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A B S T R A C T

FCC-Laves eutectic high-entropy alloys (EHEAs) often exhibit brittleness due to mechanical disparity and 
incompatible interfaces between the soft FCC and hard Laves lamellae. In this study, we report an aging-driven 
phase-selective transformation approach to develop coherent interfaces in FCC-Laves EHEAs. After aging for 6 h 
(AG-6h alloy), the brittle Laves phase transforms into deformable D022 lamellae, converting semi-coherent FCC- 
Laves interfaces to coherent FCC-D022 boundaries. Simultaneously, coherent L12 precipitates form within the 
FCC lamellae. This structural evolution leads to doubled compressive plasticity (~12 %) and elevated strength 
(~3000 MPa) compared to the suction-casted alloy. First-principles calculations reveal that the phase-selective 
transformations of (Ni14Co8Fe1Cr1)(Ta6Cr1Fe1)-D022 and cubical (Co9Ni8Fe5Cr2)(Ta3Cr2Fe3)-L12 precipitates are 
thermodynamically favorable and enable interfaces coherent with the FCC matrix. The newly formed coherent 
FCC-D022 and FCC-L12 interfaces promote strain partitioning between adjacent lamellae under high stress. 
Consequently, the deformation mode changed from planar slips and stacking faults (SFs) in the suction-cast alloy 
to a coordinated mechanism in AG-6h alloy, involving dislocations with SFs in both FCC and D022 phases, along 
with deformation twins within the D022 phase. The competition between various deformation micro-mechanism 
modes is studied by transmission electron microscope and discussed based on generalized stacking fault energy 
curves. The phase-selective transformation strategy opens new perspectives for designing novel FCC-Laves 
EHEAs with low-misfit interfaces and high performance.

1. Introduction

Eutectic alloys, such as cast irons and casting aluminum alloys, have 
long been extensively employed across various industries, including 
electronics, automotive, and aerospace [1–4]. Unlike single-phase al
loys, competitive solidification between dual or multiple phases endows 
them delicate microstructure, free segregation, excellent castability, and 
superior mechanical performance [5,6]. As a newly developed subclass, 
eutectic high-entropy alloys (EHEAs) designed by integrating the 

eutectic concept and multi-principal composition strategy, have 
garnered attention due to their superior strength-plasticity balance [5,
7–10]. Generally, the overall mechanical performance of EHEAs is pri
marily governed by a complex interplay of microstructural features, 
including the crystal structure, mechanical properties, volume fraction, 
morphology of the constituent phases, as well as lamellar spacing and 
interfacial characteristics [8,11–14]. These microstructural factors offer 
distinct pathways for microstructural tailoring and mechanical property 
optimization.
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Among the various EHEA systems studied, those with FCC-BCC phase 
configuration have been widely researched. Those EHEAs with moder
ate mechanical property differences between lamellae often exhibit 
coordinated deformation between alternating phases, supported by their 
fine lamellar microstructure and strong interfacial bonding, resulting in 
an attractive synergy of strength and ductility [4,15–17]. In contrast, 
FCC-Laves-structured EHEAs with significant mechanical contrast be
tween phases, weak interfaces, and pronounced deformation in
compatibility have received considerably less attention. Despite their 
challenges, such systems offer intriguing opportunities for microstruc
tural turning and property customization. Laves phases have topologi
cally close-packed (TCP) structures with an AB2 composition [18]. These 
phases are characterized by high space-filling efficiency, but their 
inherently limited number of independent slip systems restricts their 
plastic deformation, resulting in extreme brittleness at room tempera
ture [18,19]. Ojhaa et al. [20] demonstrated that compositionally 
complexity can mitigate this brittleness. They designed CoCrFe
Ni2.1(HfNbTa)x high-entropy alloys (HEAs) containing a Nb-enriched 
multicomponent Laves phase capable of forming nano-twins. While 
such a strategy appears promising for FCC-Laves EHEAs, the typical 
weak interfaces between FCC and Laves lamellae remain a critical 
concern. Thus, a major challenge lies in designing novel microstructures 
that simultaneously enhance the interface strength and promote coor
dinated deformation in FCC-Laves EHEAs.

Inspired by the concept of phase-selective recrystallization [10], we 
propose a phase-selective transformation strategy involving spatially 
and structurally targeted L12/D022-phase transitions [21,22] to address 
the weak interface challenge in typical FCC-Laves EHEAs. As reported, 
multiple phase transformation pathways exist between the FCC, Laves, 
L12, and D022 phases, and the favorable lattice matching among these 
structures often enables the formation of coherent interfaces [22,23]. 
Additionally, precipitates can exhibit diverse morphologies with distinct 
shapes and habit planes, while their growth rates are controlled by the 
anisotropic lattice misfit strains along the a- and c-axes [24,25]. 
Therefore, these related characteristics support microstructure tailoring 
via phase-selective transformation and interface optimization in 
FCC-Laves EHEAs.

In this study, we developed a novel FCC-Laves-structured EHEA with 
coherent interfaces by a selective-phase transformation strategy, 
achieving further enhancement in the strength-plasticity balance. This 
strategy aims to convert the Laves phase into the D022 phase for con
structing a novel eutectic interface, while simultaneously strengthening 
the FCC lamellae via L12 nanoprecipitates. It involves two steps: (i) to 
ensure the occurrences of L12 and D022 phase-selective transformation. 

In particular, we chose the Co-Cr-Fe-Ni-Ta high-entropy system because 
Ta is the formation element of the Laves, L12, and D022 phases [22,26,
27]. The high-entropy effect can promote the formation of 
multi-principal-element Laves phases. (ii) to tailor phase transition path 
via aging treatment based on the phase diagram (Fig. 1). For preferential 
precipitation of L12 and D022 phases with concurrent suppression of 
Laves, BCC, and σ phases, the phase transformation pathway was 
manipulated through 1023 K isothermal aging with precisely controlled 
duration. During aging, Ta, as a large-atom solute, preferentially seg
regates to phase boundaries, inducing the nucleation of D022 pre
cipitates. D022 grows via Ta-rich Laves consumption, partially replacing 
it to form coherent FCC-D022 interfaces. Insufficient Ta within FCC 
lamellae only yields nanoscale L12 clusters with coherently embedded 
interfaces. Thus, the local coherent interfaces are constructed that 
benefit the mechanical property. Furthermore, the phase transformation 
and deformation mechanisms were revealed by experimental results and 
theoretical calculations, including transmission electron microscopy 
(TEM) characterizations and first-principles calculations. This work 
provides a new approach to designing coherent heterostructure mate
rials, offering more possibilities for developing strength-plasticity syn
ergized structural alloys.

