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High-entropy alloys (HEAs) have displayed numerous unique features, however, high strength and high
ductility are still the urgently desired mechanical property. The current study reports an outstanding
combination of high strength and excellent ductility achieved in a eutectic high-entropy alloy (EHEA)
AlCoCrFeNi, ;. The great achievement relays on a dual-phase heterogeneous structure strengthened with
nano-precipitates. The heterogeneous structure provides the alloy a good combination of strength and
ductility, and nano-precipitates in both of the face-centered cubic (FCC) and B2 phases generate an extra
significant contribution to strength.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Since proposed in 2004, the high-entropy alloys (HEAs) have
received considerable interest for their unique properties, such
as outstanding fracture resistance, superior irradiation resistance,
and so on [1-3]. For manufacturing and load-bearing applications
as structural materials, high strength accompanied with enough
ductility is an important goal of the research of HEAs. At the
early stage of HEAs research multiphase structure and intermetal-
lic phase were deemed to be harmful to the mechanical prop-
erty of the material, thereby being excluded in HEAs design [4,5].
As a result, the most studied HEAs systems exhibit single solid
solution structure, such as face-centered-cubic (FCC) and body-
centered-cubic (BCC) [2,6-8]. However, HEAs with single solid so-
lution phase are often insufficient strong or too brittle to meet the
engineering structural application [7,9].

Heterogeneous materials with widely distributed domains pos-
sessing dramatic difference in strength, such as gradient structure
[10,11], heterogeneous lamella/layer structure [12,13], dual-phase
steel [14], bimodal structure [15], etc., could achieve superior com-
binations of strength and ductility [16]. Recently, a number of stud-
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ies reveled that multiphase HEAs consisting soft and hard phases
showed significant enhancement in structural properties [17-19].
So the heterogeneous structure strengthening mechanism in tradi-
tional metallic material are proved to be suitable in the HEAs [20].
Among the multiphase HEAs, the EHEA AlCoCrFeNi,; exhibiting al-
ternating soft FCC and hard B2 lamellar is the most studied [21-
23]. Moreover, the mechanical property of the EHEA can be further
optimized by tailoring different heterogeneous structures through
thermo-mechanical treatments [21-23].

Besides architecting heterogeneous microstructure [13,16,21-
24|, introducing coherent nanoprecipitate is also an effective
method to strengthen the material meanwhile maintain enough
ductility [25,26]. Previous composition analysis of the FCC/B2 dual-
phase EHEA AlCoCrFeNi,; showed that the FCC phase exhibited
a composition of A16~43C021.14C1'24.36F624~15Ni23‘g3, which is about
equal to Alg3CoCrFeNi [27]. Moreover, ordered L1, precipitates
have been reported to be stable in an Aly3CoCrFeNi FCC HEA be-
tween 550 °C to 700 °C [28]. Also, Wani et al. reported that a Cr-
enriched phase is supposed to precipitate in the B2 phase under
800 °C [29]. According to the above researches, we can propose
that different precipitates can be introduced into the FCC phase
and the B2 phase, respectively.

In this work, nanoprecipitates are introduced into the EHEA
with a heterogeneous structure through thermo-mechanical treat-
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Fig. 1. EBSD maps showing typical microstructures of the AlCoCrFeNi,; EHEA at different conditions: (a) AC; (b) CR-R; (c) CR-R-A.

ment. A synergetic enhancement of strength and ductility can be
achieved in the EHEA AlCoCrFeNi, .

EHEA with nominal composition AlCoCrFeNi,; was prepared by
repetitive arc melting with high purity constituent elements (bet-
ter than 99.95%, wt. %) and solidified in a water-cooled copper
mold (sample at this condition referred to as AC). The alloy was
cold rolled with a thickness reduction of ~70%, and then annealed
at 1000 °C for 1 h, followed by water quenching (sample at this
condition referred to as CR-R). Aging treatment were conducted
at 600 °C for 50 h on the CR-R samples. The samples were vac-
uum encapsulated in quartz tubes to avoid oxidation and water
quenched (sample after aging treatment referred to as CR-R-A).
Electron backscatter diffraction (EBSD) characterization was con-
ducted in a Zeiss Supra 35 scanning electron microscope (SEM).
The EBSD datum were analyzed with the OIM Analysis software.
Transmission electron microscopy (TEM) analysis was performed
using the a Tecnai G2 F30 equipped with energy-dispersive spec-
troscopy (EDS) and an aberration corrected Titan G2 60-300. A
Tytron 250 microforce testing system (MTS) was used for uniax-
ial tensile tests at room temperature with a normal strain rate of
5 x 1073 s~1. A contactless MTS LX300 laser extensometer was
used to calibrate and measure the sample strain upon loading. The
gauge section of the dog bone-shaped specimen was 5 mm x 1.5
mm x 0.5 mm.

