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While there have beenmultiple recent reports in the literature of exceptional combinations of yield strength and
ductility in high entropy alloys, there have beenno reports discussing the extraordinary tunability of themechan-
ical properties in the same alloy in these systems. This paper shows that the tensile yield-strength of a single
Al0.3CoCrFeNi high entropy alloy (or complex-concentrated alloy), can be enhanced from 160 MPa to over
1800 MPa (1.8 GPa), a 1025% increase, via microstructural engineering enabled by thermo-mechanical process-
ing of the bulk alloy. Such strength variations for the same composition are unprecedented in any other class of
alloys.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords:
High entropy alloys
Characterization
Mechanical properties
Complex concentrated alloys
Clusters
The investigation of high entropy alloys (HEAs) began with the
pioneeringwork of Cantor [1] and Yeh [2] in 2004. They simultaneously
showed that a fully austenitic microstructure, consisting of single face-
centered cubic (fcc) phase,was obtained in equiatomicmixtures ofmul-
tiple elements, having different crystal structures. These pioneering ef-
forts created the groundwork for a new concept in alloy design by
advocating that severe lattice distortion in concentrated disordered
solid solutions can promote high strength and retain ductility, without
the deleterious effect of embrittling intermetallic or other compound
phases in structural alloys. Subsequently, a substantial effort has been
directed towards finding new equiatomic combinations of elements to
promote the formation of fcc, bcc or hcp single-phase-disordered solid
solutions, presumably stabilized by the configurational entropy of
mixing. However, despite the exceptional fracture toughness properties
exhibited by the CoCrFeNiMn alloy [3], also referred to as Cantor alloy,
the ability of the HEA concept to revolutionize alloy design, and lead
to exceptional mechanical performance, seems limited since it involves
only one principal strengthening mechanism, i.e. solid solution
strengthening.
nufacturing Processes Institute,

e).

ier Ltd. All rights reserved.
Recently, theHEA community returned to the basics of physicalmet-
allurgy, i.e. microstructural engineering by altering alloy composition
(chemistry) and thermomechanical processing (simultaneous applica-
tion of temperature and stresses) to enhance the balance of mechanical
properties in HEAs [4–7]. The result was the adoption of two well-
known microstructure templates, found in dual-phase (fcc austenite
+ body centered tetragonal or hexagonal martensite) TRIP steels [8],
and age-hardenable Ni alloys (fcc austenite + ordered intermetallic
L12 or γ′ precipitates) [9], to these new alloys. These studies elucidated
the applicability and efficacy of traditional metallurgical approaches for
the development of the second generation of multi-phase HEAs, also re-
ferred to as complex concentrated alloys (CCAs) [4–6] or multi-
principal element alloys (MPEAs), with often unequal proportion of
principal elements and microstructures comprising multiple phases.
However, the composition of these “HEAs”, e.g. Fe50Mn30Co10Cr10 HEA
[8] become comparable to high-Mn steels [10], and somewhat deviate
from the notion of HEAs, because their compositions shift towards the
edges of the composition space where conventional alloys already lie.
We emphasize that the HEA design concept mandates searching for
alloy compositions that are located in the interior regions of multi-
component phase diagrams [6]. In the present study, we highlight a dif-
ferent approach that takes advantage of the compositional complexity
of these concentrated alloys. This complexity leads to an exceptionally
vast array of possible microstructures and phases that can be generated,
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Fig. 1. Isopleth for AlXCoCrFeNi. This section of the Al-Co-Cr-Fe-Ni quinary system was
calculated using the TCHEA2 thermodynamic description from ThermoCalc. It shows
possible phases as a function of Al content and temperature.

Fig. 2.Variety of themicrostructures of the Al0.3CoCrFeNi CCA for different processing condition
fcc zone axis diffraction pattern, and atom probe tomography (APT) showing the 3D reconstruct
phase.
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in a selected phase field of operation, for the same alloy composition.
This distinguishing feature of HEAs, which has not been explored yet,
opens up the avenue for materials with properties that can be tuned
over a broad range of values without changing the composition.

