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Abstract

The pursuit of unparalleled mechanical properties has driven the exploration of heterostructured materials in
recent years. Traditional strategies that rely on tuning internal plastic strain to create heterogeneous distributions
of martensite have failed to overcome the strength-ductility trade-off in materials, despite the desirable extensive
hardening effect of martensitic transformation. Here, we report a paradigm-shifting approach utilizing dislocation-
mediated heterogeneous martensitic transformation to resolve this dilemma. Realized in a partially recrystallized
metastable face-centered cubic (FCC) high-entropy alloy (HEA), the phase transformation from FCC to a
hexagonal close-packed (HCP) structure occurs exclusively in the non-recrystallized zones during initial tensile
loading, facilitated by abundant pre-existing dislocations serving as sources for partial dislocations. In contrast,
deformation in the adjacent recrystallized zones, which are devoid of dislocations, proceeds through dislocation
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slip. The resulting heterogeneous deformation persists with increasing strain, underpinned by the emergence of
unique dual FCC-HCP nanograins at localized HCP lamellar intersections in the non-recrystallized zones. Such
sustained heterogeneous deformation enables the full exploitation of remarkable hetero-deformation-induced
strengthening and strain hardening, leading to a superior strength-ductility combination in the current HEA. Our
findings establish a new pathway for engineering high-performance heterostructured materials.

Keywords: Heterogeneous martensitic transformation, high-entropy alloy, strength, ductility, hetero-deformation
induced hardening

INTRODUCTION

Heterostructured materials, defined by a disparity in microstructural features that lead to strength
heterogeneity across their various zones, have garnered widespread attention due to their promising
mechanical properties™?. The foundation of this enhanced mechanical performance lies in hetero-
deformation induced (HDI) strengthening and strain hardening, phenomena that emerge from the dynamic
interplay between the back stress in softer zones and forward stress in harder ones*. Exploiting this
advantageous HDI hardening effect, a plethora of strategies have been implemented in the engineering of
heterostructured materials”. Notable among these are the creation of heterogeneous lamellar structures
comprising ultrafine and coarse grains'”, the establishment of a gradient in grain size”), twin density"*"", or
dislocation density structure”, and the development of multi-modal configurations that integrate bimodal
grain distributions with nanoprecipitates**?. Each of these strategies plays a crucial role in attaining a
desirable combination of strength and ductility, pushing the boundaries of material performance.

Deformation-induced martensitic phase transformation stands out as a highly sought-after attribute,
primarily due to its role in facilitating progressively intense strain hardening, a cornerstone of the well-
known transformation-induced plasticity (TRIP) effect"®'”. In the realm of heterogeneous material design,
the twinning-induced plasticity (TWIP) effect has been widely implemented"*""), whereas the TRIP effect
remains a potential strategy with untapped potential for development. The propensity for martensite phase
transformation is largely governed by stacking fault energy (SFE), a parameter intricately linked to alloy
composition"**. In this regard, for given metastable alloys, achieving heterogeneous distributions of
martensite typically involves tailoring internal plastic strain, as demonstrated through methods like torsion-
based treatments”’ or surface nano-crystallization techniques”. However, these gradient distributions of
martensite, while they significantly enhance strength, often result in a marked reduction in ductility, thereby
failing to surmount the compromise between strength and ductility.

Here, we report a pioneering approach utilizing dislocation-mediated martensite phase transformation for
the creation of heterostructured materials. We showcase this breakthrough in a heterostructured face-
centered cubic (FCC) Fe, Co,,Cr,,Mn,Ni,, high-entropy alloy (HEA), which consists of recrystallized zones
with a fine grain size of ~2 um and non-recrystallized zones with a high density of dislocations. Upon
loading, the presence of dislocations and the associated low-angle grain boundaries (LAGBs) within the
non-recrystallized zones serves as sources of partial dislocations, initiating martensitic phase
transformation. Notably, this hexagonal close-packed (HCP) martensite formation is conspicuously absent
in the neighboring recrystallized zones. Such localized transformation underpins the sustained
heterogeneous deformation across different zones, effectively leveraging the HDI hardening to achieve
superb mechanical properties compared to other FCC HEAs. Our findings thus mark a significant advance
toward realizing an enhanced synergy of strength and ductility in structural materials.
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MATERIALS AND METHODS

Bulk non-equiatomic Fe,Co,,Cr,,Mn,,Ni,, (atomic percent, at.%) high-entropy alloys (HEAs) were
synthesized via a vacuum induction melting technique with high-purity raw metals. The as-cast materials
were first homogenized at 1,000 °C for 2 h and, subsequently, cold-rolled to a thickness reduction of 85%,
followed by annealing at 675 °C for 60 min under an argon atmosphere. All the heat treatment processes
were followed by water quenching.

