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ABSTRACT

Microstructural instability in traditional nanocrystalline metals limits the understanding of the funda-
mental effect of grain size on mechanical behavior under extreme environmental conditions such as
high temperature and loading rates. In this work, the interplay between Ta concentrations and processing
temperature on the resulting microstructure of a powder processed, fully dense Cu-Ta alloy along with
their tensile and compressive behavior at different strain rates are investigated to probe the possibility
of manipulating or tuning microstructurally dependent parameters to control the flow-stress upturn phe-
nomenon. Consequently, the results reveal that there is a crucial length scale, i.e., small grain size and
appropriate cluster spacing, below which such upturn is damped out. The observation of changes in flow
stress upturn behavior is consistent with the observed changes in measured high-rate plasticity, which
enhances below the critical length scale. Furthermore, tension-compression asymmetry also tends to be
suppressed in nanocrystalline Cu-Ta alloys, while it becomes evident as the grain size increases to an
ultrafine regime. Overall, this work presents a systematic approach to control or engineer reduced high

strain rate flow stress upturn behavior in metallic alloys, for high-rate applications.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Under a uniaxial state of stress as the rate of loading is in-
creased to a critical point (~10% s~1), most metals undergo a rapid
up-turn in their flow stress [1]. Such flow stress transition varies
for different materials [1], and the strength increases by several
100% as the rate of deformation is increased [2-5]. For instance,
at room temperature, Follansbee et al. [6] experimentally observed
the flow stress upturn in oxygen-free high conductivity (OFHC),
face-centered cubic (FCC) copper to be increased by six times at
~4,0x103 s~1 as compared to the quasi-static condition. Likewise,
for similarly applied strain rates in coarse-grained nickel, the flow
stress was found to experience approximately a 55% increase com-
pared to its quasi-static flow stress [5]. Though the exact mech-
anism of such transition has not been established, it has been of-
ten associated with the transition from thermally activated disloca-
tion motion to drag-dominated dislocation motion, largely brought
about by interactions with phonons within the lattice [1,7]. In
other words, the drag stress, t4, contribution to dislocation motion
becomes significant as the deformation rate is increased [1], i.e.,
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T4 = Bv/b, where B is the drag coefficient, which is a function of
temperature, b is the Burgers vector, and v is the dislocation veloc-
ity. Furthermore, variation in the amount of increase in the flow
stress at high strain rates has also been attributed to the effec-
tive mass of dislocation under acceleration, and its interaction with
microstructural features (e.g. grain boundaries and precipitates),
both of which are dependent on the applied temperature [8]. How-
ever, such propositions and theories were mostly made based on
atomistic simulations and modeling, since gaining experimental
evidence for phenomena such as phonon drag is relatively diffi-
cult [9,10]. Recently, Lea et al. have experimentally demonstrated
that the flow stress upturn in polycrystalline materials is driven
mainly by another mechanism involving the self-organization of
dislocations [11]. That is, in conventional polycrystalline materials
where plasticity is mediated through self-organization of disloca-
tion /avalanche dislocation (referred to as self-organized critical-
ity/SOCs), maintaining such self-organization at a high strain rate is
constrained by the time available, resulting in multiple short dislo-
cations instead, causing the high-rate strengthening. Altogether, in
both the theories: phonon drag effect and time limiting SOCs, the
flow stress upturn is controlled mainly by the changes in disloca-
tion structure and behavior at high rates compared to the quasi-
static conditions.
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Thus, if the material microstructure characteristics can be tai-
lored to control the dislocation activity, it provides a convenient
avenue for controlling flow stress upturn behavior at a high strain
rate. That is, the perturbations of a moving dislocation caused by
interacting with microstructural features can be used to alter the
manifestation of the flow stress upturn in a material. Unfortu-
nately, in most crystalline materials, the available mean free glide
path between microstructural features/perturbations is too large to
restrict dislocation self-organization or the average dislocation ve-
locity below the inherent threshold required for phonon drag ef-
fects. For instance, a moving dislocation in Cu requires only ~15
nm to accelerate to a steady-state velocity [12]. So, while there
has been some degree of manipulation of the flow stress up-
turn based on the high-rate acceleration of dislocations, traditional
microstructural length-scales have not been sufficient to provide
damping out of the phonon drag effect or the time limiting self-
organized criticality (SOCs or the avalanche dislocations). Alterna-
tively, it may be hypothesized that if the mean free path between
microstructural features could be stabilized below a certain point,
phonon drag can be constricted owing to the inability to attain
that critical velocity, and similarly, the SOCs will lose their role
in flow stress upturn since the spatial limit is constrained to en-
able their formation even at nominal strain rates. For instance,
recent work by Turnage et al. [12] and Casem et al. [13] on mi-
crostructurally stable NC-Cu-10at.%Ta showed negligible changes in
the room temperature compressive flow stress up to 107 s71, i.e.,
no flow stress up-turn. This is unlike the increased strain rate
sensitivity observed in literature for certain nanocrystalline met-
als compared to their coarse-grained counterparts [14]. For in-
stance, conventional pure NC Ni was reported to present a 70%
increase in the flow stress at 103 s—!, as compared to its flow
stress at 10~3 s~1 [5]. Such high upturn and similar ones exhib-
ited by coarse-grained pure Cu at 298 K was observed only at
a high homologous temperature (0.55 Tp) in NC-Cu-10at.%Ta as
reported by Turnage et al. [12]. It was suggested that the initial
mechanism for such behavior was related to a reduced dislocation
velocity associated with damping out through a pinning interac-
tion with a critical length scale of stable atomic clusters. As the
drag coefficient has temperature dependence, this mechanism was
ultimately overcome through the application of high homologous
temperatures. Such divergent experimental results (NC Ni and NC
Cu-Ta) point to the need for a systematic methodology to deter-
mine the role of microstructural features and subsequent critical
length on the dislocation interactions controlling the flow stress
upturn. Thus, we take a different approach by manipulating or tun-
ing microstructural dependent parameters to control the same up-
turn phenomenon. In this regard, alloys with different solute com-
positions and processing temperatures were used to systematically
study the role played by grain size, Ta nanoclusters, and other mi-
crostructural parameters on the increase in the flow stress as a
function of strain rate in both tension and compression.

