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HIGHLIGHTS

GRAPHICAL ABSTRACT

Nanocrystalline (NC) Cu-Ta alloy ex-
hibits superior stability and high tem-
perature strength compared to other
NC materials.

Grain boundary mediated dislocations
interacting with nanocluster govern
majority of the strength exhibited by
the alloy.

Kinetic stabilization of the microstructure
aids in the development of advanced NC
materials for extreme applications.
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An immiscible nanocrystalline (NC) copper-tantalum (Cu-Ta) alloy is shown to exhibit a stable microstructure
under thermo-mechanical loading conditions with exceptional mechanical strength (i.e., 1200 MPa strength at
298 K) indicating anomalous deformation mechanisms as compared to microstructurally unstable nanocrystal-
line materials. Therefore, in this work, various aspects of strength partitioning in such NC Cu-Ta alloys are
discussed and the role of tantalum nanoclusters on the dominant deformation mechanism is presented as a func-
tion of temperature. Toward this, initially, the mechanical responses of NC Cu-Ta alloy were measured under uni-
axial compression experiments at various temperatures. Later, atomistic simulations were performed along with
the high-resolution electron microscopy to identify and validate the rate limiting mechanism behind the plastic
deformation in NC Cu-Ta alloys. In general, the observed trend through experiments and simulations identify a
transition from a dislocation - nanocluster interaction mediated deformation mechanism to one controlled by
grain boundary strengthening as the temperature increases. The former mechanism is shown here to have a cru-
cialrole in the observed strengthening behavior of microstructurally stable NC materials. Overall, the paper dem-
onstrates that through effective nano-engineering techniques, it is expected to extend the scope of

nanocrystalline materials to a number of engineering design applications.
© 2018 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanocrystalline (NC) alloys exhibit enhanced static strength
compared to coarse-grained and hence garner a significant interest
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in unraveling various deformation mechanisms, such as grain rota-
tion and growth [1-8]. These types of grain boundary diffusional
mechanisms (grain rotation and growth) require less flow stress
than matrix mediated dislocation mechanisms at such small grain
sizes (i.e. <100 nm) [9]. Simulations and experimental observations
in addition to in-situ and ex-situ electron microscopy (TEM) studies
have been instrumental in contributing to a general understanding
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of the deformation mechanisms operating in NC materials at moder-
ately low homologous temperatures [10-17]. For instance, atomistic
studies have revealed that grain boundaries (GBs) serve as the
source for dislocation nucleation and also provide a point for storage
and annihilation/absorption of dislocations after they transverse the
grain under an applied stress [18]. These GBs are also responsible
for pinning the dislocations ultimately obstructing their motion by
strongly influencing when and where cross-slip can occur and by in-
creasing the energy to unpin and move across to the neighboring
grains [18,19]. In the case of CG metals, the movement of the disloca-
tions and their interaction with microstructural features such as
solutes, precipitates and GBs contribute significantly to the plastic
deformation [20]. However, certain NC metals have shown limited
room temperature plasticity [21,22]. Limited dislocation activity
has led to modes such as twinning in NC alloys and GB rotation/
sliding in NC metals [8,23-27]. Additionally, deformation mechanisms
in NC metals and alloys are not only dependent on the material prop-
erties but also external variables such as the mode and or rate of
loading. The expression of such has led to many fascinating and unan-
ticipated responses of NC materials, such as strain rate sensitivity [28],
low temperature super-plasticity [29-31] and creep [32-35].

Despite significant advancements in knowledge related to the plastic
deformation in NC materials, there still remains a considerable gap in
the understanding of how NC materials will respond if the underlying
microstructure is stable. In other words, the possible deformation
mechanisms that can contribute to superior strength need to be deter-
mined when predominate deformation mechanisms, grain rotation
and growth, are prevented i.e. the microstructure is stabilized. Intensive
research efforts on kinetically stable nanocrystalline alloys have led to
the fabrication of stable Cu-Ta alloys [28,36-41]. The stability of these
alloys stems from the thermal decomposition of non-equilibrium solid
solutions and the formation of a Ta based nano-clusters [42,43]. The
formation of these stabilized clusters is directly responsible for
preventing grain growth in the presence of thermal and/or mechanical
stimulus [9]. Specifically, one such alloy, NC-Cu-10 at.% Ta, is produced
through ball milling followed by equal channel angular extrusion
(ECAE) [28,36-40,44], (referred to as NC Cu-Ta hereafter). This particu-
lar alloy, for the past few years, has been the focus of several research
articles that collectively develop a basic understanding of its unique
features and response. For instance, the NC Cu-Ta alloy has shown an
ability to retain a nanocrystalline grain size after exposure to 97% of its
melting point combined with severe plastic deformation (450% strain)
[40]. Also, the NC-Cu-10 at.% Ta alloy shows the exceptional mechanical
behavior expected of a nanocrystalline material with compressive
yield strengths in excess of 1000 MPa at room temperature [39].
While much of the present experimental work has, as a first step,
detailed the structure and mechanical properties, the complex nature
of the microstructure has prevented delineating the specific mode or
modes of deformation operating in these systems.

