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In this study, a new Alp9CoFeNi, eutectic high entropy alloy (EHEA) was designed, and the microstruc-
tures as well as the deformation behavior were investigated. The bulk cast Alp9CoFeNi, EHEA exhibited
an order face-centered cubic FCC (L1, ) and an order body-centered cubic (B2) dual-phase lamellar eutec-
tic microstructure. The volume fractions of FCC (L1,) and B2 phases are measured to be 60 % and 40 %,
respectively. The combination of the soft and ductile FCC (L1,) phase together with the hard B2 phase
resulted in superior strength of 1005 MPa and ductility as high as 6.2 % in tension at room temperature.

gﬁ{:vczirg;gh_emmpy alloy The AlpoCoFeNi, EHEA exhibited obvious three-stage work hardening characteristics and high work-
Microstructure hardening ability. The evolving dislocation substructures during uniaxial tensile deformation found that

planar slip dominates in both FCC (L1,) and B2 phases, and the FCC (L1,) phase is easier to deform than
the B2 phase. The post-deformation transmission electron microscopy revealed that the sub-structural
evolution of the FCC (L1;) phase is from planar dislocations to bending dislocations, high-density dislo-
cations, dislocation network, and then to dislocation walls, and Taylor lattices, while the sub-structural
evolution of the B2 phase is from a very small number of short dislocations to a number of planar dis-
locations. Moreover, obvious ductile fracture in the FCC (L1,) phase and a brittle-like fracture in the B2
phase were observed on the fracture surface of the Alp9CoFeNi, EHEA. The research results provide some

insight into the microstructure-property relationship.
© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

Mechanical properties
Deformation behavior

1. Introduction

Recently, high entropy alloys (HEAs) [1,2] as a new class of mul-
ticomponent metallic materials have received extensive attention
due to their attractive properties [3-8]. Although HEAs contain
multiple principal elements (at least four elements), they fre-
quently form a simple structure, such as face-centered-cubic (FCC),
body-centered-cubic (BCC), and hexagonal-close-packed (HCP)
solid-solution structures, or their ordered derivatives. Usually,
single-phased FCC structured HEAs are ductile but not strong
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enough. Single-phased BCC structured HEAs, on the other hand,
can be very strong but at the price of brittleness. Alloys with poor
ductility or strength are not suitable for industrial applications.
Moreover, the simple structure HEAs usually have the poor casta-
bility and compositional segregation, which further reduces their
mechanical properties. In order to improve the liquidity and casta-
bility and overcome the strength-ductility trade-off, eutectic HEAs
(EHEAs) were proposed and produced by Lu et al. via the eutectic
alloy concept [9].

After the concept of EHEA was proposed, many EHEAs compo-
nents have been found [ 10-24], e.g., AICoCrFeNi, 1, CoCrFeNiNbg 45,
CoCrFeNiTag4, CoCrFeNiZrgss, CoCrFeNiHfp4, CoCrFeNiyNbg 74,
CoCrFeNiyTaggs, CoCrFeNiyZrgg, CoCrFeNiyHfyss, AlCrFeNiy,
Ni30C030Cr10Fe10A118W2, Alo_7CoCrFeNi, A]COCI‘FezNiz,
F920C020Ni41A119, and Nb255C25Ti25Zl‘25. Some EHEAs dlsplayed
surprisingly high strengths, occasionally in combination with
the high ductility and good thermal stability. For example, the
AlCoCrFeNi, ; EHEA exhibits good mechanical properties at both

1005-0302/© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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Table 1

Compositions of the as-cast AlpoCoFeNi, alloy by EDS (at.%).
Regions Al Co Fe Ni
FCC 15.29 23.23 23.38 38.1
BCC 27.73 16.53 15.37 40.37

room and elevated temperatures up to 700 °C [9,25]. The tensile
fracture stress and elongation at room temperature were 944 MPa
and 25.6 %, where tensile fracture stress and elongation at 700 °C
were 538 MPa, 22.9 %, respectively. A bulk CoCrFeNiNbg 45 EHEA
showed the outstanding thermal stability and high temperature
softening resistance up to 1100 °C [26]. Up to now, the composi-
tion design, microstructures, and mechanical properties of EHEAs
have been attracting much attention. However, the deformation
mechanisms of EHEAs were not fully studied.

