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through spatial control of phase stability across a broad temperature range.

INTRODUCTION

Heterostructures have emerged as a highly effective design strategy for enhancing the mechanical properties
of structural materials, simultaneously achieving superior strength and ductility by integrating domains with
distinct microstructural features, such as chemical composition, grain size, and crystal structure!*. While
each domain within a heterostructured material individually exhibits characteristic mechanical behavior, the
combination of these domains often results in synergistic properties that surpass the rule-of-mixtures
prediction based on the constituent phases alone!*”.

Recently, metastable high-entropy alloys (HEAs) and medium-entropy alloys (MEAs) have garnered
significant attention due to their exceptional strain-hardening capability mediated by
transformation-induced plasticity (TRIP)"®'*\. Enhanced strain hardening in these TRIP-based alloys
originates primarily from dynamic Hall-Petch strengthening and efficient dislocation accumulation enabled
by multi-phase microstructures. Despite the promising advancements in TRIP HEAs and MEAs, there
remains a critical demand for incorporating additional strengthening approaches. In this context,
heterostructuring has become increasingly prominent, demonstrating substantial improvements in
mechanical properties across various HEA and MEA systems!*" .

To further maximize the mechanical performance of TRIP alloys, recent efforts have attempted to combine
metastability with heterostructuring, aiming to exploit both phase transformation and strain partitioning
mechanisms synergistically. However, conventional heterostructuring typically involves adjusting the volume
fraction of hard and soft domains, with limited focus on precise metastability tuning within or between the
domains. Furthermore, conventional stable domains may inadvertently suppress TRIP behavior in adjacent
metastable domains due to chemical intermixing"?.

To overcome these limitations, this study proposes an innovative alloy design strategy, termed spatial
metastability control (SMC), specifically tailored for ferrous MEA systems. Because the Fe content critically
influences metastability in ferrous MEAs!®'?), the deliberate integration of pure Fe into a metastable ferrous
MEA provides compositional and structural continuity. However, pure Fe itself exhibits limited strength and
strain-hardening capacity due to insufficient solid solution strengthening and a lack of
TRIP/Twinning-induced plasticity (TWIP) mechanisms"”. Therefore, combining Fe with a metastable MEA
within a multi-material system is expected to create complementary properties by enhancing TRIP activity
within the MEA matrix while strengthening the Fe-rich region.

By incorporating pure Fe into a metastable ferrous MEA matrix, an intermediate “transition region”
inevitably forms between MEA and Fe due to thermal and mechanical mixing""*'\. In transition region,
compositional gradients are formed at the interfaces where the metastability of the face-centered cubic (FCC)
phase is finely and spatially tuned. Such precise spatial modulation of metastability facilitates sequential and
extensive TRIP activation throughout the structure, both at room and cryogenic temperatures.

Spatially controlling phase stability via compositional gradients shifts the focus from phase contrast to
metastability contrast, offering a more effective strategy for activating and guiding TRIP in heterostructured
alloys. This approach enables exceptional strength-ductility combinations and provides valuable insights for
designing spatially architected structural materials.
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MATERIALS AND METHODS

Three distinct powder mixtures were prepared by varying the contents of pure Fe metal powder (10, 30, and
50 at%) added to a metastable ferrous MEA (Fe Co .Cr, Ni,., at%) powder. Hereafter, these multi-material
systems incorporating 10, 30, and 50 at% pure Fe are denoted as SMC10, SMC30, and SMC50, respectively.
All powder mixtures were pre-compacted into disk-shaped samples (10 mm diameter and 1.5 mm thickness)
using a manual press under an applied pressure of 40 MPa. The pre-compacted disks were subsequently
processed by high-pressure torsion (HPT) at a pressure of 5 GPa for four revolutions at a rotation speed of
1 rpm. To facilitate recovery and recrystallization, the HPT-processed samples were annealed at 800 °C for
10 min. For reference, single-phase ferrous MEA samples without pure Fe additions were fabricated using
identical processing conditions.

To predict the equilibrium phase diagram and calculate the Gibbs free energy difference between the
body-centered cubic (BCC) and FCC phases (AG™“7%) as a function of Fe content in the ferrous MEA,
thermodynamic calculations were performed using Thermo-Calc software.

