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Nanocrystalline materials are known to possess excellent radiation resistance due to high fraction of grain
boundaries that act as defect sinks, provided they are microstructurally stable at such extreme conditions.
In this work, radiation response of a stable nanocrystalline Cu-Ta alloy is studied by irradiating with 4
MeV copper ions to doses (close to the surface) of 1 displacements per atom (dpa) at room temperature
(RT); 10 dpa at RT, 573 and 723 K; 100 and 200 dpa at RT and 573 K. Nanoindentation results carried out
for samples irradiated till 100 dpa at RT and 573 K show exceptionally low radiation hardening behav-
ior compared to various candidate materials from literature. Results from microstructural characteriza-
tion, using atom probe analysis and transmission electron microscopy, show a stable nanocrystalline mi-
crostructure with minimal grain growth and a meagre swelling in samples irradiated to 100 dpa (~0.2%)
and 200 dpa at RT, while no voids in those at 573 K. This radiation tolerance is partly attributed to the
stability of Ta nanoclusters due to phase separating nature of the alloy. Additionally, the larger tantalum
particles are observed to undergo ballistic dissolution at doses greater than 100 dpa and are eventually
precipitated as nanoclusters, replenishing the sink strength, which enhanced material’s radiation toler-
ance when exposed to high irradiation doses and elevated temperatures.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Increasing concerns about global warming and carbon diox-
ide (CO,) emissions have raised the demand for renewable and
sustainable energy sources, such as nuclear energy. However,
development of advanced structural materials for next generation
reactors is challenging due to harsh reactor environment viz. high
energy neutron exposure, temperature and corrosion environment
[1,2]. Radiation induced displacement cascade generates high
density of vacancies and interstitials (Frenkel pairs) which coalesce
to form defect clusters like interstitial dislocation loops, voids and
stacking fault tetrahedra (SFT), eventually posing serious threats
like radiation-hardening and embrittlement, phase instabilities
from radiation induced precipitates, irradiation creep, volumet-
ric swelling from void formation, and high temperature helium
embrittlement [3].
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Interfaces like grain boundaries and phase boundaries act as
efficient sinks to annihilate radiation induced defects. Designing
materials with large fraction of natural defect sinks is the key to
alleviate radiation effects. The current state of the art materials
for reactor application are reduced activation ferritic-martensitic
(RAFM) and oxide dispersion strengthened (ODS) steels. ODS steels
are of great interest due to their superiority in defect sink effi-
ciency and high temperature properties attributed to the fine oxide
dispersions [4]. However, they are still not completely immune
to radiation hardening at considerably high doses [5,6] and the
stability of oxide phases (dissolution, growth and amorphization)
are not well understood due to inconsistency with results observed
in literature [7]. Various research on other advanced materials
such as nano layered composites have shown that improving
interface concentration (i.e. reducing the spacing of nano layers)
creates overlapping void denuded zones which is the key aspect
in achieving void free structure [8-10]. Likewise, nanocrystalline
(NC) materials are one of the promising candidates due to high
volume fraction of grain boundaries which act as unbiased sinks
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50 nm

Fig. 1. As-received microstructure. STEM images of unirradiated (A-B) NC Cu-10at. %Ta. (A’) and (B’) are the corresponding HAADF image to the bright field STEM images in

(A) and (B) respectively.

for radiation defects [11,12]. However, microstructural instabilities
(e.g., grain growth) observed during high energy neutron radiation
complicate the interpretation of grain size effects [13]; reduces the
sink concentration and efficiency, leading to a reduction in per-
formance and lifetime [14]. Thus, the hunt continues for materials
that prolong the life cycle of nuclear reactors, i.e., not only im-
mune to radiation induced degradation but also maintain/enhance
their mechanical properties during sustained radiation exposure.
The core strategy of this work is to maintain stable length scale
or microstructural unit along with the presence of a sacrificial
phase in an immiscible alloy system for enhanced radiation tol-
erance. Immiscible alloys driven far from equilibrium through me-
chanical alloying or irradiation, such as Cu-Ta, Cu-Nb, Cu-V, Cu-Mo,
Ni-Ag, Ag-Fe, Ag-Cu etc., have been of great interest to researchers,
since their response to severe plastic deformation/radiation is
unique compared to their miscible counterparts (or those with low
heat of mixing), due to the competition between ballistic mixing
and thermodynamically driven kinetics such as decomposition and
phase separation [15-17]. Here, we use NC Cu-10 at. % Ta alloy (re-
ferred to herein as NC Cu-Ta alloy) with Ta nanoclusters of average
diameter 3 nm and a spatial arrangement of proportional length
scale, as a model material system. Recent works on this alloy have
shown that introduction of stable nano dispersions led to extraor-
dinary strength, thermomechanical stability and creep properties
[18,19], along with high thermal and electrical conductivity [20].
Combining these unique mechanical, thermal and electrical prop-
erties with radiation tolerance will open avenues for applications
such as high temperature heat exchanger and other reactor compo-
nents. In this study, we primarily focused on investigating NC Cu-
Ta alloy’s self-ion irradiation response related to three of the most
detrimental radiation effects, i.e., radiation induced hardening, void
swelling, and microstructural/phase instability to elucidate the ra-
diation tolerance behavior of a stable nanocrystalline material.

