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Overcoming strength-toughness trade-off in a
eutectic high entropy alloy by optimizing chemical
and microstructural heterogeneities
Zhaoqi Chen1,6, Wenqing Zhu 1,6, Hang Wang1, Quanfeng He1,2, Qihong Fang3, Xiaodi Liu4, Jia Li 3✉ &

Yong Yang 1,5✉

The well-known strength-toughness trade-off has long been an obstacle in the pursuit of

advanced structural alloys. Here, we develop a eutectic high entropy alloy that effectively

overcomes this limitation. Our alloy is composed of face-centered cubic and body-centered

cubic crystalline phases, and demonstrates attractive mechanical properties by harnessing

microstructural hybridization and a strain-induced phase transition between phases. Unlike

conventional eutectic alloys, the compositionally complexity of our alloy allows control of its

microstructural and chemical heterogeneities across multiple length scales, ranging from

atomic- and nano-scales to meso-scales. Optimizing these microstructural and chemical

heterogeneities within our alloy enables high strength and ductility because of enhanced

fracture resistance, outperforming alternative high and medium entropy alloys with similar

compositions and microstructures.
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Eutectic alloys have been important in engineering applica-
tions due to their high rupture strength1, good creep
resistance2 and excellent castability3. The microstructure,

consisting of two or more phases forming in a coupled manner,
enables superior mechanical properties compared to single-
phased alloys. Extensive research over the years has been con-
ducted to develop a variety of eutectic systems, including Al-Si4,
NiAl-Mo5 and Al-Fe-Nb6. However, only a few eutectic systems
are commercially significant, as many others have shown unsa-
tisfactory deformability and limited toughening mechanism7,8.
High entropy alloys (HEAs)9,10 represent a break-through in
conventional alloys design, providing rich opportunities for the
discovery of eutectic alloys in an expanded compositional space.
Lu et al.11 first proposed the concept of eutectic high entropy
alloys (EHEAs), which combine the advantages of both eutectic
alloys and HEAs with good castability and a balanced strength-
ductility combination12,13 As a result, EHEAs have gained tre-
mendous research interest in recent decades3,14–21.

To optimize the mechanical properties of EHEAs, thermo-
mechanical processing is crucial for tailoring microstructure
heterogeneity through deformation and subsequent heat
treatments22,23. Although various strengthening mechanisms,
such as precipitation strengthening24 and grain refinement
strengthening25, have been successfully achieved in EHEAs after
thermomechanical processing, they often come at the expense of
toughness and/or ductility due to strain localization and pre-
mature fracture caused by precipitation or grain boundaries. In
EHEAs, the interfaces of soft and hard phases can lead to het-
erogeneous deformation-induced (HDI) strengthening, but they
are also the preferable sites for crack nucleation and
propagation26, which can result in premature failure of EHEAs.
Therefore, achieving both strengthening and toughening simul-
taneously through tailoring the microstructure heterogeneity in
EHEAs remains a challenge.

In this study, we developed a EHEA with the chemical com-
position of Al18Co30Cr11Fe11Ni30 (in atomic percentage), which
exhibits a balanced strength-ductility combination surpassing
those of previously reported Al-Co-Cr-Fe-Ni alloys, including
EHEAs13,27, single-phased and dual-phased HEAs28–30. We
employed a thermomechanical processing method to system-
atically tune the chemical and microstructural heterogeneity of
the alloy at various levels. Our EHEA demonstrated deformation-
induced phase transformation, a mechanism for enhancing
plasticity strengthening that is rarely observed in other EHEAs.
Furthermore, we discovered that by adjusting the morphological
heterogeneity of the eutectic microstructure in our alloy, we can
achieve significant toughening by delocalizing micro-cracks at the
hard/softer interface, effectively mitigating local stress con-
centration even at high flow stress and hence enhancing the
overall ductility of our EHEA.