The FEI Helios Nanolab G3 UC, Zeiss sigma 500 and Zeiss Merlin scanning electron microscope (SEM)
were employed to perform energy-dispersive X-ray spectroscopy (EDS), electron backscatter diffraction
(EBSD), and electron channeling contrast imaging (ECCI) analysis with a 25 kV acceleration voltage,
respectively. The deformation substructures were further examined via Titan G2 Cs-corrected transmission
electron microscopy (TEM) operated at 300 kV. Specimens for SEM characterization were produced by
mechanical grounding, followed by fine polishing using a silica oxide suspension. For TEM observations,
thin foil cut from deformed samples was mechanically grounded to 50 um, and twin-jet electropolished by
TenuPol-5 in an electrolyte consisting of 10% perchloric acid and 90% ethanol with a voltage of 35 V at
-35 °C. The needle-shape tips at recrystallized and non-recrystallized sites were prepared using an FEI
Helios focused ion beam (FIB) with a Xenon plasma ion source. Atom probe tomography (APT)
experiments were performed on a LEAP 5000XR with a 52% detection efficiency. The measurements were
run in a voltage mode at 70 K, a detection rate of 0.2%, a pulsing rate of 200 kHz, and a pulsing fraction of
20%. AP suite 6.1 was used for data reconstruction and visualization.

Dog-bone-shaped tensile specimens with a gauge length of 8 mm, width of 2 mm, and thickness of 1 mm
were fabricated by electrical discharge machining. After the mechanical polishing, three specimens were
tensile tested for each condition in a Zwick/Roell Z5.0TN universal testing machine with a strain rate of
107-s at room temperature under extensometer-measured strain control. The loading-unloading-reloading
(LUR) tests were carried out on the Instron MTS793. The specimen was first loaded to a design strain (e.g.,
2%) with a strain rate of 5 x 10™*s”, followed by the unloading using a stress control mode to 20 N with a
rate of 200 N per min, and further, reloaded to the stress that was the same as previous value before the next
unloading. Nanoindentation experiments were performed for various strain samples using the KLA Nano
Indenter® G200X, equipped with a diamond Berkovich tip. The nanohardness tests were conducted at a
loading rate of 0.05 mN/s and a peak load of 1 mN.

Molecular dynamics (MD) simulations were carried out using LAMMPS code"” and employing the second
nearest-neighbor modified embedded-atom method (2NN MEAM) potential. We constructed a layered
model of non-equiatomic Fe,,Co,,Cr,,Mn,Ni,, (in at.%) HEAs. The dimension of the middle layer is about
38 x 50 x 1 nm’ (Lx x Ly x Lz), and the top and bottom layers are 38 x 25 x 1 nm® (Lx x Ly x Lz). The x- and
y-axes align closely with [112] and [111] directions, respectively, with the z-axis paralleling the [110]
direction. The top and bottom layers, which exhibit a misorientation angle of around 10° relative to the
middle layer, maintain identical orientations. Periodic boundary conditions are applied to all three
directions. Relaxation of the model is accomplished by using MD simulations for 40 ps at 10 K and energy
minimization. The relaxed model is then loaded by uniaxial tension with a constant engineering strain rate
of 10”-s" along the y-axis at 300 K. OVITO software was used to visualize atomic structures.