2. Experimental and calculation methods

2.1. Materials preparation and mechanical tests

Ingots with nominal compositions of CoCrFeNiTa0.4 (at.%) were 
fabricated via vacuum arc melting under an argon atmosphere. Each 
ingot was remelted at least five times to ensure chemical homogeneity 
before being suction-cast into a copper mold to produce a cylindrical rod 
of Ф 3 × 60 mm. The suction-casted rods were isothermally aged at 
1023 K for durations of 0.1 h, 1.5 h, 6 h, and 48 h. Hereinafter, the 
suction-casted and aged EHEAs are denoted as SC, AG-0.1h, AG-1.5h, 
AG-6h, and AG-48h alloys, respectively. Room-temperature compres
sion tests were performed on cylindrical specimens with dimensions of Ф 
3 × 5 mm using an Instron 5982 testing system at a constant strain rate 
of 10− 3 s− 1. An extensometer was employed for accurate strain mea
surement. To ensure statistical reliability, three samples were tested for 
each aging condition.

2.2. Microstructural characterization

The crystal structures of the suction-casted and aged alloys were 
examined by X-ray diffractometer (XRD, Bruker D8-Discover) with Cu 
Kα radiation, scanned at a rate of 4◦/min over a 2θ range from 20 to 80◦. 
Microstructures of the eutectic alloys were analyzed by a field emission 
scanning electron microscope (SEM, Zeiss Crossbeam350) equipped 
with electron backscatter diffraction (EBSD) measurements, and a 
transmission electron microscope (TEM, Thermofisher F200X) equipped 
with selected area electron (SAED) and energy dispersive spectroscopy 
(EDS) detectors. Samples for EBSD examination were mechanically 
polished down to 2 μm with diamond suspension, followed by a vibra
tory polisher (Buehler Vibromet 2) using nanoscale SiO2 suspension for 
4 h in medium frequency mode. EBSD scans were acquired with a step 
size of 0.05 μm, and the resulting data were processed using CHANNEL 5 
software to determine phase distribution and volume fractions. Samples 
for TEM analyses were mechanically polished to a thickness of 50 μm 
using SiC paper and then further thinned by an ion beam thinner 
(GATAN-M691). High-angle annular dark field (HAADF)-STEM imaging 
was performed with a collection angle between 72 and 200 m rad. The 
volume fractions of the L12 and D022 precipitates were estimated based 
on TEM images of more than 10 positions. Vickers microhardness of SC 
and aged alloys was measured using an automatic microhardness tester 
(FUTURE-TECH FM-700) with a load of 0.98 N and a loading time of 15 
s. A 7 × 7 array was indented with an interval of 50 μm on the polished 
surface of each sample.

Fig. 1. Thermodynamic phase diagrams of the CoCrFeNiTa0.4 EHEA.
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2.3. Simulation and calculation methods

The phase diagram of the CoCrFeNiTa0.4 EHEA was calculated using 
Thermo-calc software with Nickel base superalloy database [28,29]. The 
thermodynamic equilibrium phases and transformation pathways were 
predicted via Gibbs energy minimization under multi-principal 
component conditions. Additionally, Scheil–Gulliver solidification sim
ulations were conducted to model non-equilibrium microstructural 
evolution, assuming complete diffusion in the liquid and negligible 
diffusion in the solid phase.

Based on the density functional theory (DFT), first-principles calcu
lations were performed using the Vienna ab initio simulation package 
(VASP) [30] to investigate the atomic occupation, formation energy, 
stacking fault energy, and interface relationship of the multiple struc
tures in EHEAs. All calculations were performed using spin-polarized 
density functional theory to accurately describe the magnetic proper
ties of transition metal elements. The PREDEW-Burke-Ernzerhof (PBE) 
functional within the generalized gradient approximation (GGA) [31] 

was adopted to describe exchange-correlation interactions [32]. The 
projector augmented-wave (PAW) [33] method was employed to model 
ion-electron interactions. Structural relaxations were performed until 
the Hellmann-Feynman forces on all atoms were less than 0.05 eV/Å and 
the energy convergence criterion reached 10− 6 eV.

Modeling random alloys presents a challenge within periodic 
boundary conditions, as finite supercell sizes may introduce artificial 
correlations. To better approximate chemical randomness, special quasi- 
random structures (SQS) were employed. For consistent comparison of 
formation energies and interfacial properties, periodic 32-atom cells for 
the L12, D022, and σ structures and 40-atom supercells for the FCC and 
Laves structures were constructed. Calculations of the total energy for 
each cell were performed with a plane-wave cutoff energy of 400 eV and 
a Monkhorst-Pack k-point mesh, where a grid density corresponding to 
0.04 Å− 1 was used [32].

To identify the most suitable interfaces for calculation, we selected 
the two with the lowest misfit degree, based on computed interface 
energies and misfit degrees for all low-index FCC-L12 and FCC-D022 

Fig. 2. Microstructure of the suction-casted (SC) alloy. (a) XRD pattern, (b) EBSD phase map. (c) BF TEM image and corresponding elemental distributions.
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surfaces. A series of tests was performed to ensure the suitable atomic 
layers for the FCC, Laves, and D022 slabs that the slabs met the bulk-like 
interiors. The FCC-Laves interface is modelled by stacking a four-layer 
(1120)Laves slab onto a two-layer (100)FCC slab, while the FCC-D022 
interface consists of a five-layer (100)FCC slab onto a ten-layer (100)D022 
slab. Then, structure optimization is carried out in the unit cell structure 
of both interfaces. A vacuum layer of 15 Å was applied to eliminate 
spurious interactions between periodic image slabs [34,35]. The k-point 
mesh was generated using the Monkhorst-Pack scheme with a grid 
density corresponding to a resolution of 0.04 Å− 1. Energy and stress 
convergence thresholds were set to 2 × 10− 5 eV/atom and 0.05 eV/Å.