Results
Microstructural characterization of the Al18Co30Cr11Fe11Ni30
EHEA. The as-cast (AC) Al18Co30Cr11Fe11Ni30 EHEA is shown
to have a dual-phase structure in Fig. 1a, as evidenced by the
presence of two sets of peaks corresponding to the face-centered
cubic (FCC) and body-centered cubic (BCC) phase. Electron
back-scattering diffraction (EBSD) analysis further confirms the
dual-phase structure, revealing a eutectic lamellar morphology
with lamellae thickness of 1.18 ± 0.53 μm and 0.51 ± 0.33 μm for
the FCC and BCC phase, respectively (Fig. 1a, Supplementary
Fig. 1a). The FCC phase is found to maintain a Kurdjumov–Sachs
(K–S) ( 111f gFCC== 110f gBCC; 110h iFCC== 111h iBCC) orientation
relationship with the adjacent BCC phase in the AC state, which
is also revealed by the grain boundary map (the inset of Fig. 1a)

and is consistent with the observations in a few (FCC+ BCC)
dual-phase HEAs31,32. The alternating dual-phase lamellar
structure of the Al18Co30Cr11Fe11Ni30 EHEA is clearly shown in
the transmission electron microscopy (TEM) image (Fig. 1b).
Additionally, several misfit dislocations are observed at the
interface between the FCC and BCC phase, indicating semi-
coherent interfaces. The Fast Fourier Transform images confirm
the presence of the K-S orientation relationship between the FCC
and BCC phase (Fig. 1c–f). The energy-dispersive spectroscopy
(EDS) maps reveal that the FCC phase is rich in Co, Cr, and Fe,
while the BCC phase is rich in Al and Ni (Fig. 1g).

To tailor the microstructure heterogeneity of the EHEA, we
conducted cold rolling and annealing treatments and labeled the
resulting cold-rolled, annealed EHEAs at 700 °C, 800 °C and
900 °C as CR, P1, P2, and P3, respectively. Following thermo-
mechanical processing, we observed that the EHEAs still
contained both FCC and BCC phases, which are illustrated in
Fig. 2a by the absence of new phase peaks. EDX analyses were
conducted to assess the evolution of chemical concentration in
the EHEA with only Al and Cr displayed in Fig. 2b as the
representatives of the chemical change in the BCC- and FCC-
phases. We found significant changes in chemical concentration
after the annealing treatments, with the FCC phase exhibiting a
higher concentration of Co, Cr, Fe and a lower concentration of
Al, Ni compared to that in the AC and CR EHEAs (see
Supplementary Fig. 2 for the comprehensive results). Conversely,
the BCC phase exhibited the opposite results. We have employed
the Thermo-Calc software to calculate the equilibrium phase
diagrams, as depicted in Supplementary Fig. 3. Remarkably, these
calculated diagrams align with our experimental results, indicat-
ing that the annealing process induces further chemical diffusion,
resulting in higher concentrations of Co, Cr and Fe within the
FCC phase and a higher concentration of Al within the BCC
phase. During annealing treatments, recrystallization occurred
and gradually replaced the lamellar structure with a near-
equiaxed one and significantly decreased lamellae thickness, as
observed in Fig. 2c and Supplementary Fig. 1a. Notably, the
recrystallization process is more pronounced in the FCC phase
than that in the BCC phase, probably due to strain partitioning
during cold deformation26, as evidenced by the higher fraction of
near-equiaxed structures in the FCC phase (Supplementary
Fig. 1b). In addition, the grain boundary maps of the annealed
EHEAs are shown in Fig. 2d. In the P1 EHEA, some low angle
grain boundaries (LAGBs) are still preserved indicative of
incomplete recrystallization. Furthermore, the statistical result
shows that after cold rolling, most interfaces deviate from the K-S
relationship, which is also observed in other alloys33,34 and
usually attributed to crystal rotation during severe plastic
deformation. It is noteworthy that the fraction of the K–S
relationship increases after the annealing treatments (Fig. 1d),
indicating the restoration of the K-S orientation relationship at
the FCC/BCC interfaces. Considering the limited field of view in
Fig. 1a and Fig. 2c, d, we have included the EBSD results at a
lower magnification in Supplementary Fig. 4, which exhibit good
consistency with the high-magnification results, indicating that
the observed microstructural evolution is representative of the
overall microstructure.