RESULTS AND DISCUSSION

Initial microstructure

Figure 1 shows the initial microstructures with heterogeneous structure (HS) in the HEA sample after
incomplete recrystallization annealing at 675 °C for 60 min (hereafter referred to as HS-HEA). The EBSD
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Figure 1. Initial microstructure of the HS-HEA. (A) Inverse pole figure map; (B) Boundary map overlayed with image quality map. High-
angle grain boundaries, low-angle grain boundaries, and annealing twin boundaries are highlighted; (C) Kernel average misorientation.
These EBSD maps reveal the FCC-structured HS-HEA consisting of both recrystallized and non-recrystallized zones; (D) ECCl image
showing the microstructures of the marked zones in (A); (E) Bright-field transmission electron image revealing the non-recrystallized
zones with high densities of dislocations; (F) Zoom-in TEM image and the fast Fourier transform filtered high-resolution TEM image of
partial dislocation obtained from the areas marked in (E). S and F represent the starting and ending points of Burgers circuit,
respectively. b, Burgers vector; (G) SEM-EDS maps of five principal elements, i.e., Fe, Co, Cr, Ni, and Mn, for the zone in (D). All
elements are distributed uniformly between recrystallized and non-recrystallized zones. HEA: High-entropy alloy; HS: heterogeneous
structure; EBSD: electron backscatter diffraction; FCC: face-centered cubic; ECCI: electron channeling contrast imaging; TEM:
transmission electron microscopy; SEM: scanning electron microscope; EDS: energy-dispersive X-ray spectroscopy.

inverse pole figure (IPF) [Figure 1A] and boundary map [Figure 1B] delineate the partially recrystallized
HEA containing ~26% area fraction of non-recrystallized zones and ~74% of recrystallized zones, with
average grain sizes of ~25 and ~2 um, respectively. Only high-angle grain boundaries (HAGBs) are detected
in the recrystallized zones [Figure 1B], while plenty of LAGBs and dislocations are seen in the non-
recrystallized zones, as demonstrated by the EBSD and ECCI [Figure 1C and D]. Cold rolling introduced
these dislocations, persisting post-annealing since the temperature was not sufficiently high. Moreover,
these dislocations entangle with each other [Figure 1E], which contributes to the formation of LAGBs,
leading to pronounced misorientation in non-recrystallized zones [Figure 1C]. The zoom-in high-resolution
(HR) TEM image in Figure 1F indicates the existence of numerous Shockley partial dislocations of the
1/6(112) Burgers vector inside the non-recrystallized zones. The SEM-EDS analyses reveal a uniform
elemental distribution without any visible component segregation at the microscale [Figure 1GJ.

In addition, APT measures were further performed to quantify the elemental chemical composition of the
recrystallized and non-recrystallized regions at the near-atomic scale. Figure 2 presents the reconstructed
3D atom maps of all elements (Cr, Mn, Fe, Ni and Co), suggesting that the elemental distributions of both
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Figure 2. Atom probe tomography images of (A) recrystallized and (B) non-recrystallized zones, showing no obvious chemical
composition difference.

regions are completely random without obvious chemical heterogeneity. In order to further identify the
potential differences, the actual contents of each element are listed respectively. The experimental data
precisely confirms a uniform distribution of all elements, which are close to the nominal compositions,
highlighting identical SFE throughout the HEA. Consequently, the subsequent variations of plastic
deformation pathways between the recrystallized and non-recrystallized regions are independent of the
composition.

Intriguing mechanical performance

Figure 3 presents mechanical testing and analysis of HEAs with different processing conditions. The
representative engineering tensile stress-strain curves at room temperature are shown in Figure 3A.
Compared to the as-cast HEA in its homogenized state (HM-HEA), the HS-HEA not only demonstrates a
substantial increase in yield strength from 165 to 684 MPa, but also produces an impressive rise in tensile
elongation from 45% to 49%. This suggests a breakthrough in the notorious strength-ductility trade-off
often observed in structural materials”*. Even when compared with the previously reported exceptional
single-phase HEAs, e.g., FeCoCrNiPd HEA™ and gradient FeCoCrNiMn HEA®, our HS-HEA showcases
better overall mechanical properties. The excellent strength of the HS-HEA stems from the bimodal
configuration, which includes both recrystallized zones with fine grains, and non-recrystallized zones filled
with high densities of LAGBs and dislocations. The small grain size can enhance the strength due to the
Hall-Petch effect””, while the LAGBs and dislocations provide strong strengthening effects””, thereby
contributing to high yield strength. The quantitative analysis of each strengthening mechanism is provided
in the Supplementary Materials.