In this work, mechanical compression experiments at different tem-
peratures along with HRTEM and atomistic simulations are used to elu-
cidate the strengthening behavior of such stable alloys. Atomistic
simulations along with a theoretical analysis of the experimental data
reveal that the dislocation interacting with the Ta based atomic clusters
dominate the alloy's strength up to 50% of the absolute melting temper-
ature (Ty) of the alloy. Further, at temperatures beyond 50% of the Ty,
increased coherency of the Ta nanoclusters with the Cu matrix at higher
temperatures reduces the strengthening contribution from the disloca-
tion interacting with Ta nanoclusters.

2. Experimental details

The Cu-Ta alloy was produced using cryogenic ball milling of
powders followed by ECAE at 700 °C. Further details of the ball milling
and ECAE process can be found elsewhere [40]. To characterize the
thermo-mechanical response of the alloy, quasi-static compression

experiments were performed over a temperature range of room
temperature (298 K) to 1073 K. Quasi-static compression testing was
performed using an electro-mechanical load frame and a clam-shell
furnace rated up to 1100 °C. The loading rods were machined from
INCONEL, which maintains excellent mechanical properties at elevated
temperature. Non-metallic lubricant was used to minimize friction
effects at high temperature. The specimens were maintained at the
test temperature for 30 min to attain thermal equilibrium. The temper-
ature was monitored by K-type thermocouples directly attached to the
loading rods close to the specimen. Once thermal equilibrium was
achieved, the samples were then loaded with a strain rate of 0.01 s~ .
Upon completion of the mechanical testing, samples were immediately
quenched in the room temperature water to freeze the underlying
microstructure.

HRTEM was performed using a JEOL ARM-200F microscope operated
at 200 keV. TEM samples were prepared by punching a 3 mm disk
from the as-received as well as post-deformed samples and thinning
them up to a thickness of approximately 70-80 um. Following grinding,
the samples were dimpled to a roughly 5 um thickness. To obtain
electron transparent regions, the dimpled sample where ion milled
using A Gatan precision ion polishing system. To minimize contamina-
tion of the TEM foils, plasma cleaning was performed prior to TEM
experiments. Approximately 600 grains were used for each specimen
to calculate grain size and other measurements for reliable statistics.

3. Computational details

The large-scale atomic/molecular massively parallel simulator
(LAMMPS) was used to perform atomistic simulations [45] using the
angular-dependent potential (ADP) for the Cu-Ta alloy [46]. To calculate
the strength obtained from the dislocation interacting with a Ta
nanocluster, an edge dislocation was introduced in a cuboidal
box of copper atoms with X-axis, Y-axis and Z-axis oriented along
the [110], [112] and [111], respectively, as described by Bhatia et al.
[47,48]. Based on the convergence studies, the simulation cell size
of 160b x 160b x 80b with ~2.5 million atoms were chosen to ensure
that the simulation cell is sufficiently large to assess the steady-state
dislocation velocity (b = 2.556 A). Please see appendix Fig. A1 for
schematic of the initial simulation setup. To simulate dislocation mo-
tion, periodic boundary conditions were prescribed along the [110]
(Burger's vector direction) and [111] (dislocation line direction);
while, a free boundary condition was maintained along the [112]
(slip plane normal). The edge dislocation dissociated into two partials
with a stacking fault width of 3.5 nm after the conjugate-gradient
relaxation for 1 ns, which is found to be in good agreement with the re-
ported literature values of 3.0-3.6 nm for copper [49]. A 4 nm diameter
tantalum nanocluster was introduced in a copper nanocrystal 8 nm
away from the dislocation and the model was equilibrated using
an NVT ensemble. The orientation relation between the Cu matrix and
Ta nanocluster was dc,{111}||d7,{110} (see [38]). The equilibrated
atomistic model of copper atoms containing an edge dislocation
(8 nm line length) and a Ta nanocluster (4 nm diameter) was sheared
in the X-direction to simulate dislocation glide. The top and bottom
regions (~10 A) along the Y-direction were fixed. A shear strain rate
of 108 s~ was applied to the top of the simulation box along the
X-direction to simulate dislocation glide and calculate dislocation-
nanocluster strengthening (0y,,) at the desired temperatures. Enough
relaxation time was provided after each loading step in order to avoid
any superficial effects of strain rate on the dislocation interaction with
nanoclusters.

