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ABSTRACT

Guided by thermodynamic modeling, engineering phase transformation pathways via thermo-
mechanical processing, in a complex concentrated alloy/high entropy alloy (HEA) of composition
Alp3CoFeNi, lead to a novel multi-scale microstructure consisting of fine-scale FCC+ L1, grains
mixed with B2 4+ BCC grains. The two-step pathway comprises initial decomposition of the parent
single-phase FCC to form a fine-grained FCC + B2 microstructure, which further decomposes in the
second step into the complex four-phase mixture, exhibiting an excellent combination of tensile
yield stress of ~ 1490 MPa, ultimate tensile strength of ~ 1663 MPa, with a good ductility of ~12%

at room temperature.
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IMPACT STATEMENT

This paper reports a novel multi-phase microstructure in a HEA/CCA similar to the microstructure
observed in dual-phase stainless steel. This report exemplifies the novelty of HEA/CCA compositional

space.

Introduction

The conventional alloy design has produced a plethora
of microstructures that have been proven beneficial
in many structural applications [1]. However, start-
ing from the single-phase solid solutions like Fe-C to
pearlitic steels, alloy steels, simple precipitation harden-
able alloys like Al-Cu to complex Fe/Co/Ni superalloys
have largely been focused on the corners and edges of
multicomponent phase diagrams. In contrast, the con-
cept of high entropy alloys (HEAs) or complex con-
centrated alloys (CCAs), proposed about 15 years ago,
offers the compositional space at the center of phase
diagrams which has been far less explored [2,3]. The
chemical combination of multiple elements which is cen-
tral to the idea of HEA/CCAs enables exploitation of
the competition between enthalpy and configurational

entropy to achieve desired phase stability and design
novel microstructures. Thus, despite the widely success-
ful microstructures obtained with conventional alloys
based on pearlite, martensite, y —y’ and other precipitate
phases and micro-constituents, HEA/CCAs offer exciting
opportunities for tuning phase stability and microstruc-
ture [4,5]. Over the past few years, there has been a rise
in papers reporting HEA/CCAs with novel microstruc-
tures and excellent tunability in physical and mechanical
properties [6-8].

The phase decomposition in the as-cast AlCoCr-
CuFeNi has been examined in detail by Singh et al. [9].
While the interdendritic regions consist of a Cu-rich L1,
phase, the dendritic regions are composed of six different
phases. The formation of such a complex microstructure
has been attributed to the large differences in the enthalpy
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of mixing between Al-Ni, Cu-Ni and Fe-Cr. Liang
et al. [10] obtained a spinodally decomposed FCC + L1,
microstructure in Al 5CrgoFeNiy 5Vo, HEA/CCA that
exhibited a room temperature tensile yield strength of
~ 1.5 GPaand ~ 9% ductility. Sonietal. [11] reported the
formation of multiple length scales of BCC within B2 and
the B2 formation within BCC in the same microstruc-
ture. A BCC + B2 microstructure resembling the well-
known y —y’ microstructure in Ni-based superalloys was
reported for FezgMny,; CrigNijsAljg [12]. ngh satura-
tion magnetization and low coercivity were reported for
a high strength HEA, FeCoNiCug,Sip,, with a yield
strength of ~ 820 MPa [13]. Nanostructured forms of
the well-known HEA, CoCrFeMnNj, and a well-known
medium entropy alloy, CoCrNi, were reported to exhibit
creep resistances higher than conventional nanostruc-
tured metals [14]. Furthermore, it has also been pro-
posed that HEA/CCAs exhibit deformation mechanisms
that extend from conventional alloys to amorphous
metals [15].