In the present study, a new FCC (L1,) + B2 two-phase EHEA with
excellent mechanical properties was designed. The deformation
behavior of the EHEA was investigated by a series of interrupted
tests at varying strains during uniaxial tensile tests. Moreover,
the sub-structural evolution of both the FCC (L1, ) and ordered B2
phases was investigated in this article.

2. Experiment procedures

A bulk AlpgCoFeNi, EHEA was designed and produced using
high-purity raw materials [Al, Co, Fe, Ni > 99.5 wt%] by a medium-
frequency induction melting furnace under the Ar-atmosphere.
Bulk Alp gCoFeNij, alloy ingots (about 2.5 kg) with a tapered cylinder
with a height of 150 mm, top diameter of 55 mm, and bottom diam-
eter of 48 mm were obtained. Some tensile tests were performed up
to failure using an 810 Material Test System (MTS, Cary, NC, USA) at
a strain rate of 10-3 s°1, while others were interrupted at predeter-
mined strains to characterize the sub-structural evolution of both
the FCC and BCC phases at different strain levels. The tensile sam-
ples have a gauge dimension of 8 mm x 40 mm. The crystalline
structure was identified by the X-ray diffraction (XRD, Ettlingen,
Germany) using a Bruker D8 diffractometer with the CuK, radi-
ation scanning from 20° to 100° at a scanning speed of 4°/min.
The microstructures of the samples were characterized by elec-
tron back-scattered diffraction (EBSD) and the Philips Tecnai G2
transmission electron microscopy (TEM, Amsterdam, Netherlands).
The distributions of chemical compositions of the specimens were
examined by Zeiss supra55 scanning electron microscope (SEM,
Oberkochen, Germany) equipped with an attached X-ray energy
dispersive spectrometer (EDS).

3. Results
3.1. Microstructure

Fig. 1(a) shows the XRD pattern of the bulk Aly gCoFeNi, EHEA.
An ordered FCC (L1;) and ordered BCC (B2) dual-phase structure
can be found, which is identical to the Cr-containing AlCoCrFeNi; ;
EHEA, indicating that the Cr element in the alloy has no effect on
the crystal structure. The microstructures of the Aly gCoFeNi; EHEA
are confirmed by the EBSD phase mapping and TEM-SAED (select
area electron-beam diffraction) patterns, and the results are given
in Fig. 1(b-e), respectively. From Fig. 1(b), the Alyg9CoFeNi, EHEA
exhibits a full eutectic cell morphology. The eutectic cell consisted
of a flat structure in the center surrounding by a regular FCC (L1;)
and ordered B2 two-phase lamellar structure with a width of 1-2
pm. Moreover, the ordered FCC phase was enriched with Fe and
Co elements, while the order BCC phase was enriched with Al and
Ni elements based on the SEM-EDS measurements (as shown in
Table 1). The volume fractions of FCC (L1;,) and B2 phases were

about 60 % and 40 %, respectively. Fig. 1(c-e) shows the TEM micro-
graph and the SAED patterns of the as-cast alloy. The alloy was
composed of an ordered FCC (denoted by A) and ordered BCC (B2)
(denoted by B), which are consistent with the XRD results.

3.2. Mechanical properties

Engineering tensile stress-strain curves of the AlygCoFeNi,
EHEA are presented in Fig. 2(a). It can be found that the alloy had a
high yield strength (oy) of 559 MPa, high ultimate tensile strength
(ours) of 1005 MPa, and large room-temperature tensile plasticity
of 6.2 %. The alloy showed a superb work-hardening ability (oyrs -
oy =446 MPa), which is an effective delay of necking (and failure)
and vital for reliability in engineering applications. Therefore, the
superb work-hardening capacity accounts for the large ductility.
Moreover, the true stress and strain hardening rate (do/de) against
true strain curves are given in the Fig. 2(b). From the (do/d¢)-¢
curve, it can be found that the (do/de) first dramatic drop in the
range 0—0.009 (stage I), and then slightly decreases in the wide
strain range 0.009-0.058 (stage II), finally, sharply falls until ten-
sile failure over the strain of 0.058 (stage III). A similar three-stage
work hardening described above is observed both in some HEAs
[24,27] and steels [28].