To explore the concept of highly tunable HEA, we have selected the
Al0.3CoCrFeNi composition, as a candidate alloy, because it encompasses
a remarkably large number of phase fields as a function of temperature.
For example, with decreasing temperature, this HEA composition tra-
verses from a single fcc phase field to fcc + B2 (ordered bcc), fcc + B2
+ sigma (σ), B2 + L12 + σ, and finally at lower temperatures, a B2
+ L12+ bcc+ σ phase field (Fig. 1). Such a unique richness of the com-
plex multi-phase landscape offers the designer more options to tailor
the phase combinations and the microstructural length scales, with
one or more intermetallic/ordered phases, employing different
thermo-mechanical treatments. Accordingly, such a vast array of
multi-phase microstructures offers a unique opportunity to tune the
properties over a staggeringly wide range in the same alloy.

The Al0.3CoCrFeNi HEA was synthesized via arc melting using pure
metals, solutionized at 1150 °C for 10 h and cold-rolled to 90% thickness
reduction. Subsequently, sections of the cold-rolled alloy were sub-
jected to four different thermal treatments: (a) recrystallization at
1150 °C (hereafter referred to as CRSA), and (b) annealing at 620 °C
for 50 h to promote second phase precipitation (hereafter referred to
s. SEM image showing the recrystallized grains from sample CRSA (A) alongwith the [011]
ions of Al, Co, Cr, Fe, and Ni ions. The results show the presence of a single solid solution fcc



Fig. 3. Variety of themicrostructures of the Al0.3CoCrFeNi CCA for four processing conditions. BFTEM and STEM–EDSmaps of Al and Cr, and 3D reconstructions of atoms/ions Al and Cr, as
marked, in a typical APT tip from samples CR620 (C) and CR550 (D). The compositional profile using one-dimensional cylinder across the various interfaces asmarked in the figure shows
the compositional partitioning of various elements.
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as CRSA620–50), or direct annealing of theheavily deformed cold-rolled
specimens at (c) 620 °C for 50 h (hereafter referred to as CR620–50) or
(d) 550 °C for 24 h (hereafter referred to as CR550–24) and 50 h (here-
after CR550–50) to promote concurrent recrystallization and second
phase precipitation.

Microstructural characterization was performed using scanning
electron microscopy (SEM) (FEI Nova-NanoSEM 230™). The tensile
tests were carried out by setting the initial strain rate at 10−3 s−1,
with respect to change in length. The tensile test specimens (gauge
length ~ 3 mm, width ~ 1 mm and thickness ~ 0.5–1 mm) were ma-
chined using electric discharge machine (EDM). At least five indepen-
dent tests were carried out to obtain tensile elongation and strength
data. Conventional transmission electron microscopy (TEM) studies
were carried out on a FEI Tecnai G2 TF20™ operating at 200 kV. Precip-
itate characterization was done using conventional and high angle an-
nular dark field-scanning TEM (HAADF-STEM) modes. To measure the
composition, energy dispersive spectroscopy (Super-X system)
equipped on an FEI-TITAN G2 TEM microscope was used in the
HAADF STEM mode operating at 300 kV and the results were analyzed
with FEI's ES vision software version 6. TEM foils were prepared by an
FEI Nova Nanolab 200 dual-beam focused ion beam (FIB) instrument
using a Ga ion beam for milling. Standard lift-out techniques were
used for Atom Probe Tomography (APT) sample preparation in the FIB
before mounting the small sections of the samples on suitable holders
for analysis. APT experiments were conducted on a CAMECA local elec-
trode atom probe 3000× HR instrument.
A single fcc phasewith uniform elemental distributionwas obtained
after recrystallization at 1150 °C (Fig. 2A, CRSA condition). Subsequent
annealing at 620 °C for 50 h (CRSA620 condition), lead to a homoge-
neous distribution of ordered (Al,Ni)-rich L12 precipitates throughout
the fccmatrix (Fig. 2B & C). When concurrent recrystallization and pre-
cipitation occur by direct annealing the samples at 620 °C after cold-
rolling (CR620 condition), the alloy has a triplex, or three-phase micro-
structure comprising of fcc phase, (Al,Ni)-rich B2 precipitates, and Cr-
rich σ precipitates (Fig. 3A). Finally, when the same alloy is annealed
at 550 °C directly after cold-rolling (CR550–24 condition), the micro-
structure revealed two new additional features as compared to the
CR620 condition: fine scale B2/bcc two-phase precipitates, and even
finer, nanometer-scale (Al,Ni)-rich clusters uniformly distributed
within the fcc matrix (Fig. 3B). The formation of conjoint B2/bcc on an-
nealing at low temperature in a AlxCoCrFeNi alloy system is also shown
by Rao et al. [11]. The CR550–50 condition exhibited a similar micro-
structure as the CR550–24 sample. Interestingly, in all cases, the fcc ma-
trix retained a high entropy like composition i.e. Al0.1CoCrFeNi0.5 even
after second (or third) phase precipitation (for example refer to
Fig. 2C). Notwithstanding, these four types of microstructures, obtained
for the same alloy composition, elucidate the rationale of this work; i.e.
the widely varying combination of phases and microstructural length
scales that can be achieved for the same HEA composition.

