . Particularly, helium generated by nuclear 

ransmutation (n, α) reactions is more detrimental in advanced 

ast reactors and fusion devices as it exacerbates the effects from 

isplacement damage. Due to its low solubility in metals and high 

inding energy with vacancies, helium tends to exist as helium 

acancy complexes, thereby stabilizing the vacancy clusters (from 

eemission) [3–7] . These defect interactions (low migration energy 

f helium) and complex microstructural evolutions (with tempera- 

ure, dose, dose rate, He concentration), ranging from small helium 

ubbles to large faceted voids can aggravate the radiation-induced 

egradation such as void swelling and helium embrittlement [8] . 

arious promising strategies have been proposed to alleviate such 

adiation effects through nano-engineering of a high density of 

lanar and linear microstructural defects including grain bound- 

ries (GBs), phase boundaries, and dislocations that act as effective 

nterface sinks for the radiation-induced defects [9] . For instance, 

xperimental evidence has shown that refining grain size down 
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o the nano regime can improve radiation tolerance [10] , provided 

he microstructure is stable under a relevant radiation environ- 

ent. Likewise, many studies have reported enhanced radiation 

esistance in ODS and NFA (Nanostructured Ferritic alloys) com- 

ared to conventional austenitic alloys [ 11 , 12 ]. Metallic nanolayers 

re another attractive group of materials widely researched for 

heir effective suppression of radiation-induced defects and helium 

ubble swelling owing to numerous heterophase interfaces [ 13 , 14 ]. 

urthermore, immiscible and semi-coherent (e.g., fcc/bcc) inter- 

aces have been proclaimed to offer promising radiation tolerance 

ompared to their miscible (e.g., Al/Nb, Fe/W) and coherent (e.g., 

cc/fcc: Ag/Ni) counterparts due to the presence of large free 

olume for the absorption of defects [15–18] . The motivation of 

his study is to understand the cumulative defect trapping effi- 

iency and stability of immiscible interfaces and nanocrystalline 

Bs decorated with nano precipitates in a binary alloy system to 

elium irradiation. One such immiscible system: bulk Cu-10at.%Ta 

19–21] , with nanocrystalline (NC) microstructure and bimodal 

istribution of precipitates (nanoclusters and large particles) has 

hown promising radiation tolerance to high dose heavy ion irra- 

iation [22] . Thus, in this study, we use this nanocrystalline Cu-Ta 

lloy (NC-Cu-10at.% Ta) with numerous immiscible interfaces, 

o evaluate the stability and tolerance of such a system to high 

elium concentrations and temperature. 

Towards this, NC-Cu-Ta cylindrical specimens with 3 mm diam- 

ter and ∼1.2 mm tall, were mechanically polished to a mirror fin- 

sh and irradiated with 200 keV He ++ ions on Danfysik Ion Im- 
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Fig. 1. Helium bubble distribution at RT. (A) Low magnification BF STEM image showing the complete damage region from the irradiated surface. (B) Corresponding HAADF 

STEM image of A. B1-B5 represents high magnification HAADF image at various irradiation depth in image B showing the bubble distribution. Arrows point to bubbles at 

various interfaces such as Red-Grain boundaries, Yellow-Large Ta interfaces, and Green-Ta nanoclusters. 
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lanter at Ion Beam Materials Laboratory in Los Alamos National 

aboratory. The beam was raster-scanned with a frequency of ∼1.1 

Hz in x and y. A flux of 1.85 × 10 13 ions cm 

−2 s −1 was used to

chieve a fluence of 1 × 10 17 ions cm 

−2 at room temperature (RT) 

nd 723 K. The samples were mounted to the heating stage with 

ilver paste for good thermal conduction, and the stage tempera- 

ure was monitored through a thermocouple attached to the stage. 