In order to understand the excellent mechanical properties of
the AlggCoFeNi, EHEA, the fracture surface was observed by SEM
(as shown in Fig. 2(c) and (d)). From Fig. 2(c), the fracture surface is
mainly composed of the ductility tear edge and elongated groove
microstructure, which is similar to the AlCoCrFeNi, ; EHEA [25]. By
connecting the FCC (L1,) and ordered BCC (B2) composite struc-
ture in the AlggCoFeNi, EHEA, the formation mechanism of these
trench-like microstructures can be concluded as follows. During the
tensile deformation, the soft FCC phase is stretched, which leads to
the FCC (L1,) phase becoming thinner and the edge protruding.
Meanwhile, the hard B2 phase with bare deformation was sepa-
rated from the soft FCC (L1;) phase at the bottom of the groove,
which leads to the formation of this slender groove structure. It is
suggested that the elongated groove microstructure making much
energy was absorbed during ductile failure, which plays significant
roles on the fracture toughness.

In order to further analyze the fracture model of the alloy, the
high magnification SEM image of the fracture surfaces is shown in
Fig. 2(d). There are some small holes on the fracture surface (marked
withred arrows). Some of the holes were produced during the cast-
ing process of the alloy. The others were caused by the plasticity
mismatch between the FCC(L1,)and B2 phases in the alloy. In these
critical interfaces, voids prefer to nucleate, accumulate and then
grow into micro-cracks. Several micro-cracks found in the present
EHEA should be classified as follows. One was the crack nucleated
at the end of the B2 phase and then propagated (marked with red
solid lines), in a certain direction. This trend is similar to the frac-
ture mechanism of the B2 phase in the AlICoCrFeNi,; EHEA [29].
Another was the crack nucleated at the boundaries of FCC (L1,)
and B2 phases and then propagated (marked with a red box) in the
direction of 45°. The B2 phase was broken into several parts by the
crack resulting in an early shear fracture of the B2 phase. With the
increase of the strain, the deformation inconsistency of FCC (L15)
and B2 phases increased, resulting in the two-phase separation at
the phase interface. Thus, the cracks at the FCC (L1,) and B2 phase
boundaries will lead to an ultimate fracture. Moreover, the river
pattern appears in the B2 phase (shown in the blue circle), which
indicates that the fracture mechanism of the B2 phase is of a brit-
tle type. In summary, the coupling growth of soft FCC and hard B2
phases contributed to the excellent mechanical properties of the
Alo_9C0FeNi2 EHEA.
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Fig. 2. (a) Tensile stress-strain curve of the Alypg9CoFeNi, EHEA, (b) true stress and strain hardening rate (do/de) against true strain curves of the AlpgCoFeNi, EHEA and (c)
low and (d) high magnification SEM images of the tensile fracture surface of the Aly9CoFeNi, EHEA at room temperature.
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Fig. 3. TEM micrographs of the AlpgCoFeNi, alloy at a strain of 0.6 % during tensile deformation: (a) dislocation pileup and (b) dislocations configurations in the FCC (L15,)

phase.
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Fig. 4. TEM micrographs of the Alp9CoFeNi, alloy at a strain of 1.5 % during tensile deformation: (a) dislocations configurations in the FCC (L1;) phase; (b) slip band; (c)

dislocation pileup; (d) intersecting dislocation; (e) dislocation networks.