Dark field transmission electron microscope (DFTEM) image along
with the corresponding [011] zone axis diffraction pattern, and atom
probe tomography (APT) showing the 3D reconstructions of Al, Co, Cr,
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Fe and Ni ions and 15 at.% Al isoconcentration surface outlining L12 pre-
cipitates in a typical APT tip from sample CRSA620 (B). The composi-
tional profile using a proximity histogram across the fcc-L12 interface
shows the compositional partitioning of various elements.

Fig. 4A shows the room temperature engineering stress-strain
curves for these five conditions. The corresponding true stress-strain
curves for the same conditions are shown in Fig. S1A. The single fccmi-
crostructure HEA (CRSA) exhibits an ultimate tensile strength (UTS) of
~400 MPa and a ductility (elongation to failure under tension) of
Fig. 4. (A) Mechanical behavior at room temperature of the Al0.3CoCrFeNi CCA.
Engineering stress-strain and strain hardening vs true strain curves (inset). (B) Ranges
of ultimate tensile strength and ductility achieved by Al0.3CoCrFeNi in comparison with
the main classes of structural alloys including present generation automotive and
aerospace engineering alloys. (C) Materials property space for room temperature
elongation vs tensile strength of steels and Al0.3CoCrFeNi CCA. This strength-ductility
diagram shows the range of properties achieved by Al0.3CoCrFeNi CCA (represented by
stars 1–4) in comparison with all steel grades which are classified in three groups in
addition to stainless steels. Conventional steels include low-strength steels, (e.g.
interstitial-free (IF)) and mild steels, and conventional high strength steels, e.g. bake
hardenable, high-strength low alloy (HSLA) and ferritic-bainitic (FB) steels. The first
generation of advanced high-strength steels (AHSS) consist of ferritic matrix containing
a hard martensite phase, i.e. dual phase (DP), retained austenite, i.e. transformation
induced plasticity (TRIP), or small amounts of austenite and pearlite in ferrite/bainite
matrix, i.e. complex phase (CP), or martensitic matrix containing small amount of
ferrite/bainite, i.e. martensitic (MS) steels. The second generation of AHSS is austenitic
steels with twinning induced plasticity (TWIP) and triplex steels.
~65%. The introduction of precipitation hardening (L12 precipitation) in
this alloy (CRSA620–50 condition), resulted in a UTS increase by 40%,
reaching 850 MPa, while maintaining an excellent ductility of ~45%.
The triplex CCA (CR620-50 condition) exhibits a remarkable strength-
tensile ductility compromise of 1050MPa and ~35%. The CR550-24 con-
dition with the most complex multi-scale microstructure, exhibits an
even higher UTS (1850 MPa), an exceptionally high value for an fcc-
based “austenitic-like” alloy, but a lower tensile ductility (~5%). Simi-
larly, the CR550-50 condition exhibits a very high UTS value of
1650 MPa and a ductility ~7%. The main difference between the
CR550-24 and CR550-50 conditions is that while there is virtually no
strain hardenability remaining in case of the former condition, the latter
condition exhibits some limited strain hardenability.

