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The potential benefits of nanocrystalline (NC) alloys for use in various structural applications stem
from their enhanced mechanical strengths. However, deformation-induced grain growth in NC
materials reduces the strength and is a widely reported phenomenon occurring even at low-
temperatures. Controlling such behavior is critical for the maturation of bulk nanocrystalline metals
in various advanced engineering applications. Here, we disclose the mechanism by which grain
boundary sliding and rotation are suppressed when a NC material is truly thermo-mechanically
stabilized against grain growth. Unlike in any other known nanocrystalline metals, the absence of
sliding and rotation during loading, at extreme temperatures, is related to short-circuit solute diffusion
along the grain boundaries causing the formation of solute clusters and thus a significant change of the
grain boundary structures. The departure of this unusual behavior from the well-established norm
leads to a strong enhancement of many mutually exclusive properties, such as thermo-mechanical
strength, creep resistance, and exceptionally high electrical/thermal conductivity. This work demon-
strates that Cu-based nanocrystalline alloys can be used in applications where conventional Cu-based
polycrystalline materials are not viable.

Introduction

The potential benefits of nanocrystalline (NC) alloys, i.e., materi-
als with a mean grain size (d) below 100 nm, for use in various
structural applications stem from their enhanced mechanical
strengths resulting from a reduced grain size. However, these
NC materials often exhibit poor microstructural stability and
grain growth under combined thermal (low or high tempera-
tures) and mechanical loads compared to their coarse grained
counterparts (e.g., [1-4]). Controlling the grain growth is critical
for advanced structural applications such as next generation heat
exchangers, high-end electronics, high-speed rail contact wires,
and high-speed pulse magnets. For such applications, the quest
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has been to develop and design new alloys that exhibit a combi-
nation of extremely high strength, low strain rate sensitivity
(high creep resistance), and/or high electrical/thermal conductiv-
ity. Materials required for such applications are expected to
maintain a multitude of mutually exclusive properties when
exposed to high pressures and temperatures for tens of thou-
sands of hours. For instance, for a high-speed pulse magnets,
annealed copper (IACS) generally exhibits a low electric resistiv-
ity of 1.72 x 10~ Q-m (100% IACS). However, the strength and
thermal stability of the annealed copper and related alloys is rel-
atively low for structurally demanding applications [5]. Similarly,
for the heat exchanger applications, generally the high tempera-
ture strength of metal-based alloys is extremely low, i.e., on the
order of 30-50 MPa at 800 °C for the best Ni-based heat exchan-
ger currently in use [6]. In effort to produce copper with
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extremely high strength and good electrical/thermal conductiv-
ity, various fine-scale two-phase composite materials [5,7,8], such
as Cu-Nb microcomposites [9], and second-phase strengthened
Cu-Ag alloys [10,11] have been developed. For instance, the
Cu-Nb [12], Cu-Ag [13] and Cu-Cr [14] alloys exhibit the room
temperature yield/ultimate strength of about 700-1200 MPa,
794-890 MPa, and 430-840 MPa along with the electrical resis-
tivity of 85-55% IACS, 76-72% IACS, and 75-85% IACS, respec-
tively. However, the poor thermal stability of the structure and
the strain rate sensitivity (SRS) of these alloys are limiting their
practical applications. Apart from the microstructural stability,
in general, most nanocrystalline/ultrafine grained materials tend
to have either high strength and low electrical conductivity or
low strength and high electrical conductivity [5]. A critical review
of the strength and electrical conductivity of structural alloys
with various average grain sizes can be found in [5] and refer-
ences within.

On the other hand, in NC face-centered-cubic (FCC) metals,
such as pure copper with its average yield strength of 610 MPa
and resistivity of 95% IACS, the strain rate sensitivity (SRS) factor
m increases significantly even at ambient conditions [15]. For
instance, room temperature m values for coarse-grained (CG)
polycrystalline, ultra-fine grained (UFG), and NC Cu under com-
pression are 0.009 +0.002, 0.020+0.007, and 0.038 £ 0.006,
respectively [16]. For grain sizes of about 10 nm, m values as high
as 0.06 have been reported [17]. Such enhanced m values in NC
FCC metals are due to the increase in the grain boundary volume
fraction as compared to the conventional, CG materials. In addi-
tion, it is well known that NC Cu and other single-component
metals are extremely sensitive to grain growth, rapidly coarsen-
ing to micrometer-scale grains during loading and deformation
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at low and moderate temperatures. As a result, such materials
are not viable for applications requiring a combination of high
mechanical strength, creep resistance, and high electrical/ther-
mal conductivity. Contrary to this common belief, we provide
here extensive evidences that in truly stabilized NC materials,
the thermo-mechanical strength, the SRS, and conductivity,
which are mutually exclusive properties in nature, can coexist
in such materials and be tailored for advanced applications.