Specimens for microstructural characterization were initially prepared by mechanical polishing, followed by
electropolishing. The crystal structures of the constituent phases were identified via X-ray diffraction (XRD;
Bruker D8 Advance) using Cu Ko radiation at a scan rate of 2° per minute. Phase morphologies and chemical
compositions were investigated using field-emission scanning electron microscopy (FE-SEM; JEOL
JSM-7100F and XL30S FEG) equipped with backscattered electron (BSE), electron backscatter diffraction
(EBSD), and energy dispersive spectroscopy (EDS) detectors. The density of these alloys was examined by
the Archimedes method.

Mechanical properties of the alloys were evaluated by nanoindentation tests and uniaxial tensile tests at room
temperature (298 K) and cryogenic temperature (77 K). The nanoindentation experiments were conducted

on specific regions using the Nanoindenter- XP equipped with a Berkovich tip. Peak loads (P, ) of 20 mN

max

and constant indentation strain rate of 0.05 s were employed. Continuous stiffness measurement (CSM)
mode was utilized to obtain hardness values. Nanoindentation tests were conducted on annealed disks with a
diameter of 10 mm and repeated at least five times for each region to ensure reproducibility. The tensile tests
were performed on dog-bone-shaped specimens with gauge dimensions of 1.5 mm length, 1.0 mm width,
and 0.8 mm thickness using a universal testing machine (Instron 8862 and US/SSTM) at a quasi-static strain
rate of 107 . At 298 K, strain measurements were precisely captured using a digital image correlation (DIC)
system (ARAMIS 12M). At 77 K, specimen elongation was determined by measuring displacement between
pre-indented gauge marks before and after tensile deformation. Post-deformation microstructures and
fracture surfaces of tested specimens were subsequently analyzed using FE-SEM.

RESULTS AND DISCUSSION

The thermodynamic calculations in Figure 1 were performed to elucidate the local metastability of the
transition region with a unique and previously unexplored intermediate chemical composition between
MEA and Fe. The equilibrium phase diagram [Figure 1A] indicates that with increasing Fe content, the FCC
region contracts, whereas the FCC+BCC and single BCC phase regions expand. At the annealing
temperature of 1,073 K, compositions above ~90 at.% Fe are expected to form FCC+BCC dual phases,
transitioning to a single BCC phase at Fe contents exceeding ~96 at%.

GFePC calculations [Figure 1B] at room temperature (298 K) and annealing

Gibbs free energy difference A
temperature (1,073 K) illustrate significantly reduced FCC stability with increasing Fe content. This

thermodynamic insight clearly delineates three distinct regions: (1) a metastable FCC-dominated MEA
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Figure 1. Thermodynamic calculation of ferrous MEA-pure Fe multi-material. (A) Equilibrium phase diagram in a FeCoCrNi alloy system
according to the Fe fraction from 0.6 to 1.0. The horizontal line in equilibrium phase diagram indicates the annealing temperature of

1,073 K; (B) Calculation of AGFCC™5¢C at room (298 K) and annealing temperature (1,073 K). FCC: Face-centered cubic; BCC:
body-centered cubic

region, (2) a stable BCC-rich Fe region, and (3) a metastability gradient “transition region” at the interface.
Therefore, powder mixtures containing varying Fe fractions (SMC10, SMC30, and SMC50) were prepared to
systematically explore these effects.

SMC10, SMC30, and SMC50 with varying volume fractions of constituent regions were fabricated via
powder mixing followed by cold consolidation using the HPT process. The initial powder characteristics are
provided in Supplementary Figure 1. Both powders exhibit similar particle sizes of ~50 pm. The pure Fe
powder is single-phase BCC, while the ferrous MEA powder consists mainly of an FCC phase with a minor
BCC peak detectable by XRD diffractions.

Figure 2 presents the cross-sectional microstructures of the cold consolidated disks. As the Fe content
increases from SMC10 to SMCs50, the Fe-rich regions become increasingly prominent, reaching an
approximately 1:1 volume ratio in SMCs50. The overall compositions derived from each EDS map are
summarized in Table 1. The Fe content increases from the initial 59.5 at% in ferrous MEA to 77.2 at% in
SMCs0, while the concentrations of Co, Cr, and Ni decrease proportionally. In Figure 2B-D, the Fe and
MEA regions in all SMC samples are elongated perpendicular to the compression axis and horizontal to the
torsional directions of the HPT process. In SMC10 and SMC30 [Figure 2B and C], the severe frictional stress
during HPT process results in strong interfacial bonding between the constituent powders, producing
defect-free bulk samples™. In contrast, SMCs50 [Figure 2D] exhibits internal pores, because SMC50 possesses
higher volume fraction of hard Fe powder hindering a sound consolidation. The porosity of SMC50
measured by the Archimedes method was 3.8%, which is significantly higher than that of SMC10 (2.0%) and
SMC30 (2.1%).