amage profiles were calculated using Stopping and Range of Ions 

n Matter (SRIM) software utilizing the Kinchin Pease model, which 

ives the best correlation with the internationally adopted Norgett, 

obinson, and Torrens (NRT) displacement model [23] . The simu- 

ation was performed for Cu-10at.%Ta with threshold displacement 

nergy of copper and tantalum set to 30 eV and 90 eV respec- 

ively [24] . Damage profiles in displacements per atom (dpa, Fig- 

re S1 ), indicate a damage level of 0.5 dpa near the surface (rel-

tively flat), with peak damage of 2.5 dpa occurring at 0.5 μm 

nd peak helium concentration of 4 at.% at 0.7 μm. For transmis- 

ion electron microscopy (TEM) characterization was carried out in 

n ARM-200F, samples were prepared using a Focused Ion beam 

FIB) FEI Nova 500 to get cross-section liftouts of the irradiated re- 

ion which were thinned to electron transparency till 2 keV and 

ere plasma cleaned in Ar prior to TEM observations to reduce 

IB damage and surface contamination. More than 150 grains were 

ampled using ImageJ software to get the average grain size from 

he irradiated depth spanning from 10 0-60 0 nm. Bubble statistics 

ere determined with the help of HAADF (High Annular Angu- 

ar Dark Field) images. Swelling analysis was carried out over dif- 

erent depths, quantifying bubble size and density using ImageJ 

oftware. Atom probe tomography was performed using a Cameca 

EAP 50 0 0 XR system operated at 50 K with laser energy of 50 pJ,

uto pulse rate control enabled with a minimum mass spectrum 

ange of 300 Dalton, and target evaporation rate of 0.5%. The atom 

robe samples were prepared with a ThermoFisher Scientific He- 

ios G4 UX dual-beam focused ion beam (FIB) / scanning electron 
2 
icroscope (SEM). Annular milling was utilized to yield the appro- 

riate needle-shaped geometry to facilitate field evaporation. The 

nal step in the annular milling process was conducted at 5 keV 

o minimize Ga implantation into the tip. After running the tip, 

he reconstruction and analysis were performed using IVAS 3.8.4 

oftware. All analyzed tips were composed of at least 20 million 

ons. 

Post irradiation microstructure of the RT implanted specimen 

as analyzed at different irradiation depths as shown in Fig. 1 . 

iny helium bubbles of ∼1-2 nm began to be observed along the Ta 

anoclusters at the irradiation depth of around 300 nm (i.e., ∼0.5 

t.% He), below which bubbles were difficult to be detected. No 

ubbles were observed elsewhere until 400 nm. As the irradiation 

epth approached the peak damage region at > 400 nm, in addition 

o more bubbles being associated with the nanoclusters, minute 

ubbles of < 1 nm were observed to be uniformly distributed in 

he matrix as seen from the HAADF images in Fig. 1 (B2 and B3).

urthermore, bubbles of ∼ 2 nm were observed along a few GBs 

 Fig. 2 B2) and some larger Ta precipitate interfaces as well ( Fig. 2

4). Nevertheless, the bubbles at these GBs remained small ( ∼2 

m) potentially due to the sequestering effect from tantalum nan- 

clusters present at the GBs, increasing the threshold for coales- 

ence. A considerable fraction of bubbles ( ∼2-3 nm) was observed 

t the nanoclusters and interestingly more along the defected core 

f the core-shell structure exhibited by these nanoclusters in addi- 

ion to their interfaces. 

Similar microstructure analysis was carried out at various irra- 

iation depths for the specimen irradiated at 723 K as shown in 

ig. 2 . No bubbles could be detected below ∼180-200 nm, indicat- 

ng a critical helium concentration of ∼0.17 - 0.2 at.% He required 

or bubbles to nucleate. In other words, critical helium concentra- 

ion per interface area in Cu-Ta is ∼7.8-9.9 atoms/nm 

2 . At depths 

anging from 20 0-40 0 nm (i.e., 0.2- 1 at.% He), small bubbles of 2-3

m were observed primarily along the Ta nanoclusters and a few 
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Fig. 2. Helium bubble distribution at 723 K. (A) Low magnification BF STEM image showing the complete damage region from the irradiated surface. A1-A8 are high 

magnification images at various irradiation depths in image A. Arrows point to bubbles at various interfaces such as Red-Grain boundaries, Yellow- Large Ta interfaces, and 