The NC Cu-Ta alloy presented here can be produced in quan-
tities far exceeding the laboratory scale. Kilogram quantities of
the alloys have been manufactured into sizeable, fully dense bulk
parts, see Fig. A1l. The material exhibits the yield strength of over
1 GPa and a 71% IACS electrical conductivity along with a lowest
reported SRS at 80% of the melting point (refer to Fig. A2 for the
melting temperature of the material). The key physical mecha-
nisms behind this remarkable phenomenon are related to the
kinetic pinning behavior, which results in full stabilization of
the nano-grains. Further, the NC Cu-Ta alloy retains significant
portion of the coarse-grained pure Cu electrical and thermal con-
ductivities. Overall, these findings demonstrate and clarify that
the microstructural stability controls extreme SRS, strength and
conductivity, and thus has the potential to be used in advanced
engineering applications.

Results and discussion

Unique thermo-mechanical responses and anomalous strain
rate sensitivity behavior

The NC Cu-10 at.% Ta alloy (referred to herein as NC Cu-Ta)
studied in this work is a model material system to provide evi-
dence that the microstructural stability controls extreme SRS,
resulting in high strength, creep resistance and high electrical/
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(@) Atom map of Cu in NC Cu-Ta using 6 at.% Ta isoconcentration surfaces (green), showing multiple probing cylinders passing through Ta particles. (b) A
cylinder passing through a selected 6 at.% Ta isoconcetration surface surrounding a 21% O isoconcentration surface, indicating a core-shell structure for the
Ta particle. (c) A top down view of Figure (b) showing the O surface roughly centered with respect to x and y dimensions within the Ta surface. (d) HAADF-
STEM image accentuating tantalum-rich clusters on the basis of atomic-number contrast. e) High-magnification HAADF image a Ta nanocluster. (f) 1D
concentration profile generated from the cylinder shown in Figure (b), showing a representative chemical composition for the core-shell Ta particles.
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thermal conductivity. The material was produced by high energy
ball milling followed by equal channel angular extrusion [18,19]
(See Methods). This alloy was previously studied by limited
mechanical testing, such as high temperature creep measure-
ments [18,19]. Primary microstructural characterization using
transmission electron microscopy (TEM) revealed the presence
of copper grains with an average size of 50 + 18 nm as well as tan-
talum particles. The latter exhibited a range of sizes from atomic-
scale particles (d < 14 nm) to larger particles (d> 14 nm). Their
average diameters were found to be 3.18+0.9nm and 32
+ 8 nm, respectively. These size distributions were obtained from
areas similar to that seen in the Extended Data Fig. 2 of [19],
which was averaged over 300 grains. It is important to note that
the microstructure has a few twins, but the formation of nano-
twins during the processing for this chemical composition was
minimal due to the presence of the fine nanoclusters [20]. Fur-
ther, the smaller Ta clusters (average diameter of 3.18 + 0.9 nm)
have a complex structure/chemistry as shown in Fig. 1. Here,
the atom probe analysis captures the size and distribution of Ta
(green) particles/clusters using a 6 at.% Ta isoconcentration sur-
faces within the Cu (red) matrix, Fig. 1(a). This size is comparable
to that noted in the TEM images. The TEM images show that a
large percentage of the Ta particles have a darker core structure
when viewing in High Angle Annular Dark Field (HAADF) mode,
which is indicative of a higher concentration of a low atomic
number element present within the core relative to the outer
shell (Fig. 1(d-e)). A combination of isoconcentration surfaces
and 1D profiles, Fig. 1(b-d), confirms an enrichment in O within
the core structure of such particles, while the outer shell is only
composed of Ta and Cu. This analysis, along with previous work,
indicates that the particles/clusters have a chemical distribution
of both Ta and O ranging from 10 to 90 at.% for Ta and 2-
50 at.% for O, with the remaining balance composed of Cu
[21]. Additionally, O was generally found to be localized in the
core of the Ta particles/clusters, while the O concentration in
the Cu matrix is less than 1 at.%.