Mechanical properties of the Al18Co30Cr11Fe11Ni30 EHEA.
Figure 3a illustrates the true stress-strain curves obtained from
testing our EHEAs before and after undergoing thermo-
mechanical treatments (see Methods for details; the correspond-
ing engineering stress–strain curves are provided in
Supplementary Fig. 6). In our current study, we conducted
numerous tensile tests on samples obtained under various
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thermomechanical treatment conditions. Supplementary Fig. 7
showcases the stress-strain curves obtained from the AC EHEA.
Given that the presence of casting defects often leads to
mechanical property variations in alloys35,36, the remarkable
repeatability of our results suggests that any potential influence of
casting defects in our AC samples can be considered negligible.
Furthermore, we conducted 3D X-ray Computed Tomography
(CT) scanning on our as-cast sample, with imaging performed at
a resolution of 10 μm (see Methods). Notably, the CT imaging did
not reveal the presence of any significant casting defects (see
Supplementary Fig. 8), further supporting our conclusion derived
from the tensile tests. The AC EHEA showed a yield strength of
618 ± 14MPa and a uniform elongation of 8.6 ± 0.6% before
fracture. After cold rolling, the yield strength of the CR EHEA
increased to ~1800MPa with a concomitant reduction in ductility
to ~2%. Subsequent thermal annealing at 700 °C and 800 °C led to
a decrease in strength and an increase in ductility, which is
anticipated due to annealing induced recrystallization and
microstructural coarsening37,38, as seen in Fig. 2c. However,
thermal annealing at temperature of 900 °C and above (see
Method) triggered a rather swift degradation of both the strength
and the ductility of our EHEAs. By comparison, our P2 EHEAs
exhibited the most desirable combination of strength and

ductility, registering 1041 ± 33MPa and 17.0 ± 0.6%, respectively.
In other words, compared with the AC EHEA, our study revealed
that proper thermal annealing achieved up to twofold improve-
ment in ductility and 70% strength gain.

In Fig. 3b, the strain hardening rate curves for the EHEAs are
depicted. Specifically, the strain hardening of the annealed
EHEAs can be distinguished by a three-stage process. Stage A
signifies the initial reduction in the strain hardening rate (θ),
followed by Stage B, where the strain hardening rate starts
increasing after a true strain of 1.3%, reminiscent of dynamic
hardening caused by deformation twinning23,39,40. The process
culminates in Stage C, where θ exhibits a gradual decline until
failure (fracture). On the other hand, the AC and CR EHEAs
demonstrate two-stage hardening without Stage B. It is
noteworthy that none of the EHEAs satisfies the Considerer’s
instability criterion41,42, indicating that necking is not the
prevalent fracture mechanism as has been reported in previous
studies43–45. Figure 3c displays the micrographs of the fractured
AC and P2 EHEAs. The P2 EHEA surface displays numerous
microcracks proximate to the fracture plane, while no microcrack
is seen in the AC EHEA. The fracture surfaces of both EHEAs
exhibit ductile fracture morphology characterized by dimples,
indicating a similar fracture mechanism. Figure 3d compares our
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Fig. 1 The structural characterization of the as-cast Al18Co30Cr11Fe11Ni30 eutectic high entropy alloy. a The XRD pattern of the as-cast EHEA that
comprises an FCC and a BCC phase. The insets show the inverse pole figures (IPFs) of the FCC and BCC phase with a lamellar microstructure. The grain
boundary map shows low-angle grain boundaries (colored in black) with misorientations 2°≤ θ≤ 15°, high-angle grain boundaries (in blue) with θ > 15°
and FCC/BCC interfaces with the K-S orientation relationship (in red). b The TEM bright field image of the dual-phase lamellar structure. c The high
resolution transmission electron microscopy (HRTEM) image showing the FCC/BCC interface. d The Fast Fourier Transform (FFT) filtered image of the
region A in (c) which reveals misfit dislocations at the semi-coherent FCC/BCC. e–f The FFT patterns of the FCC and BCC phase that shows the K-S
orientation relationship. g The elemental mappings of the lamellar microstructure are shown in (b). Scale bar= 500 nm.
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EHEAs to single-, multi-phased HEAs and EHEAs in the Al-Co-
Cr-Fe-Ni family with regard to their strength and ductility (see
Supplementary Table 1 for details). While thermomechanical
processing of conventional metals leads to the trade-off between
strength and ductility37,38,46, however, it is clear that our P2
EHEA is breaking this norm by delivering exceptional strength-
ductility combination when compared to other HEAs and
EHEAs. Notably, further annealing led to degradation of both
strength and ductility. This finding is intriguing and merits
further in-depth analyses.