2. Material and methodology
2.1. Processing and as-received microstructure

The material was produced by high energy ball milling fol-
lowed by equal channel angular extrusion, refer [18]. As-received
microstructural characterization (Fig. 1) using transmission elec-
tron microscopy (TEM) revealed the presence of Cu grains with
an average size of 50 + 18 nm as well as Ta particles. Processing
produced a wide range of Ta particle sizes, ranging from atomic
nanoclusters (< 15 nm) of average diameter 3.18 + 0.86 nm to
much larger sacrificial precipitates (>15 nm) of average diameter
32 + 8 nm [21]. Previous works had indicated that this material
has coherent, semi-coherent, and incoherent Ta precipitates (di-
ameters of <3.9 nm, 3.9-15.6 nm and >15. nm, respectively) [18].
Further, the Ta nanoclusters also have misfit lattice dislocations at
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Fig. 2. SRIM Damage profile. Dpa profile and implanted Cu in at. % for NC Cu-10at.
%Ta irradiated with 4 MeV Cu** ions to a fluence of 2 x 10" ions cm~2

the interface with an average misfit strain of about 5.8%, but can
be as high as 11% [18,21,22].

2.2. Irradiation experiments and SRIM analysis

NC Cu-Ta cylindrical specimens with 3 mm diameter and
~1.2 mm tall, were mechanically polished to a mirror finish and
irradiated with a defocused beam of 4 MeV Cut* ions. A flux of
~9 x 10'2 jons cm~2 s~! was used to achieve fluences of 2 x 1013
ions cm~2 at room temperature (RT); 2 x 10'® jons cm~2 at RT,
573, and 723 K; 2 x 107 and 4 x 107 ions cm~2 at RT and 573
K. The samples were mounted to the heating stage with silver
paste for good thermal conduction and the stage temperature
was monitored through a thermocouple attached to the stage.
Damage profiles were calculated using Stopping and Range of
Ions in Matter (SRIM) software utilizing the Kinchin Pease model,
which gives the best correlation with the internationally adopted
Norgett, Robinson, and Torrens (NRT) displacement model [23].
The simulation was performed for Cu-10at.%Ta with threshold
displacement energy of copper and tantalum set to 30 eV and 90
eV respectively [24]. Damage profiles in displacements per atom
(dpa, Fig. 2), indicate a damage level of 100 dpa near the surface
(relatively flat) for the fluence 2 x 10" jons cm~2, with peak
damage occurring at ~1.1 pm. Similarly, other fluences had a dpa
of 1, 10 and 200 dpa at the surface respectively (Fig. S1). Hence-
forth, nomenclature for the irradiated samples will correspond to
the flat damage region on the surface, i.e. 1 dpa, 10 dpa, 100 dpa
and 200 dpa. Approximate dose rates near the surface and peak
damage were calculated to be 0.0045 and 0.015 dpa/s respectively.
The depth range highlighted in green (away from the peak damage
where the dose rate variation is relatively minimum) was utilized
for analyzing the grain and void statistics.
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2.3. Nanoindentation experiments

Displacement controlled nanoindentation was carried out using
TI 980 Tribolndenter with a Berkovich diamond tip of radius 150
nm. Indentation depth was fixed at 200 nm to maintain a balance
between the effect of plastic zone probing past the peak zone
into the unirradiated region at higher depths and indentation size
effects and surface effects at lower depth [25]. A three segment
quasi-static loading profile with load and unload period of 10.6 s
and hold period of 7 s was utilized. More than 25 indents were
used for every condition to get good statistical information. Each
indent was spaced 10 pm apart to avoid overlap of their radial
plastic zones. The surface was mechanically polished to mirror
finish till 0.05 pm colloidal silica suspension. Surface finish post
irradiation was not affected significantly due to sputtering till 100
dpa. Maximum Standard deviation for the indentation hardness
was 7.5% indicating statistically precise measurements. However,
at 200 dpa, the irradiated surface had high roughness due to
sputtering, and hence nanoindentation could not be carried out.

