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H I G H L I G H T S

• Nanocrystalline Cu-10at.%Ta shows ex-
ceptional thermal stability unlike any
other NC and ultra-fine grained metals

• Local structural changes at the interface
between nanoclusters and matrix influ-
ence the thermo-mechanical properties

• The evolution of such fine structures is
critical for developing nanocrystalline
alloys with extreme properties
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Under intense heating and/or deformation, pure nanocrystalline (NC)metals exhibit significant grain coarsening,
thus preventing the study of length scale effects on their physical response under such conditions. Hence, in this
study, we use in-situ TEM heating experiments, atomistic modeling along with elevated temperature compres-
sion tests on a thermally stabilized nanostructured Cu–10 at.% Ta alloy to assess the microstructural manifesta-
tions caused by changes in temperature. Results reveal the thermal stability attained in NC Cu-10 at.% Ta
diverges from those observed for conventional coarse-grained metals and other NC metals. Macroscopically,
the microstructure, such as Cu grain and Ta based cluster size resists evolving with temperature. However,
local structural changes at the interface between the Ta based clusters and the Cu matrix have a profound effect
on thermo-mechanical properties. The lattice misfit between the Ta clusters and the matrix tends to decrease at
high temperatures, promoting better coherency. In other words, the misfit strain was found to decrease mono-
tonically from 12.9% to 4.0% with increase in temperature, leading to a significant change in flow stress, despite
which (strength) remains greater than all known NCmetals. Overall, the evolution of such fine structures is crit-
ical for developing NC alloys with exceptional thermo-mechanical properties.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Metals with amean grain size (d) below 100 nm, i.e., nanocrystalline
(NC) materials, have garnered significant interest due to their superior
mechanical properties as compared to coarse-grained materials [1] A
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large number of experimental and computational studies have explored
how grain boundarymediated plasticity andmicrostructural size effects
impact themechanical behavior of NCmaterials [2–4]. For example, the
Hall-Petch [5,6] relationship describes the experimentally-observed in-
crease in yield strength with decreasing grain size down to grain diam-
eters as small as 20 nm [1,2]; this behavior is generally followed by a
plateau/negative slope region for grain sizes below a critical size (e.g.,
8–15 nm for Cu [7]). This inverse Hall-Petch effect has been directly at-
tributed to changes in the governing deformation mechanisms away
from traditional dislocation glide and pile-up processes [8]. Fundamen-
tal changes in deformation mechanisms are also known to cause many
other intriguing and unexpected physical responses of NC metals, in-
cluding altered strain rate and pressure dependencies of deformation
[9], superplasticity [10], and low temperature creep [11], to name a
few (see [12,13]). Generally, these unique deviations in behavior are
solely attributed to a continual reduction in grain size and an increase
in the fraction of grain boundaries and triple junctions, which leads to
the experimentally reported mechanisms of deformation twinning,
grain boundary (GB) rotation/sliding and viscous flow [14–16].

Despite significant gains in knowledge related to the development
and engineering of plasticity in nanomaterials, there still persists a size-
able gap in the fundamental understanding of the mechanical behavior
of thesematerials, especially under extreme conditions such as at ultra-
high temperatures. This gap is critical as the material performance at
high temperatures is significantly different from the room temperature
(RT) behavior. Limited studies have explored the mechanical behavior
of NC materials at room or moderately low temperatures where a dras-
tic change in the microstructure (grain growth) has been reported. For
example, Farrokh and Khan investigated the uniaxial compressive be-
havior of NC Cu and Al (grain size 32 nm and 82 nm, respectively) pre-
pared through mechanical alloying at a strain rate of 0.01/s (Cu) and a
significant effect of temperature on the strength was observed [17]. At
the homologous temperatures of 0.4 Tm and 0.56 Tm (Tm being themelt-
ing temperature), the strengthwas reported to be 40% and 72% of the RT
strength for NC Cu andAl, respectively [17]. In case of alloy systems such
as NC multiphase Al alloys (Fe, Cr and Ti minor additions), a similar
trend in loss of strength with temperature was reported for samples
with the grain sizes of 50 and 80 nm tested at quasistatic rates. This sig-
nificant loss in strength in the NCmetal/alloy systemswas attributed to
the loss in nanocrystallinity (grain coarsening) [18–22]which led to the
dislocation-based mechanism to be a dominant deformation mecha-
nism at elevated temperatures [23].

