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ABSTRACT

A synergistic balance of strength and ductility was achieved in a prototypical fcc-based Al 3CoCrFeNi
complex concentrated alloy by incorporating hierarchical microstructural features into heteroge-
neous grain structure. Microstructural hierarchy was composed of different morphologies and
size-scales of B2 precipitates and nano-twins that were incorporated in parent fcc matrix, which, addi-
tionally, was comprised of domains of fine and coarse grains. Strain partitioning between refined and
coarse grains produced geometrically necessary dislocations during plastic deformation. This facili-
tated long-range back stresses during further deformation leading to simultaneous enhancement
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of strength and ductility. Furthermore, B2 precipitates complemented back stress and increased

inherent matrix strength.
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Architecting hierarchical microstructural features into a heterogeneous grain structured complex
concentrated alloy avoided the classic strength-ductility trade-off paradigm.

The conflicting nature of strength and ductility has
been a decades-long paradigm while choosing struc-
tural materials. The importance of high strength for
structural application has led to the development of
numerous strengthening mechanisms, such as solid solu-
tion strengthening, work hardening, and precipitation
strengthening. Grain refinement has also been exten-
sively utilized method for improving strength due to the
fact that ultrafine-grained (UFG) and nano-crystalline
(NC) materials typically exhibit higher strength as com-
pared to coarse-grained (CG) materials [1-3]. However,
the poor strain hardening response of UFG and NC
materials limits their ductility and, consequently, impairs
their applicability for critical components [4,5]. Never-
theless, the past decade has witnessed the development
of innovative approaches for manufacturing materials

with considerably distinct microstructures consisting of
hard and soft domains. Several studies on materials con-
taining heterogeneous lamellar structures [6], bimodal
structures [7], and gradient structures [8] have pointed to
an exciting phenomenon of strength-ductility harmony
rather than the trade-off. Broadly, such materials are clas-
sified into a common category of heterogeneous mate-
rials and the microstructure is labeled as heterogeneous
grain structure (HGS) [9].

Alongside, inspirations drawn from nature have also
guided efforts to solve the strength-ductility predica-
ment by engineering microstructural hierarchy into
structural materials [10,11]. Consequently, hierarchi-
cal microstructural features (features of different length
scales) have been exploited to enhance superplastic prop-
erties in titanium [12] and aluminum alloys [13], in
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addition to the improved mechanical properties [14,15]
in high-entropy alloys. Thus, such unconventional
approaches have opened new avenues for microstructural
modification to improve mechanical performance.

In this regard, a new class of materials known as
complex concentrated alloys (CCAs) or more conven-
tionally referred to as high-entropy alloys (HEAs), has
generated tremendous interest in the scientific com-
munity [16]. With their extensive compositional space,
CCAs are being subjected to numerous investigations,
ranging from cryogenic [17] and refractory properties
[18] to magnetic and electrochemical properties [19,20].
Mechanical properties in CCAs originate from a combi-
nation of various strengthening mechanisms [21]. Recent
investigations focused on exploiting Hall-Petch strength-
ening and precipitation hardenability via cold-rolling and
heat-treatment to improve strength [22-24]. Also, the
low stacking fault energy (SFE) of CCAs promotes the
formation of twins during annealing and deformation
processes [16,17]. Given the complex nature of physi-
cal metallurgy involved in CCAs, several metallurgical
variables can be used to modify the microstructure for
targeted properties.

Considering this context, we present a novel approach
to combine the benefits of both hierarchical microstruc-
tural features and heterogeneous grain structure to
achieve a simultaneous improvement in strength and
ductility. The present study involves traditional cold-
rolling and annealing of an Aly3CoCrFeNi CCA to
achieve a partially-recrystallized HGS with B2 precip-
itates of different sizes and morphologies. While the
key objective of an HGS is to impart load or strain
partitioning, the hierarchical features introduced in the
microstructure complement the back stress and result in
improved work-hardening rates, ductility, and delayed
necking.