2.4. Grazing Incidence X-ray Diffraction experiments

PANalytical Xpert Pro with Cu ko radiation source was utilized
to get Grazing Incidence X-Ray Diffraction patterns. Mirrors and
parallel plate collimators were utilized for incident beam and
diffracted beam optics respectively. Scans were carried out at
an omega of 2° which gives an attenuation depth of nearly 750
nm in copper which is well within the irradiated depth. A step
size of 0.0125° with a time per step of 0.2 s was utilized for the
scans. Peak positions and intensity of Cu and Ta were analyzed
to get some insight on lattice distortion and phase stability post
irradiation.

2.5. Microstructural characterization

For transmission electron microscopy (TEM) characterizations
carried out in ARM-200F, samples were prepared using a Focused
Ion beam (FIB) FEI Nova 500 to get cross section liftouts of the
irradiated region which were thinned to electron transparency till
2 keV and were plasma cleaned in Ar prior to TEM observations
to reduce contamination. EDS and EELS were performed with a
step size of 1 nm and a dwell time of 0.1 s. Grain size and void
statistics were obtained from depths spanning 100-600 nm from
the irradiated surface to minimize the effects of surface and inter-
stitials in peak damage region. More than 150 grains were sampled
for each irradiation condition using Image] software to get the av-
erage grain size. Nanoclusters and voids statistics were determined
with the help of HAADF (High Annular Angular Dark Field) images.
Under and over focused TEM BF images were utilized to confirm
small voids, which were difficult to detect. Swelling analysis was
done by quantifying voids size and density using Image ] soft-
ware and averaging over 2-3 liftouts for each condition. Swelling
percentage was calculated as given below [26],

Volume of voids
Volume of lamella without voids

N 43
T imidi
N 43
At-ZYN,d
where d is the void diameter, N is the total number of voids, A is

the area of the lamella investigated and t is the thickness of the
lamella.

Swelling (%) = 100

=100 (1

2.6. Sink strength calculations

Sink strengths of GBs of grain size h and the nanoclusters of
diameter D and number density N were calculated based on the

equations (2) given below [27],

Sy = 1172 and S,y = 27ND (2)

2.7. Atom probe tomography

APT was performed using a CAMECA Local Electrode Atom
Probe (LEAP) 5000 XS instrument. The specimens irradiated to 100
dpa at RT and 573 K were lifted-out from the irradiated surface
and welded to a pre-fabricated Si post using a Thermofisher Helios
660 dual-beam scanning electron microscope and focused ion
beam (SEM/FIB) with a Ga source equipped with an EasyLift Nano-
manipulator system. Specimens were then sharpened to a needle-
shape geometry with a final tip diameter of 100 nm using annular
ion beam milling at 30kV, followed by 1 kV cleaning. The field
evaporation was performed at 30 K with a laser pulse energy of
50 pJ, auto pulse control limit of 300 Da and a target evaporation
rate of 0.5 %. Clustering was evaluated through the cluster analysis
functions in Integrated Visualization and Analysis Software (IVAS)
utilizing the maximum separation algorithm as determined in [28].