4. Results and discussion
The primary microstructure characterization of the as-received NC

Cu-Ta alloy is presented in Fig. 1. Note that in our previous work, atom
probe tomography characterization of the NC Cu-Ta alloy have showed
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Fig. 1. (A) XRD peaks for as-received NC Cu-Ta alloy. (B) BFSTEM image of as-received NC Cu-Ta alloy microstructure. (C) As-received HRTEM image of NC Cu-Ta alloy highlighting the
segregation of Ta nano-clusters within the microstructure. (D) As received, grain size distribution for Cu.

minimal concentrations of O and Fe contaminations and thus resulting
in a high purity alloy [28]. Nonetheless, X-ray diffraction (XRD) mea-
surements, as shown in Fig. 1A, identified the presence of a binary
phase separated alloy consisting of Cu and Ta phases. Bright field scan-
ning TEM (BF-STEM) images reveal a mean Cu (bright phase) grain size
of 50 £+ 17.5 nm and a bimodal distribution for Ta (dark phase), see
Fig. 1B. Ta is present as either nano-sized clusters (size <14 nm) or
larger particles (size >14 nm). Higher magnification TEM images
(Fig. 1C) indicate a large number of coherent or semi-coherent Ta
based nano-clusters having a mean cluster size of 3.2 £+ 0.9 nm with
an average effective inter-cluster spacing of 5.23 + 1.74 nm. The coher-
ency of these nanoclusters along with average misfit strain at the inter-
face can be found in our previous work, see [38]. These nanoclusters are
widely distributed within the Cu grains as well as along GBs and twin
boundaries. The number density of these nanoclusters was found to
be 6.25 x 10*> m > through atom probe tomography characterization
[28]. Fig. 1D provides the distribution of the Cu grain sizes calculated
over 600 grains.

Next, uniaxial-compression experiments were conducted to mea-
sure the stress-strain response of NC Cu-Ta alloy at different tempera-
tures. Fig. 2 provides the mechanical response of the alloy at different
temperatures. The compressive stress-strain curves (Fig. 2) display a
nearly elastic- perfectly plastic behavior over the temperature range
examined here with no substantial strain hardening. Additionally,
NC Cu-Ta alloy exhibits room temperature yield strength of about
1100 MPa and 10% flow strength of 1307 MPa. The room temperature

yield strength for NC Cu-Ta alloy is almost 2 times that of pure NC Cu
with comparable grain size [50]. Similarly, at 473 K, the alloy
maintained 10% flow strength of almost 1000 MPa. Furthermore, the
compressive yield strength of NC Cu-Ta alloy at 80% of its melting
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Fig. 2. Compression mechanical response of nanocrystalline Cu-Ta alloy subjected to a
strain rate of 0.01 s~ ! at different temperatures.
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Fig. 3. (A) Number distributions for Cu grain size. Post deformed bright field STEM image of NC Cu-Ta alloy tested at (B) 473 K (C) 873 K and (D) 1073 K.

temperature is >3 times the strength of pure polycrystalline Cu and the
same as that of pure polycrystalline brass at 298 K [51]. Such stable me-
chanical behavior at elevated temperature is not typical for a nanocrys-
talline system [52-55]. Furthermore, we know that diffusional-flow is
inversely-proportional to the mean grain size. Therefore, maintaining
such a high strength at 0.8 T, marks a significant deviation from the
usual expectation.

