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ABSTRACT

We report a cast light-weight dual-phase eutectic high-entropy alloy (EHEA) of NisgFe,gAl17Ve that
comprises of alternating FCC and ordered B2 lamellae. Such lamellar EHEA exhibits a superior tensile
strength of ~ 1.3 GPa in combination with a large uniform elongation of ~ 26%, well surpassing
those of other state-of-the-art cast EHEAs. The high strength-ductility synergy originates largely from
the extensive dislocation activities in both FCC and B2 lamellae. In addition, the martensitic transfor-
mation of the B2 lamellae during deformation further promotes the work hardening capability to

enhance the tensile strength and ductility.
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A novel cast NiggFeygAly7Vs eutectic high-entropy alloy comprised of FCC and B2 nanolamellae
exhibits a remarkable combination of tensile strength and uniform elongation, well surpassing those

of other state-of-the-art cast eutectic high-entropy alloys.

1. Introduction

Different from conventional alloys with a single base
element, high-entropy alloys (HEAs) comprise multi-
principal elements in equiatomic or near-equiatomic
ratios and open a near-infinite compositional space for
new material development [1-3]. The high configura-
tional entropy of HEAs tends to overwrite the enthalpy
of mixing and stabilize single-phase solid solution struc-
tures, especially at high temperatures or upon rapid cool-
ing [4]. However, these single-phase HEAs often exhibit
a limited strength-ductility combination [1,2]. To over-
come this challenge, a class of eutectic high-entropy
alloys (EHEAs) has been developed that typically pos-
sesses a dual-phase lamellar structure of alternating hard
and soft phases, leading to a superior strength-ductility

synergy [5,6]. For example, Lu et al. designed an EHEA
of AICoCrFeNi, ; which exhibits a lamellar structure of
alternating disordered face-centered cubic (FCC) and
ordered B2 phases [7]. The high strain-hardening capa-
bility of the FCC lamellae and the pinning effect of
Cr-rich nano-precipitates in the B2 lamellae contribute
to a superior ultimate tensile strength of ~ 1080 MPa
together with a large ductility of ~ 16% [8]. In addition,
similar to conventional eutectic alloys, EHEAs exhibit
excellent castability and macroscopic homogeneity, mak-
ing them feasible for mass production [5,7]. However,
most existing EHEAs, including AICoCrFeNi, 1, contain
a large amount of expensive and resource-critical Co
elements [5], which seriously restricts their widespread
applications. Furthermore, many EHEAs contain heavy
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refractory alloying elements (e.g. Ta and W), which lead
to a relatively high density (> 7 g/cm?) and triggers
the formation of undesired low-symmetry constituent
phases such as Cl4-type Laves phase [5,9-14]. These
low-symmetry constituent phases have insufficient inde-
pendent slip systems and are usually brittle [15].

In the present work, a novel NiggFeygAl;7Ve EHEA
with FCC/B2 lamellar eutectic microstructures was
designed based on thermodynamic calculation of phase
diagram (CALPHAD) using Thermo-Calc software with
the TCHEA4 thermodynamic database paired with
experimental methods [5]. Ni-Fe-Al-Co system was
selected as the initial research target because it contains
binary, ternary, and quaternary eutectic alloys among
these constituent elements [16]. Then, we removed the
expensive Co element and the Ni-Fe-Al system with
the eutectic composition line is shown in Supplementary
Figure S1. Within such target Ni-Fe-Al system, we intro-
duced light V element, especially considering that light
V element has a large atom radius and has been widely
utilized for strengthening both FCC and BCC transition-
metal based HEAs by providing strong solid-solution
hardening via severe lattice distortion and large misfit
volumes [17]. Then, CALPHAD tool was applied to nar-
row down the compositions close to the eutectic line. In
addition, some trial-and-error experiments were subse-
quently carried out to achieve the exact eutectic composi-
tion of NiggFe,gAl17 V. The directly cast NiggFe gAl17 Ve
exhibits a low density of ~ 6.9 g/cm? with a nanolamel-
lar eutectic structure comprised of alternating FCC and
B2 phases, giving rise to a superior tensile strength of
~ 1.3 GPa paired with a remarkable uniform elongation
of ~ 26%. Our post-mortem microstructural character-
ization reveals that the excellent strength-ductility syn-
ergy is attributed to the extensive dislocation activities
in both FCC and B2 nanolamellae as well as the marten-
sitic transformation-induced plasticity (TRIP) in the B2
nanolamellae.