Conventional compression tests were performed over a wide
range of applied deformation rates (10 *-10' s™') and tempera-
tures (297-1273 K) (see Methods). Previous studies in CG poly-
crystalline and single-crystalline Cu [22-24] suggest that both
tension and compression can be applied for measuring m. This
is technologically important since many industrial operations,
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Strain rate sensitivity

such as extrusion, rolling, forming, and forging to produce com-
plex parts and geometries, create a variety of stress and strain
rates in the material. Typical true stress—strain curves shown in
Fig. 2a reveal several significant features. First, the absence of
appreciable strain hardening (i.e., elastic-perfectly plastic behav-
ior) at different deformation rates and temperatures suggests the
absence of significant changes in grain size, morphology or tex-
ture during the deformation. Secondly, while the SRS is negligi-
ble at room temperature, the rate effect becomes more
apparent as temperature is increased.

The SRS parameter m was computed from the relation
m = dlog (a)/0log(¢), where o is the stress and ¢ the strain rate.
Fig. 2b shows m as a function of strain and temperature. The
SRS parameter is inversely proportional to the apparent activa-
tion volume v*. The latter is critical in determining the rate-
controlling mechanism of plastic deformation and is a measure
of the average volume of the material involved in the deforma-
tion process. Fig. 2b thus reflects the evolution of the rate-
controlling mechanisms with strain and temperature in the NC
Cu-Ta alloy. The m values increase especially at higher tempera-
tures. The higher m at lower strain values, as indicated by the
five-fold increase in the spread of the m values over the given
strain range (0.2-12.5%). This points to the more pronounced
role played by the thermally activated strain hardening processes
in dictating the SRS behavior at early stages of deformation.

The property maps (Fig. 3) highlight the anomalous behavior
of NC Cu-Ta when compared to almost every structural material
currently in use. For instance, although the SRS parameter m
increases with temperature for all strains by almost a factor of
10 for NC Cu-Ta, it does not break the threshold of 0.3 expected
for materials whose deformation is dominated by grain boundary
processes such as creep. In fact, an extensive survey of over 184
coarse-grained alloys based on Zn, Sn, Mg, Al, Cu, Fe, Ni and Ti
has shown that all alloys with stable grain sizes ~10-400 times
the grain size in the NC Cu-Ta alloy (i.e., 1-20 um), exhibit defor-
mation associated with grain boundary processes and thus m val-
ues between 0.3 and 0.8 at homologous temperatures between 50
and 80% Ty, [25] (T being the melting point), see Fig. 2b. This
value should approach m ~ 1 for smaller grain sizes near T,,. The
anomalously small m values found in the NC Cu-Ta alloy go
totally against this general trend. Further, the 0.2% strength
decrease with homologous temperature occurs much earlier in
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Stress—strain responses of NC Cu-Ta at different strain rates. (a) Low strain rate stress—strain response of NC Cu-Ta as a function of strain rate and temperature.
(b) Effect of temperature on strain rate sensitivity of NC Cu-Ta at different strain levels measured from experiments.
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Material property maps, showing the strain rate sensitivity versus homologous temperature versus 0.2% strength of NC Cu-Ta in comparison with various
coarse-grained structural alloys. The literature data are from Chapters 22 and 26 of [25].

conventional alloys than in NC Cu-Ta, which is a consequence
of the remarkable thermo-mechanical stability of NC Cu-Ta.

Novel archetype microstructure of a NC alloy
Microstructural changes in NC Cu-Ta at elevated temperatures
were examined by TEM. The Cu grain size and Ta nanocluster
size distributions in Fig. 4a, b show very little change in either,
despite being exposed to temperatures above the consolidation
temperature of 973 K. The grain size increases from 50 + 18 nm
in the as-received to 89.7 + 12.8 nm after mechanical testing at
1073 K (0.8 Ty,). The Cu matrix grains are found to be equiaxed
in shape and coexist with larger residual Ta particles, spheroidal
in morphology, having an average diameter of 32 nm in both
samples (Fig. 4c, d). Such small changes in microstructure are
very surprising given that the average grain size is less than
100 nm. To evaluate the influence of the deformation rate and
temperature on the textural changes, precession diffraction mea-
surements were performed in various areas (Fig. 4e, f). The orien-
tation imaging map (OIM) shows a high degree of randomness in
the orientation relationships between the Cu grains in the as-
received state as well as after the 1073 K testing with a texture
index of one. Processes such as grain rotation and grain bound-
ary sliding would lead to texturing as multiple grains reorient
themselves to accommodate slip and extensive plastic deforma-
tion, as is the case in typical NC metals. This observation suggests
that the stable structure of the NC Cu-Ta alloys exhibits very lim-
ited grain rotation and growth even at 0.8 Ty,.