Duplex microstructures have also been reported with
both conventional alloy and HEA/CCAs that possess
excellent strength-ductility combinations. The duplex
ferrite-austenite microstructures in stainless steels were
often reported to have the best tensile yield strengths in
the range of 750-850 MPa [16]. In HEA/CCAs, Gwalani
et al. [17] reported a eutectic FCC+ B2 dual-phase
microstructure with L1, precipitation inside FCC lamella
and BCC precipitation inside B2 lamella that exhibited
a yield strength of ~990 MPa and ~13% ductility in
tension. Shi et al. [18] reported a recrystallized grain
structure and precipitation within the alternating FCC
and B2 eutectic lamella of AlICoCrFeNi,; HEA/CCA.
This microstructure exhibited tensile yield stress of
~1.5GPa and ~16% ductility. Nevertheless, the dual-
phase microstructures reported so far in HEA/CCAs
have largely been based on eutectic or precipitation reac-
tions. Based on the idea of HEA/CCAs, multicompo-
nent intermetallics have also been studied previously
[19,20]. A six-component single-phase L1, alloy has been
reported that possesses compressive yield strength of
~ 600 MPa and extraordinary strain hardening [20].

In this study, a novel FCC+ L1,+BCC+ B2 four-
phase microstructure is being reported in a four-
component HEA/CCA, Alp3CoFeNi, that brings to-
gether the ideas of complex multicomponent inter-
metallics coupled with multi-phase microstructures. A
recent paper on the same Al 3CoFeNi CCA has reported
an FCC + B2 microstructure at 700°C, and a complex
nano-lamellar, eutectoid-like microstructure consisting
of a four-phase mixture, FCC + L1,+BCC + B2 at 600°C
[21]. However, the balance of mechanical properties
reported for either of these conditions was not very

attractive. Therefore, this paper focuses on engineering,
the phase transformation pathways, to obtain a strik-
ingly different microstructure in the Alp3CoFeNi CCA
with the objective of enhancing the mechanical prop-
erties. Thermo-mechanical processing has been used
to modify the supersaturation within the FCC solid
solution at 700°C, to eventually suppress the formation
of the nano-lamellar microstructure at 600°C. Detailed
characterization of the microstructure was performed
with TEM and mechanical properties were measured
via room temperature tensile testing. CALPHAD mod-
eling was done using ThermoCalc with the TCHEA4
database.

Materials and methods

Alp3CoFeNi, with the nominal chemical composition
9.1A1-30.3Co0-30.3Fe-30.3Ni (at.%), was produced using
conventional arc melting. The purity of individual ele-
ments used in the fabrication of the cast Alp3;CoFeNi
alloy is as follows: Al-99.9%, C0-99.9%, Fe-99.9% and
Ni-99.9%. The cast alloy was homogenized at 1250°C for
30 min before rolling and annealing treatments. Three
processing routes have been examined in this study,
CR700 condition which involved single-step anneal-
ing treatment, CRSA600 which involved solution treat-
ment and precipitation annealing, and CR700/600 con-
dition which involved two-step annealing treatment. The
homogenized alloy was cold-rolled to 85% and directly
annealed either at 700°C for 50 h (CR700 condition) or
1200°C for 5 min followed by annealing at 600°C for 50 h
(CRSA600 condition). In the case of CR700/600 con-
dition, the rolled alloy was annealed at 700°C for 50 h
followed by 600°C for 50 h. All samples were encapsu-
lated in quartz tubes backfilled with argon for heat treat-
ments and water quenching was used for the cooling pro-
cess. The schematics for the three processing conditions
are shown in Fig. S1. Microstructural characterization
was performed with FEI Nova-NanoSEM 230™ scan-
ning electron microscope (SEM) fixed with the Hikari
Super electron backscattered diffraction (EBSD) detec-
tor and FEI Tecnai G2 TF20™ transmission electron
microscopy (TEM) operating at 200kV. TEM lift-outs
were prepared using an FEI Nova 200 dual-beam focused
ion beam (FIB) microscope. A TEM lift-out of dimen-
sions ~15 x 2 x 5um was initially prepared with the
help of the omniprobe micromanipulator in FIB. This
2 um thick sample was subsequently thinned to dimen-
sions ~50-100nm in multiple steps by progressively
reducing the voltage and/or current of the Ga ion beam
in the dual-beam FIB. Mechanical properties were mea-
sured in a customized mini-tensile testing machine at
a strain rate of 0.001/s, which used a linear variable



displacement transformer extensometer. Tensile speci-
mens with approximate gauge dimensions 3 x 1 x 1 mm
were sectioned in an electric discharge machine accord-
ing to ASTM E8 standard. Three specimens were tested
for each condition for statistical purposes.