To further analyze the transition region, an EDS line profile was obtained across the MEA and Fe regions in
the SMC10 sample [Figure 3]. The line profile reveals repeating MEA and Fe regions, with compositional
gradients at their interfaces. During the HPT process, intense shear strain generates random waves, folds,
and vortices, promoting intermixing between adjacent regions”*”. This type of mechanical mixing has been
reported to produce solid-solution alloying in high-entropy alloys”*, Al-Cu systems!”*, and even
supersaturated solutions in immiscible alloys”?.. Consequently, the transition region, defined by the
compositional overlap between the two phases, exhibited a width of ~1 pm. Additionally, the Fe-rich regions
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Figure 2. The cross-section BSE images with corresponding EDS maps of (A) ferrous MEA, (B) SMC10, (C) SMC30, and (D) SMC50 after
HPT process. MEA: Medium-entropy alloy; SMC: spatial metastability control; BSE: backscattered electron; EDS: energy dispersive
spectroscopy; HPT: high-pressure torsion.

Table 1. Chemical compositions of ferrous MEA and SMC samples

at% Co Cr Fe Ni

Ferrous MEA ~14.8 ~10.4 ~59.5 -15.4
SMC10 ~13.5 ~9.3 ~63.4 ~13.8
SMC30 -1 ~7.7 ~69.6 -1.5
SMC50 ~8.3 ~5.8 ~77.2 ~8.6

MEA: Medium-entropy alloy; SMC: spatial metastability control.

consistently maintain Fe concentrations above 90 at%, indicating that the pure Fe region largely preserves its
original chemical configuration despite mechanical processing.

As-HPT samples are known to exhibit limited ductility due to severe plastic deformation and the high
residual dislocations density®. To optimize the mechanical properties, annealing process was subjected to
as-HPT samples. In the as-HPT samples [Supplementary Figure 2], the microstructures of all samples are
predominantly composed of BCC phases due to the severe deformation introduced by HPT process.
However, the XRD pattern after annealing [Figure 4] exhibits a reverse transformation in the ferrous MEA
based on the strong FCC peaks. Similar reverse transformations are observed in the SMC samples, where
FCC peaks reappear after annealing. However, as the volume fractions of the MEA regions decrease from
SMC10 to SMC50, a gradual decrease in FCC peak intensity and a corresponding increase in BCC peak
intensity are observed. Interestingly, despite containing only 30 and 50 at% Fe, SMC30 and SMC50 exhibit
strong BCC peak intensities that surpass those of the FCC phase. This abnormal phase evolution is attributed
by the transition region, which may promote BCC phase formation beyond the BCC volume fraction
expected from the nominal Fe content alone.
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Figure 3. (A) Cross-section SEM image of SMC10 sample and (B) EDS line profiles obtained from the white line indicated in (A). SEM:
Scanning electron microscopy; EDS: energy dispersive spectroscopy; SMC: spatial metastability control.
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Figure 4. X-ray diffraction patterns of the annealed SMC samples. SMC: Spatial metastability control; MEA: medium-entropy alloy; FCC:
face-centered cubic; BCC: body-centered cubic

To further verify the influence of the transition region to the annealed samples, SEM-BSE images
accompanied by EDS elemental maps were displayed in Figure 5. For comparison, the annealed single-phase
ferrous MEA sample without SMC heterostructuring is shown in Supplementary Figure 3. It exhibits a fully
recrystallized microstructure composed of equiaxed grains with no apparent elemental segregation. In
contrast, the SMC samples reveal compositional heterogeneity across MEA and Fe regions, as illustrated by
the corresponding EDS-Fe maps [Figure 5A , B, and C ]. These maps distinguish the Fe-rich and Fe-lean
regions, indicating that their distinct chemical identities are retained even after annealing. Meanwhile,
between the recrystallized MEA region and the Fe region in Figure 5A-C, a relatively brighter regions with
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Figure 5. SEM-BSE images of the annealed (A) SMC10, (B) SMC30, and (C) SMC50, along with (1) the corresponding EDS-Fe maps. SEM:
Scanning electron microscopy; BSE: backscattered electron; SMC: spatial metastability control; EDS: energy dispersive spectroscopy.

smaller grain size appears, which are assumed to be the transition region. This transition region shows a
blurred Fe distribution at the MEA/Fe interfaces, while the sharper boundaries were observed in the as-HPT
samples [Figure 2]. The blurred Fe distribution and finer grain size clearly suggest the different
microstructural features of transition region from other regions after annealing.