2. Materials and methods

Alloy ingots with a nominal composition of NiggFeyg
Alj7Ve (at.%) were prepared by arc-melting high-purity
(>99.95 wt.%) metals in an argon atmosphere. The
ingots were re-melted at least six times to ensure the
chemical homogeneity and were subsequently drop cast
into a 60 x 10 x 5 mm> copper mold. Flat dog-bone-
shaped tensile samples with nominal gauge dimensions of
8 mm (length) x 2 mm (width) x 1 mm (thickness) were
cut based on ASTM E8 and mechanically polished to
a metallurgical grit size of 1200. Tensile tests were per-
formed on an Instron 5969 universal testing machine
at a strain rate of 2 x 107* s~! at room temperature.
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Tensile strain was monitored using a non-contact AVE2
video extensometer with a displacement resolution of
0.5um. At least three tensile samples were tested to
ensure reproducibility. Phases were characterized by X-
ray diffraction (XRD, Cu-K,, radiation, Bruker-AXS D8
Advance) measurement with a scan rate of 5 deg/min
and a step size of 0.1 deg. The microstructure was
examined by a field-emission high-resolution scanning
electron microscope (SEM, Carl Zeiss-Auriga-45) inte-
grated with an electron-backscattered diffraction detec-
tor (EBSD, Oxford Instruments Aztec 2.0 EBSD system).
The EBSD data was acquired at a step size of 50 nm
and was analyzed by Channel 5 software. Before SEM
and EBSD analyses, the samples were mechanically pol-
ished using a 20 nm oxide polishing suspension, and the
samples for SEM study were further etched in a solu-
tion of nitric acid, hydrochloric acid, and ethanol with a
ratio of 1:3:8. Transmission electron microscopy (TEM)
characterization was performed by an FEI Talos F200X
instrument to reveal the microstructural features before
and after tensile straining. Thin-foil specimens for TEM
were prepared through mechanical polishing and ion
milling to produce an electron-transparent zone. CAL-
culation of PHAse Diagram (CALPHAD) approach was
performed using Thermo-Calc software with the high-
entropy alloys database (v. TCHEA4) to predict the phase
equilibria.

3. Results and discussion

The equilibrium phase diagram of NiggFey3Al;7 Ve pre-
dicts that FCC/L1, and B2 phases are co-solidified from
the melt within a very narrow temperature range of 1312 -
1314 °C (Figure 1a), indicative of a eutectic reaction. The
mass fractions of FCC/L1, and B2 phases are predicted
tobe ~ 75% and ~ 25%, respectively. Such a phase con-
stitution is further verified by our XRD pattern of the
as-cast NiggFey3Al17;Ve EHEA (Figure 1b), where only
peaks corresponding to FCC/L1, and BCC/B2 phases are
identified. The FCC and L1, phases were difficult to dis-
tinguish by XRD due to their similar lattice parameters.
Similarly, it is also hard to distinguish BCC and B2 phases
using lab-scale XRD. Therefore, further TEM charac-
terizations are needed to determine the order/disorder
information of a specific phase, to be discussed later.
Further SEM characterization in Figure 2a reveals
that constituent phases in the as-cast NiggFeygAl;7 Vi
EHEA are primarily manifest as nanolamellar structures.
No preferred orientation or crystallographic texture was
observed in these lamellar eutectic colonies, as revealed
by the EBSD inverse pole figure (IPF) map in Figure 2b.
We also observed trace non-lamellar eutectic colonies
in the inter-dendritic regions, which is likely due to the
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Figure 1. (a) Phase equilibria diagram showing phase constitute of NisgFe,gAl17Vg as a function of temperature. (b) XRD pattern of the

as-cast NiggFeogAl17Ve EHEA.