For stacking fault energy calculations in FCC and Laves phases, a 
108-atom SQS supercell was built with periodic boundaries along the 
(111) plane. A vacuum region of 15 Å was added normal to the surface, 
and a stacking fault was generated by rigidly shifting the upper four 
[111] atomic layers along the [112] direction. The stacking sequence 
was systematically modified to ensure the fault was centered within the 
supercell. The Brillouin zone (BZ) was sampled using a Gamma-point- 
based 4 × 4 × 2 k-point mesh. The Methfessel-Paxton smearing 
method with a width of 0.1 eV was applied for k-space integration over 
the BZ [36]. During SFE calculations, atomic positions were relaxed 
along the close-packed direction until forces were below 10− 2 eV/Å, 
while lattice parameters remained fixed.

3. Results

3.1. Microstructure of suction-casted alloy

The suction-cast (SC) alloy exhibits a dual-phase structure consisting 
of FCC and Laves phases, as identified by the XRD spectrum in Fig. 2a. A 
representative EBSD map in Fig. 2b reveals an alternate lamellar 
morphology, illustrating the formation of FCC-Laves eutectic structure. 
The average lamellar width of the FCC and Laves phases is 86.7 ± 3.4 
nm and 47.2 ± 4.9 nm, respectively, and their relative volume fractions 

Table 1 
Element compositions of FCC, Laves, L12, and D022 phases in EHEAs.

Sample phase Element content (at. %)

Co Cr Fe Ni Ta

Nominal Nominal 22.7 22.7 22.7 22.7 9.2
Suction-cast FCC 22.01 

± 0.87
25.56 
± 0.88

26.43 
± 0.66

23.17 
± 0.79

2.83 
± 2.00

Laves 23.94 
± 0.30

16.94 
± 0.30

19.29 
± 0.15

17.84 
± 0.28

21.99 
± 0.05

AG-0.1h FCC 21.29 
± 3.28

23.93 
± 2.74

23.68 
± 2.85

27.59 
± 2.64

3.51 
± 3.35

Laves 24.58 
± 1.16

16.00 
± 1.49

20.24 
± 1.30

17.66 
± 1.60

21.52 
± 0.79

cuboidal 
L12

27.06 
± 5.60

19.26 
± 7.29

17.58 
± 7.29

26.97 
± 5.91

9.13 
± 4.11

D022 14.26 
± 4.46

4.13 
± 6.78

8.87 
± 4.32

47.41 
± 1.62

25.33 
± 2.11

AG-6h FCC 22.61 
± 1.39

25.65 
± 0.84

28.13 
± 0.99

20.65 
± 1.24

2.96 
± 2.12

Laves 28.17 
± 3.37

21.69 
± 4.40

24.69 
± 4.39

7.61 
± 6.99

17.84 
± 3.56

cuboidal 
L12

28.05 
± 9.23

14.90 
± 5.88

21.29 
± 4.32

24.55 
± 6.95

11.21 
± 6.16

D022 23.60 
± 1.41

5.87 
± 6.54

5.99 
± 4.32

45.35 
± 0.92

19.19 
± 1.18

σ 20.19 
± 2.76

28.79 
± 2.68

23.97 
± 3.10

22.57 
± 2.56

4.48 
± 3.59

AG-48h (all L12 

precipitates 
from the 
anomalous 
eutectic zone)

FCC 21.65 
± 0.89

25.96 
± 0.71

29.70 
± 0.86

20.56 
± 1.04

2.13 
± 3.92

Laves 29.47 
± 2.51

15.94 
± 3.70

26.55 
± 2.53

8.77 
± 7.24

19.27 
± 2.12

cuboidal 
L12

25.88 
± 8.99

9.39 
± 4.21

17.95 
± 9.36

28.55 
± 7.07

18.23 
± 8.94

needle- 
like L12

21.89 
± 9.48

2.67 
± 5.60

3.10 
± 6.83

47.14 
± 5.52

25.20 
± 6.27

D022 25.62 
± 0.37

5.85 
± 0.91

8.60 
± 1.03

41.81 
± 0.23

18.12 
± 0.25

σ 16.60 
± 0.48

50.47 
± 0.19

25.16 
± 0.43

6.65 
± 0.72

1.12 
± 2.03

Fig. 3. Lamellar width of the suction-casted and subsequently aged alloys. SEM images of (a) SC, (b) AG-0.1h, (c) AG-1.5h, (d) AG-6h, and (e) AG-48h alloys. (f) 
Summarized lamellar widths of these alloys.
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are 68 % and 32 %. Besides, the bright-field (BF) TEM image with SAED 
patterns in the insets further confirms the alternating FCC and Laves 
assemblies (Fig. 2c) and their nanoscale thickness. Elemental distribu
tion mappings (Fig. 2c) for Co, Cr, Fe, Ni, and Ta were acquired via 
STEM-EDS. Their compositions are summarized in Table 1. The FCC 
lamellae are enriched in Cr, Fe, and Ni, with measured compositions of 
22.01 ± 0.87 % Co, 25.56 ± 0.88 % Cr, 26.43 ± 0.66 % Fe, 23.17 ±
0.79 % Ni, together with a small amount of Ta (2.83 ± 2.00 %), whereas 
the Laves phase contains higher concentrations of Co and Ta, with 
compositions of 23.94 ± 0.30 % Co, 16.94 ± 0.30 % Cr, 19.29 ± 0.15 % 
Fe, 17.84 ± 0.28 % Ni, and 21.99 ± 0.05 % Ta. It is evident that Cr, Fe, 
and Ni partition primarily to the FCC lamellae, whereas Co and Ta 
preferentially partition to the Laves lamellae. The atomic ratio of (Ta +
Fe) to (Ni + Cr + Co) in the Laves phase is around 1:2, consistent with 
the crystal chemical formula (Ta, Fe)(Ni, Cr, Co)2.