EDS line profile was acquired across the regions of the annealed SMC10 sample to assess the compositional
gradients in the transition region [Figure 6]. Compared to the as-HPT condition in Figure 3, the Fe peak
intensity is clearly reduced and the compositional gradient region between the MEA and Fe regions has
expanded to over 5 um in width. Expansion of compositionally gradient region suggests that the transition
region has grown via substantial atomic interdiffusion during annealing. This observation implies that the
transition region is likely to occupy a greater volume fraction in SMC30 and SMC50 samples due to their
profuse MEA/Fe interfaces. Point EDS data was obtained in constituent regions [Table 2], which confirms
that the Fe content in the MEA region increases after annealing. Therefore, the intensification of FCC
instability in MEA regions is expected®'*’. Meanwhile, Co, Cr, and Ni are found to diffuse into the Fe region,
which is the reason for a decrease in Fe content in Fe regions. Although local composition variations were
observed due to the nature of the transition regions, all measurements consistently show intermediate
compositions between both MEA and Fe, validating the well-developed transition regions.

To investigate how compositional changes in each region influenced phase stability, EBSD analysis was
conducted. Low-magnification EBSD phase maps were acquired to examine the overall phase distribution
[Figure 7]. The annealed ferrous MEA sample was confirmed to consist almost entirely of the FCC phase,
with only a small fraction (~0.5 vol%) of BCC detected. In contrast, the SMC samples exhibited a clear
increase in the BCC phase fraction with increasing Fe content. The volume fractions of BCC phase in
SMC10, SMC30, and SMC50 were quantified as 14.3, 44.2, and 75.1 vol%, respectively, as summarized in
Table 3.

The BCC fraction exceeds the nominal Fe content in all SMC samples, a trend that is consistent with the
XRD results shown in Figure 4. This suggests that compositional mixing and the presence of a transition
region promote additional BCC phase formation beyond what would be expected based on the Fe volume
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Figure 6. EDS line profiles of the annealed SMC10 obtained from the white line indicated in Figure 5A. EDS: Energy dispersive
spectroscopy; SMC: spatial metastability control.

Table 2. Point EDS obtained from the MEA, Fe, and transition regions in the SMC samples

at% Region Co Cr Fe Ni
MEA ~14.7 ~10.3 ~59.5 ~15.5
SMC10
Fe -39 -3.7 ~88.7 ~3.7
MEA ~14.3 ~9.9 ~60.8 ~15.0
SMC30 Transition ~13.1 ~8.8 ~64.6 ~13.5
Fe ~4.4 ~3.9 ~88.2 ~3.5
MEA -14.2 -9.8 ~60.5 ~15.5
SMC50 Transition ~12.7 ~8.8 ~65.2 ~13.3
Fe -1.1 ~1.4 ~96.6 ~0.9

All EDS values are averaged from more than three points in the corresponding regions. EDS: Energy dispersive spectroscopy; MEA: medium-entropy
alloy; SMC: spatial metastability control.

fraction. To figure out the source of increased BCC fraction, EBSD analyses in high-magnification were
acquired across the interfaces across the MEA, transition, and Fe regions [Figure 8]. In the annealed ferrous
MEA sample [Figure 8A], a number of annealing twins are observed within equiaxed grains, along with a low
fraction of BCC phase. In SMC10 [Figure 8B], the MEA region also displays multiple annealing twins,
proving a low stacking fault energy of the matrix. Due to the relatively low fraction of Fe regions in SMC10, a
distinct Fe region is not well defined. The Fe-transition region is better described the regions exhibiting a
dual-phase FCC+BCC microstructure. In SMC30 and SMC50, by contrast, the Fe regions are more clearly
distinguished. These Fe regions exhibit BCC phase with larger grain size compared to the MEA and
transition regions. It is because that the Fe region underwent rapid grain growth during annealing, due to
high atomic diffusivity and high grain boundary mobility in low alloyed matrix. In contrast, the finer grain
size in the MEA region is consistent with the sluggish diffusion characteristic of HEAs****). Meanwhile, the
fine grain size in a transition region can be elucidated thermal martensitic transformation®*". As shown in
Figures 1A and 6, regions with Fe contents exceeding 90 at% lie within the predicted FCC+BCC phase
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Figure 7. Low magnification microstructures of (A) ferrous MEA, (B) SMC10, (C) SMC30, and (D) SMC50 with (A) EBSD-IPF and (B)
EBSD-phase maps. EBSD: Electron backscatter diffraction; SMC: spatial metastability control; MEA: medium-entropy alloy; FCC:
face-centered cubic; BCC: body-centered cubic; IPF: inverse pole figure.