2. Experimental methods
2.1. Powder processing

To distinguish between the effects that grain boundaries and
Ta nanoclusters have on tensile ductility, strength, and strain rates
at which flow stress upturn occurs, five different compositions
of a Cu-Ta alloy, namely Cu-0.5at.%Ta, Cu-lat.%Ta, Cu-3at.%Ta, Cu-
5at.%Ta, and Cu-10at.%Ta were synthesized. Initially, powders were
processed using mechanical alloying at cryogenic temperatures fol-
lowed by equal channel angular extrusion (ECAE) at temperatures
of 700°C, 900°C, and 1000°C. Processing parameters follow the pro-
cedures outlined in [15,16], where elemental powders of Cu and
Ta mixed under argon atmosphere in the correct proportions are
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loaded 10 g at a time into a 440C stainless steel vial with 440C
stainless steel milling media and milled for 4 hours at liquid ni-
trogen temperatures. After milling, powders from separate milling
batches were combined and thoroughly mixed; afterward, they
were loaded into Ni cans sealed under argon. These powder-filled
cans were then heated to the processing temperature and extruded
through an angle of 90° generating fully dense billets of material.
By varying compositions at similar processing temperatures, the ef-
fects of Ta nanoclusters can be investigated with limited influence
from differences in grain size; whereas, varying processing temper-
atures allow the analysis of the effects of grain size with limited
influence of varying Ta nanoclusters.