3.3. The sub-structural evolution during tensile deformation

The dynamic evolution of deformation substructures at different
strains with TEM (Figs. 3-5) were carefully investigated to decipher
the deformation characteristics of FCC (L1,) and B2 phases in the
Alg gCoFeNi, EHEA. At an initial deformation of 0.6 %, a number of

dislocations occur in the soft FCC (L1, ) phase, while no obvious dis-
locations are observed in the hard/brittle B2 phase (see Fig. 3(a)).
This feature indicated that dislocation movement is more active
in the FCC (L1;) phase than that in the B2 phase. As presented in
Fig. 3(b), the FCC (L1, ) phase exhibited obvious planar deformation
characteristics, such as the dislocation planar slip and dislocation
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Fig. 5. TEM micrographs of the AlpgCoFeNi, alloy after tensile fracture: (a) dislocations configurations in the FCC (L1, ) phase; (b) dislocations configurations in the B2 phase.

outcrop (marked with a red circle). Furthermore, stacking dislo-
cations are also seen along the interface of FCC (L1,)/B2 phases,
which is due to the large internal stress caused by the lattice mis-
match between FCC (L1,) and B2 phases. In order to release this
internal stress, dislocations pile up at the interface. The block-up
of dislocations at the FCC (L1,)/B2 phase boundaries provides the
EHEA with the high yield strength. It can be seen that in the ini-
tial deformation stage, dislocation slip fist occurs in the soft FCC
(L1;,) phase, indicating that the dislocation planar slip in the FCC
(L1,) phase contributed to the deformation of the early stage of the
AlggCoFeNi, EHEA.

As the deformation amount increases to ~1.5 %, still no obvious
dislocation are observed in the hard/brittle B2 phase, while the dis-
locations density is significantly increased in the FCC (L1,) phase
(shown in Fig. 4(a)). Meanwhile, some planar dislocation config-
urations, for instance, dislocation slip band (shown in Fig. 4(b)),
dislocation build-up (presented in Fig. 4(c)), dislocation intersec-
tion (exhibited in Fig. 4(d)) dislocation networks (represented in
Fig. 4(e)) are observed in the FCC (L1, ) phase. These configurations
appear only when two or more coplanar slip systems act in one
grain and are usually found in some low-SFE FCC metals, indicating
that the cross slip is quite difficult [28,30]. With the increase of the
plastic strain, the dislocation in FCC phase is hardened and the dislo-
cation gradually accumulates. Hence, it is necessary for the greater
stress to promote the dislocation to continue to move. In order to
adapt to the increase of the stress, the following two phenomena
may occur in the FCC phase, one is to cause a more slip system to
start, and the other is that the deformation of the alloy extends to
other regions, which leads to the formation of slip bands. It is illus-
trated that the above complex dislocation morphology appears in
the FCC (L1,) phase is beneficial to adapt to the increase of the
stress.

With the further deformation to fracture for the AlggCoFeNi;
EHEA, a fast dislocation multiplication takes place in both FCC (L1;)
and B2 phases. The density of dislocations is higher in the FCC (L1;)
phase than in the B2 phase at this deformation level. As shown
in Fig. 5(a), the FCC (L1;) phase exhibits a dense dislocation net-
work arrangement formed by typical Taylor lattices, in which the
parallel dislocation configuration is called the dislocation wall. The
formation of high dense dislocation walls is mainly attributed to the
increasing stress concentration, thus improving the tensile strength
of the Alg gCoFeNi; EHEA. Moreover, the interaction of different slip
systems in the dislocation wall also improves the strain hardening
ability, delays the occurrence of necking, and increases the plastic-
ity of the AlygCoFeNi, EHEA. At the same time, grain boundaries

are known to constitute strong obstacles to the dislocation motion,
resulting in the formation of dislocation pile-ups (denoted by the
arrow in Fig. 5(a)). With the increase of deformation, the dislocation
density at the two FCC (L1,) and B2 phases boundaries increases,
resulting in the increased internal stress. When the internal stress
reaches the yield strength of the B2 phase, the B2 phase will begin
to experience plastic deformation. Thus, the straight and parallel
dislocation morphology can be seen in the B2 phase at this defor-
mation level, as shown in Fig. 5(b). Moreover, it can also be seen
that the dislocation s transferred from the interface to the B2 phase,
and the stress concentration of FCC (L1, )/B2 boundaries is released,
which makes the alloy experience larger strain. In general, when
the deformation reaches fracture, dislocation slip occurred in both
FCC (L1;) and B2 phases, which contributed to the strength and
plasticity of the AlygCoFeNi, EHEA.