In general, the thermal and mechanical stability of NC microstruc-
tures has been regarded low based on other experimental observations
[19,24,25]. For instance, under thermal heating experiments, the pure
NC Cu exhibits rapid grain growth to the micron-scale at just 100 °C
[26–28]. Further, indentation studies at liquid nitrogen temperature re-
vealed that NC Cu undergoes rapid grain growth, where themicrostruc-
ture consists of grains as large as 700 nm (with sizeable volume
fraction) after 30 min of dwell time in liquid nitrogen temperatures as
compared to an average grain size of 20 nm [24]. These examples illus-
trate that, for nominally pureNCmetals, the nanoscalemicrostructure is
an inherent barrier to experimental studies of their properties even
under relatively low temperature conditions. It is expected that more
intense conditions, either thermal or mechanical, will result in a more
rapid grain coarsening and a sudden loss of thematerial's intrinsic phys-
ical and structural features. Recently, alternative methodologies have
been successfully employed to impart greater stability to NC metals.
These methodologies are based on thermodynamic considerations
[29–33] coupled with classical kinetic mechanisms [34]. Such tech-
niques allow for the retention of the as-processed fine grain size, espe-
cially during high temperature consolidation. Hence, it may be stated
that such methodologies establish the fabrication pathway and, thus
the application of NC metals with desirable properties.

Recently, quasi-static and dynamic yield strengths of N1 GPa were
measured in bulk samples of a NC Cu–Ta alloys, which could not be

explained by grain size strengthening alone [35]. The increase in
strength was attributed to the thermal decomposition of a non-equilib-
rium Cu rich Cu-Ta solid solution over a range of temperatures (700–
900 °C), which led to the formation of a high density of small coherent
Ta-rich nanoclusters (~2 nm in diameter) [35,36]. The presence of
these Ta nanoclusterswithin grains and along grain boundaries resulted
in strength levels approximately twice as high as those predicted by
Hall–Petch hardening [37]. These studies suggest that the presence of
Ta-based clusters play a commanding role in defining the deformation
response as compared to the NC grain size alone. Therefore, in the pres-
ent study, we examined themicrostructural evolution, i.e., the underly-
ing changes in the Cu matrix grain size and the corresponding Ta
nanoclusters by in-situ transmission electron microscopy (TEM)
heating experiments and atomistic simulations.

Thiswork shows that the thermal stability achievedwith this NC Cu-
10 at.% Ta alloy diverges from those observed for conventional coarse-
grained metals as well as other NC metals. That is, macroscopically,
the microstructure (Cu grain and Ta based cluster size) of NC Cu-
10 at.% Ta was morphologically stable in shape and size. However,
local structural changes at the interface between the Ta based clusters
and the Cumatrix have a significant effect on thermo-mechanical prop-
erties. Specifically, themisfit strain was found to decreasemonotonical-
ly from 12.9% to 4.0% with increase in temperature, leading to a
significant change in flow stress, despite which remains greater than
all known NC metals.

2. Experimental details

High-energy cryogenic mechanical alloying was used to synthesize
NC powders with a composition of Cu-10 at.% Ta using very high purity
(99.9%), ~325 mesh size elemental Cu and Ta powders. The ball milling
was carried out in a SPEX 8000M shaker mill at cryogenic temperatures
(verified to be ~−196 °C) using liquid nitrogen with a milling time of
4 h. The milling medium was 440C stainless steel balls and a ball-to-
powder ratio of 5-to-1 by weight was maintained. Cryogenic mechani-
cal milling resulted in an un-agglomerated powder mass with a partic-
ulate size range of 20 μm to 100 μm. The as-milled powders were placed
into nickel cans and sealed inside the glove box. Prior to Equal Channel
Angular Extrusion (ECAE), the die assembly was heated to 350 °C. The
nickel cans loaded with as-milled powders were equilibrated (for
40 min) in a box furnace purged with pure Ar cover gas at 700 °C. The
equilibrated canswere then quickly removed from the furnace, dropped
into the ECAE tooling, and extruded at an extrusion rate of 25.4 mm/s
using 90° rotations for four passes. This process resulted in dense
12mmdiameter rod sampleswith a stable initial grain size distribution.
To identify the impurity content in these alloys, atom probe tomogra-
phy was performed on the as-milled powder as well as the NC Cu −
10 at.% Ta ECAE sample processed at 700 °Cwhere aminimal concentra-
tion of 1.25 at.% was detected for O. Fe contamination was detected
usingAPT and varied between 0.05 at.% and1 at.%, indicating a relatively
impurity-free alloy [9].