Table 3. Volume percent of FCC and BCC in the ferrous MEA, SMC10, SMC30, and SMC50, obtained from the EBSD-phase maps in
Figure 7

vol% Ferrous MEA SMC10 SMC30 SMC50
FCC 99.5 85.7 55.8 24.9
BCC 0.5 143 442 751

FCC: Face-centered cubic; MEA: medium-entropy alloy; SMC: spatial metastability control; EBSD: electron backscatter diffraction; BCC:
body-centered cubic.

stability range. However, the regions with Fe contents over 90 at% occupied a small portion in transition
region. Therefore, it is supposed that during annealing, these regions retained FCC structure but transformed
into BCC via thermal martensitic transformation during quenching, as supported by the large AGF““—5¢¢
values at room temperature shown in Figure 1B. The formation of thermal martensite divided the original

FCC grains, leading to finer grains®*’..

EBSD-Kernel average misorientation (KAM) maps for SMCs50 [Figure 9] support the formation of thermal
martensite in transition regions. While the fully recrystallized MEA and Fe regions show low KAM values,
the BCC phase within the transition region exhibits significantly higher KAM values. This suggests that the
BCC in the transition region forms via thermal martensitic transformation, characterized by high internal
strains, stacking faults, and residual stress”". Thus, the BCC phases in the Fe and transition regions have
distinct origins and microstructural characteristics.

In Figure 10, to evaluate the synergistic effect of constituent regions and mechanical behavior of the SMC
samples, uniaxial tensile tests were conducted at both room temperature (298 K) and cryogenic temperature
(77 K). At 298 K, the annealed ferrous MEA exhibited excellent mechanical properties, with a yield strength
(YS) of ~461.1 MPa and a total elongation of ~81.9%. Compared to cast and rolled ferrous MEA samples'®,
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Figure 8. High magnification microstructures of (A) ferrous MEA, (B) SMC10, (C) SMC30, and (D) SMC50 with (A) EBSD-IPF and (B)
EBSD-phase maps. EBSD: Electron backscatter diffraction; SMC: spatial metastability control; MEA: medium-entropy alloy; FCC:
face-centered cubic; BCC: body-centered cubic; IPF: inverse pole figure.

this represents over a 50% increase in YS with similar ductility. This improvement is attributed to the refined
grain structure and residual stress induced by HPT process'*. The ultimate tensile strength (UTS) also
increased to ~624.4 MPa, confirming the superior strength of the HPT-processed ferrous MEA. In the case
of the SMC samples, SMC10 exhibited a similar YS of ~463.4 MPa to ferrous MEA, but a higher UTS of
~663.5 MPa, indicating that the enhancement in mechanical performance is mainly driven by increased
strain hardening rather than initial yield strength. SMC30 showed a significant improvement in both YS
(~582.6 MPa) and UTS (~814.9 MPa), accompanied by a respectable total elongation of ~42.0%. The strain
hardening response of SMC30 was particularly notable; although it rapidly reached UTS due to an initial
high strain hardening rate (SHR), it maintained substantial ductility thereafter. The SHR curve revealed that
unlike the MEA sample, which exhibited an initial drop, SHR recovery and gradual decreasing, SMC10 and
SMC30 showed elevated SHR values from the early stages of deformation. However, this high SHR decreased
more rapidly in the later stages of deformation, resulting in lower final SHR compared to the MEA.