An Alp3CoCrFeNi alloy containing 6.70%Al1-23.15%
C0-23.35%Cr-23.45Fe-23.35%Ni (at%) obtained from
Sophisticated Alloys was subjected to a homogeniza-
tion treatment at 1150°C for 1h to achieve a single fcc
phase. The homogenized sample was then cold-rolled to
achieve a 30% and 50% reduction in the initial thickness.
The homogenized and cold-rolled samples were subse-
quently annealed at 800°C for 50 h. Mini-tensile samples
of gage length ~5mm and both width and thickness
of ~1mm were quasi-statically tested using a custom-
built computer controlled mini-tensile tester with an ini-
tial strain rate of 1073 s 1. Loading-unloading-reloading
(LUR) tensile tests were conducted on the mini-tensile
tester with the same strain rate. Strain values were mea-
sured via digital image correlation (DIC). Three samples
were tested for each condition for statistical accuracy.
Scanning electron microscopy (SEM) was performed on
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FEI Nova NanoLab 200™ while transmission electron
microscopy (TEM) was performed on FEI Tecnai F20-
FEG™ operating at 200 kV.

The initial microstructures of the 30% and 50% cold-
rolled and annealed (800°C for 50 h) specimens are com-
pared in Figure 1. Figure 1(a) shows the macro-EBSD
image of 30% cold-rolled and annealed Aly3CoCrFeNi
CCA. An enlarged view of the region shown in the blue
box in Figure 1(a) is displayed in Figure 1(b). Twins
from the prior cold-rolling step (indicated with blue
colored X3 interface), and several B2 precipitates are
clearly visible in the fcc matrix (phase map in Supple-
mentary Figure S1(c)). Because of the large grain size
(average size was approximately 160 um, Supplemen-
tary Figure S1(e)), this microstructure will be referred to
as CG (coarse-grained) CCA during further discussion.
Figure 1(c) is a macro-EBSD view of 50% cold-rolled
and annealed CCA. The microstructure is composed of
domains of predominantly two different grain sizes (i)
partially recrystallized grains (PRGs) of large size (i.e.
remnant strain-relieved grains and have large size), and
(ii) completely recrystallized grains (CRGs) of fine size
(complete recrystallization after heat-treatment has led
to the formation of new fine-scale grains) (Figure 1(c)).
This strategy of deliberate partial recrystallization was
previously employed to obtain HGS in titanium alloys
[6] and medium entropy alloy [23]. Several annealing
twins (Supplementary Figures S2(c) and (f)) can also be
observed in the magnified view (Figure 1(d)) of com-
pletely recrystallized fine grains (grain size distribution
information in Supplementary Figure S2(b) and (e)). The
cold-rolling (50%) and subsequent annealing produce
B2 precipitates of different morphology and distribution
within the fcc matrix (Figure 1(e)). High-angle annular
scanning TEM or HAADF-STEM (Figure 1(f)) shows
B2 precipitates of divergent size scales and morpholo-
gies (globular and plate-like B2 precipitates are marked
with red and green arrows, respectively). Our previous
study provided a detailed orientation relationship (OR),
i.e. Kurdjumov-Sachs, Nishiyama Wasserman and Pitch
[24], and suggested that such B2 alignments can restrict
dislocation movements on the {111} planes of fec [24].
These B2 precipitates of different sizes (from ~ 100 nm
to ~1-2 um) and varying morphologies (plate and glob-
ular as shown in BSE (Figure 1(e)) and TEM image
(Figure 1(f)), along with the remnant twins from prior
cold-rolling in PRGs and annealing twins in CRGs, pro-
vide hierarchy in the microstructure. Additionally, these
hierarchical microstructural features are blended into the
heterogeneous grain structured fcc matrix. Henceforth,
we will refer 50% cold-rolled and subsequently annealed
microstructure as hi-HGS (hierarchical features infused
heterogeneous grain structured) CCA.
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Figure 1. EBSD micrographs of (a) CG-CCA and (b) magnified view of CG CCA. (c) hi-HGS CCA, and (d) magnified view of completely
recrystallized fine grains. (e) BSE image of hi-HGS showing B2 precipitates and (f) TEM image showing B2 precipitates of plate shape (red
arrow), globular shape (green arrows) and the diffraction pattern in the inset.
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Figure 2. (a) Engineering and true stress-strain curves at an initial strain rate of 1 0357 1. (b) Work-hardening rate and true stress curves

as a function of true strain.