3.2. Phase-selective transformation after aging

Fig. 3 shows the backscattered electron (BSE) images of the alloys in 
both suction-cast condition and after isothermal aging at 1023 K for 
various durations. The typical FCC-Laves lamellar microstructure re
mains stable after aging for up to 6 h (Fig. 3b–d). However, upon 
extended aging for 48 h, significant microstructural evolution occurs, 
including migration, coarsening, and fragmentation of the Laves 
lamellae (Fig. 3e). These changes result in an increase in the average 
width of the Laves lamellae, and a corresponding reduction in that of the 
FCC lamellae (Fig. 3f). The measured areal fractions of the FCC and 
Laves phases in AG-48h alloy are approximately 60 % and 40 %, 
respectively. To further investigate these evolutionary behaviors within 

the FCC and Laves lamellae, detailed TEM analyses are conducted.

3.2.1. L12-phase-selective transformation behavior within the FCC lamellae
HAADF-STEM was performed to investigate the microstructural 

evolution within the FCC lamellae in the suction-cast and aged alloys 
(Fig. 4). In the suction-cast condition, only FCC diffraction spots are 
detected (Fig. 4a). After isothermal aging, cuboidal precipitates become 
evident in the HADDF-STEM images of the FCC lamellae. The accom
panying SAED patterns, acquired along the [110] or [001] zone axes, 
reveal the presence of L12-type superlattice spots (Fig. 4b–d). The vol
ume fraction of the L12 phase increases initially with aging time, 
reaching a maximum in AG-1.5h alloy, and subsequently decreases. 
Upon aging for 48 h, the L12 precipitates are no longer observed within 
the regular FCC lamellae (Fig. 4e), whereas both cuboidal and needle- 
like L12 morphologies gather within limited anomalous eutectic zone 
(Fig. 4f). Further investigation using high-resolution TEM (HRTEM) 
reveals the ordering transition process of the L12 within the FCC 
lamellae (Fig. 5). While L12 ordered domains are scarcely detectable in 
SC alloy, their size approaches 15 nm after 6 h aging. Continuous lattice 
fringes with no discernible misorientation in the HRTEM images indi
cate that the L12 precipitate maintains coherence with the FCC matrix. 
Integrated intensity profiles derived from fast Fourier transform (FFT) 
patterns (Fig. 5a–d) demonstrate a notable increase in the intensity of 
superlattice spots in AG-6h alloy, compared to the suction-cast 
condition.

EDS analysis reveals preferential partitioning of Ni, Ta, and Co to L12 
precipitates while Cr and Fe are enriched in the FCC matrix (Fig. 6a and 
b). The cuboidal L12 particle exhibits a time-dependent coarsening 
behavior, with the composition evolving from Co27Cr19Fe18Ni27Ta9 

Fig. 4. Phase transformation within the FCC lamellae in the suction-casted and aged alloys. HAADF images the corresponding SAED patterns of (a) SC, (b) AG- 
0.1h, (c) AG-1.5h, (d) AG-6h, and (e–f) AG-48h alloys.
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(AG-0.1h alloy, Fig. 6c) to Co26Cr9Fe19Ni28Ta18 (AG-48h alloy, Fig. 6d). 
Meanwhile, the needle-like L12 phase in AG-48h alloy (Fig. 6e) shows 
even higher concentration of Ni, Ta, and Co, accompanied by reduced Fe 
and Cr. This progression is chemically driven by uphill diffusion [37], 
with average Ni and Ta concentrations increasing from 26.97 ± 5.91 % 
and 9.13 ± 4.11 % at 0.1 h to 47.14 ± 5.52 % and 25.20 ± 6.27 % in 
AG-48h alloy (Table 1). The formation of L12 precipitation in AG-48h 
alloy requires higher Ni and Ta concentrations. However, the content 
of Ta element in regular FCC lamellae is only 3 %, a composition 
insufficient to support uphill diffusion. And no L12 precipitates form 
within the regular lamellar zones of the AG-48h alloy, not even the 
cuboidal variant. Additionally, L12 depletion zones exist near the 
interface (Fig. 6f), attributed to the preferential partitioning of Ta into 
the Laves lamellae.

3.2.2. D022-phase-selective transformation behavior within the Laves 
lamellae

BF TEM images in Fig. 7 illustrate the microstructural evolution of 
the Laves lamellae following isothermal aging. In the suction-cast con
dition, the Laves phase exhibit a homogeneous elemental distribution 
without detectable precipitates (Fig. 2c). After aging, however, a distinct 
phase transformation is observed, evidenced by the appearance of D022- 
type superlattice reflections in selected area electron diffraction (SAED) 
patterns (Fig. 7a). The extent of this transformation increases with aging 
time (Fig. 7b–d), with the D022 phase accounting for over 50 % of the 
originally Laves-dominated regions after 6 h, accompanied by a corre
sponding reduction in the Laves fraction.

Further TEM analysis reveals that incipient σ phase nucleates in the 
Ni-Ta-enriched D022 structure (Fig. 8a) beginning in AG-6h alloy, which 
can be specifically determined as FeCr stoichiometry by the EDS maps 
(Fig. 8b). An HRTEM image in Fig. 8c captures the structural transition 
region between the D022 and σ phases. A high density of stacking faults 
(SFs) was formed in the D022 phase. To further elucidate the atomic 
structure of the σ phase, atomic-scale analysis was performed on a 
coarsened Fe-Cr-rich particle in AG-48h alloy (Fig. 8d). The HRTEM 
image in Fig. 8e reveals chemically ordered domains, and the FFT 
pattern confirms an orthorhombic structure. An inverse FFT (IFFT) 
image reconstructed along the [100] axis (Fig. 8f) clearly resolves an 
orthogonal atomic arrangement wherein Fe and Cr occupy distinct 
sublattice sites, as illustrated in the schematic inset. The measured 
interatomic spacing between adjacent Fe-Fe and Cr-Cr columns is 
approximately 0.247 nm. Note that the apparent coarsening of Laves 
lamellae observed via SEM (Fig. 3e) can be attributed to these phase 
transformations, but it remains challenging to clarify nanoscale transi
tions due to the limited imaging resolution.