2.2. Quasi-static and high-rate testing

Upon consolidation into a bulk form, samples for tensile and
compressive testing were cut along the extrusion direction of the
billets in the form of rectangular dog-bone tensile specimens and 3
mm in diameter by 3 mm in length cylindrical compression speci-
mens [17]. Quasi-static tensile/compressive tests at various strain
rates were performed with an electromechanical universal test-
ing machine equipped with an extensometer and corrected to re-
veal true stress-true strain results. High strain rate tests were con-
ducted using the Kolsky bar technique described in [18-20] but
with specialized grips for the tension to accommodate the rectan-
gular dog-bone specimens. Both the bar and the grips were made
from Inconel 718. For the tensile test, a striker tube of equal me-
chanical impedance to the incident and transmitted bars impacts
a flange on the incident bar causing a tensile pulse to be gen-
erated which travels to the specimen. For the compression test-
ing, the striker bar impacts the incident bar generating a strain
pulse that travels to the specimen, which is held in place between
the incident and transmitted bars. In both cases, as the pulse im-
pacts the specimen, part of the pulse is transmitted through the
specimen to the transmitted bar, where strain gauges in a Wheat-
stone bridge configuration are used to measure the force travel-
ing through the specimen. The remainder of the pulse is reflected
back toward the strain gauges on the incident bar which pro-
vides information on the strain experienced by the sample (refer
to [12,19-21]). The strain rates of Kolsky bar testing in this work
were around 103 s~! and for the tensile test, the samples were
strained until failure. For the compression high rate testing, the
flow stress was taken at a 10% strain level. In the case of tension,
due to limitation on measured stress-strain responses, particularly
at high strain-rates, flow stress (~yield stress) at 0.2% strain was
calculated to understand strain rate sensitivity behavior. It is well
known that due to the time required for a sample to reach force
equilibrium across the specimen, the flow stresses measured on a
Kolsky bar should be carried out at higher strain levels where equi-
librium is attained. However, it should be noted that the normal-
ized flow stress at 0.2% strain in tension is just a qualitative com-
parison of how much of an increase in yield stress could be ob-
served because of the higher strain rate deformation for different
microstructure, and the trend is validated through complementary
compression experiments where the samples exhibit higher strain
values. Furthermore, it will be shown that the material does not
exhibit enough strain hardening (relatively elastic-perfectly plastic)
and the high strain rate behavior at different strain levels in com-
pression, as well as 0.2% in tension versus 10% in compression, are
comparable.

2.3. Microstructural characterization
Samples for TEM characterization were lifted out from the re-

gion close to the fracture surface using a Focused lon beam (FIB)
FEI Nova 500 and eventually thinned to electron transparency.
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Table 1
The initial grain size of Cu-Ta alloys processed at various tem-
peratures.
Ta at. % Processing T (°C)  Initial grain size (nm)
Cu0.5at.%x Ta 700 600
Culat%Ta 700 168
900 283
1000 1200
Cu 3 at.% Ta 700 99
Cu 5 at.% Ta 700 82
900 201
1000 500
Cu 10 at.% Ta 700 50
900 213
1000 500

The lamella was then plasma cleaned in an argon atmosphere for
~15-20 mins. Multiple bright-field (BF) and dark-field STEM im-
ages were captured at various magnifications using the aberration-
corrected ARM 200F (JEOL) to assess the microstructure, such as
grain size and nanoclusters, in the as-received as well as deformed
specimens. More than 200 grains were sampled to generate an av-
erage grain size for each condition using Image] software.

3. Results and discussions
3.1. As-received Microstructure

Table 1 shows consistent trends within the data, which are as
solute concentrations were decreased and/or processing tempera-
ture increased the average grain size for any given alloy, increases.
By manipulating these parameters, we can generate a range of
grain sizes from 50 to 1200 nm as listed in Table 1. By having such
a range in the microstructure, we can then probe the effects the
deformation rate has relative to the microstructure.