Results and discussion

Using solution thermodynamic modeling (ThermoCalc
with TCHEA4 database), an isopleth has been com-
puted to depict changes in phase stability as a function
of Al content (0-25 at.%) in the equi-atomic CoFeNi
solid solution, as shown in Figure 1(a). With increasing
Al content, the high-temperature FCC single-phase field
transforms to a dual-phase FCC+ B2 region, eventu-
ally becoming a single B2 phase for high Al contents
(>20 at.%). The composition Alg3CoFeNi marked by
a dotted line in Figure 1(a) exhibits a wide FCC + B2
phase field at high temperatures and an FCC 4 L1,+B2
phase field at low temperatures, based on the Ther-
moCalc prediction. Additionally, the existence of FCC
single-phase field above ~ 1150°C allows for the thermo-
mechanical processing of the alloy to exploit the order-
ing tendency introduced by Al [21]. The phase frac-
tion vs. temperature plot for Aly3CoFeNi composition
is shown in Figure 1(b). While the plot shows that
the equilibrium phase composition is FCC + L1, + B2
at 600°C, the experimentally observed phase compo-
sition was FCC + L1, + BCC + B2 [21]. This could be
attributed to the inaccuracies in solution thermodynamic
modeling for these complex alloys.

The SEM backscatter micrograph given in Figure 2(a)
shows the fully recrystallized dual-phase microstructure
in CR700 condition. The high magnification picture in
Figure 2(b) reveals fine FCC grains with a uniform distri-
bution of B2 precipitates (dark contrast) which primarily
appear to nucleate at grain boundaries and triple junc-
tions. The microstructure in the CR700 condition is a
result of precipitation of B2 concurrently with recrystal-
lization of FCC grains, due to the availability of heteroge-
nous nucleation sites like grain boundaries, triple junc-
tions and deformation bands/twins, as discussed in detail
in previous reports on direct annealing after cold-rolling
of HEAs/CCAs [4,21]. Interestingly, the lower magni-
fication micrographs of CR700/600 condition given in
Figure 2(c, d), when compared with same magnifica-
tion pictures of CR700 in Figure 2(a, b), reveals that
while the FCC + B2 microstructure is retained, the grain
structure appears to be relatively refined after anneal-
ing at 600°C. Additionally, multiple grains show further
decomposition which can be seen in Figure 2(d). A high
magnification picture from one such grain reveals that
the intragranular phase has a network-like morphology
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Figure 1. (a) Isopleth obtained by varying Al content in CoFeNi
and (b) phase fraction vs. temperature plot for Alp 3CoFeNi.

(Figure 2(e)). Figure 2(f) shows the microstructure of
the same CCA in CRSA600 condition. This is a com-
pletely different microstructure consisting of multiple
colonies of nano-lamellae that have developed within
the FCC parent grains, comprising a four-phase mixture
of FCC+ L1, + BCC+ B2, resulting from a eutectoid-
like solid-state transformation [21]. This microstructure
has been shown here to reveal the completely differ-
ent decomposition pathway when this alloy is directly
annealed at 600°C, starting from a single FCC phase.
Detailed characterization was performed using TEM
to reveal the crystallographic identity of phases in case
of the CR700/600 condition, after the second annealing
step at 600°C. A bright-field image from a B2 precipi-
tate is shown in Figure 3(a), and the [001] BCC zone axis
diffraction pattern showing {001} superlattice reflections
is shown as an inset, confirming its B2 crystal structure.
The corresponding {001} superlattice dark-field micro-
graph is shown in Figure 3(b). A diffraction pattern
recorded from one of the grains showing a network-like
internal structure is shown as an inset in Figure 3(d),
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Figure 2. Backscatter SEM micrographs of (a, b) CR700 condition showing an FCC + B2 microstructure (B2 in dark contrast), (c—e)
CR700/600 condition showing equiaxed ultrafine grains and further decomposition within the grains and (f) CRSA600 condition showing