3. Results and discussion
3.1. Radiation hardening

Radiation hardening is one of the major issues responsible for
embrittlement of structural reactor components. Thus, to study
radiation hardening behavior of NC Cu-Ta alloy, displacement-
controlled nano-indentation experiments were performed on
the irradiated surface (Experimental Section). Indentations were
carried out at a depth of 200 nm, where the dpa profile is rel-
atively flat. However, the measured hardness values correspond
to a larger volume that spans a range of radiation doses higher
than that for which they are reported, due to extension of the
plastic zone generated from the indentation [29]. Post irradiation
hardness data for NC Cu-Ta is plotted in supplementary Fig. S2.
Fig. 3 shows the change in hardness at 298 K and at 573 K
for various irradiated alloys in comparison with NC Cu-Ta alloy.
Note that for literature data, the values for change in hardness
have been obtained either through direct measurements such
as nano-indentation/micro-indentation or indirect measurements
such as tensile yield strength converted into hardness. In the case
of radiation hardening at 298 K, (Fig. 3A), the percentage change
in hardness from as-received (0 dpa) to 1 and 10 dpa in NC Cu-Ta
alloy is negligible. On the contrary, for similar dpa levels, the radi-
ation hardening for coarse-grained pure Cu is about ~80% (24% at
a very low dose of 0.034 dpa) [30] and that for some nano-layered
composites is about ~15% [31]. Furthermore, at 100 dpa, NC Cu-Ta
shows a hardening of mere ~15%, which is similar to the amount
of radiation hardening observed in other materials at 1-2 dpa (Fig.
3A). Hence, it can be inferred that NC Cu-Ta alloy has high-level
of tolerance to radiation hardening at 298 K. Likewise, hardening
comparison at 573 K, Fig. 3B, shows some of the notable materials,
the ferritic ODS steels and ferritic martensitic steels, experiencing
a steep increase in hardness post-radiation at low to moderate
damage levels. For instance, MA 957 shows a hardening of 7%
at 6.5 dpa and 48% at 42 dpa [5,32]. However, NC Cu-Ta alloy
exhibits a minimal hardening of 0.4% and 5.5% at dose levels of 10
and 100 dpa, respectively at 573 K. Overall, it is evident that NC
Cu-Ta alloy retains its hardness up to considerably high dose levels
reached in generation IV reactors, indicating exceptional resistance
to radiation hardening.
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Fig. 3. Percentage irradiation hardening for NC Cu-Ta and various materials from literature, at different doses irradiated at (A) 298 K and (B) 573 K [5,6,11,30-39]. Note that
numbers in the super scripts (on legends and data points) represent irradiation ion type, and testing method carried out for calculating hardening respectively; where 1-
Heavy/self-ion, 2- neutron, 3-proton and 4-helium ion, in the first letter of superscript and 1- Indentation and 2- Tension test, in the second letter of superscript.
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Fig. 4. Grazing Incidence XRD characterization. Grazing incidence X-ray Diffraction data for NC Cu-Ta irradiated at various conditions, indicating negligible lattice distortion.
The peak positions generated for pure Cu and Ta for comparison, were taken from the ICDD database.

3.2. Lattice stability

Radiation exposure is also known to cause lattice and phase
instabilities leading to lattice distortion and disordering. Grazing
incidence X-ray diffraction (GIXD) studies on NC Cu-Ta show a
minimum lattice parameter change for all irradiation conditions
(Fig. 4 and Table S1). Lattice contraction of ~0.7% (negligible
considering experimental uncertainty) observed in Ta peaks at 200
dpa may be attributed to strain relaxation (processing induced).
A similar structural contraction of ~1.42% was observed in NC ZrN
upon increasing the dose to 5 dpa after which the lattice contrac-
tion saturated [40]. Additionally, high concentration of implanted
Cu in the Ta precipitates at higher dose, could have also caused
this contraction in Ta peak since the atomic radius of Cu is smaller
than Ta. Further, XRD and TEM studies of helium ion irradiated
Cu-V 2.5 nm multilayers in literature had shown a peak lattice
expansion of 1.2% at 5 dpa [31,41]. However, in NC Cu-Ta alloy,
no significant distortion of copper lattice was observed up to a
dose of 200 dpa. Further, a slight drop in Ta peak intensity relative
to Cu, observed at higher doses (100 dpa and beyond) could be
attributed to amorphization or dissolution of larger Ta particles.
However, since no significant lattice expansion was observed in

Cu peaks post irradiation (as expansion could indicate Ta entering
Cu lattice as solid solution, as observed in as-milled Cu-Ta post
mechanical alloying [42]), significant portion of dissolved Ta could
be distributed as fine precipitates. An important takeaway from
these results is that there is a minimal change in lattice parameter
of Cu or Ta at very high doses, indicating the lattice stability of NC
Cu-Ta system at very high dpa levels.

3.3. Post irradiation microstructure

3.3.1. Microstructural stability and void swelling

To understand the extraordinary resistance to radiation hard-
ening and lattice stability of NC Cu-Ta alloy, we drive our atten-
tion to post irradiation microstructural analysis at various damage
conditions. Fig. 5 shows low and high magnification bright field
STEM images of NC Cu-Ta alloy tested at different fluences at RT
and 573 K, revealing several significant features. As observed in
the Fig. 5A-B, microstructure of NC Cu-Ta alloy at 10 dpa showed a
small increase in the average grain size from 50 nm in as-received
microstructure to 90 nm at 10 dpa irrespective of the irradiation
temperature even till 723 K (Refer Figure S3 for TEM images at
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Fig. 5. Cross section bright field STEM images of NC Cu-Ta from the irradiated surface (bottom of each low mag image) to the peak damage region (refer Fig. 2), where
the brighter grains are NC Cu and the darker grains/precipitates are Ta, of samples irradiated at Room temperature to (A, A’) 10 dpa showing the stable microstructure
and dislocation activity, (C, C’) 100 dpa, highlighting amorphous ring and voids around Ta, respectively (red arrows) and (E, E’) 200 dpa revealing voids along GBs and Ta
interfaces and larger tantalum dissolution; and 573 K to (B, B’) 10 dpa with fairly unaffected microstructure with minimum grain growth, (D, D’) 100 dpa and (F, F’) 200
dpa indicating ballistic dissolution of larger Ta phases and their short circuit diffusion along the GBs (red arrows). The corresponding dpa value along the irradiated surface
at the bottom and peak damage at the top of low mag images are indicated on their left (A-F). Images (A’-F') are high mag images of the conditions corresponding to (A-F)
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