Next, we analyzed the mechanical response of hi-HGS
CCA and CG CCA in the plastic regime through engi-
neering and true stress—strain curves (Figure 2(a)) and
summarized them in Table 1. Both CG and hi-HGS CCAs
have B2 precipitates of divergent sizes and morpholo-
gies. These B2 precipitates block dislocation movement
during the deformation process and the effectiveness

Table 1. Tensile properties of hi-HGS and CG CCA in plastic regime.

towards strengthening depends on the size. (Supplemen-
tary Figure 3S(a)). A literature review on single phase
CCA indicates that grain boundary strengthening (Hall-
Petch effect) has only a small contribution of ~ 110 MPa
for CG CCA and ~ 200 MPa for hi-HGS CCA, respec-
tively [22]. Also, the CG CCA contains twin boundaries
(Figure 1(b)), which act as strong obstacles to dislocation

Materials Yield strength (MPa) Ultimate tensile strength (MPa) Uniform elongation (%) Elongation till failure (%)
CGCCA 401£15 592+12 21+2 29+£3
hi-HGS CCA 702+18 1002 £ 14 28+3 33£3




movement and lead to an increase in the flow stress. In
this study, a clear enhancement in the tensile properties
of the hi-HGS can be observed with ~ 75% increment
in yield strength (YS) and ~ 70% increment in ulti-
mate tensile strength (UTS) values when compared to
that of CG CCA. These improvements are due to the sym-
biotic interaction of heterogeneous grain structured fcc
matrix with B2 precipitates, which we will explore in later
sections.

Figure 2(b) presents a combined work hardening rate
(®) and true stress curves as functions of true strain
for both microstructures. In low SFE materials, stage
A (continuous drop in ®) generally represents disloca-
tion slip-dominated plasticity while stage B (plateau type
region) is characterized by twinning-mediated plasticity
[25]. Since both microstructures have low SFE [24], we
expect them to exhibit both stages of ©. As B2 precipitates
prune the matrix of aluminum, the deformation mecha-
nism of soft fcc matrix becomes analogous to that of any
single-phase CCA. Also, reduction in aluminum content
lowers the SFE of the matrix and facilitates the formation
of nano-twins during deformation [24] (Supplementary

b)
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Figure 3S(b)). In fact, these nano-twins provide an extra
layer of hierarchy in the microstructure during the defor-
mation process. By increasing obstacles to dislocation
glide and leading to the so-called ‘dynamic Hall-Petch
effect’, nano-twins result in higher work-hardening and
ductility in later stages of deformation. However, the het-
erogeneity of the grain structure in the hi-HGS material
imparts additional ® when compared with CG CCA.
Also, imperatively important is the observation that the
hi-HGS shows nearly a 30% improvement in uniform
elongation and plastic stability over CG CCA as indi-
cated by Considére criterion (® = o) in Figure 2(b).
Hence, these enhanced properties of the hi-HGS can be
attributed to the unique microstructure containing hier-
archical B2 precipitates, deformation nano-twins, and
heterogeneous grain structured fcc matrix.

To understand the observed high strength and
strain hardening, loading-unloading-reloading (LUR)
tests up to three cycles for both CG and hi-HGS CCAs
were performed (Figure 3(a)). LUR curves for both
microstructures exhibit a hysteresis loop, a phenomenon
associated with the Bauschinger effect [26]. With the LUR
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Figure 3. (a) Loading-unloading-reloading (LUR) curves of hi-HGS and CG CCAs, (b) measured hysteresis loop for hi-HGS and CG CCAs
showing UYP and RYP, (c) back stress and effective stress values of hi-HGS and CG CCAs, and (d) comparison of back stress to YS ratio with

literature data.
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curve, the flow stress can be divided into back stress
(0p) and effective stress (0 f). During the deformation of
plastically non-homogenous material, deformation gra-
dients form with wavelengths proportional to the spacing
between the hard phases [28,29]. These strain gradi-
ents are accommodated by geometrically necessary dis-
locations (GNDs) which lead to back-stress, a type of
long-range stress crucial to achieve an excellent strength-
ductility combination [9,23,28]. Authors have applied the
approach of Yang et al. [8] for back stress (o},) calculation,
given as:

o, + o,
2

op =

where o, and o, are unloading yield point (UYP)
and reloading yield point (RYP), respectively. It is also
assumed that back stress remains constant during the
elastic segment of unloading (while other parameters
remain the same). The effective stress (o), obtained by
subtracting back stress from the flow-stress, is the stress
required locally for dislocation movement and therefore
is affected by the dislocation density [8,9,27].