Green- Ta nanoclusters. 
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Bs indicating the preference of helium bubbles to segregate to 

hese interfaces before aggregating at the matrix or GBs. No bub- 

les were observed in the bulk (within the grains). As the dose in- 

reased drastically approaching the peak damage region at depths 

 400 nm (i.e., 1 to 4 at.% He), bubbles of average size 4-5 nm were

bserved both along the GBs ( Fig. 2 A5-6) and within the grains 

 Fig. 2 A7-8). Moreover, the largest bubble observed at the peak 

elium concentration was around 10 nm with no evident faceting. 

ven at the peak helium concentration, many of the bubbles asso- 

iated with the nanoclusters in both matrix and GBs were observed 

o remain within the range of 3-4 nm indicating the potential of 

hese clusters in resisting bubble coarsening ( Fig. 2 A3&A8). Fur- 

hermore, SEM imaging of the irradiated surface showed no promi- 

ent blistering for both RT and 723 K conditions. 
3 
Quantitative analysis of helium bubble evolution in the 723 

 implantation was carried out by plotting the average size and 

welling distribution as a function of irradiation depth (dose) as 

hown in Fig. 3 . As seen in Fig. 3 B, the average swelling at dose

evels of 1 dpa and 0.5 at.% He is as low as 0.05%. As the dose

nd helium concentration increased, the swelling % increased to 

n average of ∼0.7% at the peak damage region (2.5 dpa and 4 at.% 

e). In the similar irradiation depth zone ( > 400 nm), the average 

ubble size varied between a small range of 2.5 nm to 5 nm, how- 

ver, there was a significant change in the swelling % indicating 

he added role of defect number density on the overall swelling 

ehavior. Nevertheless, the observed swelling % at peak helium 

oncentration is comparable/slightly lower than that observed in 

andidate NFA 14YWT and Cu-V nanolayers at a similar dose and 
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Fig. 3. Helium bubble and grain statistics at 723 K. (A) Bubble size distribution as a function of irradiation depth (dose). (B) Calculated swelling % along the irradiation 

depth. (C) Grain size distribution of the sample irradiated at 723 K obtained from the depth span of 10 0-60 0 nm from the irradiated surface. 

Fig. 4. Helium partitioning to Ta clusters (A) Atom map of an APT specimen prepared from the irradiated surface (to a depth of ∼300 nm) for the RT irradiation, where 

Cu is shown in orange and Ta in green. (B-C) 2-D contour density maps of a 10 nm thick slice taken from the highlighted region in the APT needle of part A showing the 

distribution of Cu, He, and Ta atoms within that slice at different maximum intensities. 
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elium profile [ 25 , 26 ]. The bubble density at an irradiated depth

f ∼450 nm was calculated to be around 1.2 × 10 23 /m 

3 which is 

imilar to the nanocluster density on the order of ∼6.6 × 10 23 /m 

3 

27] , further agreeing with the TEM observation where at depths 

ntil 400 nm, most of the bubbles were associated with/primarily 

bserved along the Ta nanoclusters. In addition to the swelling re- 

istance, the microstructural stability was exceptional with a min- 

mum grain growth from an average of 50 nm in the as-received 

tate to ∼85 nm at a He concentration and dose of 3 at.% and 2.5

pa respectively at 723 K. This stability of the nanocrystalline mi- 

rostructure provides additional proof for the stability and effec- 

iveness of the Ta nanoclusters in pinning the GBs at such high 

elium levels. 

To further analyze the effectiveness of these Ta nanoclusters in 

rapping helium, atom probe analysis was carried out as shown in 

ig. 4 , which enables mapping of relative atom positions. Fig. 4 A 

hows an APT tip of an RT implanted specimen comprising the top 
4 
00 nm from the irradiated surface. A 2-D slice of 10 nm thickness 