EBSD phase maps in Fig. 1 show typical microstructures in
the AC, CR-R, and CR-R-A samples. As shown in Fig. 1(a), the
microstructure of the AC sample exhibits an alternating FCC/B2
lamellar morphology, which is consistent with previous work [18].
The CR-R and CR-R-A samples show similar dual-phase recrystal-
lized heterogeneous structures at the submicron scale as shown in
Fig. 1(b) and (c). The heterogeneous structure is characterized with
inheriting alternating FCC/B2 lamellae (slightly thickened) embed-
ded with recrystallized grains. In the CR-R sample the average in-
terlamellar grain sizes of the FCC and B2 phases are 0.66 + 0.15
pum and 0.73 + 0.12 pm, respectively. Interestingly, the recrys-
tallized dual-phase heterogeneous structure exhibits extraordinary
thermal stability. Even after aged at 600 °C for 50 h, the dimen-
sions of the interlamellar grains inside the FCC and B2 phases al-
most remain unchanged. The interlamellar grain sizes exhibiting
0.66 + 0.19 um and 0.81 + 0.14 um for the FCC phase and B2
phase, respectively. Also, volume ratio of the FCC phase to the B2
phase in both the CR-R and CR-R-A samples is about 1:1. Detailed
microstructures of the AC, CR-R, and CR-R-A samples are shown in
Suppl. Fig. S1 (Supplementary Material). The CR-R and CR-R-A sam-
ples exhibit similar low dislocation densities with the AC sample,
owing to the fully recrystallization after annealing for 1 h at 1000
°C, which is ~ 0.8 Ty (T = ~1350 °C [30]).

Fig. 2(a) is a typical scanning transmission election microscopy
(STEM) image, showing the heterogeneous structure clearly in the
CR-R sample. Selected-area electron diffraction (SAED) patterns in
Fig. 2(a) indicate the constituent phases are disordered FCC and B2.

Table 1
Tensile properties of the EHEA AlCoCrFeNis;.
Conditions Yield Ultimate Elongation-
strength strength to-fracture
(MPa) (MPa) (%)
AC 646.4 1088.4 17.2
CR-R 7323 1147.7 24.6
CR-R-A 1008.8 1475.6 19.2

The EDS mapping in Fig. 2(b) demonstrates that the FCC phase are
enriched with Co, Cr, and Fe, and the B2 phase are enriched with
Al and Ni. No Cr-enriched cluster can be seen in the magnified EDS
mapping of the B2 phase in Fig. 2(c).

After 50 h aging treatment at 600 °C, additional superlattice
spots, which can be indexed as L1, ordering, present at the FCC
SAED pattern in Fig. 3(a). Fig. 3(b) is a representative dark-field
image showing the uniformly-distributed spherical L1, nanopre-
cipitate with an average radius of 3.36 + 114 nm in the FCC
phase. Fig. 3(c) displays a bright-field image of the B2 phase show-
ing spherical nanoprecipitates with an average radius of 6.56 +
1.83 nm uniformly distributed there. The inserted high-resolution
scanning transmission electron microscopy (HR-STEM) images in
Fig. 3(b) and (c) prove that the nanoprecipitates in the B2 phase
exhibit a simple BCC structure, and more importantly the L1, and
BCC nanoprecipitates are both highly coherent with their matrix.
As shown in Fig. 3(d), the element distributions of the CR-R-A sam-
ple are similar with the CR-R sample, demonstrating that the FCC
phase still enriches with Co, Cr, Fe, and the B2 phase still enriches
with Al and Ni. While, high magnification EDS mapping images of
the FCC and B2 phase in Fig. 3(e) and (f) exhibit element segre-
gation between the L1, precipitates and its FCC matrix, as well as
the BCC precipitates and its B2 matrix. Elements Al and Ni tend to
segregate into the L1, precipitates in the FCC phase, and element
Cr tends to segregate into the BCC precipitates in the B2 phase.
Also, based on statistical analysis on several EDS mapping results,
the volume fractions of the L1, precipitates in the FCC phase and
the BCC precipitates in the B2 phase are measured to be ~25.39%
and ~17.93%, respectively.