L12/D022 phase-selective transformation of the eutectic lamellae is 
anticipated to induce significant changes in the interfacial relationships, 
as illustrated by the HRTEM analysis of the interfacial characteristics in 
AG-6h alloy (Fig. 9). Based on the Bramfitt lattice matching theory [38], 

the mismatching degree factors (δ(hkl)s
(hkl)n

) between the original FCC-Laves 
lamellae and post-transformational FCC-D022 lamellae are calculated 

Fig. 5. Structure of L12 precipitates in the FCC lamellae. HRTEM images, SAED patterns, and the intensity profiles along the red arrows for the (a) SC, (b) AG- 
0.1h, (c) AG-1.5h, and (d) AG-48h alloys. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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δ(hkl)s
(hkl)n

=
∑3

i=1

⃒
⃒
⃒d

[uvw]is
cos θ-d

[uvw]in

⃒
⃒
⃒

d
[uvw]in

3
×100% (1) 

where (hkl)s and (hkl)n are miller indices for the crystal planes of two 
phases, [uvw]s and [uvw]n are miller indices for the crystal directions on 
(hkl)s and (hkl)n planes, respectively, d[uvw]s and d[uvw]n are the 

interatomic spacing along [uvw]s and [uvw]n, which are derived from 
the lattice parameters measured by TEM, θ is the included angle between 
two crystal planes, and its value is marked in the pictures (Fig. 9b–e). 
Experimentally determined interface orientations are (2 00)FCC// 
(2310)Laves, [011]FCC//[0001]Laves and (111)FCC//(004)Laves, 
[011]FCC//[10 4]Laves. The calculated mismatch degree factors of these 
FCC-Laves and FCC-D022 interfaces are 14.27 % and 5.53 %, 

Fig. 6. Element composition of L12 precipitates in the FCC lamellae. Elemental mappings of (a) AG-0.1h, (b) AG-48h alloys. Projected one-dimensional con
centration profiles along white arrows in (a) and (b) are shown in (c–f).
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respectively. The misfit at the semi-coherent interface decreases after 
D022 phase transformation, evolving toward a coherent bonding, as 
evidenced by the interfacial structure revealed in the HRTEM images 
(Fig. 9b–d) and further IFFT images (Fig. 9c–f).

3.3. Mechanical properties

Fig. 10a displays the engineering stress-strain curves of the EHEAs 
under uniaxial compression as a function of aging time. The yield 
strength and microhardness of the alloys initially increase with aging 
time, reaching a maximum value at 2308 MPa and 645 HV in AG-1.5h 
alloy, followed by a slightly decline upon further aging (Fig. 10b). The 
compressive strain decreases slightly in AG-0.1h alloy, then it increases 
continuously with extended aging time, culminating in a maximum in 
AG-48h alloy (Fig. 10c). Overall, the AG-6h alloy shows an optimal 
balance of strength and compressive strain with values of 2986 MPa and 
12 %, respectively, where the compressive strain is approximately 
double that of the SC alloy. A comparison of compressive strength and 
strain between the present FCC-Laves EHEAs with the reported single- 
phase Laves alloys and dual-phase Laves alloys is summarized in 
Fig. 10d. The AG-6h EHEA exhibits a good balance of compressive 
strength-plasticity property.

4. Discussion

4.1. Mechanisms of phase-selective transformation

TEM results reveal that the aging treatment induces phase-selective 
transformation, wherein the soft FCC phase evolves an L12-ordered 

intermetallic precipitates, while the Laves lamellae develop deformable 
D022 and σ phases. To explore the thermodynamic origin of these aging- 
induced selective transformations of L12, D022, and σ phases, we 
calculated and compared their formation energies using first-principles 
calculations. Based on the chemical analysis summarized in Table 1, the 
L12 and D022 precipitates adopt a Ni3Ta-type configuration, with Ta 
atoms occupying the corner sites of the cell [22]. When the Ta content is 
lower than 25 at.%, Fe or Cr atoms may partially occupy the Ta sub
lattice [39,40], which can influence the relative stability of L12 and D022 
structures. Here, first-principles calculations were performed in 32-atom 
supercells with compositions scaled according to Table 1. The formation 
energy per atom was evaluated using the equation from Scott [41]: 

ΔEformation =
Etotal-A × μa-(B-A) × μb

B
(2) 

where Etotal represents the total energy of the supercell, μa and μb denote 
the chemical potentials of the pure substitution atoms computed by 
presuming the identical cell symmetry, respectively. A is the number of 
substituted atoms, and B is the total number of atoms in the system.

Three L12-ordered models are constructed, as shown in Fig. 11. 
Model 1 is based on the Ni3Ta composition. Model 2 corresponds to the 
(Co28Ni25Fe14Cr8)(Ta11Cr7Fe7) composition with 14 at.% Cr and Fe 
occupying the Ta sublattice, which proportionally scaled down to 
(Co9Ni8Fe5Cr2)(Ta3Cr2Fe3) to represent the L12 phase in AG-6h alloy. 
Model 3 is derived from the (Co22Ni47Fe3Cr3)(Ta25) composition and 
proportionally scaled down to (Co7Ni15Fe1Cr1)(Ta8), corresponding to 
the needle-like L12 precipitates formed in the anomalous eutectic region 
in AG-48h alloy. The results indicate that model 3 has the lowest for
mation energy, confirming that the needle-like L12 phase is the most 

Fig. 7. Phase transformation of the Laves lamellae in the aged alloys. BF images of the D022 precipitates in (a) AG-0.1h alloy, inset: corresponding SAED patterns 
of D022 structure, (b) AG-1.5h, (c) AG-6h, and (d) AG-48h alloys.
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thermodynamically stable. The higher Ta content in this model leads to 
a more negative formation energy, favoring L12 precipitation under 
prolonged aging. However, the limited Ta solubility (~3 at.%) in the 
FCC lamellae hinders the enrichment necessary to reach ~25 at.% Ta 
through diffusion, thereby inhibiting L12 precipitation within regular 
eutectic domains. According to the cubic L12 detected in regular eutectic 
domains in AG-6h alloy (Table 1), uphill diffusion enables Ta enrich
ment only up to ~11 at.%.