Microstructural evolution during deformation. Figure 4a pre-
sents a detailed visual representation of the microstructures
observed in our EHEA samples (specifically, the AC and P2
samples) after tensile deformation. In the AC sample, dislocation-
mediated plasticity was observed within its eutectic structure,
with the proportions of FCC and BCC phases remaining
unchanged after deformation. In contrast, Fig. 4b demonstrates a
significant strain-induced transformation from FCC to BCC in
the annealed EHEAs. It is widely accepted that the propensity of
strain-induced phase transformation increases as the stacking

fault energy (SFE) of an alloy decreases. It is noteworthy that Al
in the Al-Co-Cr-Fe-Ni system possesses the highest SFE47. Hence,
we anticipate that there could be other compositions within the
EHEA system, featuring lower Al concentrations could demon-
strate remarkable plasticity due to deformation-induced FCC-
BCC transitions. Figure 4c depicts further examination of an
annealed EHEA after tensile deformation, revealing the emission
of a stacking fault at the FCC/BCC interface with a K-S orien-
tation relationship (see the inset in Fig. 4c). Adjacent to the
stacking fault, a Shockley partial dislocation (i.e., 1/6[�11�2] was
identified using the dislocation circuit (Fig. 4d and the inset). A
notable observation was the change in atomic packing across the
FCC/BCC interface, characterized by measuring the angles (α and
β) between atomic planes, as shown in Fig. 4e. It was found that
from Region A to B and C, the (α, β) angle gradually changed
from (71.9° ± 1.3°, 125.6° ± 0.9°) to (66.9° ± 1.3°, 122.3° ± 1.2°)
and finally to (59.7° ± 1.5°, 119.8° ± 0.9°) (Fig. 4f, g). In compar-
ison, a standard crystal lattice maintains (α, β) values of (70.5°,
125.3°) for an FCC lattice, when viewed along the <110> direc-
tion, and (60°, 120°) for a BCC lattice viewed along the <111>
direction. Therefore, the variation of measured angles can be
considered an early indication for the FCC to BCC transition in
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Fig. 2 The structural characterization of the Al18Co30Cr11Fe11Ni30 eutectic high entropy alloy after thermomechanical treatments. a The XRD patterns
of the cold-rolled and annealed EHEAs comprising the FCC and BCC phase. b The chemical concentrations of Al and Co elements in the lamellar structure
of the EHEAs. The center and radius of the semicircles represent the average and standard deviation of concentrations. c The inverse pole figures of the
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Fig. 5.
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Region B, following the emission of the partial dislocation and the
formation of the stacking fault. Furthermore, our analysis reveals
that there is no presence of an ordered phase is in the AC and P2
EHEAs, both before and after deformation. This finding indicates
that the observed dynamic strain hardening is not attributed to an
order-disorder transition, as depicted in Fig. 1 and Supplemen-
tary Fig. 9.

Discussion
To understand the mechanisms behind the deformation-induced
phase transformation, we conducted extensive molecular dynamics
(MD) simulations on the shear deformation in our dual-phase
HEAs (see Methods). To accurately represent real-world observa-
tions, we constructed “sandwich-like” simulation cells consisting of
three layers of phases (e.g., BCC/FCC/BCC), with the chemical

composition of each phase assigned based on the results obtained
from the annealed or as-cast samples (e.g., P2 or AC EHEA). The
FCC/BCC interfaces maintained the K-S orientation relationship,
regardless of the chemical compositions of different phases (Sup-
plementary Fig. 10). Figure 5a displays the snapshots of the
simulated FCC-BCC phase transformation process in the model P2
EHEA. Interestingly, local BCC-like atomic packings could be
identified in the FCC phase prior to deformation, which could be
attributed to the effect of lattice distortion48,49. However, while the
regions of local BCC-like packing increased with shear strain,
phase transformation began at the initial FCC/BCC interfaces and
gradually propagated into the FCC phase until the complete phase
transformation occurred. Figure 5b–e shows the trajectories of
atoms at the interface during the phase transformation. Notably,
the migration of the FCC/BCC interface occurred in two steps.
Initially, atoms in the FCC phase collectively moved along the