With increasing the amount of deformation, the main sequence
of the sub-structural evolution could be summarized as follows. In
the FCC (L1;) phase, the dislocation changes from planar disloca-
tions to bending dislocation, high-density dislocations, dislocation
networks, then to dislocation walls and Taylor lattices. In the B2
phase, the evolution of dislocation is from a very small number of
short dislocations to a number of planar dislocations.

For the AlpgCoFeNi, EHEA, the three-stage work hardening
characteristics can be explained by the sub-structural evolution
during tensile deformation. In stage I, there existed a deformation
delay in the B2 phase, while the FCC (L1,) phase controlled the
deformation of the alloy. And obvious planar deformation charac-
teristics is observed in the FCC (L1, ) phase. In stage II, the larger
deformation occurred in the FCC (L1, ) phase, resulting the signifi-
cantly increase of dislocations density and formation of different
dislocation configurations, such as dislocation slip band, dislo-
cation build-up, dislocation intersection, dislocation networks.
The formed above complex dislocation configurations in the FCC
(L1,) phase required higher stress to move further. Moreover, the
increased dislocations density indicated the FCC (L1, ) phase under-
went a work hardening process at this deformation stage, and then
causing the increase in the work hardening rate. In a word, in the
stage I and II, the continuously reduced work-hardening rate is due
to dislocation-control of plastic deformation processes.

In stage Ill, straight and parallel dislocation dominates the defor-
mation in the B2 phase, while Taylor lattice and dislocation wall
appeared in the FCC (L1,) phase. The high density dislocation
network is difficult to adapt to further strain. Thus, deformation
inconsistency of FCC (L1,) and B2 phases increased, leading to the
micro-cracks form along two-phase boundaries, and then propa-
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gated resulting in the ultimate fracture. Thus the sharply falls of
the work hardening rate could be attributed to the serious strain
localization.

4. Conclusions

In the present study, the bulk cast AlggCoFeNi, EHEA exhibit-
ing high strength/ductility was designed and prepared, and the
corresponding evolving dislocation substructures as well as the
deformation behavior were investigated. The following conclusions
can be drawn.

(1) The as-cast bulk AlygCoFeNi, HEA exhibits a characteristic of
the full eutectic cell morphology, where a flat structure appears
in the eutectic cell center surrounding by a regular lamellar
structure. Furthermore, the two lamellar eutectic phases belong
to FCC (L1,) and B2 structures, respectively. The width of the
FCC (L1;) and B2 eutectic lamellae is 1-2 pm, and the volume
fractions of FCC (L1,) and B2 phases are measured as 60 % and
40 %, respectively.

(2) The as-cast AlggCoFeNi, EHEA exhibits the superior strength of
1005 MPa and ductility as high as 6.2 % in tension at room tem-
perature. The excellent mechanical properties originated from
the coupling effect between the ductile FCC (L1,) and brittle B2
phases during tensile deformation.

(3) The Alg gCoFeNi; EHEA exhibits obvious three-stage work hard-
ening characteristics. In stage I and II, the continuously decrease
in work-hardening rate is mainly attributed to the dislocation-
control of plastic deformation in the FCC (L1, ) phase. In stage III,
the sharply falls of the work hardening rate could be attributed
to the serious strain localization in the FCC (L1, ) and B2 phases.

(4) The analyses of deformation substructures at different strains
revealed that planar slips dominates in both FCC (L1;) and
B2 phases, and the FCC (L1;,) phase is easier to deform. The
sub-structural evolution of the FCC (L1;) phase is from planare
dislocations to bending dislocations, high-density dislocations,
dislocation networks, then to dislocation walls, and Taylor lat-
tices. The sub-structural evolution of the B2 phase is from a
very small number of short dislocations to a number of planar
dislocations. The formation of these substructures in both FCC
(L1,) and B2 phases contributed to the high strength and larger
plasticity of the AlygCoFeNi, eutectic high entropy alloy.
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