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High-aluminum refractory compositionally complex alloys are intrinsically brittle due to ordering and
grain-boundary intermetallics. We show that extreme thermal gradients during selective laser melting
kinetically suppress these transformations in NboMoCrTiAl, stabilizing a disordered A2 solid solution
despite strong thermodynamic driving forces for B2 ordering and C14/A15 formation. Multi-scale
characterization and kinetic simulations reveal how rapid liquid-solid and solid-state transformations
dissolve intermetallic phases and prevent reordering during cooling. The resulting precipitate-free A2
microstructure exhibits substantially enhanced room-temperature plasticity, overcoming brittleness
without compositional modification. Our results establish non-equilibrium processing as a route to
access otherwise inaccessible phase states in refractory complex alloys, expanding the design space

of high-temperature structural materials.

High-aluminum refractory compositionally complex alloys (RCCAs)
combine reduced density with high melting temperatures and promising
oxidation resistance, making them attractive candidates for next-generation
high-temperature structural applications'”. However, their room-
temperature brittleness severely limits practical use. In alloys such as
NbMoCrTiAl strong negative mixing enthalpies between aluminum and
refractory elements promote long-range ordering and the formation of
intermetallic phases, including B2 matrices and grain-boundary C14 and
A15 compounds®™. These ordered and segregated microstructures restrict
dislocation mobility’, and facilitate intergranular fracture®, rendering the
alloys intrinsically brittle.

Attempts to mitigate this brittleness typically rely on reducing alumi-
num content to suppress ordering in matrices and intermetallic
formation""". While effective in improving ductility, this approach com-
promises density reduction and oxidation resistance, reintroducing the very
trade-offs RCCAs seek to overcome. A fundamental question, therefore,
emerges: can the accessible phase space of high-Al RCCAs be expanded
without altering composition?

Equilibrium thermodynamics predicts that NbMoCrTiAl forms a
disordered A2 solid solution only at elevated temperatures, decomposing
upon cooling into ordered B2 and intermetallic phases’. Under conven-

tional processing conditions, cooling rates are insufficient to suppress these
transformations. Yet phase stability in complex alloys is governed not only
by thermodynamics but also by kinetic constraints'”. If transformations
such as ordering and precipitation can be kinetically bypassed, metastable
disordered states may be retained at room temperature, potentially restoring
ductility while preserving composition.

Here, we demonstrate that extreme thermal gradients'™" during
selective laser melting provide access to such kinetically stabilized phase
states. Using NbMoCrTiAl as a model high-Al RCCA, we show that
ultrafast heating and cooling suppress long-range ordering and dissolve
grain-boundary intermetallics, stabilizing a disordered A2 solid solution
across both molten and heat-affected regions. Correlative multi-scale
characterization combined with thermodynamic and kinetic simulations
reveals how rapid liquid-solid and solid-state transformations compete with
diffusion and ordering kinetics to prevent reprecipitation during cooling.
The resulting precipitate-free A2 microstructure exhibits markedly
enhanced room-temperature plasticity in micromechanical tests.

These findings establish non-equilibrium thermal processing as a route
to access otherwise thermodynamically inaccessible phase states in refrac-
tory complex alloys, expanding the design space of high-temperature
structural materials through kinetic control™.
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initial state

Fig. 1 | Kinetic suppression of ordering and a
intermetallic phases under extreme thermal gra-
dients. a EBSD phase maps comparing the initial
homogenized NbMoCrTiAl alloy, showing an
ordered B2 matrix decorated by C14 and A15
intermetallic phases along grain boundaries, with
the alloy after selective laser melting, revealing
complete disappearance of grain-boundary inter-
metallics within the molten zone (MZ) and heat-
affected zone (HAZ). b STEM image and 4D-STEM
phase map from the laser-affected region showing a
homogeneous matrix without secondary phases.
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of a disordered A2 structure in both regions of dif-
ferent chemical compositions within the laser-
processed area. The sharp spatial transition between
precipitate-containing and precipitate-free regions
indicates that the imposed thermal cycle suppresses
both intermetallic formation and long-range
ordering despite the high aluminum content.
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Results

Microstructure

The homogenized NbMoCrTiAl alloy exhibits the complex microstructure
expected for high-Al refractory compositionally complex alloys.
Electron backscatter diffraction (EBSD) phase maps (Fig. 1a) reveal a matrix
dominated by an ordered B2 structure together with intermetallic pre-
cipitates decorating grain boundaries. Two types of intermetallic phases are
observed: a C14 Laves phase (identified as Cr,Nb) and an A15 phase
(identified as AINDs), both preferentially located at grain boundaries and
triple junctions.

Energy-dispersive X-ray spectroscopy confirms strong elemental
partitioning associated with these phases, with Cr enrichment at grain
boundaries and Nb-Al enrichment within the intermetallic compounds
(Fig. S.3 in the Supplementary information). Atomic-resolution STEM
further reveals that the intragranular matrix is an ordered B2 phase with
CsCl-type atomic ordering’.