Fig. 3 The mechanical characterization of the Al18Co30Cr11Fe11Ni30 eutectic high entropy alloy. a The typical uniaxial true stress-strain curves of our
EHEAs. b The curves of strain hardening rate versus strain for the EHEAs. The inset shows the enlarged region marked by the red rectangular. c The
fracture morphologies observed on the AC and P2 EHEA samples (left panel: the plan view of the sample surface next to the fractured surface; right panel:
the plan view of the fracture surfaces). d Comparison of our Al18Co30Cr11Fe11Ni30 EHEAs to single-phased, dual-phased M/HEAs and EHEAs in the Al-Co-
Cr-Fe-Ni family with regards to their strength and ductility.
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[�1�1�1] direction causing a change in the bond angle of the otherwise
perfect 1�10)FCC lattice from 90° to approximately 84°, as observed
in Fig. 5b–e. Subsequently, atom displacement shifted towards the
[�1�1�2] direction leading to the formation a BCC lattice. This
resulted in the transformation of the initial (1�10)FCC plane into a
(1�11)BCC plane, as schematically illustrated in Fig. 5f. The two-step-
shear mechanism is in line with the crystallographic theory, which
postulates that the phase transformation from FCC to BCC
involves two distinct shear deformations within the interface
region50. It is noteworthy that the transformed BCC lattice
maintained the same atomic configuration as the initial BCC lattice
(Fig. 5e), thereby retaining the K-S orientation relationship51.

To investigate the cause of the unusual paths taken by atom
(Fig. 5f), we conducted a detailed analysis of the motion of defects
accompanying the phase transformation. By examining the
atomic packing near the FCC/BCC interface (Fig. 5g), we were
able to identify partial dislocations using the well-established
dislocation extraction algorithm52, as illustrated in Fig. 5h.

Importantly, these partial dislocations move away from the FCC/
BCC interface into the FCC phase through gliding (See Supple-
mentary Movie 1), leading to the formation of local BCC lattices
within the FCC phase. Consequently, the atomic trajectories
observed earlier (Fig. 5i) were a direct result of these passing
dislocations, as they left behind a trail of transformed
regions. Hence, in our P2 EHEA, the transformation pathway
involves the two-step shear deformation through gliding of partial
dislocations.

For the strain-induced FCC-BCC phase transformation,
orientation relationships play a crucial role in adjusting the FCC/
BCC interfacial energy and controlling dislocation behavior53,54.
It has been revealed that the selection of different orientation
relationships can significantly influence the transformation pro-
cess in MD simulations55. To assess the importance of the K-S
relationship in our EHEA, we extended our investigations
through additional MD simulations where we deliberately intro-
duced variation in the orientation relationship or chemical
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compositions at the FCC/BCC interface, deviating from our P2
EHEA. Supplementary Fig. 11a, b illustrate the outcomes of the
simulations. Notably, when we remove the BCC phase in the
simulation cell, we only observed the formation of stacking faults
without any occurrence of FCC-BCC transformation in the
remaining FCC single crystals. Furthermore, modifying the che-
mical compositions of the phases led to an increase in the
interfacial energy between the FCC and BCC phases, even when a
K-S orientation relationship was maintained (Supplementary
Fig. 11c). According to the classical nucleation model56,57, a
higher interfacial energy corresponds to a larger nucleation bar-
rier, effectively suppressing phase transformation. Furthermore,
Supplementary Fig. 12 presents the cross-sectional view of the
near-interface FCC phase along the �1�12]FCC//[�112 direction.
Notably, in the AC EHEA, stacking faults align in the same
direction. However, in the P2 annealed EHEA, an increased
number of stacking faults are emitted along different direction,
intersecting with each other, which is consistent with the
experimental observations (see Supplementary Fig. 12c). This
arrangement of stacking faults generates local stress field,
enabling the FCC lattice to exceeds the critical stress threshold
and undergo a transform to the BCC lattice58, leading to the
dynamic hardening effect in the annealed EHEAs. These findings
rationalize our experimental observations that plasticity occurred
in our AC EHEA mainly by dislocation mechanisms but in our
annealed EHEAs by combined dislocation and phase transition
mechanisms.

In addition to phase transition, the microstructure of our
EHEA also plays a significant role for enhanced ductility and the
formation of abundant micro-cracks (Fig. 3c and Supplementary
Fig. 13). These micro-cracks can enhance the toughness of our
EHEA by increasing energy dissipation before catastrophic failure
occurs. To investigate this microstructure effect, we conducted
extensive finite element (FE) simulations (see Methods) that
combined dislocation-based crystal plasticity59 with phase-field
modeling60. These simulations considered damages caused by
excessive dislocation accumulation, and further details can be
found in Supplementary Note 1, 2. We created three pre-cracked
microstructure models using phase-field techniques61,62, which
simulated solidification into lamellar (model 1), mixed (model 2)
and equiaxed (model 3) microstructures (see Supplementary
Fig. 14, Supplementary Note 1, Supplementary Table 2, 3,
Fig. 6a–c). Due to the structural anisotropy present in model 1,
we analyzed cracking parallel (model 1-h) and perpendicular
(model 1-v) to the lamellas in this model. On the other hand,
model 2 and 3 exhibited limited structural anisotropy, resulting in
fracture resistance that was insensitive to cracking direction.
Subsequently, we applied tensile loading to all models until
overall failure was detected (Fig. 6d).