723 K). Moreover, the grain size reached an average of 110 and
140 nm for 100 and 200 dpa respectively, with the irradiation tem-
perature having a negligible effect as seen from Fig. 5C-F. The av-
erage grain size is thus maintained at nano regime even at such
high dose, in comparison to the massive grain growth observed
in NC Cu from ~48 to 800 nm at 1 dpa [30] and NC compos-
ite of Cu-0.5A1,03 from 180 to 495 nm at 0.9 dpa [43]. In other
words, minimal grain growth and microstructural evolution in NC
Cu-Ta signals that the stabilized grain boundaries (GBs) act as sta-
ble sinks and persist, thereby annihilating irradiation induced de-
fects. In fact, earlier Precession Electron Diffraction (PED) studies
on NC Cu-Ta alloy revealed a large fraction of high angle GBs in the
material [21], which are naturally more efficient defect sinks [44].

Furthermore, BF TEM and STEM images showed no observed
defects post irradiation. Zone axis imaging for the identification of
radiation defects was challenging because of the nano-crystallinity
of the alloy. HAADF images (which are purely phase contrast) were
compared with their corresponding MAADF images (which gives
diffraction contrast), to look for defects and differentiate them
from Ta clusters. In addition, there was no void swelling observed
in samples irradiated to 1 dpa at RT and 10 dpa till 723 K. At

100 dpa and RT, some TEM lamellae showed disordering of the
larger Ta interfaces (Fig. 5C); while others showed few voids at the
interfaces (Figs. 5C’' and S4). Nevertheless, the swelling observed
was as low as ~0.2% compared to 0.5% observed in a ODS ferritic
alloy MA 957 at 100 dpa under 823 K [45]. At very high dose of
200 dpa at RT, few regions were observed to show continuous
voids especially along copper GBs and larger Ta interfaces (Figs.
5E, S4 and S5) but still with no significant swelling. Furthermore,
for the irradiation conditions such as 100 and 200 dpa at 573
K (See Fig. 5D&F), voids were extremely difficult to detect using
HRTEM images. Overall, this illustrates the remarkable swelling
resistance of NC Cu-Ta alloy.

3.3.2. Phase stability

Coherent/semicoherent interfaces of Ta nanoclusters in NC
Cu-Ta alloy are key recombination sites for annihilation of va-
cancies and interstitials due to high as received misfit strain as
discussed earlier. Moreover, the as received sink strength (using
Eq. (2)) for Ta nanoclusters (average diameter 3.18 nm and density
6.5 x 1023/m3) is 1.3 x 10'8/m2, which is two orders of magnitude
higher than that for GBs (average grain size 50 nm) with sink
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Fig. 6. Tantalum phase post irradiation (A) Ta NCs shown for 200 dpa RT, exhibiting stable core-shell microstructure, (B) HR BF STEM image of a Ta cluster in 10 dpa at 723
K, (C) Amorphous ring in large Ta phase in 100 dpa RT (~400 nm from irradiated surface), (D) SAED of the amorphous region around Ta with the area used to take SAED in
100 dpa at RT (~200 nm from irradiated surface). Standard lattice spacings for Cu (blue) and Ta (red) are overlaid to the SAED pattern. (E-F) STEM BF images from 200 dpa
and 573 K of large Ta particle with implanted copper (~300 and 600 nm from irradiated surface, respectively), where Ta is ballistically ejected to lattice and grain boundaries
with increased density of Ta nanoclusters in the nearby region indicating precipitation due to dissolution (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.).

strength of 6 x 106/m? in NC Cu-Ta. Further, the dense spacing
between these nanoclusters of ~5 nm [19,46] paves the way for
overlapping defect denuded zones. Hence, it is paramount to
investigate radiation effects on tantalum phase stability including
structure, size and density. Several mechanisms have been studied
and reviewed on phase stability post-irradiation, which constitutes
ballistic dissolution, Ostwald ripening, radiation enhanced diffu-
sion and inverse Ostwald ripening [7,47-49]. For instance, Chen
et al. observed shrinkage and dissolution of the oxide particles in
12Cr ODS [50], while Lescoat et al. witnessed growth of oxides
in ferritic ODS steels [51]. In NC Cu-Ta alloy, as discussed earlier
there are two types of Ta based phases: Ta nanoclusters (<15
nm) and larger Ta sacrificial particles (>15 nm). Ta nanocluster
size distribution determined at different damage levels, from both
TEM and atom probe tomography (APT) are in good agreement
considering the small sample size, showing that the nanoclusters
size does not vary as comparing the as-received condition with
the irradiated condition (Fig. S7). Further, the core-shell struc-
ture of the nanoclusters with oxygen rich core also seems to be
maintained post irradiation as seen in Fig. 6(A and B).