solidification instabilities induced by local compositional
fluctuations or different growth rates of the dual phases
[18,19]. The respective area fractions of FCC/L1, and
BCC/B2 phases are approximately 72.5% and 27.5%, as
revealed by the EBSD phase map (Figure 2c), which
agrees well with our CALPHAD prediction (Figure
la). Note that EBSD characterization cannot identify
order/disorder information of a specific phase, and there-
fore here we resort to TEM characterization. A typi-
cal lamellar eutectic morphology is revealed by high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), as shown in Figure 2d.
The FCC and B2 nanolamellae have an average width of
~ 550 % 80 and 330 % 45 nm, respectively. The selected
area electron diffraction (SAED) patterns in Figure 2e
and f indicate that both nanolamellae have ordering fea-
tures, as shown by the superlattice spots. Figure 2g is
a high-resolution TEM (HRTEM) image of the coarser
nanolamellae (in yellow circle), with the inset of a corre-
sponding fast Fourier transform (FFT) pattern showing
superlattice reflections. The inverse fast Fourier trans-
form (IFFT) image in Figure 2 h was obtained using the
110 and 001 superlattice reflections, which clearly con-
firms the presence of ordered L1, domains (bright con-
trast) of 1-4 nm in diameters uniformly distributed in the
FCC matrix. The formation of the L1, domains possibly
originates from spinodal decomposition of FCC phase
[20-22]. The HRTEM image of the finer nanolamel-
lae (in blue circle in Figure 2d) in Figure 2i shows the
atomic structure of the ordered B2 phase. The corre-
sponding FFT diffraction pattern indicates the strong B2
reflection and provides chemical ordering information.
No precipitates were observed in the B2 nanolamellae.
Figure 2k displays that the (111) spot of the FCC phase
coincides with the (101) spot of the B2 phase, which

Table 1. Chemical compositions (at.%) of as-cast NisgFegAl17Ve
EHEA based on STEM-EDS analysis.

Compositions (at.%)

Phases Ni Fe Al \'

FCC 50.65+£0.26 3242 +0.23 8.90 +0.11 8.03 +0.09
L1, 61.18 £0.29 22.57 £0.22 12.394+0.13 3.84+0.06
B2 53.45+0.36 20.79+0.21 21.83+0.14 3.93+0.08

was collected from both FCC and B2 phases (Figure
2j). Thus, a classical Kurdjumov-Sachs (K-S) orientation
relationship is established between FCC and B2 phases,
namely, (111)pcc//(101)p, and [110]gcc//[111]ps. As
shown in Figure 21, a rough interface of the FCC and
B2 phases was revealed via a HRTEM image at the
atomic scale, which is a typical feature of non-faceted
eutectic growth [23]. Figure 2m shows an IFFT image
of the semi-coherent phase interface that is accompa-
nied by lattice misfit dislocations. In addition, the FCC
nanolamellae are rich in Fe and V elements, while the
B2 nanolamellae are enriched by Al and Ni elements,
as revealed by STEM energy-dispersive spectroscopy
(EDS) mapping (Figure 2n). The specific chemical com-
positions of the FCC, L1,, and B2 phases are listed in
Table 1.

Figure 3a shows the tensile engineering stress—strain
curve of the as-cast NiggFergAl17Ve EHEA, which
exhibits a tensile yield strength (092) of 760 £ 11 MPa
and an ultimate tensile strength (o) of 1290 423 MPa.
We also observed remarkable strain hardening rates in
the plastic regime (Figure 3a inset), giving rise to a large
uniform elongation () of ~ 26%. Figure 3b shows a
direct comparison of our as-cast NiggFepgAl;7Vg EHEA
with other state-of-the-art cast EHEAs [8,24-33]. The
tensile properties of our as-cast NiggFey3Al;7;Ve EHEA
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Figure 2. Microstructure of the as-cast NiggFeagAl7Ve EHEA. (@) SEM image. (b) EBSD IPF map. (c) EBSD phase map. (d, e, f) HAADF-STEM
image, and corresponding SAED patterns with superlattice diffraction spots marked by circles. (g) HRTEM image along [110] zone axis
of the FCC matrix phase, with the inset of an FFT image. (h) IFFT image derived from (g) using 001 and 110 superlattice reflections of
L1, domains. (i) HRTEM image of B2 nanolamellae with the inset of an FFT pattern. (j, k) Enlarged HAADF-STEM image of FCC and B2
nanolamellae and the corresponding SAED pattern, showing a semi-coherent interface with (171)gcc//(101)g;. (I) HRTEM image of a
typical lamellar interface at the atomic scale. The phase interface is marked by a white dotted line. (m) IFFT image of the marked region
in (I). L, misfit dislocation. (n) HAADF-STEM image and corresponding EDS elemental maps of Ni, Fe, Al, and V.

