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The development of microstructure and mechanical properties was investigated in a heavily cold-rolled and annealed
AlCoCrFeNiy | high-entropy alloy. The as-cast alloy having a eutectic morphology consisting of alternate bands of ordered L1,
and B2 phases was 90% cold-rolled. The deformed microstructure showed profuse shear banding and disordering of the L1,, but
no transformation of the B2 phase. A duplex microstructure consisting of ultrafine equiaxed grains (~ 0.60 pm) of disordered
face centered cubic and B2 was observed after annealing at 800°C. The annealed material showed remarkable strength—ductility

combination having ultimate tensile strength ~ 1.2 GPa and elongation to failure ~ 12%.

Cold-rolled ¥
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Impact Statement: AICoCrFeNij | eutectic HEA with ordered L1, and B2 phases can be thermo-mechanically processed to
achieve ultrafine structure and remarkable strength-ductility properties.

High-entropy alloys (HEAs) are multicomponent alloys
originally based on the novel alloy design approach of
mixing five or more elements in equiatomic or near-
equiatomic proportions.[1] Despite the presence of sev-
eral constituents, the HEAs can show the presence of
single phases with simple structure such as FCC or
BCC, or FCC + BCC.[1] This has been attributed to
the high entropy of mixing of a large number of com-
ponents in equiatomic or near-equiatomic proportions,
which effectively reduces the free energy.[1,2] How-
ever, recent investigations have shown that high entropy
of mixing alone is not sufficient to explain the phase

formation in HEAs. For example, equiatomic HEAs with
the same number of constituents may consist of mul-
tiple phases depending on the constituent elements,[3]
while non-equiatomic alloys can exist as single-phase
solid solution having simple structures,[4] Therefore, the
phase formation in HEAs is guided not only by the num-
ber of components (i.e. configurational entropy), but also
by the type of the constituent elements. The definition
and rules governing the phase formation in HEAs are
matter of great interest and debate at present.[5,6]
Nevertheless, the HEAs have generated consider-
able research attention due to their several attractive
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and intriguing mechanical properties.[4,5,7—15] In order
to further optimize the strength—ductility combination,
multiphase HEAs consisting of ductile and hard phases
have been suggested.[16] The development of non-
equiatomic lamellar eutectic HEAs is a noteworthy
approach in this direction.[16,17] It is envisaged that
thermo-mechanical processing can further enhance the
properties of these alloys,[18] but needs to be clarified in
depth.

In the present work, the effect of heavy cold-
rolling and annealing on microstructure and properties
of EHEA is investigated for the first time. The tar-
get alloy with a nominal composition of AlICoCrFeNi, ;
(elements in atomic ratios) was prepared by arc-melting
a mixture of the constituent elements (purity better than
99.9%) in a Ti-gettered high-purity argon atmosphere.
The melting was repeated at least five times to achieve
a good chemical homogeneity of the alloy. The molten
alloy was suction-cast into a 15mm (width) x 90 mm
(length) x 3 mm (thickness) copper mold. Small pieces
(dimensions: 20mm (length) x 15mm (width)) were
extracted from the as-cast material and subjected to

@FCC ordered-L1,.Z.A. = [011]

Superlattice spots

multi-pass cold-rolling to ~ 90% reduction in thickness
(final thickness ~300um) using a laboratory scale
two-high rolling machine (Fenn, USA) having 140 mm
diameter rolls. Samples for microstructural and tensile
studies were obtained from the cold-rolled sheets and
subsequently annealed at 800°C for 1 hour to obtain
a fully recrystallized microstructure. The microstruc-
tural characterization of the samples at different length
scales was carried out using electron backscatter diffrac-
tion (EBSD) system (Oxford Instruments, UK) mounted
on a scanning electron microscope (Carl-Zeiss, Ger-
many; Model: SUPRA 40) and transmission electron
microscope (TEM) (JEOL 2010) operated at 200 KV.
The samples for EBSD and TEM were prepared using
standard electropolishing techniques (electrolyte: 90%
ethanol + 10% perchloric acid). Tensile tests were car-
ried out at ambient temperature using a floor-mounted
testing machine (Shimadzu, Japan) using an initial strain
rate of 8.3 x 107*s7!,