Notably, in comparison to the HM-HEA, the HS-HEA showcases higher strain hardening rates nearly
across the entire deformation regime [Figure 3B]. The high strain hardening further stabilizes the plastic
deformation and, thus, dramatically benefits the ductility. The ruptured surface of HS-HEA (inset in
Figure 3B) reveals a typical dimpled morphology associated with ductile fracture. Bimodal dimple
configuration manifests the heterogeneous stress distribution across different grain sizes during the fracture
process. To probe the origin of excellent strain hardening, the LUR tests were conducted [Figure 3C]. As
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Figure 3. Mechanical performance of HEAs. (A) Engineering stress-strain curves of the HS-HEA and HM-HEA. The mechanical
performance of FeCoNiCrPd"”* HEA and gradient FeCoCrNiMn'®® HEA is shown for comparison; (B) Strain hardening rate curves as a
function of the true strain for both HS-HEA and HM-HEA. The inserted SEM micrograph shows the ruptured surface of the HS-HEA
sample; (C) LUR stress-strain curves of HM-HEA and HS-HEA; (D) The evolution of calculated HDI stress versus true strain. HEAs:
High-entropy alloys; HEA: high-entropy alloy; HS: heterogeneous structure; HM: homogenized; SEM: scanning electron microscope;
LUR: loading-unloading-reloading; HDI: hetero-deformation induced.

shown by the typical LUR cycle curves, the HS-HEA exhibits larger unloading-reloading hysteresis loops
than HM-HEA, signifying the appearance of a stronger Bauschinger effect. It is generally believed that the
Bauschinger effect correlates with the HDI stress induced by heterogeneous plastic deformation.
Accordingly, the HDI stress can be computed by unloading yield stress and reloading yield stress by
analyzing the hysteresis loops™. Figure 3D plots the HDI stress versus true strain for both HS-HEA and
HM-HEA. With the tensile deformation proceeding, the HDI stress of HS-HEA increases even more
dramatically throughout all strains compared to HM-HEA. This strong HDI stress would trigger an extra
HDI hardening mechanism during plastic deformation, which is responsible for enhanced strength without
sacrificing ductility.

Microstructure evolution during tensile deformation

To further reveal the reasons for the remarkable HDI strengthening response of the HS-HEA,
microstructure evolution at various interrupted strains was systematically examined. Figure 4 shows the
deformed substructures of HS-HEA after deforming to 10% strain. HCP lamellae emerged prominently
within the non-recrystallized FCC zones, as depicted in the IPF map [Figure 4A], phase map [Figure 4B],
and the corresponding electron channeling contrast (ECC) image [Figure 4C]. These parallel HCP lamellae



Wang et al. Microstructures 2025, 5, 2025088 | https://dx.doi.org/10.20517/microstructures.2025.33 Page 7 of 17

Figure 4. Heterogeneous martensite phase transformation in the HS-HEA at 10% strain. (A) IPF map; (B) Phase map overlayed with IQ
map; (C) ECC image; (D and E) Zoom-in ECC images of the marked zone in (C); (F) High-resolution TEM image showing the atomic
structure of FCC and HCP phases. EBSD maps and the corresponding ECC image indicate the martensite phase transformation from
FCC to HCP occurs in the non-recrystallized zone, forming the lamellar plates, whereas dislocation slip dominates in the recrystallized
zone. This suggests heterogeneous deformation behavior in our HS-HEA. The deformation-induced HCP phase obeys the S-N
orientation relationship with the FCC matrix. HS: Heterogeneous structure; HEA: high-entropy alloy; IPF: inverse pole figure; 1Q: image
quality; ECC: electron channeling contrast; TEM: transmission electron microscopy; FCC: face-centered cubic; HCP: hexagonal close-
packed; EBSD: electron backscatter diffraction.

[Figure 4E], attributable to deformation-induced martensitic transformation, stopped at the boundaries of
recrystallized areas. The HR-TEM image in Figure 4F further unravels the (0001)¢,//{111}cc and
(1120) p//{110) ¢ Shoji-Nishiyama (S-N) orientation relationship between these two phases. In contrast,
the ECC image in Figure 4D shows that the deformation of adjacent recrystallized zones is governed by
dislocation slip, conspicuously devoid of any HCP phase. Dislocations primarily exhibit a planar
arrangement and inevitably entangle with each other as the dislocation density increases. It is worth noting
that the grain size remains largely inconsequential in the current study. Regardless of grain size variation
from 12 to 41 um, dislocation activities dominate up to the medium stage of deformation (~30% strain),
with HCP martensite typically manifesting at a very large strain®. In short, depending on the densities of
pre-existing dislocations, fundamentally different martensitic phase transformation capabilities are shown
between non-recrystallized and recrystallized zones, despite the lack of SFE variation in our HS-HEA. Such
surprising heterogeneous martensite phase transformation is a phenomenon unreported in metastable
materials"™.