Quasistatic compression tests were carried out over a temperature
range from 25 °C to 400 °C using an INSTRON load frame with a 50 kN
load capacity and a furnace rated up to 1800 °C. The pushrods of the
load framewere constructedwith precisionmachined ZrO2 rods tomin-
imize heat losses. The specimens were cylinders with a 3 mm diameter
and 3mm in length,machined using an electric dischargemachine from
the same sample batch. Boron nitride lubricated polished WC-disks
were used as platens. The system was held at the testing temperature
for about 30 min to attain equilibrium and thermocouples were at-
tached on the specimen to monitor the temperature. Specimens were
loaded under strain control with a strain rate of 0.1/s.

In-situ TEM heating experiments were carried out in the aberration
corrected FEI-TITAN TEM at 300 kV using an Inconel heating holder and
the temperature was monitored digitally. Aberration corrected ARM-
200F operating at 200 kV was also used to acquire images, especially
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of the nanoclusters illustrated in the forthcoming sections. Multiple im-
ageswere acquired in the brightfield and the high resolution TEMmode
to analyze the microstructure and quantify the statistics such as grain
size distribution etc. Imaging was performed at the room temperature
(25 °C) followed by imaging at temperatures 100 °C to 400 °C in
100 °C intervals. Each temperature level was achieved in approximately
20min and a holding time of 20min wasmaintained to reach equilibri-
um temperature and minimize sample drift. Due to the effects of beam
on a thin area, a relatively thick reference area was chosen for studying
the microstructural evolution under temperature. The samples for in-
situ heating were prepared through conventional thinning procedures
where a 3 mm disk was punched from the bulk specimen and thinned
to about 100 μm followed by dimpling to about 5 μm thickness. Ionmill-
ing was performed under liquid nitrogen temperatures using Precision
Ion Polishing System (PIPS) to obtain electron-transparent regions in
the specimens. The samples were then plasma cleaned in Ar prior to
heating to minimize contamination.

3. Computational details

Interatomic interactions in the Cu-10 at.% Ta systemwere described
by a semi-empirical angular-dependent atomistic potential developed
by Pun et al. [38]. This potential was parameterized using an extensive
database of energies and configurations from density functional theory
(DFT) calculations of energy differences between various crystal struc-
tures of pure Cu and pure Ta, the formation energies of coherent Cu-
Ta interfaces, and the binding energy of several ordered compounds,
such as L12-Cu3Ta, L10-CuTa, L11-CuTa, B2-CuTa, and L12-Ta3Cu [38].
More details on the validation of the potential at different temperatures
can be found in [38]. This potential was recently applied to study struc-
tural stability of Cu-Ta alloys and the Zener pinning of Cu grain bound-
aries by nano-scale Ta clusters [39]. The simulations were performed
using the large-scale atomic/molecular massively parallel simulator
(LAMMPS) [40].

To estimate the lattice misfit and coherency as functions of the clus-
ter size and temperature, spherical Ta clusters were created inside cubic
simulation blocks of pure FCC Cu with several different sizes up to 40 ×
40× 40 nmwith periodic boundary conditions. The clusters were creat-
ed by replacing Cu atoms by Ta atoms within a spherical region at the
center of the block. Five different cluster radii ranging from 1.5 to
3.5 nm were studied in this work. Note that in this simulation scheme,
the Ta atomswere initially arranged in FCC structure perfectly coherent
with the surrounding Cu. The structure was then relaxed by molecular
statics (total energy minimization), which resulted in a partial loss of
coherency and transformation of certain regions inside the cluster
from FCC to BCC. The cluster structure was examined using the visuali-
zation tool OVITO [41]. Besides FCC and BCC, a small fraction of other
structures or unstructured regions was usually found in the cluster, es-
pecially near the Cu-Ta interface. The systemwas then slowly heated up
to the temperature of 927 °C (1200 K) by molecular dynamics simula-
tions and the structure evolution was monitored by periodically
quenching the simulation block to −273 °C (0 K) and examining its
structure with OVITO.