Fig. 4 shows the engineering stress-strain curves of the EHEA
AlCoCrFeNiy; at different conditions, and the results are sum-
marized in Table 1. The yield strength, ultimate strength and
elongation-to-fracture of the AC sample are 646.4 MPa, 1088.4
MPa and 17.2%. After recrystallization annealing, the CR-R sample
present simultaneous enhancement in strength and ductility, with
a yield strength of 732.3 MPa, an ultimate strength of 1147.7 MPa,
combined with an elongation-to-fracture of 24.6%. The aging treat-
ments result in striking enhancements in the strength and accept-
able sacrifice of ductility. The CR-R-A sample displays the high-
est yield strength (1008.8 MPa) and the highest ultimate tensile
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Fig. 2. (a) Typical STEM morphology of the CR-R sample and the corresponding SAED patterns of each constituent phase. (b) EDS mapping of the region marked with an

orange square in (a). (c) Magnified STEM image and EDS mapping of the B2 phase.
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Fig. 3. (a) Typical STEM morphology of the CR-R-A EHEA AlCoCrFeNi,; and the corresponding SAED patterns of each constituent phase. (b) A dark-field image showing
the evenly-distributed nanoprecipitate L1, phase in the FCC phase, and a HRSTEM image of the nanosized L1, particle in the FCC phase inserted at the left bottom. (c) A
bright-field image of the uniformly-distributed nanoprecipitates in the B2 phase, and a HRSTEM image inserted at the left bottom showing the nanoprecipitate with a BCC
structure. (d) EDS mapping of the region marked with an orange square in (a). (e) and (f) are high magnification STEM images and EDS mapping images of the FCC phase

and B2 phase, respectively.

strength (1475.6 MPa), and a surprisingly enhanced elongation-to-
fracture of 19.2% compared with the AC sample.

The AC sample can achieve a good combination of high strength
and good ductility for its typical heterogenous structure charac-
terized with alternating soft FCC and hard B2 lamellae structure.
Similar to heterogeneous structure in singe phase alloy, the soft
FCC phase will start plastic deformation first, yet be constrained by

the surrounding hard B2 phase during tensile deformation [13,31].
Thus, dislocations in the soft FCC phase pile up at the interface,
resulting in a long-range back stress [16]. The back stress can
strengthen the FCC phase strongly until the surrounding hard B2
phase starts to yield [13,32], resulting in the high yield strength
in the AC sample. After both the FCC and B2 phases yielding, the
soft FCC phase will carry a larger plastic strain than the hard B2
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Fig. 4. Engineering stress-strain curves of the EHEA AlCoCrFeNi,;.

phase, creating strain gradient nearby the FCC/B2 phase. The strain
gradient nearby the interface will increase continuously with in-
creasing strain partitioning, producing significant back-stress work
hardening [13,16,32,33], which help the AC sample to achieve a
high ultimate strength and good ductility. As for the CR-R sam-
ple, it inherited the alternating FCC/B2 lamellar structure from the
AC sample, and achieved full recrystallization inside each lamella
during the recrystallization annealing, which generated additional
grain boundaries in each lamella. From Fig. 1, we can see obvi-
ous eutectic lamella coarsening occurred during the cold rolling
and subsequent recrystallization annealing. In metallic materials,
the strength significantly depends on the length scale of the char-
acteristic microstructure, such as grain size, lamellar thickness, and
so on [34,35]. The grain boundary and phase boundary are strong
barriers to the motion of dislocation. The decreasing of the length
scale of the characteristic microstructure results in a reduction in
dislocation mean-free path, which further leads to the increase
in strength [35,36]. Thus, the coarsening of the eutectic lamellae
will result in a reduction in strength. On the contrary, the addi-
tional generated grain boundaries in each phase inducing a refine-
ment of the interlamellar grain size are supposed to strengthen
the material. It seems that the increment of grain boundary den-
sity prevails the coarsening of the lamellar structure and causes
a slight enhancement of strength in the CR-R sample. In addition,
the higher density grain boundaries in the CR-R sample could pro-
vide more room to storage dislocations, which help to improve the
work hardening capacity of the material. Eventually, the CR-R sam-
ple exhibits a reinforced ultimate strength as well as an enhanced
ductility compared with the AC sample.

From the above EBSD and TEM results, the microstructure char-
acteristics, such as morphology, phase constituent, phase volume
fraction, grain size, and dislocation density of the CR-R and the CR-
R-A samples are practically identical at the submicron scale. The
only difference presenting at nanoscale is the presence or absence
of nanoprecipitates in the FCC and B2 phases. Thus, it can be in-
ferred that the differences of the mechanical properties between
the CR-R and the CR-R-A samples mainly originate from the nano-
precipitates. It is clearly demonstrated that the nanoprecipitates in
the L1, and B2 phase result in a strong precipitation strengthening
effect and a slight sacrifice of ductility.

The contribution from the precipitate strengthening to the yield
strength can be approximately estimated as follows. As shown in
Fig. 3, both the FCC and the B2 phase are full of nanoprecipitates
and these nanoprecipitates are expected to produce strengthening.
The enhancement of strength resulted from the nanoprecipitates

can be estimated by the rule of mixture [26]:
os = fiAos1 + fA0s (M

where o is the overall strength resulting from precipitation
strengthening; f; and f, are the volume fractions of the FCC and
B2 phases with the same value 0.5; Ao is the strength contri-
bution of the L1, precipitate to the FCC phase; and Aocs, is the
strength contribution of the BCC precipitate to the B2 phase.