Upon reaching a medium strain level of 30%, the deformation within recrystallized zones predominantly
arises from dislocation slip, while marked HCP lamellae form in the non-recrystallized counterparts, as
shown in Figure 5A and B. Thus, the attractive heterogeneous deformation between non-recrystallized and
recrystallized zones sustains with increasing strain. A surge in HCP lamellae results in their interaction with
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Figure 5. Sustained heterogeneous deformation substructures in the HS-HEA at 30% strain. (A) EBSD phase map overlayed IQ maps in
the recrystallized zones; (B) ECC image showing the heterogeneous deformation behavior between the recrystallized and non-
recrystallized zones; (C) The BF-TEM image indicating HCP interactions in the non-recrystallized zone. g, represent HCP variants
with different orientations, while y represents the FCC matrix; (D) The HR-TEM image of the HCP intersections area; (E and F) The fast
Fourier transform filtered HR-TEM image of the boundary structure marked in (D). The orientation of € phases at junction areas is
marked, which indicates {1012} and {1011} twinning relationships. HS: Heterogeneous structure; HEA: high-entropy alloy; EBSD:
electron backscatter diffraction; 1Q: image quality; ECC: electron channeling contrast; BF: bright field; TEM: transmission electron
microscopy; HCP: hexagonal close-packed; FCC: face-centered cubic; HR: high-resolution.

one another (see Figure 5C), which was not observed in the fully recrystallized HEA even at high strains"”.
This distinct behavior stems from phase transformation being constrained within localized non-
recrystallized zones. The intersecting HCP variants exhibited an orientation relationship of 70.5°(1120)
[Figure 5D], which transform through varied {111} planes in the FCC crystal that obey the common S-N
relationship with the matrix, forming net structures at junction areas. Noteworthy, HRTEM observations in
Figure 5E and F also indicate the twinning relationship among these HCP variants at junction areas. They
show two types of ~88°(1120) (g, with ¢,) and ~56°(1120) (e, with &,), which obey {1012} and {1011}
twinning relationships in HCP crystals, respectively. Two types of HCP twins are the intersection products
of martensite variants with different habit planes””. Both coherent twin boundaries and incoherent twin
boundaries with a relationship (1010)g,//(0001)e, (B-P) and (1011)s,//(0001)g, (B-Py) are discerned in these
HCP variants, as marked via dashed lines with different colors. These interaction and twinning relationships
are typically observed in Fe-Mn-Si and Co-based alloys with low SFE (< 15 mJ/m , yet are rarely
reported in alloys with medium SFE (20-35 mJ/m’), including metastable HEAs and TRIP steels"**.

z)[3o,31]

When the strain goes up to 49%, we detect intensive HCP lamellae intersections based on ECCI
observations in the non-recrystallized zones, while very fine HCP martensite plates are seen in the
recrystallized zones, as depicted in Figure 6A-C. The further zoom-in TEM observations reveal abundant
nanograins at intersections of the HCP lamellae that comprise both FCC and HCP phases. As shown by the
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Figure 6. Deformation substructures of the HS-HEA at 49% strain. ECC images of HS-HEA showing (A) martensite emission from
LAGBs, (B) e-¢ intersection in the non-recrystallized and (C) martensite in the recrystallized zone; (D) BF-TEM showing the dual-
nanograins of the FCC and HCP phases at the junction area of the HCP lamellae. The selected area electron diffraction pattern confirms
the formation of dual-nanograins. Stacking faults are detected inside nanograins; (E and F) Zoom-in HR-TEM images showing ¢ variants
of the marked zone in (D); (G-J) The FFT-filtered HR-TEM images of € and y variants in (D). g5, and y,, 5, represent HCP and FCC
variants with different orientations, respectively, of which the specific orientation among them is marked in images. HS: Heterogeneous
structure; HEA: high-entropy alloy; ECC: electron channeling contrast; LAGBs: low-angle grain boundaries; BF: bright field; FCC: face-
centered cubic; HCP: hexagonal close-packed; HR: high-resolution; FFT: fast Fourier transform.