The typical lamellar morphology of the as-cast alloy
is seen in the large area EBSD phase map (Figure 1(a))
and in greater detail in the bright field TEM micrograph

@ BCC ordered-B2; Z.A. =[001)

Figure 1. (Colour online) (a) EBSD phase map and (b) TEM micrograph of the as-cast alloy of AlICoCrFeNiy | showing the
lamellar structure; (c) and (d) are the SADPs obtained from the L12 phase the region marked by a green circle in (b) and B2 phase
the region marked by a red circle in (b), respectively (Z.A. is abbreviated for zone axis).
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(Figure 1(b)). The presence of weak superlattice spots
(circled) in the TEM-SADPs (selected area diffraction
patterns) (Figure 1(c)—d)), obtained from the two phases
(marked by green and red circles in Figure 1(b)), reveal
ordered FCC (L1,) (Figure 1(c)) and ordered BCC (B2)
(Figure 1(d)) phases. The average thickness of the L1,
and B2 lamellae (highlighted in green and red, respec-
tively, in the phase map in Figure 1(a)) are ~0.57 and
0.20 um, respectively, which agree quite well with those
measured from TEM micrographs (Figure 1(b)). The
volume fractions of the two phases are ~ 65% and 35%,
respectively.

Figure 2(a) shows a typical EBSD band contrast
map of the cold-rolled material. Presence of numerous
shear bands can be easily identified (marked by arrows
in Figure 2(a)), which leads to extensive fragmenta-
tion of the microstructure. Figure 2(b) shows the TEM
micrograph of the 90% cold-rolled alloy obtained from
the rolling plane (ND normal) section. The ring pat-
tern of the SADP (Figure 2(c)) taken from the green
circle position in (b) reveals the evolution of deforma-
tion induced ultrafine-grained (UFG) microstructure and

@ FCC nanocrystalline phase

transformation of the ordered L1, to disordered FCC
during cold-rolling. The presence of weak superlattice
spots in the SADP (Figure 2(d)) taken from the red circle
position in (b) indicates that the B2 phase remains sta-
ble during cold-rolling. The periodical diffraction spots
in Figure 2(d) also shows that the B2 phase is hard and
is not heavily deformed.

The EBSD phase map (Figure 3(a)) and the TEM
micrograph (Figure 3(b)) of the specimen 90% cold-
rolled and annealed at 800°C reveal the development of
an equiaxed duplex microstructure. The equiaxed grains
of the two phases are fully recrystallized and disloca-
tions are rarely observed in Figure 3(b). The SADPs of
the two phases confirm the presence of equiaxed recrys-
tallized grains having disordered FCC (Figure 3(c)) and
ordered B2 (Figure 3(d)) structures. The average grain
diameters of the FCC and B2 phases are quite simi-
lar (~0.60 um), while the volume fractions of the two
phases are ~ 55% and 45%, respectively. The phase map
(Figure 3(a)) and TEM micrograph (Figure 3(b)) show
the presence of profuse annealing twins inside the FCC
grains.

@ BCC ordered-B2; Z.A. =[001)
Superlattice spots

Figure 2. (Colour online) (a) EBSD band contrast map and (b) TEM micrograph (rolling plane) of the 90% cold-rolled material.
The SADPs shown in (c¢) and (d) correspond to the ultrafine-disordered FCC phase (obtained from the region marked by a green
circle in (b)) and B2 phase (obtained from the region marked by a red circle in (b)) phases, respectively.
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Figure 3. (Colour online) (a) EBSD phase map and (b) TEM mi

. (OF) o
= .