Higher magnification aberration corrected scanning TEM
(STEM) was used to resolve the underlying microstructural fea-
tures in more detail. Figs. 4c, d and 5a, b illustrate that the Ta

nanoclusters are distributed homogeneously in the grain interi-
ors and at grain boundaries and interact with the dislocations.
The average size of the nanoclusters was found to be 3.18
+ 0.9 nm in diameter with an average inter-nanocluster spacing
of 5.2 + 1.74 nm (Ta nanocluster chemical composition is shown
in Fig. 1). These numbers remain nearly constant with the appli-
cation of stress and temperature, highlighting the alloys stability
and resistance to coarsening (Figs. 4b and 5c). It is owing to the
stability and high density of the coherent nanoclusters present in
the microstructure that the Cu grains remain almost unchanged
(Fig. 5a, b). These observations suggest that the nanoclusters pin
the grain boundaries and block the grain boundary sliding and
grain rotation processes. The pinning of the grain boundaries is
then responsible for imparting the extraordinary strength and
structural stability to these alloys, and the breakdown of the uni-
versally expected mechanical behavior of NC materials. Further,
the average value of m for the NC Cu-Ta alloy at 873 K is 0.089,
which corresponds to an apparent activation volume of v*
~131b?, b being the magnitude of the dislocation Burgers vector.
The activation volume v* is obtained using the relation
v* = V/3kT /ma, where k is Boltzmann’s constant, T is tempera-
ture in K, m is the SRS parameter and o is the flow stress. This
large activation volume is highly unusual for a NC material espe-
cially at these temperatures. Normally, deformation of NC mate-
rials is controlled by grain boundary processes such as sliding,
grain rotation, and diffusional creep, for which v* is relatively
small, typically ~1b® [25]. For comparison, CG FCC metals gen-
erally have very large room temperature v* values (100-1000s of
b3) since the deformation is associated with dislocation motion
through a forest of dislocations, while grain boundary processes
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FIGURE 4

Size distribution of Cu grains and Ta nanoclusters in as-received (AR) and quasi-statically tested samples at the strain rate of 0.01 s~ . (a) The distributions
indicate nominal increase in Cu grain size with the majority of the grains remaining in the NC regime. (b) Ta nanoclusters also exhibit stability with
temperature. (c) Bright field (BF) image of as-received sample. (d) BF image of quasi statically tested sample at 1073 K. (e) Precession diffraction image of as-
received sample. (f) Precession diffraction image of quasi-statically tested sample at 1073 K.

play a secondary role. The values of v* obtained for NC Cu-Ta are
strongly shifted towards the latter scenario, confirming that the
grain boundary mechanisms of deformation are effectively sup-
pressed, see Fig. 5d.

Atomistic simulations of deformation behavior

To gain a deeper understanding of the fundamental mechanisms
behind the extraordinary structural stability and strength of the
NC Cu-Ta alloys, atomistic computer simulations were con-
ducted employing molecular dynamics (MD) and Monte Carlo
methods (see Methods). Four atomic percent of Ta was intro-
duced into a Cu nanocrystal with an average grain size of
12.5 nm. This composition corresponds to the experimental Ta

concentration in the NC Cu-Ta alloy outside the residual Ta
grains. The sample was brought to thermodynamic equilibrium
by semi-grand canonical Monte Carlo simulations. The Ta
atoms were found to form nanometer-scale particles distributed
at the grain boundaries and partially inside the grains. The sam-
ple was then subject to a series of uniaxial compression tests at
the temperatures of 300 and 1000 K with different strain rates
ranging from 10° to 10° s~ In agreement with the experiment,
the stress—strain curves did not show any strain hardening. The
flow stress o (defined as the stress at 10% compression) was
found to decrease with temperature and slightly increase with
the strain rate (Fig. 6a), again in agreement with the
experiments.
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BF images of a sample tested quasi-statically (0.01s™"
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strain rate) at 1073 K showing Ta nanoclusters along with the average inter-nanocluster spacing

distribution. (a) BF image. (b) Higher magnification BF image showing distribution of Ta nanoclusters. (c) Inter-nanocluster spacing distribution in as-received
and quasi-statically tested samples at room temperature, 873 K and 1073 K. (d) Apparent activation volume (b®) in NC Cu-Ta plotted as a function of
homologous temperature. Blue arrows in Figure (a) indicate dislocations and the yellow arrows indicate Cu grain boundaries. The small Ta nanoclusters are

indicated by red arrows in (b).