Post-deformation characterization at various temperatures was per-
formed to assess the changes in the microstructure, see Fig. 3. Fig. 3A
shows that the marginal changes in grain size after testing at the strain
rate of 0.01 s~' at 673 K (0.5 Tyy), as compared to as-received is within
the error of statistical measurements. Similarly, at 1073 K, the post-
deformed grain size (not shown here) was observed to be 89.7 +
12.8 nm. Fig. 3B-D provides STEM images of the post-deformed micro-
structure of NC Cu-Ta alloy tested at 473 K, 873 K, and 1073 K. It is evi-
dent from the BF STEM images that while the grain size increases
slightly, the alloy maintains a nanocrystalline grain size even after
deformation at temperatures as high as 0.8 T,,,. From this, it is clear
that the NC Cu-Ta alloy shows dramatic microstructural stability despite
being exposed to temperatures above the consolidation temperature
of 973 K. Previous experimental and modeling work on Cu-Ta
alloys [36,38] have shown that the extremely stable segregated
Ta nanoclusters within the grains and along the grain boundaries pro-
vide pinning of grain boundaries under the application of thermo-
mechanical conditions, resulting in a minimal increase in the Cu grain
size [9]. Therefore, considering the relatively small change in the
average grain size (i.e., the underlying microstructure is same); the like-
lihood of deformation mechanisms governed by dislocation motion

versus grain boundary strengthening is explored next through atomistic
simulations and theoretical analysis.

The BF STEM image of a post-deformed sample tested at 673 K in
Fig. 4A shows dislocations pinned around multiple Ta nanoclusters.
This indicates that the Ta nanoclusters serve as pinning sites to prevent
dislocation motion through a grain in addition to grain boundary pin-
ning. Similar evidence of dislocations interacting with Ta nanoclusters
(not shown here) were observed in the post-deformed TEM images
for samples tested at temperatures ranging from 298 K up to 1073 K.
At finer length scales (<100 nm), as in the case of NC Cu-Ta alloy
presented here, dislocations emitted from grain boundary sources
(i.e., grain boundary dislocation) glide across the grain under the
application of stress and tend to interact with the nanoclusters. On the
contrary, for coarse grained material, lattice dislocations interact with
the second phase particles resulting in Orowan-type strengthening
mechanisms with an appreciable strain hardening. Therefore, it stands
to reason that the interaction of grain boundary dislocations with the
Ta nanoclusters should partially contribute to the strength of the alloy
at different temperatures. To estimate the stress associated with
dislocation-nanocluster interaction strengthening (0y,), atomistic
simulations were performed at 298 K and 473 K and the results are
discussed below. Note that the interface orientation relationship
between Cu and Ta nanocluster obtained through experiments were
considered in the atomistic simulations, see [38].

Atomistic simulations reveal that during the shear process, the edge
dislocation glides in the perfect crystal until it meets and gets pinned at
the Ta nanocluster, see Fig. 4 (as shown in stage I). The dislocation
bows around the Ta nanocluster with an increase in shear strain in
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i'-%

Fig. 4. (A) Post-deformed bright field STEM (BF STEM) image of NC Cu-Ta alloy deformed at 673 K showing dislocations pinned by multiple Ta nanoclusters. (B) Series of snapshots at
different time steps from atomistic simulations showing pinning of the dislocation (Stage I), interaction of the dislocation with the Ta nanocluster (Stage II) and breaking away of the
dislocation (Stage III). Only the spherical Ta nanocluster and the edge dislocation in the Cu matrix are shown for better visibility using the atomic strain analysis. The atoms are color

coded according to the shear strain, ys ranging from 0.0 to 0.5.

stage II, similar to the observed bowing of the dislocation around Ta
nanoclusters in the TEM image (Fig. 4A). The stress required for disloca-
tion glide corresponding to the applied shear strain is calculated at
each step based on the elastic properties of NC Cu-Ta alloy. As the
shear strain is increased further, the dislocation breaks away from the
Ta nanocluster in stage Il and again glides in the perfect crystal
(Fig. 4B). Therefore, the stress required to break the dislocation away
from the Ta nanocluster in stage III gives a measure of the dislocation-
nanocluster strengthening. From the atomistic simulations, the value
of o4, was found to be 867 MPa and 695 MPa at 298 K and 473 K, respec-
tively. The dislocation-nanocluster strength obtained from atomistic
simulations, 867 MPa, at 298 K amounts to considerable portion of the
experimental flow strength of 1307 MPa. Same is true for the results
at 473 K. These results indicate that at low to moderately high temper-
atures, the Ta nanoclusters play a significant role in the deformation
mechanism by acting as obstacles to the dislocation motion. Due to lim-
itations of the computational setup, it is slightly difficult to discern the
role of Ta nanoclusters at higher temperatures. Hence, a theoretical
route was used to understand further the dislocation-nanocluster
strengthening at different temperatures, which is discussed below.