Fig. 1 shows the microstructure for Cu-lat.%Ta and Cu-5at.%Ta
processed at 700 and 900°C to depict the trend in Table 1. It
should be noted the higher solute content in Cu-5at.%Ta does result
in the bimodal size distribution of Ta particles with smaller clus-
ters (average diameter of 3 nm) and larger particles (average diam-
eter of 30 nm). This distribution holds true in Cu-10at.%Ta as well,
while Cu-0.5at.%Ta, Cu-l1at.%Ta, and Cu-3at.%Ta (Refer [22] for the
3% microstructure) mainly contain the finer clusters due to the re-
stricted solute content. This also speaks to the solubility limit of Ta
in Cu, and the ability of high energy mechanical alloying to extend
the thermodynamic constraints of the system by solutionizing ~ 3
at% Ta within the Cu lattice. When considering the finer Ta clusters,
earlier atom probe studies on Cu-lat.%Ta and Cu-10at.%Ta showed
a Ta cluster density of about 4.1x1023 m=3 and 6.5x10%3 m~3, re-
spectively, and cluster spacing on the order of 5-15 nm [16]. These
changes in spacing and cluster density could play a critical role as
it will be discussed later in terms of the dislocation velocity and
their effects on the strain rate sensitivity. Furthermore, the alloys
with higher Ta concentration and nanocrystalline microstructure
do not seem to possess avalanche dislocations or the self-organized
criticality (SOCs) in their microstructure since the spatial limit for
their formation is constrained by numerous densely spaced obsta-
cles (precipitates and grain boundaries). Thus, flow stress upturn
in such alloys could be contributed from the other phonon drag
mechanism which also needs to be suppressed to control the flow
stress upturn.

3.2. Role of average grain size and Ta nanocluster spacing on the
flow stress upturn

After processing various samples that exhibit different average
grain sizes and inherently varying Ta nanocluster density/spacing,
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tensile and compression tests were carried out at various strain
rates. The true stress-strain responses of various Cu-Ta alloys in
tension (Fig. 2A-B) and compression (Fig. 2C-D) revealed unique
distinctions between the NC and the ultrafine-grained specimens.
At quasi-static strain rates, the alloys processed at 700 °C, i.e.,
those with the smallest grain size, (i.e. 5-10 at% Ta concentra-
tion) exhibited an extremely high yield strength and brittle be-
havior in tension failing at the end of the elastic region, while
the larger grained samples experienced enhanced plasticity be-
tween approximately 5% and 10%. For instance, Cu-10at.%Ta pro-
cessed at 700°C possesses yield strength of almost 1.1 GPa (how-
ever, failed before reaching its true yield value based on compres-
sion data), which decreased to 645 and 530 MPa when increasing
the processing temperature to 900°C and 1000°C (increasing grain
size), respectively. At similar processing temperatures, alloys with
higher Ta content possess higher yield strength as expected. Inter-
estingly, Cu-3at.%Ta demonstrated a similar 0.2% compressive flow
stress compared to 5 and 10at.%Ta, even though the microstruc-
ture of the Cu-3at.%Ta alloy contained a negligible amount of larger
(30-60 nm) incoherent Ta based particles. However, the 3% al-
loy has approximately the same number density of the smaller,
coherent/semi-coherent Ta based nanoclusters [[16]]. Over the en-
tire strain-rates range, the compression true stress-strain responses
displayed an elastic- nearly perfectly plastic behavior with no sig-
nificant strain hardening. To understand the role of Ta, Fig. 2C com-
pares alloys with various Ta concentrations keeping the processing
temperature the same. Very little strain rate sensitivity was ap-
parent for Cu with 3, 5, and 10at.%Ta processed at 700°C; how-
ever, significant rate effects were observed for a Cu-0.5at.%Ta al-
loy as seen in Fig. 2C. Furthermore, at high strain rates, the larger
grained samples experienced higher flow stress and a loss of ten-
sile ductility as compared to their corresponding values at quasi-
static strain rates. This is a typical response of generic coarse-
grained material during a high strain rate test, i.e., in a large-
grained metal, lattice dislocations can achieve steady-state velocity,
thereby bring the effect of phonon drag (increase in the t; contri-
bution). However, nanocrystalline alloys like Cu-10at.%Ta samples
processed at 700°C, which has the smallest grain size (50 nm),
experienced a relatively low increase in the flow stress and en-
hanced plasticity at higher strain rates. This is unlike the response
expected in a typical coarse-grained metal [1]. This behavior is
shown in Fig. 2D where Cu-10at.%Ta samples processed at 900
and 1000°C show a much higher increase in flow stress at a high
strain rate compared to that at 700°C. Refer to appendix Fig. Al for
compression curves of other alloy concentrations and processing
temperatures.