The slopes of the curves in Fig. 6a show that the SRS increases
with temperature, which was also found in the experiments (cf.
Fig. 2b). For quantitative comparison, the SRS parameter m was
computed from the simulation results. The values obtained were
m=0.029+0.004 at 300K and m=0.075+0.004 at 1000 K.
These numbers agree reasonably well with the experimental
numbers (Fig. 2b). Examination of microstructures before and
after the deformation did not reveal any changes in the grain size
or Ta nanocluster distribution, confirming the high structural
stability. By contrast, similar deformation tests performed on
NC Cu (same initial grain size) resulted in significant grain
growth and larger SRS. Furthermore, Fig. 6b, c demonstrate that
the grain boundary sliding and grain rotation processes occur-
ring during the deformation are much less pronounced in the
NC Cu-Ta alloy than in NC Cu. Such processes constitute the
basic mechanisms governing the deformation of nano-grains at
high homologous temperatures. Their absence in NC Cu-Ta sig-
nals a reversal of the known deformation response that com-
monly occurs in other NC materials. Fig. 6d, e show that, as

the Ta concentration increases, the grain area and the misorien-
tation angles remains almost constant during the MD simula-
tions. This suggests that the grain growth and the grain
sliding/rotation processes are significantly reduced and eventu-
ally shut down as the Ta concentration is increased. It is impor-
tant to note that the maximum size of the Ta nanoclusters is not
the criterion for blocking grain boundary motion and sliding
mechanisms. Instead, the important parameter is the number
density of the Ta nanoclusters needed to exert the pinning force
on the grain boundaries leading to microstructure stability [26].
This is consistent with the previous work, which has shown that
the size of the Ta nanoclusters is independent of the Ta concen-
tration, while only their number density depends on the Ta
concentration [21,26].

To further demonstrate that the structural stability of the Cu-
Ta alloy is caused by the pinning of grain boundaries by Ta nan-
oclusters, a different simulation setup was created in which a
cylindrical grain with a circular cross-section was embedded in
a larger grain serving as a matrix. In a recent study of this system
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(a) Flow stress as a function of strain rate (s') in NC Cu and NC Cu-4 at.%Ta alloy in MD simulations at 300 K and 1000 K. (b) Typical projection of NC Cu after

10% compression with the strain rate of 5x10° s~

at 1000 K. The compression direction is horizontal. The horizontal (purple) and vertical (blue) stripes

represent two sets of artificial marker lines. (c) Same as (b) but for the NC Cu-4 at.%Ta alloy. The discontinuities and rotations of the marker lines are indicators
of grain boundary sliding and grain rotation. Grain area (d) and misorientation angle (e) as functions of time in MD simulations of a cylindrical grain at 900 K.
The alloy compositions (at.%Ta) are indicated in the label. The initial misorientation angle is 28°.

in pure Cu [27,28], such a grain was found to shrink under cap-
illary forces and simultaneously rotate towards larger misorienta-
tion angles. In this work, Cu was replaced by a random Cu-Ta
solid solution mimicking the metastable state of the alloy after
mechanical alloying. In alloys with small Ta concentration, the
grain was found to shrink and rotate, although slower than in
pure Cu due to the solute drag effect. When the composition
reached ~1.5 at.%Ta, the grain shrinkage and rotation practically
stopped. In the alloy with 4 at.%Ta, the grain boundary did not
move at all and the short-circuit Ta diffusion along the grain
boundary resulted in the formation of a set of Ta nanoclusters
that pinned the boundary in place. We can thus conclude that
in the NC Cu-4 at.%Ta alloy, any grain boundary motion or
grain rotation must be totally arrested by the Ta nanoclusters,
which was indeed observed in the experiments. Since grain
boundary sliding is a process coupled to grain boundary motion
and grain rotation [29,30], this process is blocked as well. In addi-
tion to suppressing the SRS, these findings also explains in part
the mechanisms responsible for the extraordinary creep resis-
tance reported for this alloy [19].

Finally, the electrical conductivity (¢) of the NC-Cu-Ta was
probed at room temperature using a Meandering Winding Mag-
netometer (MWM). The thermal conductivity (x) was estimated
from the electrical conductivity by applying the Wiedemann-

Franz Law of k/o = LT, where L is the Lorentz number and T is
temperature. The results are plotted in Fig. 7 in comparison with
pure Cu and various Cu-based alloys. Fig. 7a indicates that for NC
Cu-Ta, the strength is significantly improved while maintaining
a relatively high electrical conductivity, i.e., yield strength of
over 1 GPa along with an 71% IACS electrical/thermal conduc-
tivity. Typically, as the grain size decreases, the electric resistivity
increases due to the interface scattering of the carriers (Matthies-
sen’s rule) that leads to decrease in the electrical conductivity of
NC Cu-Ta as compared to pure coarse-grained Cu. However, the
NC-Cu-Ta retains a significantly portion of the pure coarse-
grained Cu electrical conductivity while reaching a high
strength. To further address this trend, if we assume that the
probability of reflection at the interfaces (Cu-Ta and grain
boundary) is about R =0.25, and the bulk Cu crystal mean free
path of A =40 nm [32], then using the Mayadas and Shatzkes for-
mula [33]