At 77 K [Figure 10C and D], the mechanical behavior was remarkably different due to intensified matrix
metastability. Figure 10C presents the plastic region of the cryogenic stress-strain curves. The ferrous MEA
showed a dramatic increase in YS (~835.0 MPa) and UTS (~1,331.0 MPa), while maintaining a high
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Figure 9. EBSD-KAM maps of SMC50 showing (A) the overall microstructure, (B) FCC phase, and (C) BCC phase. EBSD: Electron
backscatter diffraction; SMC: spatial metastability control; FCC: face-centered cubic; BCC: body-centered cubic; KAM: kernel average
misorientation.

elongation (~81.6%) attributed to extensive TRIP activity. SMC10 did not exhibit a significant increase of YS
(~924.4 MPa) at 77 K compared to ferrous MEA, but showed significantly enhanced UTS (~1,464.5 MPa)
and a nearly constant high SHR plateau of ~4,000 MPa. This is in contrast to the room temperature behavior,
where SHR began at ~2,000 MPa and declined gradually. The enhanced strain hardening at 77 K is induced
by a drastic drop in FCC phase stability, as predicted in Figure 1b. However, the SHR declined sharply
beyond ~25% strain due to depletion of FCC phase, which is the source for phase transformation. SMC30
maintained its high YS (~1,107.7 MPa) at 77 K, which is contributed by transition regions providing effective
strengthening due to their fine grain size and dual-phase structure. As predicted by the profuse TRIP
behavior even at 298 K, SMC30 also showed active TRIP behavior at 77 K resulting in a SHR plateau.
However, the plateau value stands ~3,000 MPa due to the lower fraction of residual FCC phase. SMC50
showed lower elongation at both temperatures, because SMC50 contained internal pores and was largely
composed of relatively brittle BCC phase. Nonetheless, the stress-strain curve of SMC50 revealed a high YS
and a strain hardening response at 77 K, indicating the occurrence of TRIP behavior. As the FCC fraction of
SMC50 are the smallest [Table 3], TRIP and strain hardening capacities of SMC50 were limited.

Resultantly, these results suggest that SMC30 offers the balanced mechanical performance, successfully
overcoming the low yield strength of metastable MEA while retaining substantial ductility. The ability to
activate pronounced TRIP behavior even at room temperature through spatial metastability controlling in
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Figure 10. (A and C) Engineering stress-strain curves and (B and D) true stress-strain curves with strain hardening rate curves at (A and
B) 298 K and (C and D) 77 K. SMC: Spatial metastability control; MEA: medium-entropy alloy.

SMC3o0 highlights the significance of this multi-material design approach.

To clarify the origin of the mechanical behavior, it is important to define the regions and their characteristics
within the SMC structure. The SMC material consists of MEA, pure Fe, transition regions: MEA region with
a medium grain size, high solid solution strengthening; pure Fe region with a coarse grain size, low solid
solution strengthening; and a transition region between them. At 298 K, pure Fe exhibits low yield strength
of ~240 MPa""”, implying that its role is not to act as a reinforcement but rather to modify the deformation
mechanisms of the multi-materials. The main contributor to the enhancement of strengths is the transition
region, which is the targeted region for spatial metastability control. This region contains thermal martensite
with fine grain size and moderate solid solution strengthening, and internal residual stress”?, thus
contributing to enhanced strength. Therefore, the transition region is expected to exhibit the highest
strength, followed by the MEA and then the pure Fe region.

To verify these predictions, nanoindentation tests were conducted on SMC30. Figure 11A presents
representative nanoindentation load-displacement (P-h) curves for each region. Figure 11B summarizes the
corresponding hardness values, which were obtained using the CSM method as a function of depth and
averaged over the stable range above 80% of P__ **). When compared to bulk hardness values, pure Fe
(102 Hv"") exhibits a lower hardness than Co (166 Hv"*"'), Cr (200 Hv"*"'), and Ni (110 Hv""). Accordingly,
the MEA composed with these elements is expected to have a higher hardness than Fe, with the rule of
mixtures predicting ~123 Hv. The transition region, based only on composition, would be expected to
exhibit an intermediate hardness value between those of MEA and pure Fe. However, the nanoindentation
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Figure 11. Nanoindentation test results of MEA, Fe, and transition regions in the SMC30; (A) Representative load-displacement curves and
(B) hardness values. Error bars in (B) represent standard deviations obtained from at least five repeated measurements. SMC: Spatial
metastability control; MEA: medium-entropy alloy.

results revealed hardness values of 2.52 + 0.22, 2.33 + 0.63, and 4.88 = 0.50 GPa for the MEA, Fe, and
transition regions, respectively. As expected, the MEA region exhibits a higher hardness than Fe. However,
the transition region shows the higher hardness, surpassing compositional expectations. This enhanced
hardness is attributed to grain refinement by thermal martensitic transformation during quenching, with
moderate solid-solution strengthening and residual stresses, which provide additional hardening beyond
compositional effects.