It is well accepted that precipitate can strengthen alloys ei-
ther through a dislocation Orowan mechanism or particle shearing
mechanism [37]. Both the L1, and BCC precipitates are coherent
with their matrices. For coherent precipitate, the operative mech-
anism can be determined as the one leading to a smaller strength
increment [37,38].

When precipitates are bypassed by the dislocations, the yield
strength increment caused by Orowan mechanism (Ao ony) is given
as [37]:

0.4Gb In(2ry/b) 2)

vl —-v )\p

where M is the Taylor factor (3.06 for the FCC matrix [39], 2.8 for
the B2 matrix [40]); G is the shear modulus of the matrix (76.9 GPa
for the FCC matrix [41], 80 GPa for the B2 matrix [40]); b is the
magnitude of Burgers vector (0.254 nm for the FCC matrix, 0.498
nm for the B2 matrix); v is the Poisson ratio, 0.25; rp, is the mean
radius of circular cross-section in a random plane for spherical pre-
cipitate, rn = (2/3)%°r [42], where r is the mean radius of the pre-
cipitates; Ap is the inter-precipitate spacing, Ap = 2rm (/7 /4f — 1)
[43], where f is the volume fraction of precipitate in its matrix.

For coherent precipitate sheared by dislocations, the increase
in yield strength mainly results from three contributing factors:
(1) coherency hardening Aocs; (2) modulus hardening Ao ys;
(3) order hardening Ao s [44,45]. The coherency hardening Ao s
and modulus hardening Ao s occur before the dislocation shears
the precipitate and the order hardening Ao s takes place during
shearing. The total strength increment from shearing of the precip-
itates is the larger one between Ao s + Ao ys and Ao s [45-47].
When calculating the contribution of precipitates to yield strength
with particle shearing mechanism, as the L1, precipitate is a su-
perlattice, all the three contributing factors should be considered,
while for the disordered BCC precipitate, only the Ao s and Ao s
should be considered. The equations for the coherency hardening
Ao s, modulus hardening Ao s and order hardening Ao g are
[44,45]

Aoogw =M

' 12
L2\
Aoys = 0.0055M(AG)? (2({) (%) (4)
12
Avgs = O.SIM% (3?) (5)

where o, is a constant, 2.6 [45]; e = 2/3¢ is the constrained lat-
tice parameter mismatch, with ¢ = Aa/a (0.084% for the FCC ma-
trix and L1, precipitate [48], 0.10% for the B2 matrix and BCC pre-
cipitate [49]) as the lattice parameter mismatch; AG = |G - Gp|
is the shear modulus mismatch between precipitate and its ma-
trix (Gp = 90.2 GPa for the L1, precipitate [50], G, = 71 GPa for
the BCC precipitate [40]); m is a constant, 0.85 [44]; and y apg, 175
mj/m? [50], is the antiphase boundary energy of the L1, precipi-
tate.

The calculated results of the Ao orw, Aocs, Aoys and Ao s
are listed in Table 2. From Table 2, we can see that the calcu-
lated increments of yield strength for both the L1, and BCC pre-
cipitates from shearing mechanism (Ao cs + Aoys or Aogs) are
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Table 2
Yield strength increments owing to precipitation strengthening.
Phase AO orw Ao cs Ao s Ao s Aocs + Ao s Ao
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
FCC 6485.6 21.0 134.9 467.0 155.9 467.0
B2 4298.4 21.8 56.6 / 78.4 78.4

much smaller than those from Orowan mechanism (Ao ony), im-
plying that shearing mechanism is the operative mechanism for
both the L1, and BCC precipitates [37,38]. Thus, the final strength
increments are Aogy= 467.0 MPa and Ao, = 78.3 MPa for the
L1, precipitate strengthened FCC phase and the BCC precipitate
strengthened B2 phase, respectively. The L1, precipitate have a
stronger strengthening effect than the BCC precipitate. Finally, sub-
stituting the values of Aos; and Aos, in Eq. (1), the overall
strength increment resulting from the L1, and BCC nanoprecipi-
tates is calculated to be 272.7 MPa, which is agree with the exper-
imental result of 276.5 MPa.

In summary, nanoprecipitates were introduced into each con-
stituent phase of a heterogenous structured dual-phase EHEA
AlCoCrFeNiy; and achieve a simultaneously improvement of
strength and ductility in the AlCoCrFeNi,; EHEA. The achievement
can be rationalized as the heterogenous structure strengthens and
toughens the material simultaneously, and the precipitates gener-
ate additional strong strengthening effect on the material without
sacrifice ductility.
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