However, the larger Ta sacrificial particles developed amor-
phous ring (Fig. 6C) due to ballistic mixing along the interface in
room temperature irradiations where diffusion is sluggish, and at
damage levels > ~20 dpa. This is confirmed using a selected area
diffraction pattern (Fig. 6D) on the region surrounding the tanta-
lum particle irradiated to 100 dpa at RT, which showed an obvious
diffused ring at Ta (110) lattice spacing position (and a mild one
at Ta (221)). The halo size increased and became prominent with

dose since ballistic mixing across the interface is proportional to
the fluence. Excessive accumulation of defects and chemical disor-
dering at the incoherent Ta interface due to the dense cascades has
increased the free energy of the system enabling amorphization
[52]. At 100 and 200 dpa and RT, the larger tantalum particles
were also observed to undergo short-circuit diffusion along copper
grain boundaries with minimum/no amorphization observed at
200 dpa and RT. The observed disordering (mixing) could thus, be
a precursor/transient state for dissolution of the tantalum particles.
Computational studies have shown similar amorphization due to
shear induced chemical mixing at the precipitate-matrix interfaces
of Cu-Nb (4 at.%) and Cu-V (8 at.%), which increased linearly
with particle radius [53]. It was also reported that semi-coherent
interfaces were more stable and resistant to amorphization. More-
over, Sauvage et.al reported that the amorphous interface they
observed post wire drawing in Cu-Nb were associated with very
fine precipitates due to mixing of Cu and Nb [54]|. Alternatively,
in the corresponding 573 K irradiations (Fig. 6E and F), where
diffusion is significant for thermal reordering, larger Ta sacrificial
particles did not exhibit any disordering. Existence of critical
amorphization temperature has been confirmed in many previous
studies. For instance, Ribis et al. [55] showed amorphization of
ODS particles at RT while regaining crystallinity at 773 K, and
Lescoat et al. observed amorphization of oxide particles (>50 nm)
in ODS steels with existence of critical amorphization tempera-
ture [51]. Moreover, mixing/dissolution of solute in the solvent
lattice in “driven” alloys is a result of competition between forced
mixing (ballistic effects) and thermal diffusion, where the forc-
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Additionally, in high dose cases (> 100 dpa) at 573 K, the
large Ta particles developed a patterned structure with implanted
Cu atoms as observed in Fig. 6(E and F) due to the energetic
recoils. Energy dispersive spectroscopy (EDS) line scans (Fig. 7A
and B) along the pattern, confirmed an increased concentration
of Cu and a depletion of Ta in patterned regions within the Ta
particles, indicating knock out of Ta atoms by implanted Cu atoms.
As Cu and Ta are phase separating (positive enthalpy of mixing),
at elevated temperatures the implantation of Cu leads to a re-
arrangement and the development of a spinodal microstructure
through short-range diffusion. In addition to the Cu ion implan-
tation, the large Ta particles has undergone ballistic dissolution
within the surrounding microstructure. (Fig. 2(E, E’, F, and F)). The
Nelson, Hudson, and Mazey (NHM) model describes precipitate
dissolution at a displacement rate k, due to scattering of atoms
from precipitates of radius r,, number density p, and solute
concentration Cp, through the following equation [57,58],

3,
anr,C, ryDp 3)

= TI'y/ T't [56]), decreases with

o ik
a s —yk+ ——r
where C is the total solute concentration, D is the solute diffusion
coefficient, and y is a constant representing thickness of atom lay-
ers scattered from the precipitate per dpa. Considering sputtering
of tantalum atoms, the NHM model suggested a y-value of 104
cm/dpa, which was utilized for the calculation. Using the above
equation for a Ta particle of average radius 25 nm (from TEM), a
negative rate of change was calculated (i.e., dr/dt < 0), indicating
dissolution of large Ta particles.