4. Results and discussion

The primary TEMmicrostructural characterization and XRD analysis
(Figs. 1 and S1) of the as-received Cu-10 at.% Ta ECAE sample processed
at 700 °C revealed the presence of Cu and Ta based phases, that is FCC Cu
and BCC Ta. The orientations indexed through precession diffraction
data for the FCCCu andBCCTaphase of the as-received sample indicates
a random texture (Fig. S1 [36]). The TEM characterization along with
grain size distributions is illustrated in Fig. 1. The selected area diffrac-
tion pattern confirms the nanocrystallinity of the sample at RT. Surpris-
ingly, even though our NC material was consolidated to bulk through
sever plastic deformation at 700 °C with a total accumulated strain of

4.6 (i.e., 460%), the as received averaged grain size was 52 ± 14.3 nm,
still in theNC regime (Fig. 1). In comparison, NC-materials have been re-
ported to exhibit dramatic grain-coarsening even under low homolo-
gous temperatures, such as NC Cu which was found to coarsen to the
micron regime at just 100 °C [26–28]. Therefore, this NC Cu-10 at.% Ta
alloy exhibits a very stable microstructure. The processing conditions
produced a wide range of Ta particle sizes, ranging from atomic
nanoclusters to much larger precipitates (see Fig. 1A–D). Further, Fig.
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Fig. 1. TEM characterization of as received NC Cu-10 at.% Ta (A) bright field TEM image
showing the microstructure consisting of a distinct Cu(FCC) and Ta(BCC) phase (inset:
SAED pattern), size distributions of (B) Cu and (C) larger Ta grains based on TEM images
(average 200 grains), (D) size distribution of Ta nanoclusters with an average size of
3.18 nm distributed along the grains and grain boundaries, and inverse Fourier filtered
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highlighted using dashed green lines in (E–H). Inset: Indexed SAED patterns confirming
nanocrystallinity.
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Fig. 2. Microstructural evolution of NC Cu-10 at.% Ta subjected to in-situ heating and corresponding grain size distributions at each temperature level. The grain sizes for Cu and Ta
nanoclusters do not change significantly indicating the stability of the alloy.
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1B, C and D shows histograms, taken from multiple images similar to
Fig. 1A, indicating that the larger Ta particle size distribution has an av-
erage diameter of 39 ± 19 nmwhile the smaller Ta based nanoclusters
possess an average diameter of 3.18±0.86 nm. Small aggregations of Ta
atoms (e.g., ~10–50 atoms) are referred as nanoclusters and sizes larger
than 14 nm (diameter) are considered as particles, although we recog-
nize that there is no sharp boundary between the two. The energy of the
interface [42] between the nanocluster and the Cumatrix can be used to
quantify the type of coherency of these nanoclusters, and the range of
the grain sizes which correspond to them. Characterizing the coherency
at RT has indicated that thismaterial has coherent, semicoherent and in-
coherent nanoclusters (d b 3.898 nm, 3.898 to 15.592 nm, and N
15.592 nm, respectively) [42].

Next, in-situ heating experiments were performed to probe and as-
sess the microstructural manifestations caused by heat and/or changes
in temperature as a fraction of the absolute melting point of Cu. Fig. 2
shows a series of TEM brightfield (BF) images captured at periodic tem-
perature intervals along with the grain size distributions of Cu grains
and Ta based nanoclusters. Each temperature level was achieved in
20 min with 20 min of hold time and 20 mins of imaging. Thus, at
400 °C, the time since the start of the test is approximately 240min. No-
tably, the average grain size at 100 °C, 200 °C, 300 °C and 400 °C was
evaluated based on statistical analysis as 55 nm (60 min), 56.1 nm
(120 min), 59 nm (180 min) and 61.5 nm (240 min), respectively
which corresponds to a change in grain size of 12% at 0.5 Tm. The grain
size distributions indicate limited grain growth in NC Cu-10 at.% Ta
when subjected to annealing (Figs. 2 and S2). While the average grain
size is estimated to increase only by 12% for Cu phase, the full width
half maximum values indicate an increase only about 4% for Cu grain
and 10% for Ta nanoclusters at 0.5 Tm. However, the grain size of the
larger Ta particles (Fig. S2) virtually remains unaffected indicating that
their evolution does not play a major role in the behavior of this mate-
rial. This suggests that the alloy is resistant to grain growth and there
is no significant shift in the size distribution. From a practical perspec-
tive the small increase in grain size does not manifest a perceivable
change in the mechanical properties as given by current Hall-Petch as-
sessments of NC Cu [12]. Furthermore, the limited growth observed
may have more to do with enhanced surface diffusion kinetics related
to the direct heating of the prepared TEM foil. The embedded
nanoclusters also exhibit a strong resistance to coarsening, with the cor-
responding size distributions for these nanoclusters provided in Fig. 2.
The high stability is not completely unexpected as the initial consolida-
tion temperature is 300 °C higher than the maximum temperature of
the in-situ heating experiments. Therefore, from a macro perspective
under limited re-heating, the stability of the grain size and nanoclusters
is very high in this alloy and diverges from those observed for conven-
tional coarse-grained metals as well as other NC metals [27]. While in
general, the microstructure is morphologically stable in shape and
scale, it is the fine changes in interfacial structure that dictate mechan-
ical properties at elevated temperatures, owing to the dispersions ini-
tially coherent/semi-coherent nature with the Cu matrix at room
temperature.