M:l—%ﬁ+3ﬂ2—3ﬁ3ln(1+%) (1)

Ocu

where g =2(;%;), the approximate conductivity of NC Cu-Ta
(ocuta) is predicted to be about 71% that of a single-crystalline
or CG Cu (o¢y,), which is similar to the measured decrease in the

electrical conductivity, as plotted in Fig. 7a. This may indicate
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(a) Electrical and (b) thermal conductivities at room temperature versus 0.2% yield strength of pure Cu and various Cu based alloys. The variation in the NC
Cu-Ta strength and conductivities are due to different Ta concentrations (1at%, 5at% and 10at% as well as changes in the average grain size). Overall, NC Cu-
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that the mean free path of conduction electrons in the NC Cu-Ta
is governed by the average grain size, i.e., the nanoclusters are
coherent-to-semi-coherent and their spacing (which is in the
order of 5.2 + 1.74 nm) does not control the electronic properties
of NC Cu-Ta. Similar trends as observed with respect to the ther-
mal conductivity. Fig. 7b shows that NC Cu-Ta retains a signifi-
cant fraction of the thermal conductivity of pure coarse-grained
Cu. Further, from advanced applications point of view, the advan-
tage of NC Cu-Ta is that its room temperature thermal conductiv-
ity is at least 20-25 times that of Ni- or iron based alloys [6].To put
this in perspective, the strength of the NC Cu-Ta alloy at 800 °C is
about ~5 times higher than that of the best Nickel-based heat
exchanger currently in used, along with a high thermal conduc-
tivity [6]. In addition, NC Cu-Ta exhibits the yield strength of
over 1 GPa along with an 71% IACS electrical conductivity. It
should be mentioned that the goal of designing materials with
a high mechanical strength and minimal degradation of electric
conductivity has been the subject of active research over the
recent years. A comprehensive overview focusing on UFG and
NC Cu and Al alloys has been recently published by Murashkin
et al. [5]. It has been shown that bulk Cu alloys produced by sev-
ere plastic deformation can achieve a strength of hundreds of MPa
while retaining much of the electric conductivity of CG Cu. The
present work demonstrates that the NC Cu-Ta alloys exceed the
existing envelope of the strength-conductivity combination by
achieving the strength above 1 GPa with only moderate degrada-
tion of conductivity. Importantly, this favorable combination of
mechanical and functional properties persists to unprecedentedly
high temperatures due to the outstanding structural stability of
the NC Cu-Ta alloys. Interestingly, the structure of these alloys
is similar to the so-called “ideal” structure discussed in [5,14]. This
structure was suggested to be the best for achieving the most
favorable combination of strength (due to precipitation harden-
ing), electric conductivity and thermal stability.

Overall, these findings demonstrate that the microstructural
stability of NC Cu-Ta can lead to drastic increase in mechanical

strength combined with favorable electric/thermal conductivi-
ties needed for various advanced applications.

Conclusions

We have addressed the fundamental question of whether fully
stabilized NC materials have to exhibit the extreme SRS
(1 > m > 0.3) along with high electrical conductivity. The general
view, until this point, has been that NC materials always exhibit
this behavior starting at low homologous temperatures. Contrary
to this expectation, the experimental evidence reported here
reveals that NC Cu-Ta alloys (grain size <100 nm) do not exhibit
a high SRS even at large homologous temperatures, nor do they
show strain hardening, grain growth or texture formation. In
support of this finding, atomistic computer simulations have
shown that Ta nanoclusters slow down and eventually block
grain boundary motion and grain rotation that are present in
pure NC Cu. The suppression of these processes strongly reduces
grain boundary sliding even at high temperatures without sacri-
ficing plasticity. Taken together, the experiments and simula-
tions provide convincing evidence that, contrary to the
conventional belief, a truly stabilized NC material does not exhi-
bit the highly elevated SRS behavior even when subjected to tem-
peratures as high as 80% of the melting point. In fact, the NC Cu-
Ta exhibits the lowest reported SRS at 80% of the melting point
when compared to almost every structural material (Fig. 2b). Fur-
ther, the suppression of the grain boundary processes through
complex grain boundary-nanocluster interactions leads to the
emergence of unique mechanical properties of NC materials;
see property maps in Figs. 3 and 7. This discovery highlights a
materials design principle through which materials with extraor-
dinary strength (approximately one-half the theoretical limit),
high electrical and thermal conductivity, and high-temperature
stability can be developed for advanced technological applica-
tions. This work opens a new frontier towards developing struc-
tural and functional materials for extreme applications with
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properties that have been difficult to achieve via conventional
approaches.