Dissolution of the larger particles led to a local enrichment of
Ta solute in the nearby (surrounding) lattice regions. However, as
the material was irradiated further (Radiation enhanced diffusion)
and the temperature increased (y reduces), these supersaturated
Ta regions began to form nanoclusters (Fig. 6D-F), a process which
requires diffusion-controlled redistribution of Ta. We emphasize
that this process under non-irradiated conditions is only possible

Fig. 7. Elemental analysis of Ta segregation. (A) HAADF image of a Ta particle with patterns of implanted copper where tantalum is ballistically ejected, (
highlighted area in A showing increase in copper and decrease in tantalum concentration in the patterned region within the tantalum particle mdlcatmg knocking out of
tantalum by implanted copper, (C) HAADF image of a CulOat%Ta tested at 200 dpa and 573 K showing a dissolving Ta particle preferentially diffusing along a GB, (D) EELS
Cu-K map in blue, of the region highlighted in green in C, showing the grain boundary region devoid of copper. (E) Ta-L map in red, of the region highlighted in green in
C showing diffusion of tantalum along grain boundaries (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.).

) Line scan of the

along GBs, which offer faster diffusion pathways; since it cannot
occur in the Cu lattice, where Ta diffusion is extremely slow
even near the melting point. Moreover, under irradiation, the
tendency to form Ta nanoclusters may be similar in atomic origin
to the formation of stable nano emulsions found in liquid Cu-Ta
alloys, stabilized by a negative and strongly curvature-dependent
tension of the Cu-Ta interfaces [59], which limit any coarsening
due to balance between the deterministic reaction and very slow
stochastic lattice diffusion force. Such an analogy is supported
by the high degree of intense cascading effects, which saturates
the structure with point defects. This disordered state offers a
“liquid-like” environment for nanocluster formation and provides
a path way for local short-circuit diffusion for Ta redistribution
within the lattice. Analogous to the stabilized nano-emulsions of
Cu-Ta reported by Frolov et al. [59], these newly generated Ta
based clusters also resist coarsening despite the intense irradiation
and temperature exposure, retaining an average diameter < 10 nm.

Furthermore, in addition to Ta saturation within the lattice,
electron energy loss spectroscopy (EELS) analysis along a GB triple
junction (Fig. 7C-E) in a 200 dpa 573 K sample showed that these
regions were also being enriched with Ta solute from nearby large
Ta particles, which were undergoing ballistic dissolution. Marwick
had speculated such segregation of slow diffusing solute elements
(inverse Kirkendall effect) to the sinks due to difference in vacancy
diffusion coefficients of the alloy constituents [60]. The Ta solute
atoms diffusing along the intergranular regions are eventually
precipitated as nanoclusters due to supersaturation of Ta solute,
resulting in a high cluster density within these regions as well
(Fig. 7C). Russell had predicted this behavior of dissolution and
re-precipitation of second phase particles due to recoils, where the
dissolved large particle will be replaced with finer particles with
continued irradiation [61]. Likewise, Chen et al. and Lu et al. have
reported dissolution of larger particles and precipitation of fine
dispersoids in ODS alloys after high dose self-ion and helium pre-
implanted self-ion irradiations respectively [50,62]. While Certain
et al. observed dissolution of nanoclusters in 14YWT at low tem-
peratures while being stable at high temperatures, due to diffusion
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Fig. 8. (A) Atom distribution map of APT specimen prepared from the irradiated surface (to a depth of 140 nm) of 100 dpa irradiation at 573K, where Cu is shown in orange,
Ta in purple and O in blue; (B) Ta and O delineated with 5 at. % Ta iso-concentration surface in purple with 21 at. % O iso-concentration surface in blue; (C) GB circled
in (B) showing continuous Ta interface along the grain boundary; (D) 5 at.% Ta iso-concentration surface surrounding a 21% O iso-concentration surface, representing a
core-shell structured Ta particle; (E) A cylinder passing through the Ta particle circled in (B); (F) 1D concentration profile generated from the cylinder shown in (E), showing
a representative chemical composition for the Ta particles (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.).