To further elucidate the effect of strain rate on the flow stress
of various Cu-Ta microstructures, first, the high tensile strain rate
0.2% flow stress was normalized with the corresponding quasi-
static strain rate stress for the same material and condition. For
the compression behavior, the flow stress values were taken for
each strain rate at 10% plastic strain. Fig. 3 shows the normal-
ized flow stress as a function of strain rate and grain size for each
specimen and conditions. As mentioned earlier, it should be re-
membered that the normalized flow stress in tension is a quali-
tative comparison measure of how much of an increase in yield
stress could be observed because of the higher strain rate deforma-
tion for different microstructure, and the trend is consistent with
complementary compression experiments where the samples ex-
hibit higher strain values. That is, for the tension data, despite tak-
ing stress values from correspondingly low strain, where questions
of attaining equilibrium during testing may arise, the correlations
made are consistent with compression, where these concerns do
not exist.

As such, the results (Fig. 3) revealed that alloys with both NC
grain size and moderate to high Ta concentrations exhibited the
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Fig. 1. As- received BF STEM micrographs and grain size statistics for (A-C) Cu-1at.%Ta processed at 700°C and 900°C, (D-E) Cu-5at.%Ta processed at 700°C and 900°C

respectively.

lowest rise in flow stress, as the strain rate (tensile or compres-
sive) was increased. Further, for each concentration, as processing
temperature increased causing grain size to increase, the normal-
ized flow stress also increased. This indicates the importance of
grain boundaries in dislocation nucleation and pinning. Interest-
ingly, though Cu-10at.%Ta processed at 900°C has a slightly larger
grain size than the Cu-1at.%Ta processed at 700°C, the rise in flow
stress was greater for the Cu-lat.%Ta processed at 700°C indicat-
ing the role Ta nanoclusters play in limiting the effects of disloca-
tion drag in addition to the grain size at higher Ta concentration.
Furthermore, consistent with the previous work [23], the tension-
compression asymmetry was also suppressed in Cu-10at.%Ta pro-
cessed at 700°C and other alloys that possess nanocrystalline grain
size. However, as the processing temperature (grain size) increased
and the Ta concentration decreased, tension-compression asymme-
try became evident as seen from plots A and B in Fig. 3, where
the magnitude of flow stress increase is higher in tension com-
pared to compression in coarse-grained alloys. Such an asymmetry
was not reported before by the authors, as dynamic deformation
studies were limited to nanograined Cu-Ta alloys only. Additionally,
to compare the effects of strain hardening on the flow stress up-
turn, a comparison of flow stress values taken from different strain
levels between tension and compression are included in Appendix,
which shows a consistent trend (up-turn) for different strain-level
or tension versus compression for various Cu-Ta alloys. Overall,
the data presented in Fig. 3 illustrates the importance of control-
ling/tuning grain size and Ta nanocluster spacing on the flow stress
behavior.

