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Shear band-driven precipitate dispersion for
ultrastrong ductile medium-entropy alloys
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Precipitation strengthening has been the basis of physical metallurgy since more than 100
years owing to its excellent strengthening effects. This approach generally employs coherent
and nano-sized precipitates, as incoherent precipitates energetically become coarse due to
their incompatibility with matrix and provide a negligible strengthening effect or even cause
brittleness. Here we propose a shear band-driven dispersion of nano-sized and semicoherent
precipitates, which show significant strengthening effects. We add aluminum to a model
CoNiV medium-entropy alloy with a face-centered cubic structure to form the L2; Heusler
phase with an ordered body-centered cubic structure, as predicted by ab initio calculations.
Micro-shear bands act as heterogeneous nucleation sites and generate finely dispersed
intragranular precipitates with a semicoherent interface, which leads to a remarkable
strength-ductility balance. This work suggests that the structurally dissimilar precipitates,
which are generally avoided in conventional alloys, can be a useful design concept in
developing high-strength ductile structural materials.
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ARTICLE

triving for developing materials with ultrahigh strengths

and sufficient uniform ductility has been an imperative

challenge in structural applications. The aim has been
usually achieved by configuring a disordered matrix responsible
for ductility with ordered phases as precipitates to hinder dis-
location motion. This so-called precipitation strengthening,
especially when introducing structurally similar second phases
coherent to the matrix, is remarkably effective in restraining the
sacrifice of ductility!~3. The coherency enables the precipitates to
distribute homogeneously in nanoscale, resulting in coherency
strain fields and antiphase-boundary strengthening, as for
instance in multicomponent Co-based or Ni-based superalloys
consisting of a L1, ordered face-centered-cubic (FCC) phase in a
disordered FCC matrix*. However, excessive alloying of the
ordered phase-forming elements may lead to the formation of
phases structurally dissimilar to the matrix called topologically
closed-packed (TCP) phases such as the o phase, the y phase, and
the Laves phases, resulting in the inhomogeneous distribution at
grain boundaries at a coarse microscale due to a loss of
coherency®~7. This microstructure makes the alloys prone to
catastrophic failure in load-bearing applications. Consequently,
the incoherent precipitates have been perceived as detrimental, to
be suppressed by delicate controls of alloying elements and
thermomechanical treatments®-19.

Nevertheless, to conquer the severe brittleness of dissimilar
phases with a matrix, one feasible way is to manipulate semi-
coherent precipitates by avoiding the formation of incoherent
interfaces with the matrix. The lower interfacial energy of semi-
coherent precipitates than incoherent ones reduces their coar-
sening, while the homogeneous distribution in nanoscale can be
embodied by introducing additional nucleation sites in the lattice,
as reported in low-density steel and Al alloys'>'2. To implement
our design philosophy and develop ultrastrong alloys with good
ductility, we choose an equiatomic ternary Co-Ni-V alloy as a
model matrix system. This medium-entropy alloy (MEA), as a
subclass of multiprincipal element alloys (MPEAs) or high-
entropy alloys (HEAs) possessing single-phase structure!3-12,
exhibits great mechanical properties, in particular a yield strength
of ~1 GPa, attributed to severe lattice distortion, and a tensile
ductility of 38%!>. This property is ascribed from only solid-
solution and grain-boundary strengthening at an average ~2 um
grain size in FCC-structured matrix. However, it is challenging to
further enhance the mechanical properties of CoNiV alloys as an
additional refinement of grains is restricted in conventional
processing due to the limited process windows1®. In this respect,
precipitation strengthening can be an attractive candidate for
turther improving the mechanical properties. Recently, unceasing
endeavors have been exerted in developing MPEAs through
precipitation strengthening, and several studies demonstrated
that homogenously distributed L1, nanoparticles in a FCC matrix
are particularly effective in significantly enhancing strength while
retaining moderate ductility!’-22, Most of the studies exploited
coherent precipitates, but there was no attempt yet to achieve
improved properties by adopting semicoherent precipitates dis-
similar to the matrix?3-2>,