a nano-lamellar eutectoid-like microstructure.

and the corresponding bright-field and dark-field images
in Figure 3(c, d). This diffraction pattern can be consis-
tently indexed based on the [011] zone axis of a BCC
phase with {001} B2 superlattice reflections. The dark-
field micrograph from one of the {001} superlattice reflec-
tions reveals that the grain comprises a BCC matrix with
a network-like B2 region (Figure 3(d)). The diffraction
analysis from an FCC grain is shown in Figure 3(e, f).
The bright-field micrograph and the corresponding [011]
FCC zone axis diffraction pattern (inset) are shown in
Figure 3(e). The superlattice reflections at {001} positions
indicate the presence of the L1, phase, and a superlattice
dark-field image is shown in Figure 3(f) revealing FCC
domains within an ordered L1, matrix. STEM-EDS maps

including an interphase boundary between FCC+ L1,
and BCC + B2 regions are shown in Figure 4. The major-
ity area of these maps shows a BCC grain with an internal
network-like structure. The enrichment of Fe and Co
within the BCC grain and Ni and Al enrichment in the
network-like B2 phase is clearly visible. An FCC+ L1,
grain has also been marked at the top of the map, which
shows Ni + Al enrichment in the L1, region and Fe + Co
enrichment (and Ni+ Al depletion) in the FCC region.
Thus, the microstructure in duplex aged condition con-
tains four phases, and can be described as a mixture of
(FCC+L1,) grains together with B2 grains as well as
(BCC + B2) grains. The schematics illustrating the phase
transformation pathway have been shown in Fig. S2.
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Figure 3. TEM of CR700/600 condition. (a) Bright-field (BF) and (b) dark-field (DF) micrographs of a B2 grain retained from prior annealing
at 700°C. Diffraction pattern from [001] BCCis given in the inset of (a). (c) BF and (d) DF imaging of a BCC grain with network-like structure.
Diffraction pattern from [011] BCC is given in the inset of (c). () BF and (f) DF images from an FCC grain. Diffraction pattern from [011]

FCCis shown as an inset in (e).

However, the current microstructure in CR700/600
condition is in stark contrast to the pearlite-like nano-
lamellar microstructure observed before. In the previ-
ous report [21], the supersaturated FCC solid solution
was directly annealed at 600°C and it resulted in a
eutectoid-like nano-lamellar microstructure with alter-
nating FCC + L1, and BCC + B2 lamellae. The present
study includes the first-step annealing at 700°C which
results in a reduction of the supersaturation within

the FCC matrix due to B2 precipitation. The equilib-
rium phase fraction and composition of B2 at 700°C,
predicted by ThermoCalc, are 42% and 17Al-27.6Co-
30.9 Fe-24.5Ni (at.%), respectively, as shown in Table
1. However, the experimentally observed B2 phase frac-
tion after 700°C/50 h annealing is ~ 25% based on image
analysis. This could be due to the slower kinetics of B2
growth which results in a higher Al and Ni supersatura-
tion retained within the FCC matrix as compared to the
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Figure 4. STEM-EDS mapping of CR700/600 condition. (a) STEM micrograph of a region with network-like B2 structure. The EDS mapping
was done on the highlighted area. (b) Ni map, (c) Al map, (d) Fe map and (e) Co map.