inserted fast Fourier transform image (inset in Figure 6D), diffraction rings with various crystal orientations
signify the existence of nanograins. The further HRTEM images reveal, beyond the aforementioned
twinning relationship [Figure 6E and F], the existence of an HCP variant with a 53°(1120) (e, with ¢,),
indicating a 3° deviation from the {1011} twinning (typically measured as 56°) due to the grain rotation
during deformation [Figure 6G]. In addition to HCP variants, we detect the unexpected formation of FCC
variants (y,) with a twinning relationship to the FCC matrix (y,) in Figure 6H and I. Given that the
representative lamellae shape for twinning in FCC materials is absent here, the special twin relationship
here is formed via reverse phase transformation from ¢ to y at this high strain level. We also detect another
v, FCC variant with ~19°(110) with the FCC matrix y,, obeying the S-N orientation relationship with both e,
and e, martensite variants [Figure 6]]. This implies that y, was transformed from either ¢, or ¢,, which is
another evidence of reverse martensitic phase transformation. Figure 6D-F shows that both FCC and HCP
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nanograins contain a high density of stacking faults (SFs) throughout whole grains, which were generated
by the emission of partial dislocations from twin boundaries.

Besides the twinning or S-N orientation relationship, an FCC nanograin with another orientation
relationship is exhibited, as shown in Figure 7A. The FCC nanograin shows (0001)¢,//{001}.. and
(1120) 5/ /{110) s With ¢, see Figure 7B. This is close to the S-N orientation relationship yet with a ~14°
mismatch, which is due to the grain orientation. During deformation, the two directional ¢ phases
interacted with each other and the ¢, reversely transformed to FCC with a twin relationship. When the grain
size refines at the nanoscale, grain rotation and partial dislocations are commonly seen to coordinate plastic
strain. Thus, a slight ~14° mismatch to the twinning relationship is found due to the grain rotation, as
indicated in Figure 7C and D. In the current study, grain rotation accounts for the slight deviation from the
ideal type of orientation relationship in both FCC and HCP variants. Table 1 summarizes all the
relationships between these variants and their possible formation mechanisms.

Dislocation-mediated heterogeneous martensitic transformation

In this work, we demonstrate the dislocation-mediated heterogeneous martensitic transformation in a
partially recrystallized high-entropy alloy. This heterogeneous martensitic phase transformation is induced
by pre-existing partial dislocations in non-recrystallized zones. The difference in deformation behavior
between recrystallized and non-recrystallized zones persists until the later stages of strain. The formation
mechanisms of this heterogeneous martensitic transformation at various strain levels are discussed in detail
below.

At the early deformation stage, martensitic transformation occurs only in localized non-recrystallized zones
upon tensile loading, while adjacent recrystallized zones deform through dislocation slip, resulting in the
presence of heterogeneous martensite. To further uncover the underlying mechanism of the heterogeneous
phase transformation in the non-recrystallized zones, we performed molecular dynamic (MD) simulations
by applying a tension load to a layered structure featuring two LAGBs with a misorientation angle of 10°
[Figure 8]. The relaxed LAGBs are randomly decorated with dislocations [Figure 8A-C]. Upon loading,
Shockley partial dislocations emit from the two LAGBs and glide along the (111) plane, culminating in an
array of SFs [Figure 8D and E]. As tensile strain increases, the continuous emission of these partial
dislocations facilitates FCC-HCP martensite phase transformation [Figure 8F-H]. This transformation is
consistent with the known mechanism of partial dislocation emissions on alternating slip planes®,
corroborated by the S-N relationship between the FCC and HCP phases observed in Figure 81, and
consistent with experimental findings in Figure 4F. Our MD simulations highlight that both pre-existing
dislocations and LAGBs act as prolific sources of partial dislocations, catalyzing the emergence of HCP
martensite as deformation advances.

As deformation progresses to medium strain levels, the heterogeneity of martensitic phase transformation
endures. During this stage, dislocation density increases in the recrystallized zones, while multiple HCP
variants are activated in the non-recrystallized zones [Figure 5]. The e-martensite phase forms through the
successive gliding of partial dislocations on alternating {111} plane"?. When partial dislocations initiate
from conjugate {111} planes within the FCC matrix, the resulting HCP variants intersect at a misorientation
angle of around 70.5° [Figure 5C]. Partial dislocations within one HCP plate are generally hindered from
propagating into the slip system of an intersecting HCP plate due to severe stress concentration from
dislocation pile-up at intersections”*””. To accommodate the resulting plastic deformation, twinning is
commonly an effective mechanism in hexagonal phases. Thus, intersections of two crossing HCP phases
can generate g-martensite twins to relieve local stress, governed by the orientation of crossing shear
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Table 1. The summary of the orientation relationship of the FCC and HCP phases