Fig. 4A (inset) reveals a large range in the mechanical properties of
Al0.3CoCrFeNi as a function of processing conditions (or microstruc-
tures; see Figs. 2 and 3) and a notable difference in the strain hardening
responses. In the single-phase HEA, the strain hardening rapidly drops
and then remains nearly constant at a rate of 1000–1300MPa before de-
creasing again. This behavior during plastic deformation is similar to
that of low-stacking fault energy alloys such as CoCrFeMnNi-based
HEA [12], Al0.1CoCrFeNi [14] and TWIP steels [15], which harden at
room temperature at a rate of 1000–1500 MPa, 740 MPa, and
800–1200 MPa, respectively. The strain hardening of the multi-phase
CCAs, i.e. CRSA620 and CR620, is initially much higher than the single-
phase HEA, i.e. between 1500 and 2000 MPa, (see inset Figs. 4 and
S1B). These observations indicated that differences in strain hardening
result from the formation of secondary-phases (e.g. L12 or B2/σ) and
the corresponding change in the fcc matrix composition i.e.
Al0.15CoCrFeNi0.5 and Al0.1CoCrFeNi0.5 of CRSA620 and CR620 conditions
respectively. The consequent reduction in both Ni and Al, both of which
typically have high SFEs (146 mJ/m2 for Al (lattice constant of
0.405nm), 120.3mJ/m2 for Ni (lattice constant of 0.352nm)) [16], is ex-
pected to reduce the SFE in the fccmatrix of the HEA. Furthermore, such
reduction in SFE is typically associatedwith enhanced twinning in steels
[17]. A similar observation was also noted in our studies, where the fcc
matrix of CR620 had coarser deformation twins as compared to the sim-
ple phase in CRSA (compare supplementary Figs. S2 and S3). It may be
emphasized that twining is often associated with high strain-
hardenability and good ductility [17,18], and both properties are readily
evident in the CR620 (containing fcc-B2-σ) and CRSA620 (fcc-L12) con-
ditions. Therefore, it is likely that deformation twins, in the two condi-
tions, will interact with mobile dislocations during quasi-static
straining, and enhance strain-hardenability by increasing dislocation
storage per the Kock-Mecking criterion [19].

A simplistic strength model can be employed to estimate the
strengthening contribution of different microstructural features.

The yield strength can be approximated using the following equa-
tion:

σy ¼ σHP þ Δσdis þ Δσppt MPað Þ ð1Þ
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where σHP is the combined effect of strengthening contributions from
lattice friction, solid solution, and grain size (Hall-Petch). Δσdis and
Δσppt are the additional strengthening contributions from dislocations
and precipitates, respectively.

In the CR-620 condition, the composition of the fcc matrix is
Al0.1CoCrFeNi0.5 (from APT analysis). Kumar et al. [21] developed a
Hall-Petch type equation for the yield strength as a function of grain
size (σHP ¼ 174þ 371

√ d1
MPa) for the single fcc solid solution phase

Al0.1CoCrFeNi HEA. The CR-620 condition in the present study exhibits
an average grain size ~1.2 μm (refer Fig. S4), and consequently the
Hall-Petch strengthening can be estimated to be ~512 MPa (based on
[21]). Hence, it can be assumed that 850 MPa (YS)–512 MPa (HP) =
338MPa is the strengthening contribution due to the hard intermetallic
B2/sigma precipitates and dislocations.

Likewise, in the CR-550-24 condition, (YS = 1850 MPa) average
grain size is ~0.4 μm(refer to Fig. S4). The Hall-Petch strengthening con-
tribution can be estimated to be ~760MPa. Based on simple image anal-
ysis (using the ImageJ software) the approximate fraction of B2+ sigma
phase in CR-620 and CR-550 are 19% and 15% and therefore the
strengthening contribution can be assumed similar and ~338 MPa.
Therefore, the additional strength enhancement in case of the CR-550-
24 condition, can be attributed to the presence of nano-clusters or pre-
cipitates, and this enhancement can be estimated to be 1850MPa (YS) –
760 MPa (HP) – 338 MPa (B2/Sigma/dislocations) = 752 MPa.