equilibrium 3.4 at.% Aland 34.5 at.% Ni. Based on a phase
fraction ~25% and an equilibrium composition for the
B2 phase, the expected FCC matrix composition is 6.5A1-
31.2C0-30.1Fe-32.3Nij (at.%). As reported previously, the
decomposition of a supersaturated FCC solid solution
with a nominal composition of Aly3CoFeNi results in a
nano-lamellar (FCC + L1,)/(BCC + B2) microstructure
[21]. However, in case of the two-step CR700/600 condi-
tion, the FCC matrix composition (within the two-phase

FCC + B2 mixture) inherited from the prior anneal-
ing at 700°C/50h, is different from the nominal alloy
composition. Consequently, the phase decomposition
pathway within this retained FCC matrix changes at
600°C, as compared to the global equilibrium condi-
tion when a single FCC matrix decomposes at 600°C.
ThermoCalc computations were employed to predict
the decomposition products of this retained FCC phase,
which are B2 and L1, phases, and their corresponding



Table 1. The equilibrium phase composition and phase fractions
at 700°C for Alg 3CoFeN:i.

Phase composition (at.%)

Phase Al Co Fe Ni Phase fraction
FCC 34 323 29.8 34.5 58%
B2 17.0 276 309 24.5 42%

Table 2. The equilibrium phase composition and phase fractions
at600°C calculated based on the expected FCC phase composition
at 700°C.

Phase composition (at.%)

Phase Normalized onset
Phase Al Co Fe Ni fraction driving force (/RT)
FCC 1.1 37.0 241 37.8 27% -
B2 55 386 421 13.8 45% 0.49
L1, 134 134 16.6 56.6 28% 0.18

onset driving forces, the results are shown in Table 2.
The predicted B2 composition at 600°C is substantially
leaner in Al and Ni content, and richer in Fe and Co
content, as compared to the predicted B2 composition
at 700°C (refer to Table 1). Stabilization of a single B2
phase with such a high Fe and Co content, and low
Al and Ni content is unlikely, and is possibly the rea-
son underlying the further decomposition of the B2
grains into BCC + B2 as observed experimentally (refer
to Figure 3(c, d)). Based on the experimental observa-
tions and the ThermoCalc predictions, a transformation
pathway can be predicted for the partially supersaturated
FCC solid solution retained from the 700°C/50 h anneal-
ing treatment. Thus, when this FCC matrix is annealed
at a lower temperature of 600°C, it starts transforming to
FCC + L1, mixture with nearly equal fractions of both
phases, rejecting Fe and Co. The rejected Fe and Co aids
in the heterogeneous nucleation of new BCC precipi-
tates (different from the pre-existing B2 precipitates from
the 700°C/50h annealing) at FCC grain boundaries or
FCC/B2 interfaces. The growing BCC precipitates fur-
ther internally decompose into Fe- and Co-rich BCC and
Al- and Ni-rich B2 phases. This results in the observed
microstructure consisting of (FCC + L1,) grains together
B2 grains as well as (BCC + B2) grains. The higher driv-
ing force and the higher equilibrium phase fraction of
B2, predicted by ThermoCalc, indicate that BCC + B2
comprises the majority of the microstructure at 600°C.
The predicted phase fraction of ~55% (FCC-+L1,)
and ~45% (BCC + B2) is in reasonable agreement with
the experimentally observed phase fractions of ~45%
(FCC+L1;) and 55% (BCC + B2) obtained from EBSD.
Thus, the phase transformation pathway has been modi-
fied from eutectoid/discontinuous precipitation to a two-
step decomposition process resulting in this complex
hierarchical four-phase microstructure.
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Figure 5. Tensile engineering stress—strain curves of CR700,
CRSA600 and CR700/600 conditions.