Relationships Formation

&€

70.5°(1120) Two ¢ transformed from different planes of {111} group in FCC crystal.
88°(1120) {10123 twin relationships

56°(11§O) {10113} twin relationships

53°(1120) {10113} twin relationships+grain rotation
(1120)//(1123) Grain rotation

Y

70.5°(110) FCC twin relationships via reverse transformation
19°(110) Reverse transformation from ¢ {1012} twin
54°(110) Reverse phase transformation + grain rotation

FCC: Face-centered cubic; HCP: hexagonal close-packed.

Figure 7. (A) HR-TEM image of HS-HEA with 49% strain showing new y variant at interaction areas; (B-D) The FFT-filtered HR-TEM
image marked in (A) showing orientation relationships between y and ¢ variants. HR: High-resolution; TEM: transmission electron
microscopy; HS: heterogeneous structure; HEA: high-entropy alloy; FFT: fast Fourier transform.

systems". When the HCP variants present the orientation relationships of ~88°(1120) and ~56°(1120),
{1012} and {1011} twins are produced. These twinning processes are mainly attributed to the collision of
different habit plane variants depending on the directions of crossing shear systems. Specifically, incident
shear forces aligned at either 90° or 30° relative to the intersection axis are responsible for forming {1012}
and {1011} twins, respectively””, as shown in Figure sE and F. The formation of e-twins in the non-
recrystallized zones with increasing strain further reinforces the heterogeneous structure.

Even at higher strain (~49% strain), the heterogeneous deformation behavior still persists. In the
recrystallized zones, the mechanical driving force can reach the stress required for martensitic
transformation due to the increased flow stress, resulting in the formation of very fine martensite phases
[Figure 6C]. Meanwhile, intersections of two HCP bands in the non-recrystallized zones become
increasingly complex [Figure 6D] as stress on the HCP plates rises. Partial dislocations can emit from the
interfaces of multiple martensite phases. When double half-partial dislocations (1/12(112)) glide on the
conjugated shear systems, fresh FCC phases form by reverse transformation from the HCP martensite
[Figures 6 and 7]">*". Based on the diversity in orientations of HCP variants, the newly generated FCC
phases exhibit complex orientation relationships with the FCC matrix, as shown in Table 1. The formation
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Figure 8. MD simulations revealing dislocation-mediated martensite phase transformation. (A) Schematic of the simulation model with
two LAGBs (dashed lines). “T" symbols indicate dislocations at LAGBs; (B) Random distribution of various elements in the model and
(C) atomic structure of relaxed LAGB. The misorientation between LAGB is about 10°; (D-H) The FCC-HCP phase transformation with
increasing strain: (D) 0%, (E) 4%, (F) 6%, (G) 8%, and (H) 10%; (1) The magnified image of (H) showing the orientation relationship
between the HCP and FCC phases. The atoms are colored according to common neighbor analysis. The arrows indicate the glide
direction of the partial dislocations. MD: Molecular dynamic; LAGBs: low-angle grain boundaries; LAGB: low-angle grain boundary; FCC:
face-centered cubic; HCP: hexagonal close-packed.

of dual-nanograins composed of FCC and HCP phases in the non-recrystallized zones effectively facilitates
persistent heterogeneous deformation through the later stages of plastic deformation.

Opverall, we instigate heterogeneous martensitic phase transformation by meticulously introducing LAGBs
and dislocations, presenting an alternative approach to realize the TRIP effect. Both dislocations and LAGBs
supply the necessary sites for the emission of partial dislocations upon straining, facilitating the formation
of HCP plates. Traditionally, efforts to achieve the TRIP effect have focused on manipulating SFE, typically
by altering chemical compositions or reducing loading temperatures”**'. In materials with reduced SFE,
martensitic phase transformations readily occur”*>*), attributed to the decreased energy barrier for
activating partial dislocations'***”. By contrast, we circumvent the SFE limitation and enable the martensitic
phase transformation at the onset of deformation, which was deemed elusive for materials with such a level
of SFE (~20 mJ/m?) previously"*. This distinctive martensitic phase transformation effectively promotes
heterogeneous deformation behavior in HS-HEA.