Methods

Powder processing and equal channel angular extrusion
(ECAE)

Nanocrystalline (NC) Cu-10 at.%Ta powders were processed uti-
lizing high-energy cryogenic mechanical alloying. Elemental
Cu and Ta powders (—325 mesh and 99.9% purity) were loaded
into a hardened steel vial in the appropriate proportion along
with the milling media (440C stainless steel balls) inside a glove
box with an Ar atmosphere (oxygen and H,O are <1 ppm). The
vials were loaded with 10 g of the Cu-Ta powder as well as the
appropriate amount of media to ensure a ball-to-powder ratio
of 5-to-1 by weight. A SPEX 8000 M shaker mill was utilized to
perform the milling at cryogenic temperature (verified to be
~—196 °C) for 4 h using liquid nitrogen. The NC Cu-10 at.%Ta
powder was consolidated to bulk via equal channel angular
extrusion (ECAE). Before starting the ECAE process, the die
assembly used for processing the billets was preheated to 623 K
(350 °C) to minimize thermal loss during the ECAE processing.
The billets, heated and equilibrated to 973 K (700 °C) for
40 min, were dropped into the ECAE tooling as quickly as possi-
ble from the furnace and extruded at an extrusion rate of
25.5 mm/s. These steps were repeated 4 times following route
B, [34-36] to prevent imparting a texture to the consolidated
powder. By extruding through an angle of 90°, a total strain of
460% was imparted onto the powder-containing billet as a result
of this processing. Specimens for mechanical testing were then
machined from these billets, within the region containing the
consolidated powder, via wire electric discharge machining into
3 mm length by 3 mm diameter cylinders. Further details related
to the processing and impurity levels can be found in [19-
21,37,38]. Also, the copper-tantalum system is an immiscible sys-
tem, see the phase diagram below (Fig. A2a). Hence, we know
that adding 10 atomic % of Ta would not change the melting
temperature of the matrix (in this case, Cu) significantly. In fact,
the basic differential thermal analyses plot shown below (Fig. A2-
b-c) confirms that the melting temperature of Cu-10 at. % Ta is
approximately the same as that of pure Cu.

Microstructural characterization

To obtain grain size distributions and microstructural character-
istics, Transmission Electron Microscopy (TEM) was employed.
TEM characterizations were carried out on the as-received and
post-deformed conditions using an aberration corrected ARM-
200F at 200 KeV. Multiple bright field and dark field images were
captured in both the TEM and STEM modes to assess the
microstructure and quantify statistics such as grain size distribu-
tion etc. For TEM characterizations, samples were prepared
through conventional thinning procedures where a 3 mm disk
from the bulk specimen was thinned to about 70 um following
which the specimens were dimpled to about a 5 um thickness.
Ion milling was performed using a Gatan Precision Ion Polishing
System (PIPS) under liquid nitrogen temperatures to obtain
electron-transparent regions in the specimens. The samples were
also plasma cleaned in Ar prior to TEM observations to reduce
contamination.

Mechanical characterization at quasi-static conditions
Quasi-static compression tests of specimens over a temperature
range from ambient up to 1073 K (800 °C) were performed using
an Instron load frame equipped with a 50 kN load cell and an
ATS clam-shell heating furnace capable of a maximum tempera-
ture of 1473 K (1200 °C). The specimens for compression were
cylinders 3 mm in diameter and length (aspect ratio 1.0). Com-
pression tests were conducted at 298, 473, 573, 873, and
1073 K, with strain rates ranging from 8 x 10~*to 1 s~'. The sys-
tem was held at the testing temperature for 30 min prior to load-
ing to achieve a uniform temperature within the specimen. The
push rods of the load frame were constructed of Inconel 718. Pol-
ished WC-disks lubricated with graphite were used as platens for
compression testing. A thermocouple embedded in the Inconel
rod was used to measure the temperature of the specimen. The
stress—strain responses are shown in Fig. 2a. The compressive
curves display an elastic- nearly perfectly plastic behavior over
the entire temperature range with no significant strain hardening
beyond 2.5% strain. Scanning electron images confirmed that a
negligible oxide film (<10 um in thickness) was formed on the
surface of the cylinders as a result of exposure to the elevated
temperatures, as measured post testing.