The strength enhancement due to nano-precipitates can be esti-
mated by using a simple Orowan strengthening model, based on the
shearing of these nano-precipitates by dislocations. It can be described
by the equation below:

σorowan ¼ G � b
λ

ð2Þ

λ ¼ 4 1−fð Þr
3f

ð3Þ

where λ is average planar center-to-center distance between nano-
precipitates, G is the shearmodulus of thematrix, b is the Burgers vector
(assumed to be 80GPa and 0.255 nmfor CoCrFeNiMn respectively [22]),
r, the radius of the nano-precipitates (2 nm), and f, the volume fraction
of precipitates (10% by vol.), assessed from the APT results. Based on
Eqs. (2) and (3), the Orowan strengthening can be estimated to be
~850 MPa, which compares reasonably well with the experimentally
observed strengthening value of 752MPa. Therefore, the extraordinarily
high value of yield strength ~1850 MPa in case of the CR-550 condition
is a result of the contributions from hierarchical features ranging from
thousands of nanometers (grain boundaries) to hundreds of nanome-
ters (B2/sigma) to few nanometers (clusters).

DongYue et al. showed the impact toughness of single phase
Al0.3CoCrFeNi was much superior to steels [20]. An estimation of the
toughness for the different types of microstructures in the same HEA
(Al0.3CoCrFeNi) has been carried out by calculating the area under the
stress-strain curve (refer to Fig. S5). Quite remarkably, after second
phase precipitation, the toughness of the CRSA620 and CR620 alloys in-
creased, as compared to the CRSA condition.

The multiple combinations of hierarchical multi-phase microstruc-
tures, observed for a single HEA composition, provide the largest
range of strength-ductility combinations observed in any engineering
class of structural metallic materials in their bulk form (Fig. 4B), which
is only attainable by accounting several grades of advanced high-
strength-steels (AHSS) as shown by the strength-ductility diagram for
steels (Fig. 4C). The vast range of mechanical properties achieved by
the single Al0.3CoCrFeNi HEA has been further put into perspective by
plotting the strength-ductility values for the five conditions on a plot
encompassing all presently known steels, as illustrated in Fig. 4C.

Remarkably, the range of mechanical properties exhibited by the
single Al0.3CoCrFeNi HEA encompasses three different groups of steels.
The first group belongs to ductile austenitic stainless steels with which
the present HEA shares several common major elements (i.e. Fe, Cr,
Ni) and the same single-phase austenitic, i.e. face-centered cubic (fcc),
microstructure. The second group combines high strength and high
ductility due to intense work hardening. This includes Twinning-
Induced Plasticity (TWIP) and Triplex (e.g. Fe-Mn-C-Al) grades of steels
for which strain hardening mechanisms are controlled by the stacking
fault energy (SFE). These steels have a high manganese content that
causes the stabilization of the austenite and adjusts the SFE at the appro-
priate value to activate deformation twinning, resulting in multi-stage
strain hardening [8,10–12]. The third group, e.g. Martensitic steels
(MS), have higher strength and lower ductility achieved by a martens-
itic matrix containing small amounts of ferrite and/or bainite [13].

The exceptionally large variety of mechanical behaviors and micro-
structures observed in the single Al0.3CoCrFeNi HEA emphasizes one of
the unique features arising from the concept of HEAs as complex con-
centrated alloys.

The tunability of the mechanical response exhibited by the
Al0.3CoCrFeNi HEA has the potential to solve two major problems.
Today structural applications employ several materials to meet the re-
quirements that often conflict. For example, in the automotive industry,
this involves the welding and bonding of different grades of steels,
which is challenging because they differ in chemical composition. The
exceptionally high tunability at constant composition of Al0.3CoCrFeNi
HEA avoids this problem while meeting various functional require-
ments. The second concerns the development of architectured mate-
rials. This concept has been depicted in the seminal work of O. Bouaziz
et al. [23–25] as an innovative strategy for structural materials develop-
ment to provide otherwise conflicting properties. The idea is to tailor
the spatial distribution of the microstructure in a given topology and
geometry in order to vary themechanical properties in the overall com-
ponent. Basu et al. emphasized on role of interfaces between crystallo-
graphically dissimilar phases on the size-dependent plasticity in
multiphase HEAs [26–28]. Such a strategy has been underexploited be-
cause it relies on the fabrication of compositionally graded materials,
which often require new processing methods. This obstacle could be
overcome by the present HEA (Al0.3CoCrFeNi) which features a unique
range of microstructures attainable using thermo-mechanical process-
ing without changing the alloy composition.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2018.10.023.
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