surpass those of existing as-cast EHEAs. Notably, the as-
cast NigoFeygAl;;Ve EHEA has a high specific tensile
strength of ~ 186MPa-cm® g, which is also substan-
tially higher than those of other high-performing as-
cast EHEAs (Figure 3c). Moreover, we constructed the
map of the product of o, and fracture elongation (y)
(ou X ) vs. 002 as a measure of energy absorption capac-
ity in Figure 3d, which demonstrates that the as-cast
NiggFes3Al17Ve EHEA in our study has a high value
of o, X 5 (34.19 GPa-%), far outperforming other as-cast
EHEAs [8,24-33]. In order to understand the fracture

mechanism of the as-cast NiggFe;g3Al;7Vs EHEA, the
tensile fracture morphology was carefully characterized.
The slip/shear bands, abundant dimple patterns, and
secondary cracks, etc. were observed, which are typi-
cal characteristics of ductile fracture (see Supplemen-
tary material and Figure S2 for more details on fracture
mechanisms).

To decipher the origin of the robust work hardening
capability and the superior strength-ductility synergy of
our NigoFeygAl17Ve EHEA, we carefully examined the
deformation substructures of the fractured sample after
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Figure 3. (a) Tensile stress-strain curve of the as-cast NisgFe,gAl17Vs EHEA at ambient temperature. The inset shows the corresponding
strain hardening rate versus true strain curve. Comparison of the mechanical properties of our as-cast NiggFeagAl17Ve EHEA with those
of other high-performing EHEAs [8,24-33]: (b) Ultimate tensile strength versus uniform elongation. (c) Specific strength versus uniform
elongation. (d) Yield strength versus the product of strength and ductility. The tensile properties of the previously reported EHEAs are

summarized in Supplementary Table S1.

tension. The dual-phase eutectic structure of alternat-
ing soft FCC and hard B2 nanolamellae was maintained
during tensile straining, with both nanolamellae being
filled by a high density of dislocations (Figure 4a). The
EBSD characterization on the fracture region also con-
firmed the high-density dislocations in both FCC and
B2 lamellae (Supplementary Figure S3). Significantly, the
FCC phase shows a higher dislocation density than the B2
phase, as shown in the KAM map and KAM distribution
plots (Supplementary Figure S3c and e). Such findings
are similar to the dislocation distribution between FCC
and B2 BCC in as-cast AICoCrFeNi, ; EHEA observed
by high-energy synchrotron X-ray diffraction [34]. An
ultrahigh density of dislocations is piled up at the lamel-
lar interfaces, as indicated by the white arrows in Figure

4b. In general, for such dual-phase lamellar-structured
EHEAs, the soft lamellae deform plastically first during
deformation, leading to a significant dislocation multi-
plication [35-37]. Nevertheless, the plastic deformation
of these soft lamellae can be impeded by hard lamellae,
triggering a significant dislocation pile-up at the phase
interfaces [26,35,37-40]. In the present NisgFe3Al;7 Vg
EHEA, the semi-coherent phase interfaces are strong
enough to pin massive dislocations, resulting in accu-
mulation of an ultra-high density of dislocations at the
phase interfaces [23,41]. These interfacial dislocations are
known as geometrically necessary dislocations (GNDs),
which not only generate back-stress hardening but also
help activate plastic deformation of the hard B2 lamel-
lae [37,38,42-46]. Moreover, the K-S type orientation
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Figure 4. TEM images of the deformation microstructures after tensile fracture of the NiggFe3Al17Vg EHEA. (a) Low-magnification TEM
image of the fractured nanolamellar structure. (b) Magnified TEM image showing the dislocation pile-ups at the nanolamellar interface.
(c) Dislocation tangles in FCC phase. (d) Dislocation pile-ups, dislocation tangles, and slip traces in B2 phase. (e) Dislocation cells in B2
phase. (f) SAED pattern of the original B2 phase in the fractured sample taken from the zone axis of [100], manifesting the BCT crystal