3.3. Post deformation microstructure

To gain more insights into the observed deformation behav-
ior, we next focus on understanding the microstructural changes
upon deformation. In our previous work on compression behav-
ior, it has been shown that Ta nanocluster size and spacing do not
change with respect to various thermo-mechanical loading condi-
tions [12,15,16,23-26]. Note that Turnage et al. [12] and Kale et al.
[25] have discussed in detail the post-deformed microstructure in
compression. With that in mind, we focused on evaluating changes
in grain size and dislocation activities in tension. Fig. 4 shows the
post tensile microstructure of Cu-1at.%Ta and Cu-5at.%Ta processed
at 700°C quasi-static and high strain rate conditions. After defor-
mation at both rates, there was no significant grain growth ob-
served in Cu-5at.%Ta alloy when compared to the as-received (av-
erage grain size of 82 nm) condition. Similarly, the Cu-1at.%Ta al-
loy experienced a small amount of grain growth after deformation
at both quasi-static and high rates (~226 nm) as compared to the
as-received (grain size of 168 nm) condition. These small changes
in the microstructures, i.e., slight increase in the grain size upon
deformation, could be related to variation in the number density
of Ta nanoclusters that are initially pinning the grain boundary. In
our earlier atomistic work, it was shown through the Zener model
that the minimum grain boundary area per cluster (~density) is
on the order of 4.84 nm? [26], and any variation in this number
could lead to zipping and unzipping of grain boundary during de-
formation. Furthermore, significant dislocation bursts in multiple
grains were observed in Cu-lat.%Ta (Fig. 4A, A’) as compared to
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denoted by the %, O, and A which correspond to samples processed at 700°C, 900°C, and 1000°C, respectively.

Cu-5at.%Ta (Fig. 4C, C') under quasi-static conditions, highlighted
with yellow arrows. Moreover in the ultra-fine grained Cu-lat.%Ta
multiple dislocations appeared to be clustered within the grain,
propagating from one end to the other of the grain boundary ow-
ing to limited density of obstacles (Ta nanoclusters/grain bound-
aries) to constrain them. Whereas in Cu-5at.%Ta, which has a grain
size in the NC regime (82 nm), at a high rate, most of the dislo-
cations were observed to be pinned at nanoclusters (highlighted
in 4 C' and D’) or grain boundaries, limiting the dislocation prop-
agation (line length) and pile-up (self-organization). This is very
important since plastic deformation is governed by the mobile
dislocation density and the average mobile dislocation velocity,
which in turn controls the SOC formation and drag effect as the
strain rate is increased. This explains the large upturn seen in
Cu-lat.%Ta compared to Cu-5at.% Ta, owing to the less optimum
microstructure to control the phonon drag or the time limiting
SOcC.

4. Discussion

Stabilizing the average grain size to the nano regime resulted
in two important observations in this work that need thorough
analysis, namely (1) no/delayed flow stress upturn as the strain
rate is increased for smaller grain sizes, and (2) enhanced plastic-
ity at high strain rate. Additionally, the nanocrystalline alloys were
also observed to exhibit extraordinary quasi-static strength far be-
yond the contribution from grain boundary strengthening. For in-
stance, nanocrystalline Cu-10at.%Ta possessed a room temperature
strength of around 1.2 GPa of which the Hall-Petch contribution
was about 400 MPa and other strengthening effects like the rule
of mixtures were relatively less [25]. Thus, the secondary strength-
ening mechanism should account for the remaining ~67% of the
strength. In fact, through atomistic simulations, authors have ear-
lier revealed the main contribution of such exceptional strength
to be the interaction of dislocations with Ta nanoclusters, which
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various Cu-Ta samples (with literature data points for CG Cu and Ta [12]), (D) Grain size for both compression and tension at similar strain rate (~4000 /s).

was calculated to be around 800 MPa at room temperature [25],
thus manifesting the significant role played by the nanoclusters in
high strength of these alloys. In terms of high-strain rate behavior,
the deformation mechanism causing flow stress upturn is a source
of great debate [27-32]. The classical theory of dislocation drag
mechanism is that dislocations moving freely through lattice expe-
rience a drag force from interactions with lattice vibrations when
the dislocation is moving fast enough [30-32]. The drag force on
the dislocation, in this case, can be represented simply by the ex-
pression F = Bv, where v is the average velocity of a mobile dis-
location, and B is the drag coefficient, which is a function of ma-
terial parameters and temperature. The drag coefficient, B, can be
expressed as a summation of drag effects on the dislocation repre-
sented by