To understand the stability of this alloy at a finer length scale, we ex-
amined the effect of temperature on the high density of coherent and
semi-coherent nanoclusters (density = 6.5 × 1023/m3 [43]) distributed
in the Cu matrix and along the grain boundaries. In general, the coher-
ency of the particle also determines the misfit strain at the interface.
Themisfit strain can be viewed as an indirectmeasurement of the inter-
facial bonding strength and is correlated with the material's thermal
stability and mechanical properties. Coherent particles have a lower in-
terfacial energy as compared to incoherent particles, therefore coherent
particles aremore energetically favorable to form below a critical diam-
eter. Fig. 1E and G illustrate the high resolution TEM (HRTEM) images of
a semi/coherent nanoclusters in the as-receivedmicrostructurewith di-
ameters of 3.47 and 4.11 nm, respectively. The corresponding inverse
fast Fourier transform (IFFT) images appear in 1F and 1H, where the

yellow lines along the Cu-Ta interface in these images are indicative of
where the lattice deviates from the bulk (i.e.) the presence of misfit dis-
locations. These misfit dislocations are introduced to minimize the
strain at the interface between the clusters and matrix. The frequency
of which can be seen to increase with the diameter of the clusters, see
Fig. 1F and H.

In order to characterize the change inmisfit quantitatively, the aver-
age misfit strain from in-situ heating experiments (ε⁎) was evaluated
using the equation [44].

ε! ¼ 2 d2−d1ð Þ= d2 þ d1ð Þ ð1Þ

where d1 and d2 are the interplanar lattice spacings of the Ta based par-
ticles and Cumatrix computed from the fast Fourier transform (FFTs) at
a particular temperature. The strain values were averaged over the ref-
erence area (illustrated in Fig. 1) and the average misfit value as a func-
tion of temperature is represented in Fig. 3. In case of ODS steel, the
misfit strain between the nano-sized oxide particle and matrix was
also quantified to be relatively high, (i.e.) ~12.6% [45]. Although themis-
fit strain in the as-received condition is high, i.e., 12.9%± 2%, themicro-
structure appears to be relatively stable. With the increase in
temperature, the average misfit strain was estimated to reduce to a
value about 4% ± 0.49%, at 400 °C. Partially, this can be explained by
structural relaxation of the clusters, resulting in increased coherency
and transformation to a more thermodynamically stable structure. An-
other factor is the difference in thermal expansion factors of Cu and Ta
based clusters, which may reduce the lattice parameter difference at
high temperatures.

In order to gathermore insight about themisfit dislocations and var-
iation of misfit strain, atomistic simulations were performed. Fig. 3
shows the lattice misfit strain calculated from atomistic simulations at
room temperature which agrees quite well with experimental findings.
However, because of the complex two-phase structures of the
nanoclusters observed in atomistic simulations (see Fig. 4A and B) and
the thermal noise at high temperatures, it was not possible to accurately
determine the interplanar spacing between Ta atoms from the atomistic
simulations in this work. Hence, this precluded direct calculations using
atomistic simulations of the temperature dependence of the latticemis-
fit defined by Eq.(1). Nevertheless, the misfit strain calculated from at-
omistic simulations at RT agrees well with in situ TEM experimental
measurement.