structure after deformation.

relationship can facilitate the slip transfer from the FCC
nanolamellae to the B2 nanolamellae, which facilitates
plastic co-deformation of the two constituent phases and
thus contributes to the excellent strain-hardening capa-
bility [23]. Furthermore, we observed profuse dislocation
tangles in the FCC nanolamellae (Figure 4c), possibly
stemming from the strong interactions between disloca-
tions in the FCC matrix and the L1, domains [47]. In
addition, abundant straight (110) slip traces through B2
nanolamellae were also observed (Figure 4d), featuring
a planar slip manner. The appearance of dislocation tan-
gles in the B2 phase (Figure 4d) is presumably formed
by the activation of massive cross slips [48]. A recent
work by Chen et al. [35] also reported that the activa-
tion of the cross slips in the B2 phase of AICoCrFeNi, ;
EHEA mitigates local stress concentrations during the
early stage of plastic deformation and promotes work
hardening. Inspection of Figure 4e shows that the B2
phase in the NiggFe;3Al17Ve EHEA after tensile frac-
ture has elongated dislocation cell structures and dislo-
cation tangles within the cell structures. The formation
of the elongated dislocation cells may arise from disloca-
tion overlap and crisscross interactions during straining
[49,50]. The tangling of high-density dislocations can
generate a considerable strain hardening effect to post-
pone necking instability. Consequently, these observa-
tions support steady strain hardening rates, as shown
earlier in Figure 3. Of particular interest, we observed
that the B2 phase underwent a phase transition into a
body-centered tetragonal (BCT) structure (a distorted
BCC lattice with a slight change of the a/c ratio) after
tension. As shown in Figure 4f, the SAED pattern taken

from B2 nanolamellae transfers from square-arranged
spots before deformation to parallelogram-arranged
spots after deformation. It is generally considered that
such deformation-induced martensitic transformation
(B2—BCT) could be attributed to the nucleation and
propagation of 110 twinning plane [51,52]. In the present
alloy, we observed abundant dislocation activities in
the fractured sample, but we did not detect any fea-
ture of deformation twins. Thus, it is possible that the
deformation-induced twining has already transformed
into martensite (BCT) in the fractured sample at such
a high strain. The B2 — BCT phase transformation
not only helps release local stress concentrations and
promote sustained plastic deformation, but also inter-
rupts dislocation motion, thus offering additional strain
hardening capability of the transformed B2 phase [53].
In contrast, the SAED pattern taken from the FCC
phase demonstrated that the phase structure was main-
tained after fracture, as shown in Supplementary Figure
S4. Overall, the phase transformation in the present
NiggFes3Al;17Ve EHEA enhances the deformability of
the B2 phase and promotes the cooperative deformation
between the soft and the hard nanolamellae.

4. Conclusions

In summary, we developed a lightweight NiggFe g Al;17 Vg
EHEA that is free of Co and refractory elements. The
as-cast NiggFeygAl;7 Ve EHEA comprises of a dual-phase
eutectic structure of alternating soft FCC and hard
B2 nanolamellae and exhibits an enhanced strength-
ductility synergy that far exceeds that of previously
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reported as-cast EHEAs. The exceptional strength-
ductility synergy stems from the extensive dislocation
activities in both FCC and B2 nanolamellae as well
as the martensitic transformation induced plasticity in
the B2 nanolamellae. The developed lightweight and
low-cost NiggFeygAl;7Ve EHEA by direct casting pro-
vides significant potential for a myriad of structural
applications.
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