In order to understand the underlying mechanisms contributing to
the remarkable strength, a theoretical analysis based on the experimen-
tal results was performed. Note that in previous work on NC Cu-Ta alloy,
Darling et al. [40] have shown that the exceptional room temperature
strength of this alloy is a complex function of grain boundary strength-
ening as well as different strengthening mechanisms rendered by the Ta
nanoclusters. In this work, we revisit some of the strengthening mech-
anisms presented in [40] while providing a detailed breakdown of
strength observed in NC Cu-Ta alloy at temperatures as high as 873 K
(0.65 Ty,). For nanocrystalline materials, strengthening due to grain
boundaries, i.e., the Hall-Petch strengthening, under room temperature
conditions can be computed from:

p=kd )

where k is a material parameter with a value of 0.110 MPa-m'/? for NC
Cu-Ta alloy [40] and d is the mean grain size. However, in order to
determine the strengthening contribution of grain boundaries at higher
temperatures, a correction factor must be applied along the lines of:

1/2
o= () )

where G and G(T) are the shear modulus at 298 K and the desired tem-
perature, respectively [56]. The grain boundary strength oy, calculated
from Eq. (2) is shown in Fig. 5A for various temperatures. The

contribution from 0y, remains fairly constant (green curve in Fig. 5A)
from 298 K (0.22 T,,) to 873 K (0.65 Ty, ). This behavior can be attributed
to the hitherto microstructure stability exhibited by the alloy.

At 298 K, it can be seen that g, is 461 MPa, which contributes only
35% of the observed flow stress (Opow). To account for the remaining
strength of the material, we also determine the frictional stress in
pure Cu (0,), which is about 20 MPa (constant at all temperatures).
The rule of mixtures strength (Orop) given by:

H,
Orom = Vippr |:pr[_ (ﬁ)} 3)

where V,; is the volume fraction of Ta nanoclusters, and Hp,p, and Hyp
are the hardness of the Ta nanoclusters (4.1 GPa) and the hardness
from the Hall-Petch effect, respectively [40] contribute about 40 MPa
for all temperatures. After accounting for Ogp, O, and Ogop, still almost
65% of the room temperature flow stress, which is about 786 MPa,
should come from a secondary strengthening mechanism. Similarly, at
473 K and 673 K the contributions from Ogp, 0, and Ogowm result in just
50% of the observed flow stress at those temperatures. Thus, the second-
ary strengthening mechanism should account for the remaining 50% of
the flow strength at 473 K and 673 K, which are 437 MPa and 367 MPa,
respectively. This contribution is almost equivalent to the contribution
obtained from the grain boundary strengthening at those temperatures.
However, at 873 K (0.65 Ty,), the contribution from the secondary
strengthening source falls below the grain boundary strengthening. In
other words, results underscore a transition from a dislocation interac-
tion with nanoclusters controlled deformation mechanism to one con-
trolled by grain boundary at elevated temperatures.

The numerical values obtained from the atomistic simulations of dis-
location interaction with nanocluster are 867 MPa and 695 MPa at 298 K
and 473 K, respectively. These values are in the same order as estimated
above using the theoretical analysis of the experimental flow stresses
(786 MPa and 437 MPa at 298 K and 473 K). However, the variation be-
tween experiments and atomistic simulations could be due to the fact
that the effective dislocation glide resistance in experiments is likely
to be a complex function of dislocation characters. Further, the results
from atomistic simulations could be regarded as an upper bound due
to the limited complexity of the atomistic model as compared to the ex-
periments. Nevertheless, reasonable estimates for secondary strength-
ening obtained using both atomistic simulations and experiments
indicate that the remaining contributions to the flow stress come from
the dislocation-nanocluster interactions. Further, the TEM micrographs
of the post-deformed samples (at all tested temperatures, e.g. Fig. 4A)
strongly indicate that the dislocations do interact with the Ta. However,
in terms of strength contributions, such interaction was found to be
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Fig. 5. (A) Flow strength (Ofow.flow stress at 10% strain from Fig. 2), temperature corrected grain size strengthening (), dislocation-nanocluster strength (0g,) on primary Y-axis (left side) and
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Number distribution for (B) Ta cluster size and (C) Ta inter-cluster spacing for as-received and sample tested at 673 K. (D) Dislocation - nanocluster strength obtained from atomistic simulations

plotted against different dislocation line lengths at 298 K.

relatively insignificant (green line in Fig. 5A) compared to the Hall-
Petch relationship (black line in Fig. 5A). That is, at higher temperatures,
the dislocation - nanocluster strength starts to fall behind, and the grain
boundary contribution dominates the strength. To summarize, at 298 K,
the dislocation-nanocluster strengthening dominates over the grain
boundary strengthening mechanisms. At moderate temperatures,
there is equal contribution from the dislocation-nanocluster interaction
and the grain boundary strengthening. Finally, at higher temperatures,
the strength of the NC Cu-Ta alloy is governed by the Hall-Petch
relationship.