Within the Laves lamellae, aging promotes the coprecipitation of 
nanoscale D022 and σ phases. We calculated the formation energies of 
theses phases in AG-6h alloy (Fig. 11). Model 4 is based on the D022 
phase with a Ni3Ta-type configuration, while Model 5 and Model 6 
represent the D022 phase with (Ni46Co24Cr2Fe3)(Ta19Cr3Fe3) composi
tion and the σ phase with (Cr29Fe17Ta4)(Co20Fe7Ni23) composition, 
which are proportionally scaled down as (Ni14Co8Cr1Fe1)(Ta6Cr1Fe1) 
and (Cr9Fe6Ta1)(Co6Fe2Ni8), respectively. The formation energy of the σ 
phase is significantly lower than that of the Ni3Ta-type D022 structure 
(model 4), suggesting that the coprecipitation of D022 and σ phases 
constitutes a more stable configuration. The lattice parameters of the 
Laves are a = 0.479 nm and c = 0.782 nm [42], while those for the 
tetragonal D022 phase are a = 0.366 nm and c = 0.748 nm [43]. The 
morphology of the coherent D022 precipitate is controlled by anisotropic 
coherency strain fields, which originate from the tetragonality-induced 
lattice mismatch with the Laves lamellae (along the a- and c-axes) 
[24,25]. Takeyama et al. [44] reported that in Ni-Nb alloys, an increased 
misfit along the preferred growth direction retards the growth kinetics 
of the coherent Ni3Nb-D0a phase within the Al matrix. This inverse 
relationship implies that the smaller the misfit directly promotes the 
faster the growth. In the present study, the multi-principal element D022 
precipitate exhibits a lath shape due to its anisotropic kinetics, with 
preferential advancement along the c-axis over the a-axis. This growth 

characteristic leads to alignment and propagation along the pre-existing 
Laves lamellae, resulting in their partial replacement, while the resul
tant D022 precipitates retain coherent interfaces with the surrounding 
FCC matrix. Additionally, the Fe-Cr-enriched σ precipitates are observed 
to coprecipitate with the D022 phases, suggesting a strong correlation in 
their formations [45]. While the Laves lamellae initially exhibit a 
near-equilibrium elemental distribution across all constituent elements 
(Fig. 2c), Co preferentially partitions into the D022 domains upon the 
formation of Ni-Ta-enriched D022 precipitates due to its strong affinity 
for Ni/Ta coordination, while Cr and Fe are repelled (Fig. 8b). Sustained 
thermal-activated diffusion creates a Cr-Fe-rich environment conductive 
to σ phase precipitations [40]. This phase-selective transformation in 
both the FCC and Laves lamellae contributes to the reduced interface 
misfit and cooperative deformation of the hierarchical heterostructure.

4.2. Interfacial restructuring during phase transformation

Based on Fig. 9, the D022-phase-selective transformation facilitates 
the conversion of some FCC-Laves interfaces into FCC-D022 interfaces, 
thereby reducing interfacial misfit. To assess the generality of this 
phenomenon, low-index interface models, specifically (100)FCC/ 
(1120)Laves and (100)FCC/(100)D022-were constructed and analyzed 
based on the first-principles calculations (Fig. 12). The calculated lattice 
misfits were 17.7 % for the FCC-Laves interface and 1.4 % for the FCC- 
D022 interface, indicating that phase-transformation-induced interfacial 
restructuring enhances the bonding coherence across eutectic lamellae.

Interfacial energy (γint), referring to the energy required to form an 
interface from two separated surfaces, serves as an indicator of bonding 
strength and interfacial stability [46,47]. Typically, a lower interfacial 
energy corresponds to stronger bonding and enhanced stability [48]. 
The interfacial energy was evaluated using the following expression [49,

Fig. 8. Phase transformation of the Laves lamellae in the aged alloys. AG-6h alloy: (a) BF image shows an initial σ-phase nucleation in the D022 structure. (b) 
EDS mapping to reveal the elemental partition within the D022 and σ transformation region. (c) HRTEM image of the area highlighted by the green box in (a) shows a 
high density of SF in the D022 and σ structure. AG-48h alloy: (d) BF image exhibits the coarsened σ phase that is rich in Cr and Fe. (e–f) HRTEM, FFT patterns, and 
inverse FFT image of σ phase. Inset: the unit cell structure of FeCr-type σ phase, with orthorhombic symmetry. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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50]: 

γint =
(
Etotal-Esurface1-Esurface2

) /
A (3) 

where Etotal is the total energy of an interface supercell corrected for free 
surfaces, Esurface1 and Esurface2 are the energies of the isolated FCC and 

Fig. 9. Interfacial orientation relationship in the AG-6h alloy. (a) STEM image with D022 transition. (b–c) Enlarged HRTEM image of the blue box in (a), 
corresponding FFT patterns, and interfacial IFFT image of original FCC-Laves eutectic lamellae. (d–f) Enlarged HRTEM image of the red box in (a), corresponding FFT 
patterns, and interfacial IFFT image of post-transformation FCC-D022 eutectic lamellae. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.)

Fig. 10. Mechanical properties of the suction-casted and aging alloys. (a) The engineering stress-strain curves at room temperature, (b) the plastic strain, (c) the 
yield strength and microhardness values, and (d) a good balance of strength and plasticity of current FCC-Laves EHEAs compared with single Laves-phase alloys [64] 
and Laves-dual phase alloys [65–70].
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Laves/D022 surfaces, respectively, and A is the interfacial area. The 
calculated interfacial energies are 1.64 J/m2 for FCC/Laves and 0.12 J/ 
m2 for FCC/D022. Obviously, the D022 phase-selective transformation 
substantially reduces the FCC-D022 interfacial energy, enhancing sta
bility and bonding strength [48]. Studies have reported that the high 
interfacial energy (e.g., 3.58 J/m2 at the low-index TiC-Fe interface) 
corresponds to intrinsically weak bonding and serves as a failure-prone 
site in the metal-ceramic composite [35]. Similarly, in FCC-Laves 
EHEAs, the substantial lattice misfit (measured experimentally as 
14.27 % for (111)FCC//(2310)Laves with [011]FCC//[0001]Laves, and 
computed as 17.7 % for (100)FCC//(1120)Laves with 
[010]FCC//[0001]Laves, and high interfacial energy (1.64 J/m2) leads to 
semi-coherent interfaces with inherently limited bonding strength. 
Lower adhesion of eutectic lamellae gives a weakened load transfer, 
lower yield strength, and stiffness [51]. Thermodynamically, the inter
facial energy represents the excess free energy of an interface and is a 