Here we present a CoNiV-based MEA that can be strengthened
through the formation of semicoherent nanoprecipitates and
thermomechanical treatments enabling them to disperse homo-
geneously in the lattice. To realize such a material, ~6.25 at% Al is
added to form an L2, ordered body-centered-cubic (BCC) phase
in a FCC matrix, based on density-functional theory (DFT) cal-
culations. A conventional cold-rolling process is conducted to
introduce sufficient lattice defects into the material, and a sub-
sequent heat treatment promoted the formation of precipitates
and the recrystallization, assisted by the stored energy near the
lattice defects. The material processes tailoring the size and

morphology of the precipitates, with the aid of the high dis-
location density, allow for effective strengthening, leading to a
remarkable strength-ductility balance. Our approach demon-
strates that structurally dissimilar precipitates, which are gen-
erally avoided due to their negligible strengthening or detrimental
effect on ductility, can provide a useful design concept for the
development of high-strength ductile structural materials.

Results

Material and process design. Aluminum is one of the most
widely used elements in HEAs and MEAs as secondary phase
former. The ordered phases that can be generated by the sole
addition of Al or combined with Ti are the B2 (CoAl, NiAl) and
L1, (CosAl, NizAl) phases for Co-Ni-containing FCC solid-
solution alloys, such as CoCrNi, CoCrFeNi, CoCrCuFeNi, or
CoCrFeMnNil!%26-29, In this study, we added Al to the CoNiV
MEA, which showed enhanced mechanical properties imputed to
severe lattice distortion!®, DFT calculations (Fig. 1a) determined
the most stable precipitate as a Co-rich L2; phase among the
ordered LI1,-(Co,Ni);Al, B2-(Co,Ni)Al, and L2,-(Co,Ni),VAl
phases, indicating that the high concentration of V affects the
stability of ordered phases. The stabilization of this phase origi-
nates from the opening of a pseudogap in the electronic density of
states of the L2; phase (Fig. 1b) in proximity to the Fermi level
(Ep), which is a common indication of a compound with high
formation energy because more electronic states can be accom-
modated at lower energies. As for the stoichiometry of this L2,
phase, we note that the larger the Co concentration, the closer the
pseudogap to Ep, signaling increased stability of the L2; phase
with an increasing amount of Co in this precipitate (see Supple-
mentary Note for detailed information).

Figure 1c displays the overall schematics of the thermomecha-
nical processing to fabricate the precipitation-strengthened
Al ,CoNiV alloys. As predicted, the homogenized state consisted
of a coarse FCC matrix and Al-rich L2, islands (Supplementary
Fig. 1), in which the cold-rolling process-induced macroscopic
and microscopic shear bands (Supplementary Fig. 2). The
macroshear bands were formed during cold-rolling and conse-
quent strain localization, resulting in thick lines distributed at
~10-45° to the rolling direction. These macroshear bands do not
need to follow crystallographic orientations. On the other hand,
micro-shear bands were developed inside the FCC grains
alongside the macroshear bands. It is known that the micro-
shear bands can be in the form of twins bundles, dense stacking-
fault bundles, or linear arrays of dislocations and thus they are
aligned along specific crystallographic shear planes30. After
subsequent recrystallization and aging processes (1150°C for
2h and 850°C for 1h, respectively), referred to as RA, the L2,
phase was also observed in the form of islands and particles at
grain boundaries or triple junctions (Supplementary Fig. 3).
These L2, precipitates at grain boundaries do not significantly
contribute to strengthening because it is difficult for dislocations
to directly interact with precipitates during glides, but they rather
readily pile up in front of precipitates at the pre-existing pile-up
sites, ie., the grain boundaries. Instead, here we utilized the
abundant micro-shear bands as nucleation sites via partial
recrystallization treatment for obtaining nanosized precipitates
finely dispersed inside grains. Therefore, the heat-treatment
conditions were selected to be 800, 850, and 900°C for 1h to
control the recrystallization and precipitation behavior.

Microstructural characterization. The MEA designed in this
work (V: 31.25, Co: 31.25, Ni: 31.25, Al: 6.25 (in at%) or
Al ,CoNiV), heat-treated at three different temperatures, are
hereafter referred to as A800, A850, and A900, respectively (see

2 | (2021)12:4703 | https://doi.org/10.1038/541467-021-25031-6 | www.nature.com/naturecommunications
