2ooy”
FCC Z.A.=[011]

B2 Z.A.=[011)]
Superlattice spots

crograph (rolling plane) of the specimen 90% cold-rolled and

annealed at 800°C. The SADPs shown in (c¢) and (d) correspond to ultrafine-disordered FCC (obtained from the region marked
by a green circle in (b), corresponding to the green grains in (a)) and B2 (obtained from the region marked by a red circle in (b),

corresponding to the red grains in (a)) phases, respectively.
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Figure 4. (Colour online) Engineering stress—strain curves of the AICoCrFeNi, | EHEA in the as-cast, cold-rolled and annealed

conditions. The dimensions of the tensile specimen is shown inset (

The tensile stress—strain curves of the specimens
in the as-cast, cold-rolled and annealed conditions are
shown in Figure 4. The as-cast alloy shows yield strength
(YS) ~620MPa and ultimate tensile strength (UTS)
~ 1050 MPa and elongation to failure (ef) of 17%.
Cold-rolling results in a drastic increase in YS to and
UTS to ~ 1625 MPa and 1800 MPa, respectively, at the
expense of elongation (ef~ 6%). The annealed material

all dimensions in mm).

shows discontinuous yielding but a remarkable strength—
ductility combination, having YS and UTS of 1100 and
1200 MPa, respectively and er ~ 12%.

The starting cast EHEA is having L1, as the
major phase. Although the ordered phases generally
have poor ductility, the L1, phase in the present EHEA
could be heavily cold-rolled up to 90% reduction, lead-
ing to deformation induced ultrafine to nanostructure
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formation. It has been well known that B-doped NizAl
with ordered L1, phase can be extensively cold-rolled
at room temperature, accompanied by profuse shear
band formation [19] and progressive disordering.[19,20]
The successful heavy cold-rolling, high density of shear
bands and disordering of the L1, phase (Figure 2(c))
of the present EHEA show evident similarities with the
deformation behavior of B-doped NizAl.

The development of UFG microstructures after
annealing has been observed in single [21] and mul-
tiphase HEAs.[22,23] This has been attributed to
their sluggish diffusion behavior that suppresses grain
growth.[21] In addition to the sluggish diffusion effect,
the finely fragmented microstructure of the present
EHEA after cold-rolling should provide high density of
potential nucleation sites for recrystallization in the sub-
sequent annealing stage. Furthermore, the growth of one
phase is inhibited by the presence of the other phase, typ-
ically observed in duplex alloys.[24] The change in the
phase fraction observed after annealing is also found in
other duplex alloys as the equilibrium phase fraction is
determined by the annealing temperature.[25] The evo-
lution of recrystallized UFG duplex microstructure in
the EHEA thus appears to be quite consistent with these
findings.

The high strength and ductility of the as-cast EHEA
can be attributed to the fine lamellar microstructure.
The large increase in strength after heavy cold-rolling
at the expense of elongation is consistent with typi-
cal work-hardened metallic materials. It is noteworthy,
however, that the cold-rolled specimen is not brittle but
keeps a total elongation of ~ 6%. Annealing of the cold-
rolled specimen naturally decreases its strength, but the
UFG duplex specimen shows a remarkable balance of
strength and ductility. It should be noted that the yield
and tensile strengths of the annealed specimen are higher
than those of the as-cast specimen, even though the
microstructural dimensions of the UFG duplex material
are slightly coarser than those of the as-cast material.
This is in contrast to FeNiMnAICr alloy having lamellar
microstructure, where strength after annealing is lower
than the as-cast alloy due to structural coarsening.[23]
The increase in strength after annealing as compared
to the as-cast material is likely due to the increased
fraction of the harder B2 phase [23] and equiaxed mor-
phology of the UFG structure. The YS of this alloy
in the annealed condition (~ 1100 MPa) is evidently
much higher than other cold-rolled and annealed lamel-
lar alloys such as FeNiMnAICr (~ 600 MPa) [23] and
Aly5CrCuFeNi; (~ 950 MPa).[18] The other interesting
feature of the annealed UFG EHEA, that is, discontinu-
ous yielding has been reported in various kinds of UFG
materials,[26-29] although the mechanism is yet to be
clarified fully.

The present results show that the UFG duplex
microstructure can be successfully processed by heavy

cold-rolling and annealing to tailor the mechanical prop-
erties of an AlCoCrFeNi;; HEA showing a eutectic
lamellar structure in the as-cast condition. It is envisaged
that the present outcome should motivate the future stud-
ies on mechanical property improvement in other HEAs
with ordered phases.
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