Post deformed microstructure analysis

The plastic deformation of the NC Cu-10 at.%Ta samples tested
here was determined to occur either through deformation twin-
ning or dislocation slip. Studies have indicated that grain bound-
aries serve as both nucleation sites and obstacles stopping the
dislocations and causing their annihilation, absorption or trans-
mission after they traverse the grain under an applied stress. The
grain boundaries are thus responsible for obstructing the disloca-
tion motion and controlling where the cross-slip between neigh-
boring grains can occur [39-42].

To investigate the active deformation mechanisms and the
reasoning behind the high-temperature and strain-rate response
in these alloys, ex-situ microstructural characterization was per-
formed using the same techniques as those employed to investi-
gate the as-received microstructure. In general, the emissions of
partial and full dislocations are competing mechanisms and their
activation depends on the stress level and testing temperature.
From the TEM observations on the NC-Cu-10 at.%Ta alloy pre-
sented here, an appreciable dislocation density was identified
for the quasi-static testing conditions, implying the absence of
dislocation absorption. In the case of conventional nanocrys-
talline materials, grain boundaries act as a source for dislocation
generation. The dislocations are then free to traverse the grains
and be absorbed at the opposite grain boundary acting as a sink.
In the NC Cu-10 at.%Ta alloy, the dislocations are emitted, inter-
act with the high density of nanoclusters, and become pinned at
various sites, thereby reducing their mean free path of propaga-
tion [43].

Atomistic computer simulations

The atomistic simulations utilized the angular-dependent inter-
atomic potential for the Cu-Ta system [44] reproducing a large
number of physical properties of this system in agreement with
experimental data and first-principles calculations. The MD sim-
ulations employed the Large-scale Atomic/Molecular Massively
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Parallel Simulator (LAMMPS) [45]. The Monte Carlo (MC)
simulations were conducted using the parallel MC code
ParaGrandMC [46].

Two types of simulation samples were created: a bicrystal and
a nanocrystal. The bicrystal represented a slab containing an iso-
lated cylindrical grain embedded in a matrix grain. The slab had
approximate dimensions 32nm x 32nm x 7.3nm (6 x 10°-
atoms) with periodic boundary conditions in all directions. It
was initially filled with a perfect FCC Cu lattice whose <0 0 1>
directions were parallel to the edges of the slab. A new grain
was created by rotating a cylindrical region with a radius of
10 nm by an angle 6 = 28.07° around the [0 O 1] direction parallel
to the smaller dimension of the slab. A uniformly disordered Cu-
Ta mixture was created by randomly substituting Cu atoms by Ta
to match the target chemical composition. This random alloy
served as the initial state for the subsequent MD simulations of
the bicrystal evolution. The simulations utilized the NPT ensem-
ble at the temperature of 900 K. Several chemical compositions
were tested ranging from pure Cu to Cu-4 at.%Ta.

The Cu nanocrystal was constructed by the Voronoi tessella-
tion method and contained 32 grains with an average grain size
of 12.5 nm. The sample contained about 5.4 million atoms and
had the approximate dimensions 40 nm x 40 nm x 40 nm with
periodic boundary conditions in all directions. An equilibrium
distribution of Ta was achieved by MC simulations at the temper-
atures of 300 and 800 K with the target composition of 4 at.%Ta.
At these temperatures, no appreciable grain growth was observed
during the MC simulations. The zero-pressure boundary condi-
tions ensured that the introduction of the oversized Ta atoms
did not create internal stresses. The samples were pre-strained

by 2% to generate defects in the grain boundary structures. After
thermal equilibration at a chosen temperature, each sample was
subject to a 15% uniaxial compression with a constant strain rate
while keeping zero stresses in the directions perpendicular to the
compression. The compressive stress was monitored during the
simulations and multiple snapshots were saved to follow the
microstructure evolution.
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Appendix

FIGURE A1

Complex geometry and shapes made of a NC Cu-Ta alloy. (a) 1.5 kg billet of fully consolidated nanocrystalline Cu-Ta alloy being turned down during a
machining process [47]. (b) A close-up of large Cu-Ta rod. (c) 3 kg of Cu-Ta powder produced via high energy Zoz milling along with different sized and

loaded hot isostatic press (HIP) cans and resultant billet of NC Cu-Ta. (d) 4 inch diameter near net shaped hemi-sphere produced by HIPing NC Cu-Ta powders

to full density.
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FIGURE A2

Determination of the melting point for NC Cu-Ta alloy. (a) Phase diagram for Cu and Ta. (b) DTA plot for NC Cu-Ta. (c) Zoomed view of DTA plot in (c) showing
the onset of melting around 1083 °C. The melting temperature of pure Cu is 1085 °C.
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