The deformed microstructures of the SMC30 were compared with the deformed microstructure of the
ferrous MEA after tensile test at 298 K [Figure 12]. The local strain in each region was evaluated using DIC
strain maps, allowing for microstructural analysis at various deformation levels. At a local strain (¢, ) of 0.45
in the ferrous MEA [Figure 12A], the BCC phase fraction ended up only to 22.6 vol%. The average KAM
values for FCC and BCC phases in this condition were 1.44° and 1.33°, respectively. In contrast, SMC30
showed a BCC phase fraction started from 44.2 vol% at initial microstructure and increased with further

deformation. Ate, , = 0.05 [Figure 12B], TRIP had already initiated in both the transition and MEA regions.

The KAM maps showed average values of 0.46° for FCC and 2.02° for BCC, suggesting that most of the
plastic deformation proceeded by BCC transformation. Ate¢, , = 0.18 [Figure 12C], corresponding to the
peak in strain hardening rate, most of the MEA region had transformed to BCC, with only a small fraction of
FCC remaining. The KAM values at this stage were 0.72° for FCC and 2.18° for BCC, indicating that the
majority of the deformation was still accommodated by the TRIP behavior. However, at ¢, = 0.35 [Figure
12D], where the SHR significantly decreased, the BCC fraction in the MEA region did not increase
substantially. Instead, the FCC phase exhibited a sharply increased KAM value of 2.10°, and the BCC phase
also showed a higher KAM of 3.09°. This suggests that while deformation via phase transformation
dominated during the earlier stages of deformation up to the SHR peak, strain hardening after SHR peak was
governed by dislocation accumulation. Consequently, the overall hardening capability diminished, leading to
the observed drop in SHR.

Although the absence of DIC in cryogenic specimens made it difficult to precisely evaluate local strain, the
uniformly deformed region was assumed to represent the deformed microstructure at UTS for
microstructural analysis. At 77 K, the difference from 298 K was the high yield strength of pure Fe over
700 MPa!"”!, which can be attributed the strong temperature dependency of Peierls potential of screw
dislocation in BCC structure®. While YS of pure Fe is expected to improve after HPT process, its inherent
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SMC30

Figure 12. EBSD-IPF maps with (1) EBSD-phase, (2-4) EBSD-KAM maps of the (A) ferrous MEA and (B-D) SMC30 samples deformed at
298 K. The deformed microstructures of SMC30 at various local strains of (B) 0.05, (C) 0.18, and (D) 0.35 were identified using DIC
strain mapping. Fe elemental distribution maps of SMC30 samples are shown as insets in (B-D). (2) The overall KAM maps are further
separated into (3) BCC-KAM and (4) FCC-KAM maps. The KAM maps are measured up to the third nearest neighbor with a maximum
misorientation of 10°. EBSD: Electron backscatter diffraction; MEA: medium-entropy alloy; FCC:face-centered cubic; SMC: spatial
metastability control; DIC:digital image correlation; IPF: inverse pole figure; BCC: body-centered cubic; KAM: kernel average
misorientation.

brittleness under cryogenic conditions resulted in early fracture. In the uniformly deformed region of ferrous
MEA [Figure 13A], 74.6 vol% of the FCC phase had transformed into BCC. Given that previous studies
reported ~50 vol% transformation prior to the SHR peak!®, the observed volume fraction of BCC seems to be
consistent with TRIP progress at the SHR peak. In comparison, SMC30 exhibited 97.0 vol% BCC in the same
uniformly deformed region in Figure 13B. Excluding the contribution of initially present BCC, ~95.0 vol% of
the FCC phase had undergone transformation, which is substantially higher than in ferrous MEA. This
accelerated phase transformation is attributed not only to the controlled reduction in FCC stability via Fe
diffusion, but also to strain partitioning"*": the relatively hard martensite region imposed additional strain
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Figure 13. SEM micrographs with corresponding (1) EBSD-IPF and (2) EBSD-Phase maps of the (A) ferrous MEA and (B) SMC30 samples
deformed at 77 K. Fe elemental distribution map of SMC30 sample is shown as an inset in (B). The KAM maps were calculated up to the
third nearest neighbor with a maximum misorientation of 10°. SEM: Scanning electron microscopy; EBSD: electron backscatter diffraction;
MEA: medium-entropy alloy; SMC: spatial metastability control; FCC: face-centered cubic; IPF: inverse pole figure; BCC: body-centered
cubic; KAM: kernel average misorientation.

on the surrounding softer MEA matrix, further promoting TRIP. Thus, the combination of spatially
controlled metastability and heterostructure-driven strain localization served to accelerate transformation
kinetics and improve mechanical performance.