of dissolved solute back to the parent cluster, with no new precipi-
tation [63]. Atom probe analysis in Fig. 8 provided additional proof
of short-circuit diffusion in the form of compositional modulation
along the GBs due to decrease in total surface energy of the Ta
phase, which is the precursor to cluster formation (Fig. 8C). Corre-
spondingly, the role of this short circuit diffusion of Ta at mobile
GBs has been analyzed previously and has been shown to leave be-
hind residual clusters within the lattice; thereby allowing a second
mechanism to increase sink concentration (Fig. 8D and E) [64].
Furthermore, it is interesting to note that the ascribed mi-
crostructural evolution process observed from irradiating this
matter at elevated temperatures is similar to the mechanical
dissolution experienced during the initial synthesis of the material
via high energy mechanical alloying. That is, synthesis through
ball milling also introduces a high density of non-equilibrium
linear and point defects, as well as the creation of super sat-
urated solid solutions. This combination leads to enriched Ta
regions which evolve through phase separation and short-circuit
diffusion at elevated temperatures to yield increased cluster
densities and homogenous dispersions. This microstructure can
then be restored to the initial state of dissolution through ap-
plication of additional mechanical alloying and the generation
of new defects in a repetitive manner yielding the final-end
state each time. This idea of rejuvenation through mechanical
alloying is analogous to the irradiation process where larger
particles can be re-dissolved and smaller particles precipitated
and coarsened, which is typically a dynamic balance between
the ballistic mixing effects and thermal diffusion induced de-
composition in a driven system. Interestingly, even with the
application of radiation, the rate of coarsening of the small clus-
ters (< 10nm) is still extremely sluggish as noted in TEM images,
Fig. 6A and S7. This is only possible through the radiation induced
generation and decomposition of metastable solid solutions, in a
system with a positive enthalpy of mixing between the respective
constituents. Such an analogy will hold true as long as the system
remains free of minor constituents that would form ordered or

ceramic phases, and the precipitating phase is in surplus to those
as in the case of Ta in Cu. Various computational and experimental
studies have exploited the role of compositional self-organization
(steady state/patterning) in binary alloys with positive heat of
mixing, observed at a specific range of temperature and shearing
rates, in maintaining refined microstructure during high tempera-
ture irradiations or ball milling for long durations [65-67]. Further,
Chee et. al. reported the maximum temperature of patterning
regime (temperature for microscopic coarsening, Tmax) for various
Cu based alloys, where systems with high positive heat of mixing
like Cu-Nb and Cu-V experienced a higher Tmax (>773 K) [68].
Additionally, high density of sinks have been predicted to have
a positive role in stabilizing irradiation induced patterning [69].
No evident coarsening of clusters in NC Cu-Ta even at 723 K
could indicate a large patterning regime due to high sink density
and positive enthalpy of mixing, which is an area to be explored
further in detail.

Altogether, the response of NC Cu-Ta at each damage level
and temperature, with respect to grain growth and phase changes
is depicted in Fig. 9, where initial grain growth observed till 10
dpa (possibly due to dissolution of clusters), gets saturated at
100 dpa and beyond due to precipitation of more new clusters
pinning the grain boundaries. Ballistic mixing at RT in the Ta
interface induces dissolution at doses > 100 dpa. As the dose and
temperature increases, short circuit diffusion of Ta occurs through
grain boundaries and phase separation gains dominance, thereby
precipitating more smaller clusters from the supersaturated re-
gions and replenishing the sink density. Therefore, designing alloys
employing positively phase separating elements in their makeup
with sacrificial phases, plays a key role in developing radiation
tolerance whereby the number of available interfaces acting as
potent and stable sinks is increased significantly as demonstrated
here. Thus, this paves a pathway for development of cutting-edge
structural materials for extreme radiation applications, such as
space exploration and next generation nuclear reactors.
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Fig. 9. Radiation response mechanism in nanocrystalline Cu-Ta. Condensed mi-
crostructural response and phase changes in NC Cu-Ta at different irradiation con-
ditions characterized in this study. Copper matrix is represented in white and the
blue blobs represent tantalum (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

4. Conclusions

In this work, an exceptional radiation tolerance along with
microstructural stability in an immiscible NC Cu-10at.% Ta is
experimentally demonstrated and the following important conclu-
sions can be drawn:

« Very minimum radiation hardening at room temperature and
573 K, up to 100 dpa, as compared to many advanced structural
materials from literature

Marginal increase in grain size from 50 nm in the as received
condition to around 110 nm and 140 nm at high doses of 100
and 200 dpa respectively, with negligible effect of irradiation
temperatures on the grain size

Remarkable swelling resistance as seen from low swelling
observed only at 100 dpa (0.2 %) and 200 dpa at room tem-
perature, while no voids observed at the corresponding 573 K
irradiations and other lower doses

The larger Ta phases disintegrate and segregate along copper
grain boundaries and eventually re-precipitates as Ta rich
nanoclusters at high doses (> 100 dpa), with no apparent
coarsening of the nanoclusters

The key aspects for the observed radiation response are, the
stability of nanoclusters which is partly attributed to emulsion-
like behavior due to the phase separating nature of the material
system; and their replenishment by the dissolution of sacrificial
phase. This enables restoring the microstructure to initial state
with additional doses in a repetitive manner, evolving a self-
healing mechanism in the material while maintaining superior
mechanical strength and temperature properties.
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