as taken along the z-axis from the APT tip ∼225 nm from the ir- 

adiated surface as highlighted in Fig. 4 A, and their corresponding 

ontour density maps are plotted with two different maximum in- 

ensities in Fig.s 4 B and C. The 2D contour density maps for Cu, He,

nd Ta show the overlap of high-density region of He with that 

f Ta, indicating a preferential partitioning of helium to the nan- 

clusters. Multiple 2-D slices were analyzed to validate this behav- 

or. Moreover, the iso-concentration surface generated for tantalum 

nd helium (Figure S2) also indicated a vast majority of helium go- 

ng into tantalum. To put in perspective, the helium concentration 

n copper matrix and tantalum precipitates were calculated using 

roxigrams from atom probe data to be ∼0.23 and 1.46 at.% helium 

espectively (Table S1). This high affinity of tantalum to helium re- 

uces the amount of helium available freely to bind with vacancies 

nd form large helium bubbles at the matrix and GBs. Such high 

inding of helium to tantalum was observed in W-5Ta where the 
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Fig. 5. (A-C) BF STEM images and the corresponding HAADF images (A’-C’) of Ta nanoclusters in the specimens irradiated at 723 K showing the presence of Helium bubbles 

at the (A) interfaces and (B-C) the core of the nanoclusters. 
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inding energy further increased with the addition of more helium 

toms to tantalum [28] . Additionally, the radial distribution func- 

ion of various elements (Figure S3) with respect to tantalum also 

onfirmed the increased affinity of helium towards tantalum fur- 

her highlighting that the Ta nanoclusters are the preferential sites 

or helium segregation and bubble nucleation in the Cu-Ta system. 

Immiscible semi-coherent heterophase boundaries have been 

onsidered effective sinks for radiation-induced defects due to 

heir high density of misfit dislocation interfaces (MDIs). In fact, 

omparing the O-lattice theory calculations (in [13] ) that correlates 

he MDI density and the lattice parameter ratio in fcc/bcc inter- 

ace to the lattice parameter ratio of Ta and Cu (0.91) indicates a 

igh density of areal MDIs at Cu/Ta interface similar to Cu-Nb in- 

erfaces, which are considered efficient sinks for radiation-induced 

efects [4] . The effectiveness of these MDI’s in absorbing defects 

s evident from the TEM observations (e.g., Fig. 5 A) and the high 

ritical helium concentration/interface area of ∼7.8-9.9 atoms/nm 

2 

n Cu/Ta compared to other immiscible interfaces like Cu-V or Cu- 

o [4] . Interestingly, high-resolution TEM images of the nanoclus- 

ers post-irradiation ( Fig. 5 (B-C)) reveal a low-density core within 

he shell of tantalum nanoclusters indicating helium accumulation 

nd bubble nucleation within the tantalum nanoclusters, whose 

rowth is typically limited by the size of the clusters. Earlier works 

n the chemistry of the nanoclusters indicated that the nanoclus- 

ers exhibit a core-shelled structure with the core rich in oxygen 

nd vacancies embedded in the tantalum shell [27] . Such vacancy 

rapping mechanisms have been reported in oversized solutes and 

ave been proposed as an effective mechanism to suppress void 

welling [29] . Thus, in addition to the misfit dislocations in the 

emi-coherent interfaces of these nanoclusters ( Fig. 5 A), the de- 

ected cores in the core-shell structured nanoclusters provide addi- 

ional free volume for effective helium trapping and serve as pre- 
erred nucleation sites for helium bubbles in Cu-10at.%Ta as seen c

5 
n Fig. 5 (B-C). Overall, this unique combination of attributes of Ta 

anoclusters makes them very effective in trapping helium atoms. 

In summary, helium irradiation was carried out on NC Cu- 

0at.%Ta to a peak helium concentration of 4 at.% He at RT and 

23 K. The TEM analysis of the cavity distribution shows a large 

ensity of bubbles associated with the nanoclusters. This is further 

onfirmed through APT analysis, which indicates a high affinity of 

elium to tantalum leading to preferential nucleation of helium 

ubbles at tantalum nanoclusters in Cu-10at.%Ta. In addition to the 

anocluster interfaces, the defected cores were also observed to 

rovide additional free volume for helium trapping. Furthermore, 

ow peak swelling of ∼0.8% observed at 723 K provides additional 

alidation for the effectiveness of these clusters in sequestering he- 

ium bubbles and suppressing swelling. 
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