B =Be+Bn + By, (2)

where B, is the coefficient of electron drag, which applies to met-
als tested below the Debye temperature (typically lower than room
temperature testing), B, is a drag co-efficient that only applies to
magnetic or neo-magnetic metals, and B, is the coefficient of drag

relating to interactions of mobile dislocations with phonons. This
By, becomes predominant at high temperatures and high strain
rates as observed in this work [31]. Further, drag effects will also
increase as the volume fraction of interfaces/defects increases (i.e.,
in nano-grain materials) which is significant in that it results in
an increase in phonon density of states and hence scattering [33].
Likewise, an increased phonon density of states has been calcu-
lated for nanocrystalline Cu-Ta alloys by the authors indicating
phonon drag to be a potential operating mechanism [12]. On the
other hand, the TEM microstructure showed limited dislocation
avalanche in the nanocrystalline alloys indicating a limited contri-
bution of SOC mechanism in NC alloys. Nevertheless, through both
these mechanisms, the upturn in flow stress can be delayed if dis-
locations are prevented from reaching a maximum average veloc-
ity and forming SOCs, respectively, by pinning the dislocations at
defects such as grain boundaries or Ta nanoclusters (eg., refer to
Fig. 5). In the case of Cu-Ta alloys, this is more probable for al-
loys having a higher concentration of Ta solute and/or a lower pro-
cessing temperature, wherein the barriers (grain boundaries and
clusters) to dislocation glide are high (i.e. the average cluster spac-
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Fig. 5. Microstructural characterization of dislocation interaction with the precipitates. (A-B) BF-STEM images showing dislocations pinned by Ta nanoclusters in Cu-3at.%Ta

processed at 700°C.

ing is small, ~ 4 nm [12]), thus keeping the flow stress within the
range of thermal activation processes (i.e., nucleation). This holds
true as long as the grain size lies below a critical size (~ 200 nm),
where the nucleation of lattice dislocations becomes progressively
frustrated and nucleation of dislocations at grain boundaries be-
comes more and more prevalent [34,35]. However, as grain size is
increased, the probability or nucleation rate of dislocations within

the lattice increases. This combined with factors that promote in-
creased phase separation and coarsening of the Ta phases (e.g.,
higher temperatures), i.e., Ostwald ripening and decreased num-
ber fractions yield an increased average spacing of the Ta based
clusters resulting in a higher probability of SOC formation and dis-
locations attaining a critical velocity at any given temperature. In
fact, earlier atomistic work has shown that cluster spacing is criti-
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cal [12] and their change over the range of 5 nm to 15 nm is crit-
ical in determining what steady-state velocity can be attained or
limited to [25] and if phonon drag effect and increased flow stress
will be observed. Overall, there are two important aspects govern-
ing dynamic deformation behavior, namely, the dislocation nucle-
ation rate and the dislocation pinning/unpinning process (an asso-
ciated wait time). Both are critically controlled in Cu-Ta alloys by
the Ta solute concentration and the overall processing temperature,
which governs the grain size and Ta nanocluster spacing. Thus, as
the grain size is reduced to below a critical level (more nano); ma-
terials tend to exhibit negligible strain rate sensitivity (due to pin-
ning effects and lack of lattice nucleated dislocation) while main-
taining the quasi-static strength. Note that the dislocations can still
be nucleated from within the grain boundary regions; however,
this volume is still limited relative to the lattice volume for grain
sizes above 20 nm.

Further investigation into the effect of microstructure on en-
hanced tensile plastic behavior showed high tensile plasticity in
coarse-grained Cu-Ta alloys (250 nm and beyond). This is expected
since, in coarse-grained materials, it is easier to nucleate and
store lattice dislocations leading to improved plasticity and lower
strength at the quasi-static condition as compared to a higher
strain-rate condition. While as the grain size is reduced, the vol-
ume fraction of the internal crystal region decreases and respec-
tively so does the volume from which dislocation can be nucle-
ated and stored. This is specifically true for nanograined materi-
als where the pressure required to nucleate dislocations is rela-
tively high, and the available volume to store dislocations is dic-
tated by the limited grain boundary volume. This observed behav-
ior is shown in Fig. 6A, where under quasi-static conditions, the
tensile plasticity increased with an increase in the average grain
size, with a consistent trend for all Ta concentrations. However, as
the strain rate was increased, the exact opposite trend was ob-
served for the alloys with an average grain size below 150 nm,
as shown in Fig. 6B. For instance, Cu-10at.%Ta alloy processed at
700°C with an average grain size of 50 nm, exhibited the high-
est ductility of 6.5%. And as the processing temperature increased
from 700°C to 1000°C, i.e., the average grain size increased from
50 nm to 600 nm, and the ductility dropped to 3%. Thus, there
seems to be a critical average grain size (or range) (~150 nm), be-
low which ductility at dynamic rates is enhanced. In NC materials,