crucial parameter of precipitation [52]. Therefore, it should be an 
important parameter in the formation of the D022 precipitate during 
aging. When the volume fraction of the D022 phase exceeds 50 % with 
aging for at least 6 h, primary FCC-Laves interfaces are largely replaced 
by FCC-D022 boundary (Fig. 7). This interfacial reconfiguration sub
stantially reduces the lattice misfit from 17.7 % to 1.4 %, meanwhile 
enhancing the interfacial bonding and improving interface stability, as 
theoretically confirmed by the reduction in interfacial energy from 1.64 
J/m2 to 0.12 J/m2. Therefore, the increased capacity for accommoda
ting localized strain contributes to doubled plasticity of FCC-Laves 
EHEAs.

4.3. Deformation mechanisms induced by phase transformation

TEM analysis was performed on fractured specimens to characterize 
the deformation microstructure, as shown in Fig. 13. In eutectic alloys, 
plastic deformation typically initiates within the soft lamellae, subse
quently leading to increasing strain mismatches and heterogeneous 
deformation fields at phase boundaries. Overlarge lattice misfit can 
easily induce stress accumulation and strain incompatibility at these 
lamellae interfaces [14,53], thereby causing poor plasticity. In AG-0.1h 
alloy, the plastic deformation is primarily dominated by planar dislo
cation slip and tiny SFs within the FCC lamellae (Fig. 13a), whereas no 
defects can be detected within the hard Laves lamellae, indicating a 
significant disparity in deformability between the two phases. The soft 
FCC lamellae are constrained by adjacent hard Laves phases, restricting 
plastic flow and leading to large local strain accumulation. To maintain 
strain continuity, plastic strain gradients develop near the lamella in
terfaces [54], which are accommodated through the storage of 
geometrically necessary dislocations (GNDs). This process inevitably 
generates long-range back-stress [55] that impedes dislocation motion 
in FCC lamellae until Laves lamellae start to deform concurrently 
(Fig. 13b), thus critically preceding crack initiation. Additionally, some 
L12 precipitates enriched in Ni and Ta are observed in planar arrays 
(Fig. 13c), similar to those reported in Ni-rich alloys [56]. These L12 
precipitates are often associated with SFs [56] and could induce further 
stress concentrations. The deformation mechanisms in AG-1.5h alloy 
(Fig. 13d and e) closely resemble those in AG-0.1h alloy, with disloca
tions and SFs dominating until interfacial stress accumulation induces 
fracture. Nonetheless, the plasticity of AG-1.5h alloy is slightly 
improved, attributing to the presence of more deformable D022 pre
cipitates that help alleviate interfacial stresses by absorption or transfer 
to the neighboring FCC lamellae. Furthermore, the L12 precipitate 
density reaches a maximum in AG-1.5h alloy among all aged conditions 

Fig. 11. Formation energies of L12/D022-Ni3Ta structure with various 
compositions and σ-CrFe phase. Model 1–3 show the formation energies of 
A3B-type L12 structures with Ni3Ta, (Co9Ni8Fe5Cr2)(Ta3Cr2Fe3) [(Co28N
i25Fe14Cr8)(Ta11Cr7Fe7)] in AG-6h alloy and (Co7Cr1Fe1Ni15)(Ta8) [(Co28Cr3

Fe7Ni33Ta4)(Ta25)] in AG-48h alloy. Model 4 and 5 present the formation 
energies of A3B-type D022 structures with Ni3Ta and (Ni14Co8Cr1Fe1) 
(Ta6Cr1Fe1) [(Ni46Co24Cr2Fe3)(Ta19Cr3Fe3)] in AG-6h alloy. Model 6 presents 
the formation energy of the σ phase in the AG-6h alloy.

Fig. 12. FCC-Laves and FCC-D022 interfaces unit cell model.
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(Fig. 4), which contributes to an enhanced strength.
The volume fraction of D022 precipitates approaches ~50 % in AG-6 

alloy (Figs. 7 and 13f), prompting substantial elemental redistribution 
within the Laves lamellae. Specifically, Ni and Ta contents decrease due 
to their incorporation into D022 precipitates, whereas Co and Fe con
centrations increase (Table 1). This compositional evolution may reduce 
the critical resolved shear stress for basal slip and facilitate dislocation 
glide in the Laves lamellae [57], as directly confirmed by TEM results in 
Fig. 13g. Notably, the FCC-Laves interface is progressively replaced by 
FCC-D022 boundaries driven by the phase-selective transformations. 
These newly formed interfaces have low misfits and high stability, 
enabling them to accommodate more lattice distortion. Simultaneously, 
additional twinning systems are activated in the D022 precipitates 
(Fig. 13h), which is expected to contribute to the increased work 
hardening, consistent with behaviors reported in other material systems 
[58,59]. The formation of deformation twins introduces new boundaries 
that lead to a dynamic Hall-Petch effect, which effectively reduces the 
mean free path of dislocations [60,61] and promotes interactions with σ 
precipitates (Fig. 13i), thereby contributing to strength enhancement. In 
AG-48h alloy, active dislocations observed in σ phases (Fig. 13j) confirm 
its better deformability than the Laves phase, and their concurrent 

deformation with strain-accommodating D022 precipitates (Fig. 13k) 
enhances plastic deformability but reduces yield strength. Fig. 14a–c 
shows the evolution of SFs in FCC lamellae, while Fig. 14d–f presents SFs 
and twins in the D022 phase during aging. Specifically, the FCC lamellae 
in AG-48h alloy exhibit the highest SF density with SFs activated along 
multiple crystallographic directions. In contrast, the D022 phase in 
AG-6h alloy shows the highest twin density, as also observed in the 
deformation microstructure (Fig. 13h).