Sustainable hetero-deformation induced hardening
The strain hardening rates are significantly higher in the HS-HEA compared to the HM-HEA, which is
essential for achieving enhanced strength-ductility synergy, as shown in Figure 3A and B. The contribution
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to the superior strain hardening capability of HS-HEA is its higher HDI stress relative to HM-HEA.
Notably, HDI stress increases with applied tensile strain [Figure 3C and D], driven primarily by the
sustained heterogeneous deformation behavior across all strain stages. This includes early-stage martensitic
transformation and later-stage dual-nanograin formation at HCP lamellae intersections in the non-
recrystallized zones, while dislocation motion consistently dominates in the recrystallized zones.

To investigate the origin of HDI stress further, nanoindentation was used to assess the hardness of
recrystallized and non-recrystallized zones across various strain stages [Figure 9]. As shown in Figure 9A, D,
and G, non-recrystallized zones exhibit higher strength than recrystallized zones in the undeformed state
due to dislocation strengthening. Under applied tensile stress, the strength of both zones experiences
distinct increments [Figure 9B, E and HJ. The softer recrystallized zones deform preferentially compared to
the harder non-recrystallized zones, resulting in steep strain gradients within the material. To accommodate
deformation under complex stress/strain conditions, numerous geometrically necessary dislocations
(GNDs) are generated and accumulate at the interfaces'”**. The pile-up of GNDs produces back stress in
the soft zones and forward stress in the hard zones, collectively contributing to HDI stress and substantially
enhancing strength and hardening*>*'. With increasing tensile strain, the hardness contrast between zones
persists even at higher deformation levels (up to 30% strain, Figure 9C, F, and I), driven by localized
martensitic phase transformation within the non-recrystallized zones. This observation provides a
compelling explanation for the continuous rise in HDI stress throughout early and medium strain stages in
HS-HEA [Figure 3C and D], differing from prior studies on heterostructured materials, where HDI stress
increase typically diminishes during plastic deformation”".

These findings indicate that achieving substantial heterogeneous deformation behavior promotes both
enhanced strength and strain hardening, attributes critical for high-performance structural materials. Such
unique deformation behavior manifests in three key aspects: (1) The non-recrystallized zones with a high
density of dislocations tend to soften upon loading due to dislocation recovery”*?. Our strategy takes
advantage of dislocation to trigger martensitic phase transformation, which avoids the possible softening
and, instead, offers strain hardening from this phase transformation from FCC to HCP; (2) The martensitic
phase transformation is confined in the non-recrystallized zones, whereas the recrystallized zones are
deformed by dislocation slip, which leads to the pile-ups of HCP lamellae at the boundaries between these
two zones [Figure 4A-C]. This heterogeneous deformation behavior gives rise to high HDI stress during
deformation, thereby enhancing the strain hardening [Figure 3B and D]J; (3) The localized martensitic phase
transformation produces a large number of dual-nanograins at HCP intersections. This prevents stress
concentration in these relatively harder zones and further avoids the possible crack nucleation. Together,
these mechanisms underpin the superb mechanical properties observed in our HS-HEA.

CONCLUSIONS

We demonstrate a new approach to designing heterostructured materials through dislocation-mediated
martensitic phase transformation. The martensitic phase reaction from FCC to HCP is triggered by the pre-
existing dislocations in non-recrystallized zones, which provides partials whose slip on alternative planes
result in the phase transformation, while the resulting localized phase transformations yield dual-
nanograins at HCP lamellae intersections as strain levels increase. These features collectively contribute to a
significant enhancement in the heterogeneous deformation behavior. The proposed strategy effectively
exploits the strong strengthening and strain hardening from the HDI hardening, delivering attractive
mechanical performance in our HEA. Our findings provide a novel perspective on harnessing
heterogeneous deformation behavior to develop high-performance structural materials.
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Figure 9. Nanoindentation analysis of the HS-HEA at 0%, 10%, and 30% plastic strain. (A-C) The ECC micrograph revealing the
microstructure evolution; (D-F) Representative EBSD IPF images overlayed |Q maps showing nano-indents in both recrystallized (RX)
and non-recrystallized (NRX) zones, respectively; (G-1) The distribution of nanoindentation hardness (H,) in RX and NRX zones. HT
average nanoindentation hardness. HS: Heterogeneous structure; HEA: high-entropy alloy; ECC: electron channeling contrast; EBSD:
electron backscatter diffraction; IPF: inverse pole figure; IQ: image quality.
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