as the strain rate is increased, the grain boundary dislocations be-
come more easily nucleated, i.e., a larger fraction of grain bound-
aries will participate in deformation at a high rate as compared to
quasi-static conditions due to the increasing stress. Thus, the dy-
namic ductility is enhanced in NC materials. Interestingly, alloys
with higher Ta concentrations exhibited better dynamic ductility
for similar grain sizes. This aspect may be related to load trans-
fer across the cluster matrix interface, resulting in delayed fracture
initiation during dynamic loading, but will need to be analyzed in
detail in a later study.

5. Conclusion

In summary, varying composition and processing temperatures
of the Cu-Ta system allowed investigation of the separate effects of
grain size and Ta particle distribution on the flow stress-strain rate
response of the alloy. Increasing the processing temperature above
700°C was found to increase the grain size from the NC regime
for concentrations of 5at.% and 10at.% Ta into the ultrafine-grained
regime. Decreasing Ta concentration to 1at% and 0.5at.% also al-
lowed grain growth at 700°C into the ultrafine-grained regime, but
the effect was less significant than an increase in processing tem-
perature to 900°C for the 5at.% and 10at.%Ta materials. This shift
from the nanocrystalline to the ultrafine grain regime is seen to
be sufficient to cause the material to shift from a brittle failure to
possessing a ductility of at least 4.5% plastic strain. Further, the NC
material showed an increase in tensile ductility at high strain rates
unlike the decrease in ductility observed in the ultrafine-grained
metals at high rates. Furthermore, a comparison of the change of
flow stress at high strain rates relative to that at a low strain rate
revealed that a significant rise in flow stress is not observed in
nanocrystalline metals. However, as the grain size increases and
the Ta concentration reduces, the upturn in flow stress appears to
become more significant. The greater of these effects appears to
be the influence of grain size; however, Ta concentrations do play
an important role in pinning the dislocations and therefore delay-
ing the mechanisms controlling flow-stress upturn at higher strain
rates. Likewise, tension-compression asymmetry was apparent in
coarse-grained alloys, while it tends to be suppressed in nanocrys-
talline Cu-Ta alloys. Overall, the present work shows that there is
a critical length scale, i.e., small grain size and appropriate clus-
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ter spacing, below which flow stress upturn is damped out. This
observation of changes in flow stress upturn phenomenon is con-
sistent with the observed changes in measured plasticity or ductil-
ity, which enhances as the length-scale decreases below the critical
length scale.
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Table A1l

Tensile flow stress results normalized for 1% strain at a high rate with 0.2% at quasi-static.
Numbers in bracket indicate the order of increasing normalized flow stress from lowest to
highest. This is compared with the corresponding values at high strain rate normalized at

0.2% strain.

Ta at. % Processing T (°C) Strain rate
(s71) 1%Normalized flow stress  0.2% normalized
Culat%Ta 700 0.001 -
4950 184 (4) 171 (4)
1000 0.001 - -
6300 2.25(7) 2.0(5)
Cu 5 at% Ta 700 0.001 - -
4990 0.91 (1) 0.75 (1)
900 0.01 - -
5500 224 (5) 224 (6)
1000 0.001 - -
4200 293 (8) 2.93(8)
Cu 10 at% Ta 700 0.001 - -
4100 113 (2) 0.88(2)
900 0.001 - -
5500 179 (3) 143 (3)
1000 0.001 - -
4500 224 (6) 224 (7)
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