To analyze the deformation mechanisms, the theoretical concept of 
the generalized stacking fault energy (GSFE) is typically employed to 
quantify the energy penalty for shearing specific slip systems [62]. The 
stable and unstable stacking fault energies (SFEs) derived from GSFE 
curves provide an evaluation approach in determining nanoscale plastic 
deformation modes within the thermally nonactivated limit. The GSFE is 
a function of displacement [63] for sequential fault pathways on 
close-packed planes 

γ =
(
E-Eperfect

) /
A (4) 

where E and Eperfect are the energies of configurations with and without 
the fault, and A is the area of the fault plane. The GSFEs were stimulated 

Fig. 13. Deformation structures in AG-0.1h, AG-1.5h, AG-6h and AG-48h alloys. Dislocation and SFs are observed in AG-0.1h, AG-1.5h, and AG-48h alloys, 
while the twins are confirmed additionally in AG-6h alloy.
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in three aged alloys (AG-0.1h, AG-1.5h, and AG-48h) for the FCC and 
D022 phases with varying compositions. We focus on the GSFEs associ
ated with dislocation slip on {111}FCC, {001}D022 planes and [112]FCC, 
[112]D022 directions, shown in Fig. 15. The first energy maximum de
termines the unstable stacking fault energy (γUSF), representing the en
ergy barrier for nucleating a partial dislocation, where it occurs at a 

shear displacement of around 1/2 b
⇀

. With continuous shearing, partial 
dislocation starts to propagate and leave a stable SFE (γISF), as charac
terized by the first energy minimum. Along the twinning fault pathway 

(from 1 b
⇀ 

to 2 b
⇀

), the initial configuration is an intrinsic or stable 

structure. The second maximum energy on the GSFE curve is the 
unstable-twinning SFE (γUTF), which denotes the lowest energy barrier 
for forming an extrinsic stacking fault or a 2-layer twin nucleus. The 
second minimum energy represents the two-layer twinning or extrinsic 
stable stacking fault (γESF).

In the FCC lamellae, three alloys exhibit close γISF and γESF, with 
slight variation in γUSF and γUTF. Although elevated γISF and γUTF values in 
AG-0.1 h alloy tend to suppress SF formation, the deformation mecha
nisms in the matrix remain consistent in AG-6h and AG-48h alloys 
(Figs. 13 and 14). In contrast, the D022 phase shows the highest fault 
energies in AG-0.1h alloy, while the AG-48h and AG-6h alloys exhibit 

Fig. 14. SFs and Twins in AG-0.1h, AG-6h, and AG-48h alloys. (a–c) SFs in the FCC lamellae. (d–f) SFs and twins in the D022 phase.

Fig. 15. GSFE (generalized stacking fault energy) curves of AG-0.1h, AG-6h, and AG-48h alloys. The GSFE curve along (a) [112]FCC and (b) [112]D022 di
rections. The USF, ISF, UTF, and ESF represent the unstable stacking fault, intrinsic stacking fault, unstable twining energy, and extrinsic stacking fault, respectively.
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the medium, minimum values, respectively. Correspondingly, the 
deformation behavior of the D022 phases in AG-6h alloy is different from 
that in AG-0.1h and AG-48h alloys, with twinning becoming a dominant 
deformation mode. This change is attributed to the lowest γUTF value, 
which is completely consistent with the experimental results in Figs. 13 
and 14. Thus, thermal-activated diffusion during phase transformations 
modifies GSFE, thereby governing the competition between dislocation 
slip and twinning in plastic deformation. Based on these discussions, the 
schematic diagrams of the microstructural evolutions and deformation 
mechanisms across varying aging times are summarized in Fig. 16. Since 
compression tests cannot directly assess tensile ductility, we performed 
tensile tests on specimens with dimensions of 10 mm (gauge length) ×
2.5 mm (width) × 1 mm (thickness). However, all specimens fractured 
prior to yielding, demonstrating that tensile testing is not viable for this 
material. In the future, a number of strategies must be explored to 
enhance the tensile plasticity of this material. Nonetheless, the observed 
phase-selective transformation and interface evolution mechanisms 
provide valuable insights for the development of next-generation 
advanced structural materials.

5. Conclusion

In this study, we present the development of local coherent interfaces 
in FCC-Laves CoCrFeNiTa0.4 EHEAs by selective phase transformation, 
exhibiting a good balance of strength and plasticity. The precipitation 
behaviors, interfacial relationships, mechanical properties, and defor
mation mechanisms were thoroughly investigated. The main findings 
are as follows: 

1) Compared with the SC sample, the plastic strain of AG-6h alloy was 
increased from 5.6 % to 12 %, and the compressive strength was 
enhanced from 2580 MPa to 2986 MPa. Notably, the AG-6h alloy 
possesses a good strength-plasticity synergy among the reported 
aged EHEAs.

2) Aging at 1023 K for 6 h, a mass of cuboidal L12 and lamellar D022 
transformations, chemically driven by the uphill diffusion, were 
observed in the FCC and Laves lamellae, respectively. Both phase 
transformations establish coherent interfaces with the FCC matrix. 
The nanoscale L12 precipitates have coherent interfaces entirely 
within FCC lamellae, whereas the larger D022 precipitates, replacing 
partial Laves lamellae, generate direct coherent boundaries with 
adjacent FCC lamellae.

3) When the aging time increases from 0.1 h to 6 h, the deformation 
mechanisms change from the FCC dislocation-dominant mechanisms 
to FCC/D022 SF/twins-controlled modes, indicating the reduced SFE. 
A deformation fundamental for coherent heterostructures is eluci
dated: beyond directly contributing to strength, hetero-zone inter
action and the development of long-range internal stress could assist 
in invoking plastic mechanisms.

4) First-principles calculations on the formation energies, interfacial 
energies, and GSFE curves reveal that selective phase transformation 
is reliable for designing the low lattice misfit interfaces and high- 
performance materials for structural applications.
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