Despite this limitation, atomistic simulations were able to reveal
critical structural changes within the Ta based clusters which remained
mostly (although not fully) coherentwith the Cumatrix, see Fig. 4. Since
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Fig. 3.Averagemisfit strain evolution as a function of temperature for the Ta nanoclusters.
With the increase in temperature the misfit strain decreases from 12.9% to 4% from
experiments.
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the clusters/particles were initially created and statically relaxed at
T = −273 °C / 0 K when the lattice misfit was large, they were never
perfectly coherent. Due to the partial loss of coherency, part of the initial
FCC structure of the particles always transformed to BCC and other
structural forms (Fig. 4A). In small clusters (e.g., with the radius of
1.5 nm), the fraction of the FCC structure was found to increase with
temperaturewhile the fraction of the BCC structure decreased (see Sup-
plementary Fig. S3). By contrast, in larger Ta clusters (particles), most of
the initial FCC structures transformed to BCC already during the static
relaxation (Fig. 4B). This resulted in nearly complete loss of coherency
and during the subsequent high-temperature anneals the fraction of
the BCC structure in the cluster increased. The effects of the phase
change on the behavior of the alloy and detailed analysis will be includ-
ed in a follow up article. However, one important observation was that
the loss of coherencywas accompanied by emission of dislocation loops
into the Cu matrix as illustrated in Fig. 4C. This figure shows a single Ta
particle with an initially coherent boundary. The loss of coherency re-
sulted in the formation ofmisfit dislocations at the particle/matrix inter-
face. These dislocations then separated from the particle and formed
loops gliding into the Cu matrix along (111) planes. For clarify, the per-
fect FCC Cu atoms are not shown in Fig. 4c and the particle was cut in
halves during the visualization to reveal the its cross-section and a bet-
ter view of the dislocation loops. Note the dislocation splitting into
Shockley partials separated by a stacking fault (shown in red). It is
well known that a coherent nanocluster can lose coherency once it
grows above a critical diameter. This happens when the elastic energy
with the coherent nanocluster becomes large and it is energetically fa-
vorable for a dislocation to form at the matrix-nanocluster interface,
see experimental Fig. 4D and E. The generation of such dislocations is
easier for an incoherent nanocluster in comparison to a coherent
nanocluster. This dislocation raises the free energy of the system to an
amountwhich equals to its formation energy but this increase in energy
is compensated by the decrease in the self-energy of the nanocluster.
Due to the presence of the misfit strain around nanocluster, the pin-
ning-depinning of propagating dislocations during the deformation
with in the matrix will be hindered [46]. This hindrance will have a di-
rect consequence on themechanical behavior. Hence, the change in co-
herency can be linked to the change in mechanical properties [47,48].

Strength and stability of an alloy at elevated temperatures is con-
trolled by not only the global microstructural changes but also the
local changes in the microstructure. The high strength in alloys is influ-
enced by the retention of the grain size as well as the nature of the par-
ticle-matrix interface (in our case, Ta nanocluster - Cu matrix) with the

increase in temperature. To examine the effect, we inspected the com-
pressive flow stress of the alloy at various temperatures. The flow stress
was extracted at 10% strain from the stress-strain response of samples
subjected to quasistatic compression tests at 0.1/s strain rate. The flow
stress was found to decrease with the increase in temperature. It is crit-
ical to note that even the high-temperature of 400 °C (0.5 Tm) the flow
strength is on par with pure NC Cu composed of 20 nm grain tested at
room temperature [30] and the strength at 400 °C for NC Cu-10 at.%
Ta is 24% higher in comparison to the data reported for NC Cu (d =
32 nm) sample tested at 250 °C [17]. This is understandable because
the Ta nano-clusters distributed along the GBs and the matrix is be-
lieved to be responsible for the exceptional thermal stability and

Fig. 4. Cross sections of Ta clusters with a diameter of (A) 3 nm and (B) 7 nm at 426 °C (700 K). Ta atoms in FCC and BCC environments are shown in green and blue. The grey atoms
represent other structural environments; (C) dislocation loops emitted by the Ta particle with d = 7 nm at 426 °C. Note the dislocation splitting into partials separated by a stacking
fault (red color). The FCC Cu atoms were removed for clarity and half of the Ta particle was cut out to reveal its spherical cross-section. (D) HRTEM and (E) IFFT image of a semi-
coherent particle with d = 5.0 ± 0.035 nm at 400 °C with misfit dislocations highlighted in yellow (The scale bar is identical for d and e and corresponds to 2 nm).