The results indicated that cracking in model 2 or along the
direction perpendicular to lamellas in model 1 was the most
challenging and exhibited distributed local damages ahead of the
main crack-tip (Fig. 6e–h). In comparison, damages were con-
centrated at the main crack-tip in model 3 or in model 1 when the

Fig. 5 The molecular dynamics simulation results revealing phase transformation mechanism of the Al18Co30Cr11Fe11Ni30 eutectic high entropy alloy.
a Snapshots of the calculation cell showing the FCC-BCC transformation process with the K-S orientation relationship. Only atoms with BCC configuration
are shown. b–c Cross-sectional view of the FCC/BCC interface with 3D displacement vectors. Colors denote the local crystal structure. d–e Enlarged view
of the black dotted rectangular area in (b, c), respectively. f Schematic representation of the FCC→ BCC phase transformation mechanism. g Cross-
sectional view showing the nucleation of the BCC phase at the FCC/BCC interface and (h) the extracted dislocation lines ahead of transition region for the
two-step-shear transformation mechanism. i Enlarge view of the black dotted rectangular area in (h).
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crack was oriented along the direction parallel to lamellas. These
findings have significant implications: (1) the fracture resistance
of the lamellar microstructure is directionally dependent, with
cracking preferentially occurring in directions parallel to local
FCC/BCC interfaces in the AC EHEA21. This observation aligns
with the “furrow” like features observed on the fracture surface in
our experiments (see Fig. 3c and Supplementary Fig. 13). (2) The
fracture resistance of the equiaxed microstructure is weak but
directionally insensitive. Therefore, a microstructure that com-
bines lamellar and equiaxed regions (model 2) can result in
improved fracture resistance as equiaxed regions can effectively
deflect cracks away from the weak orientation of their neigh-
boring lamellar regions. As a result, we observed that the dis-
location density and the magnitude of damage near the crack-tip
in model 2 were significantly lower than in model 1-h and model
3, but close to that in model 1-v (inset of Fig. 6d and Fig. 6i).

These findings of delocalized damages are consistent with our
experimental observations of distributed micro-cracking in the
proximity of the major crack (Fig. 3c and Supplementary Fig. 13).
At a fundamental level, the phenomenon of transformation
induced plasticity (TRIP) is closely linked to SFE. Therefore,
similar phenomena have been reported for binary alloys63,64,
highlighting the importance of SFE in TRIP. However, the SFE
can be adjusted by altering the chemical composition of an alloy.
HEAs offer a wide compositional space and their inherent com-
positional complexity allows for significant tunability of the SFE.
Therefore, we believe that the compositional window for SFE
tuning is broader in HEAs compared to binary alloys. Regarding
the delocalization of microcracks, our results clearly demonstrate
that it is a general toughening mechanism stemming from
microstructural heterogeneities, which applies to both low-order
systems (binary and ternary) and high-order systems like HEAs.
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Fig. 6 Crystal plasticity simulation results revealing the microstructural effect on the fracture behavior of the Al18Co30Cr11Fe11Ni30 eutectic high
entropy alloy. a–c Computational models generated by the phase-field model. d Stress-strain curves of the four models. Insets are the contours of the
mobile dislocation density ρm at the failure points. e–h Snapshots of the fields of damage variable d of the four models. i Profiles of d and ρm at strain of
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However, the fine-scale microstructural features, potentially
resulting from sluggish atom diffusion in EHEAs65, provide us
with a larger thermomechanical processing window for fine-
tuning the microstructural heterogeneities, therefore facilitating
the microstructural optimization for enhance toughness.”