The size distribution of Ta nanoclusters post-deformation is also
plotted in Fig. 5B, show a statistically insignificant coarsening as their
average size changes from 3.2 4 0.9 nm in the as-received condition
to about 4.1 4+ 1.3 nm in the sample deformed at 673 K (0.5 Ty,). Fur-
thermore, there is a marginal change in the inter-cluster spacing of
the Ta nanoclusters as seen in Fig. 5C. The extreme statistics of Ta
nanocluster spacing observed is between an average of 4 nm in the
as-received condition to 9 nm for sample tested at 873 K. Therefore, to
quantify the effects of change in the dislocation line length, atomistic
simulations were also performed at 298 K for different dislocation line
lengths ranging from 8 nm to 40 nm. From Fig. 5D, it can be seen that
the dislocation-nanocluster strength obtained for dislocation line length
of 8 nmand 10 nm is 867 MPa and 601 MPa, respectively, which is com-
parable to the experimentally observed value of 786 MPa.

It is worth noting that the decrease in the 0y, as the temperature in-
creases can be attributed to the change in lattice misfit strain between

the Cu matrix and the Ta nanoclusters. In previous in-situ TEM work
by Rajagopalan et al. [38] on the same NC Cu-Ta alloy, it has been
shown that the average lattice misfit strain changes approximately
from 12.9% 4 2% at 298 K to about 4% at 673 K. Further, the lattice misfit
strain obtained using atomistic simulations (15%) compare reasonably
well with the experimentally calculated value (13%) at 298 K, see [38].
At lower temperatures, the semi-coherent interface of the Ta
nanoclusters forms a strong resistance for the dislocation to bypass
under an applied stress. However, with increasing temperature, the
misfit strain relaxes, and the Ta nanoclusters become more coherent,
thereby, allowing easier bypass of dislocations. Hence, a very large effect
of dislocation-interaction with nanocluster at lower temperatures is
prevalent as compared to the grain boundary strengthening. Therefore,
the drop in the average misfit strain nearly correlates with the drop in
the contribution obtained from the 0y, as the temperature is increased
from 298 K to 673 K. Overall, the combined results from the TEM micro-
graphs and the atomistic simulations lead to the conclusion that
dislocation-nanocluster (0y,) strengthening accounts for the remaining
strengthening mechanism in the NC Cu-Ta.

5. Conclusion

In summary, the mechanical behavior of cryomilled NC Cu-Ta alloy
was investigated as a function of temperature ranging from 298 K to
1073 K. Furthermore, HRTEM and atomistic simulations were utilized
to understand the breakdown of strength observed in a truly stable
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nanocrystalline system at different homologous temperatures. The re-
sults show that NC Cu-Ta alloy showed negligible grain coarsening
under thermo-mechanical loading and as a result the strength due to
grain refinement remained more or less constant for all temperatures
tested. Also, at 298 K, the strength due to dislocations interacting with
Ta nanoclusters contributes almost 65% of the alloy's strength. Further-
more, at 473 K and 673 K, strength obtained from dislocation-
nanocluster interaction is equivalent to the grain boundary strengthen-
ing. We conclude that along with grain boundary strengthening,
dislocation-nanocluster (0y,) strengthening contributed to the ob-
served experimental strength of the alloy. Overall, this study provides
an insight into the temperature dependent mechanical behavior of a
new class of truly stable nanocrystalline alloys. From a broader perspec-
tive, the present work demonstrates that in a kinetically stabilized
NC materials, nano - second phases or nano - precipitates could play
equal or larger role in overall contribution to the strengthening behavior
as compared to the grain boundary strengthening, which is a predomi-
nate strengthening mechanism in the thermodynamically stable
nanocrystalline system (e.g. [57]). Furthermore, introduction of such
phases could also suppress the plastic instability (reduced dislocation
avalanche) typically observed in NC materials [58].
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Appendix A
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Fig. A1. Schematic of the simulation setup showing an edge dislocation and a Ta
nanocluster in a single Cu nanocrystal where X, Y and Z correspond to [110], [112] and
[111] directions respectively.
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