Fig. 5. TEM bright field images in the (A) as-received condition and (B) 400 °C for NC Cu-
10 at.% Ta alloy. The distances between large Ta particles, Ta nanocluster (P) and GB is
highlighted for both the conditions. There is a significant Ta nanoclusters pinning the GB
at both the conditions validating the Zener pinning theory [39].
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mechanical strength. That is, the stability arises from the nanoclusters
that pin the grain boundaries by the Zener mechanism, thereby
preventing significant grain coarsening and the strength arises from
the endurance of the nanoclusters to dislocation motion and activation
of twinning basedmechanism [39,49,50]. Fig. 5 highlights once such re-
gion in the sample at RT and at 0.5 Tm where a dense distribution of
nanoclusters can be identified along the matrix and the GB. This obser-
vation confirms the presence and the interaction between the grain
boundaries and the Ta nanoclusters that is responsible for the unique
stability and strength exhibited by the alloy, also see [39].

To address the reasoning behind the change in flow strength, we
probed the change in flow stress as a function of average misfit strain
at the interface of the high density of nanoclusters and the matrix.
Fig. 6 indicates the flow stress values plotted against the average misfit
strain of the Ta nanoclusters-matrix interface in NC Cu-10 at.% Ta proc-
essed at 700 °C for three levels of temperature. The variation in flow
stresswas found to be strongly correlatedwith the averagemisfit strain,
with high flow stress values observed at the RTwhich decreasewith the
decrease in misfit strain values. Other typical contributions to thermal
softening including microstructural coarsening (Cu grain size and Ta
based cluster) and changes in the elastic modulus may be excluded as
their contributions are negligible over the given testing temperatures
(24–400 °C). The higher the coherency, the lower the misfit lattice
strain and the lower the flow stress as the strain field surrounding the
Ta based clusters decreases and interactions with dislocations become
less prominent., i.e., the pinning-depinning of propagating dislocations
during the deformation within in the matrix will be less hindered as
the coherency increases [46]. Additionally, as temperature increases,
normal particles undergo coarsening and transition from a coherent to
semi-coherent to incoherent state and strength is lost due to over-
aging. In this case the particles gain coherency and at high enough tem-
peratures may be more easily bypassed. However, in this class of mate-
rials, a significant coherency strain is retained (~4%), thereby providing
significant resistance to high temperature deformation. This is identical
with the data reported for superalloys, where lattice mismatch and co-
herency at the γ/γ′ interface determines the resistance for dislocation
propagation ultimately leading to superior thermal and mechanical
properties for the superalloys [51]. Overall, the mechanical response of
the NC Cu-10 at.% Ta alloy is still remains greater than all known NC
metals and alloys. Further, the NC Cu-10 at.% Ta alloy exhibits negligible
grain growth, which deviates from the conventional trend, thus
resulting in a kinetically stable material with a superior flow strength
even at 0.5 Tm.

5. Conclusion

In this work, we use in-situ TEM heating experiments, atomistic
modeling alongwith elevated temperature compression tests on a ther-
mally stabilized nanostructured Cu–Ta alloy (Ta=10 at.%) to probe and
assess themicrostructural manifestations caused by heat and/or chang-
es in temperature. The results show that the thermal stability achieved
with this NC Cu-10 at.% Ta diverges from those observed for convention-
al coarse-grained metals as well as other NC metals. While the average
grain size was estimated to increase only by 12% for Cu phase, the full
width half maximum values indicate an increase of only about 4% for
Cu grain and 10% for Ta nanoclusters at 0.5 Tm. This suggests that the
alloy was resistant to coarsening and there was no significant shift in
the size distribution. From a practical perspective, the small increase
in grain size does not manifest a perceivable change in the mechanical
properties as given by current Hall-Petch assessments of NC Cu. There-
fore, macroscopically, the microstructure (Cu grain and Ta based cluster
size) of NC Cu-10 at.% Tawas morphologically stable in shape and scale.
However, local structural changes at the interface between the Ta based
clusters and the Cu matrix have been observed. The lattice misfit be-
tween the Ta clusters and the matrix tends to decrease at high temper-
atures, promoting better coherency. In other words, the misfit strain
was found to decrease monotonically from 12.9% to 4.0% with increase
in temperature, leading to a significant change in flow stress, which re-
mains greater than for all known NC metals. Overall, the evolution of
such fine structures is for critical the thermal-mechanical properties of
this alloy.
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