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Stability of nanocrystalline microstructural features allows structural materials to be synthesized and tested in
ways that have heretofore been pursued only on a limited basis. Here, we demonstrate using quasi-static com-
pression and three point bend tests that, in a stabilized nanocrystallinemetal with tailored solute concentrations,
i.e., NC-Cu-3 at.%Ta, extraordinary properties such as ultrahigh hardness along with anomalus modulus of resil-
ience and springback effects can bemanifested. Such effects influence a wide range of materials response includ-
ing elastic energy absorption, damping, fatigue and wear. The present study, therefore, represents a pathway for
designing highly resilient materials for everyday applications.
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Amaterial's ability to significantly recover large elastic strains during
deformation has a profound effect on everyday applications [1]. Such a
measurement is known as “resilience”, i.e., a material's ability to absorb
a large amount of energy per unit volume when elastically deformed
and to subsequently release it upon unloading. Dictated by linear elastic
mechanics, this unit of measure is enhanced by increasing the strength
of a metal which exhibits a low elastic modulus. Such metals are ideal
candidates for advanced spring, contact fatigue, and wear resistant ap-
plications, and are conventionally produced by casting, with alloys pri-
marily comprised of Fe, Ni, Ti, or Cu as the base element, followed by
wrought processing, quenching, and annealing for aging/tempering
[1]. Because of their conditioning, many of these polycrystalline alloys
can be used at low to moderately high temperatures (297–673 K) for
a variety of applications including biomedical, agriculture, construction,
military, and aerospace applications [2–4].

In general, strength/hardness and modulus of resilience are impor-
tant indicators of a material's ability to resist permanent deformation
during low load contact events in many applications. For instance,
often in bio-medical applications, themodulus of resilience is correlated
with clinical wear [5,6]. Similarly, in the cases of electrical contact or ac-
tuators in Microelectromechanical systems (MEMS), a high amount of
mechanical energy storage before permanent deformation is critical
[7,8]. Therefore, the purpose of this study is to evaluate the resilience
of nanocrystalline (NC)materials in light of these potential applications.
This is, in part, due to the fact that based on the strength attributed to
the Hall-Petch relation [9–12], NC metals can easily exhibit an order of

magnitude increase in yield strength as compared to their coarse grain
counterparts [13–15], and therefore they have a tremendous capacity
to store elastic strain energy and resist permanent deformation.

Resilience is an underpinning parameter that impacts a large range
of material responses including elastic energy absorption, damping, fa-
tigue, and wear. Curiously, however, resilience is a topic not readily
discussed in the NC metals community despite numerous reports on
the dramatic increases in the strength attained in metals or alloys
with low elastic moduli, such as Al, Ti, and Cu. This likely stems from
the inability to fully consolidate bulk structures and to achieve reason-
able strengthwhilemaintaining grain sizewell below100nmunder ex-
ternal stimuli. Thus, the balance of strength andmicrostructural stability
has not been demonstrated in a NC metal, which would allowmanifes-
tation of highly resilient behavior during repeated loading events.

To demonstrate this behavior, a series of bulk NC-alloys of Cu with
various Ta concentrations were processed using high-energy cryogenic
mechanical alloying followed by consolidation of the powder to a bulk
material using equal-channel angular extrusion at 973 K. Further details
related to the processing, impurity levels, and microstructural stability
can be found in [13,16–18]. Unlike recent publications by the authors
on NC Cu-Ta alloys, this work varies the composition of Ta in Cu to ob-
tain high strength and good resiliencewhilemaintainingmicrostructur-
al stability (i.e., reduced stress induced grain growth) [13,16–18]
and achieve a level of robustness to be an effective structural material.
To assess grain size distributions and microstructural characteristics,
Transmission Electron Microscopy (TEM) was employed. TEM charac-
terization was carried out in the as-received and post-deformed condi-
tions using an aberration corrected ARM-200F at 200 keV. Multiple
bright field and dark field images were captured in both the high

Scripta Materialia 141 (2017) 36–40

⁎ Corresponding author.
E-mail address: kristopher.a.darling.civ@mail.mil (K.A. Darling).

http://dx.doi.org/10.1016/j.scriptamat.2017.07.012
1359-6462/Published by Elsevier Ltd on behalf of Acta Materialia Inc.

Contents lists available at ScienceDirect

Scripta Materialia

j ourna l homepage: www.e lsev ie r .com/ locate /scr ip tamat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2017.07.012&domain=pdf
http://dx.doi.org/10.1016/j.scriptamat.2017.07.012
mailto:kristopher.a.darling.civ@mail.mil
Journal logo
http://dx.doi.org/10.1016/j.scriptamat.2017.07.012
Unlabelled image
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scriptamat


resolution TEM and STEM modes to assess the microstructure and
quantify statistics such as grain size distribution, etc. For TEM character-
ization, samples were prepared using conventional procedures by thin-
ning a 3 mm disk from the bulk specimen to approximately 70 μm.
Subsequently, the specimens were dimpled to about a 5 μm thickness.
Ionmillingwas performed using a Gatan Precision Ion Polishing System
(PIPS) at 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.

Primary microstructural characterization using TEM revealed a mi-
crostructure consisting of an average grain size of 50 nm and 80 nm
for Cu-10 at.%Ta and Cu-3 at.%Ta alloys, respectively, in Figs. 1a–b.
These images show that the matrix grains are equiaxed in nature

and relatively free of lattice dislocation networks, with some twins
present. Tantalum particles exhibit a range of sizes from atomic sized
clusters (d b 14 nm) to larger particles (d N 14 nm). In higher magnifi-
cation images shown in Fig. 1c, there is an extremely dense network
of Tabasednanoclusters evident in themicrostructure of the Cu-3 at.%Ta
alloy. Similar images for 10%Ta can be found in the reference [13]. Statis-
tical analysis reveals the mean nanocluster diameter to be 2 nm. The
nanoclusters exist within the matrix and along grain boundaries, as
shown in Fig. 1c. Tantalum based nanoclusters existing along or near
grain boundaries were observed to be slightly larger in diameter as
compared to the intergranular regions. This preferential coarsening is
related to increased Ta diffusion kinetics along fast diffusion pathways
such as grain boundaries and triple junctions [19]. These nanoclusters
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Fig. 1. Bright field STEM image indicating the features of as-received (a) Cu-3 at.%Ta alloy and (b) Cu-10 at.%Ta alloy. (c) Bright field STEM image of as-received Cu-3 at.%Ta alloy showing
distribution of Ta nanoclusters (d b 14 nm). (d) size distribution of Ta nanoclusters in the as-received Cu-3 at.%Ta and Cu-10 at.%Ta alloys.
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Image of Fig. 1
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