Conclusion
In summary, we have successfully engineered a high-strength,
ductile EHEA by fine-tuning its chemical and microstructural
heterogeneities through thermomechanical processing. The opti-
mization of chemical heterogeneity at both atomic- and nano-
scales resulted in dynamic strain hardening, triggered by
deformation-induced FCC-BCC transition at the FCC/BCC
interface with a K-S orientation relationship. Simultaneously,
thermal annealing spurred microstructural evolution, trans-
forming a typical lamellar to a near-equiaxed microstructure. This
transition led to the coexistence of these two microstructures at
the meso-scale, creating a hybrid microstructure. Interestingly,
the combined microstructure effectively initiated distributed
micro-cracking and bolstered the fracture resistance of the alloy,
thereby enhancing its room-temperature ductility even under
high flow stresses, a feat unattainable with either a lamellar or a
near-equiaxed microstructure alone. We anticipate that our cur-
rent findings could have broader applications for other eutectic
structural alloys with significant technological value, such as those
used in the automotive, aerospace, and nuclear industries3,18,66,67.

Methods
Materials preparation. The EHEAs with the chemical compo-
sition of Al18Co30Cr11Fe11Ni30 were prepared by arc-melting
with high-purity raw materials (>99.9 wt%) in a Ti-gettered
argon atmosphere. Each ingot was melted at least five
times to obtain the chemical homogeneity and then dropped
into a water-cooled copper mold with a dimension of
60 × 12.5 × 5 mm3. The as-cast alloy was cold-rolled to 70%
reduction in thickness (labeled as AC and CR alloys) using a lab-
scale two-high rolling machine and then annealed at 700 °C,
800 °C, 900 °C for 6 h followed by water quenching (labeled as
P1, P2, P3 alloys).

Microstructural characterization. The crystalline phase was
identified using X-ray diffraction (XRD) on a Rigaku MiniFlex
600 with Cu Kα radiation and a scanning rate of 4° per min.
Scanning electron microscopy (SEM) and EBSD were conducted
in a FEI Quanta 450 FEG system with energy-dispersive spec-
troscopy detector and EDAX TSL system for microstructural and
compositional analyses. The samples were initially polished using
2000-grit SiC abrasive papers and subsequently with Alumina
suspension down to 0.3 μm. The EBSD samples were further
vibration polished in a BUEHLER Vibromet Polish machine with
the colloidal silica suspension down to 0.02 μm. The TEM and
STEM-EDX analyses were conducted on a JEOL 2100F TEM.
TEM samples were prepared by mechanically grinding to ~50 μm
and subsequent ion-milling on a Gatan PIPS II System.

Tensile test. Room-temperature tensile tests were conducted on a
MTI SEMtester1000 system with a strain rate of 1 × 10−3 s−1. The
dog bone-shaped tensile samples with a cross-section of
4.0 × 0.5 mm and a gauge length of 12 mm were cut by wire
cutting. The tensile direction was parallel to the rolling direction.
3D X-ray CT scanning was performed on the NanoVoxel-3000
system with a spatial resolution of 10 μm to characterize the
number and morphology of pores in the as-cast sample to exclude
their effects on mechanical properties. The tensile strain was
obtained using the digital image correlation technique with the

open-source Ncorr code68 implemented in MATLAB software.
To provide sufficient contrast, the speckle pattern was produced
on the gauge region of tensile samples and tracked during the
deformation. Each tensile test was repeated at least five times to
ensure the data reproducibility.

Molecular dynamics simulations. Our MD simulations were
performed at a low temperature of 10 K using an embedded atom
method potential using Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)69,70. The sample has sizes of
15.1 × 41 × 10.4 nm3 and contains a total of ~530,000 atoms. The
crystal orientations are 1�10] along the x direction, [111] along the
y direction, [�1�12] along the z direction for the fcc phase; [1�11]
along the x direction, [110] along the y direction, [�112] along the
z direction for the bcc phase. Thus, the fcc/bcc interface meets the
Kurdyumov-Sachs (K-S) lattice orientation relation. The periodic
boundary conditions are imposed in the x, y, and z directions to
eliminate the influence of the boundary effect. A shear load is
applied in the xy direction at a constant strain rate of 1 × 108/s.
The local structure is identified by the common-neighbor analysis
using the visualization tool OVITO during the simulations71,72.

Finite element simulations. Finite element simulations were
performed using an open-sourced finite element code, FEniCS73,74.
Two-dimensional pre-cracked models (100 × 100 μm2) were used
with the mesh size of 1 μm. Dual-phase polycrystalline micro-
structures were created by two-step numerical simulations of
solidification using Cahn-Hilliard model61 and Kobayashi-
Warren-Carter model62. To simulate the elastoplastic deforma-
tion and damage behavior of the EHEA, we used a finite-strain
dislocation-based crystal plasticity model59 coupled with a phase-
field fracture model60.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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