The tensile engineering stress—strain curves of the
CR700 and CR700/600 conditions, together with the
CRSA600 condition are shown in Figure 5. The FCC 4 B2
dual-phase microstructure, in case of the CR700 con-
dition, exhibits tensile yield stress of ~ 900 MPa, ulti-
mate tensile stress (UTS) of ~ 1187 MPa and ~26%
ductility. The grain boundary or Hall-Petch strength-
ening from the fine-grained FCC matrix, coupled with
the composite strengthening from B2 grains, results in
a good balance of tensile properties for this condition.
The complex nano-lamellar (FCC+ L1,)/(BCC+ B2)
microstructure reported previously for the CRSA600
condition [21] exhibits yield stress of ~ 1074 MPa
with ~8% tensile ductility. While the higher strength
can be attributed to constriction of dislocation glide
within the ~150nm lamellae, the significant plas-
tic strain could potentially be a result of interlamel-
lar slip as observed in pearlite [22]. The hierarchi-
cal four-phase FCC+ L1, + B2 4+ BCC microstructure
in the CR700/600 condition, consisting of ~ 1 um grains,
exhibits extraordinarily high yield stress ~ 1490 MPa,
UTS ~ 1663 MPaand ~ 12% tensile ductility. This excel-
lent combination of tensile properties can potentially
be attributed to the hierarchical four-phase microstruc-
ture, consisting of three distinct types of grains. These
include FCC-based grains consisting of a nanoscale mix-
ture of FCC and intermetallic L12 phases, single B2
phase intermetallic grains and BCC-based grains con-
taining a mixture of BCC and intermetallic B2 phases.
The improved ductility in the case of CR700/600 as com-
pared to CRSA600 could possibly be attributed to a larger
slip length in the former case [23]. In CRSA600, slip
is essentially confined to ~ 150 nm FCC/BCC lamellae
and slip propagation between lamellae will be deter-
mined by the FCC/BCC orientation relationship and



406 (&) S.DASARIETAL.

the nature of the interfacial coherency. Further, such a
microstructure with coarse lamellar colonies makes it
difficult to activate a large number of independent slip
systems. Unlike this situation, in case of the CR700/600
condition, the microstructure is comprised of randomly
oriented ~1pm FCC-based or BCC-based equiaxed
grains. Therefore, the average slip length is substantially
enhanced in this case as well as the possibility of activat-
ing multiple slip systems due to the random orientation
of the grains. The details of the deformation mecha-
nisms in both these types of microstructures are the
subject of future investigation. Previous reports on clas-
sical eutectic systems, such as Ag—Cu, have also reported
the synergistic increase in strength and ductility when
the microstructure changes from lamellar to equiaxed
[23]. Additionally, it also indicates that the multicompo-
nent nature of intermetallic L1, and B2 phases poten-
tially make them deformable due to a change in their
bonding nature, resulting from their complex site occu-
pancies [20]. However, the deformation behavior of these
complex intermetallics is the subject of future investi-
gations. The coupled approach involving solution ther-
modynamic (ThermoCalc) modeling and experimental
thermo-mechanical processing, discussed in case of the
Al 3CoFeNi CCA/HEA in the present study, led to the
design of a novel four-phase hierarchical multi-scale
microstructure with an excellent combination of tensile
properties.

Conclusions

(1) Using solution thermodynamic modeling (Thermo-
Calc), a novel four-phase microstructure, compris-
ing FCC, L1,, BCC and B2 phases, has been stabi-
lized in the Alg3CoFeNi CCA/HEA.

(2) Guided by the ThermoCalc modeling, the phase
transformation pathways have been engineered
via thermo-mechanical processing in this alloy to
develop a hierarchical four-phase microstructure,
spanning multiple length scales.

(3) The optimized FCC + L1,+BCC + B2 microstruc-
ture in the Alp3CoFeNi CCA/HEA exhibits an
excellent combination of high tensile yield stress

~ 1490 MPa, UTS ~1663MPa and ductility
~12%.
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