In general, heterogeneous materials tend to exhibit stress concentrations at the interface between two distinct
regions. However, in the SMC multi-materials, the transition region is the strongest among the three
constituent regions. Additionally, strong bonding across the MEA-Fe regions achieved by HPT process,
avoiding significant interfacial delamination. As a result, the SMC samples predominantly exhibited ductile
fracture [Figure 14]. In contrast, SMC50 displayed signs of interfacial delamination [Figure 14C], with thin
strip-like regions peeling and fracturing in a layered manner. This fracture mechanism is likely responsible
for the significantly reduced elongation observed in SMC50.

Figure 15 shows the schematic for the microstructural evolution of SMC multi-materials from the fabrication
to deformed microstructures. The as-HPT bulk disk was fabricated from the MEA and Fe powders. Between
two domains, the narrow transition region was initially formed by mechanical mixing under the severe
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Figure 14. (A, C, E) Fracture surfaces of SMC samples and (B, D, F) fracture morphologies with corresponding EDS maps after tensile test
at 77 K. SMC: Spatial metastability control; EDS: energy dispersive spectroscopy.

friction stress of the HPT process. Subsequent annealing promoted thermal diffusion across the interface,
thereby widening the transition region. After water quenching, three distinct regions were distinguished: the
MEA region with metastable FCC structure, the Fe region with a stable BCC structure, and a transition
region containing thermal martensite within FCC matrix. Upon tensile deformation at 298 K and 77 K,
sequential TRIP activation occurred, initiating from FCC phase with higher Fe content to FCC phases with
lower Fe content. At both temperature, FCC to BCC phase transformation was nearly completed in the
transition region. In addition, the strain partitioning and the mixed composition within MEA regions
promoted profuse TRIP behavior, resulting in an increased phase-transformation fraction and enhanced
strain hardening as well as overall mechanical performance.

CONCLUSION

In this study, we proposed a novel strategy for controlling matrix metastability in ferrous MEA through a
multi-material design incorporating pure Fe. This approach, referred to as SMC design, enables partial
tuning of the FCC matrix stability by introducing compositional gradients at the MEA/Fe interface. The
resulting transition region, formed between the MEA and pure Fe regions, emerges as a key microstructural
feature due to its unique combination of thermal martensite, moderate solid solution strengthening, and
refined grain size. This region not only contributes significantly to overall strength but also acts as a
preferential site for TRIP activation. As a result, SMC30 exhibited the most outstanding mechanical
properties at 298 K, with a yield strength of ~582.6 MPa and a tensile strength of ~814.9 MPa, demonstrating
that TRIP can be efficiently activated even at room temperature by engineering local stability variations. At
77 K, SMC30 achieved high YS of ~1,107.7 MPa and UTS of ~1,423.3 MPa. High BCC volume fraction of



Son et al. Microstructures 2026, 6, 2026066 Page 17 of 20

~ : I
As-HPT Annealing After water quenching

Fe-lean MEA
® ® } Transition
Thermal
martensite
Fe-rich Fe

M rcc [ BcC

Tensile deformation
at 298 K at 77 K

\ l. 4

Figure 15. Schematic illustration of the microstructural evolution in SMC multi-materials. HPT: High-pressure torsion; MEA:
medium-entropy alloy; FCC: face-centered cubic; SMC: spatial metastability control; BCC: body-centered cubic.

95 vol% in the SMC30 deformed at 77 K insists effectiveness of spatially controlled metastability and strain
partitioning mechanisms in promoting TRIP. Furthermore, diverse scalable processing routes such as
sintering, hot isostatic pressing, and additive manufacturing can realize the SMC strategy by forming
transition regions through powder mixing and thermal diffusion. This underscores the potential of the SMC
design as a promising pathway toward the development of high-performance structural materials capable of
maintaining superior mechanical behavior across a wide temperature range.
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