A larger width of the hysteresis loop and higher UYP
for hi-HGS over CG CCA (Figure 3(b)) are unambigu-
ous indications of strong back stress generation dur-
ing deformation [6,23]. Values of o}, and o for both
microstructures are plotted in Figure 3(c). It is evident
that for hi-HGS, the influence of back stress during defor-
mation is much higher than the effective stress. On the
other hand, both back stress and effective stress con-
tribute almost equally during CG CCA’s deformation. In
hi-HGS, the fcc matrix is composed of domains of large
and fine grains, which deform in a non-uniform way,
resulting in gradients of plastic deformation and stor-
age of GNDs [28]. Increasing strain would activate more
dislocation sources in softer grain domains and would
lead to more dislocation pile-ups against the boundaries
between the domains of large and fine grains. Since back
stress strengthening is a result of GNDs pile-ups, the
deformation process of hi-HGS would produce an exces-
sively large number of GNDs and would result in the
creation of long-range back stress. Additionally, coarse
and fine fcc grains are synchronously infused with hier-
archical B2 precipitates. Since these B2 precipitates act as
hard phases, GNDs within the fcc matrix will also be pro-
duced to have a compatible deformation [29]. According
to Ashby [29], the density of GNDs (p#) depends on the
size and morphology of the hard phases. Hence, the dif-
ferent shapes of B2 (plate and globular) precipitates in
the hi-HGS CCA provide varying levels of p$. Accord-
ingly, these precipitates will create strain gradients and
back stresses which will increase the inherent strength of

the respective domains. In fact, a comparison of normal-
ized back stress (ratio of back stress in first LUR to 0.2%
proof stress) with other heterogeneous grain structured
alloys reveals an extraordinary contribution of back stress
strengthening in hi-HGS (Figure 3(d)). A recent study
on a medium-entropy alloy also shows a very high con-
tribution of back stress due to the dynamic evolution of
corner twins into nano-grains, thus increasing the level
of heterogeneity in the microstructure [23].

Finally, we analyzed microstructural evolution during
tensile deformation through Kernel average misorienta-
tion (KAM) images. KAM analysis quantifies the average
misorientation around a measurement point which can
be used to understand local lattice distortion and strain
energy within the grain. To ensure a comprehensive anal-
ysis, all the EBSD parameters (such as magnification, step
size of 80 nm, current, and voltage) for both microstruc-
tures were kept constant throughout the deformation
study. The location of KAM analysis was also fixed with
the help of fiduciary FIB markings on the sample. The
misorientation values from zero to two degrees were
examined and presented on a blue to red color scale.
Figure 4(a-c) represent the KAM images obtained dur-
ing various stages of deformation in hi-HGS CCA. The
higher KAM values of coarse grains prior to loading are
indicators of small amounts of residual stress remain-
ing after the partial recrystallization. Also, the completely
recrystallized fine grains show very little strain before
loading (Figure 4(a)). Figure 4 (b) presents the KAM
micrograph of hi-HGS microstructure slightly below the
yield point. The higher KAM values in coarse grains are
clear evidence of strain partitioning in which the large
grain carries higher amounts of strain before the over-
all yielding occurs. This strain partitioning creates strain
gradients, which result in the pile-up of GNDs, a fact
that can be substantiated by even higher KAM values
close to the domain boundaries (the boundary between
large grain and fine grains (Figure 4(b)). GNDs aid
strain-hardening not only by creating long-range back
stress, but also by acting as barriers to further slip. With
increasing strain beyond the yield point, the fine grains
and coarse grains will deform plastically as verified by
Figure 4(c). In stark contrast, the CG CCA shows an
almost uniform strain development during various stages
of deformation (Figure 4(d-f)).

In summation, we successfully achieved an excellent
strength-ductility combination by embedding hierarchi-
cal B2 precipitates into a heterogeneous grain structured
complex concentrated alloy. The hi-HGS microstructure
and overall stages of deformation are summarized in
Figure 5. B2 precipitates of different morphologies have
different orientation relationships with the fcc matrix.
While the B2 precipitates raise matrix strength, the
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Figure 4. Microstructural evolution during deformation displayed via Kernel average misorientation (KAM) micrographs of hi-HGS (a) at
zero stress, (b) just below yield point, and (c) at UTS. (d-f) Microstructural evolution of CG CCA during deformation.
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Figure 5. Schematic depicting the microstructure of hi-HGS and its deformation behavior.
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