This microstructure is consistent with previous reports on
NbMoCrTiAl"*"" and reflects the strong thermodynamic driving force for
chemical ordering and intermetallic formation in Al-containing refractory
alloys. The presence of grain-boundary precipitates together with long-
range ordering in the matrix is known to severely restrict dislocation
mobility and promote brittle fracture.

Selective laser melting dramatically alters this microstructure. EBSD
phase maps acquired after single-track laser scanning reveal the complete
disappearance of grain-boundary precipitates within both the molten zone
(MZ) and the adjacent heat-affected zone (HAZ) (Fig. 1a). In contrast,
precipitate-decorated grain boundaries remain visible in regions outside the
laser-affected area (Fig. S.1d and e in the Supplementary information),
indicating that the transformation is spatially confined to the thermal gra-
dient imposed by the laser.

Grain refinement is also observed within the MZ, while coarse grains
from the original microstructure persist in the HAZ. Importantly, even these
persistent grain boundaries are free of Cl14, and A15 precipitates in the
processed region. The sharp spatial transition between precipitate-
containing and precipitate-free microstructures indicates that the
imposed thermal cycle locally suppresses the formation of intermetallic
phases despite the high aluminum content.

To determine whether laser processing also affects the ordering of the
matrix, atomic-resolution STEM and 4D-STEM diffraction mapping were
performed across the MZ-HAZ boundary (Fig. 1b). High-angle annular
dark-field images reveal a homogeneous matrix structure extending from
the MZ into the HAZ over a distance of ~2 um.

Electron diffraction patterns obtained from both regions (Fig. 1c)
exhibit reflections characteristic of a body-centered cubic lattice without
superlattice peaks associated with B2 ordering. Corresponding phase maps
derived from 4D-STEM confirm that the matrix in the entire analyzed
region was identified as A2-type.

These observations demonstrate that laser processing not only dis-
solves intermetallic precipitates but also disorders the B2 matrix, stabilizing
a disordered A2 structure at room temperature.

Although the matrix remains single-phase, nanoscale compositional
heterogeneity is observed within the processed region. STEM-EDS maps
reveal a maze-like contrast corresponding to alternating (Cr,Al)-rich and
(Nb,Mo)-rich regions within both the MZ and the adjacent HAZ (Fig. 2a).
Orientation mapping confirms that this contrast arises from chemical
segregation rather than structural phase differences (Fig. 2a).

Atom probe tomography provides near-atomic-scale confirmation of
this segregation (Fig. 2b-d). Three-dimensional reconstructions reveal
compositional fluctuations corresponding to dendritic and interdendritic
regions formed during rapid solidification. One-dimensional concentration
profiles across these interfaces show enrichment of Cr and Al in inter-
dendritic regions and enrichment of Nb and Mo in dendritic cores.

Despite this microsegregation, neither C14 nor Al5 intermetallic
phases are detected in the atom probe data or in electron diffraction. The
observed segregation pattern is therefore consistent with microdendritic
solidification occurring under conditions where nucleation and growth of
equilibrium intermetallic phases are kinetically suppressed.

Non-equilibrium phase transformation

Thermodynamic calculations predict that the disordered A2 phase in
NbMoCrTiAl is stable only at elevated temperatures and should transform
to an ordered B2 structure accompanied by C14 and Al5 intermetallic
phases upon cooling (Fig. 3a, details in the Supplementary information-
Thermodynamic and kinetic analysis). However, finite-element simulations
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Fig. 2 | Rapid solidification produces microsegregation without intermetallic
nucleation. a STEM-EDS elemental maps from the molten and heat-affected zones
showing sub-micrometer segregation between refractory-rich and Al-Cr-rich
regions following rapid solidification. A 4D-STEM orientation map illustrates the
grains in the molten zone, showing the partial overlap of microsegregation and grain
boundaries. The arrow marks the region shown in Fig. 1c. b Atom probe recon-
struction from the same region, revealing compositional fluctuations at the
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nanoscale. ¢ An enlarged view of a cuboidal region of interest showing the interface
between segregated regions of higher Cr content and the corresponding individual
elemental distributions. d One-dimensional concentration profiles across segregated
regions, indicating partitioning consistent with dendritic solidification. Despite local
compositional heterogeneity, no C14 or Al5 intermetallic phases are detected,
indicating that nucleation and growth are kinetically suppressed under the imposed
cooling rates.

of the laser process reveal extremely rapid thermal cycles (Fig. S.8 in the
Supplementary information).

Transient temperature profiles extracted from the simulations for the
representative 150 W, 500 mm s~ single-track condition (Fig. 3b) indicate
heating and cooling rates on the order of 10° K s, with local cooling rates of
6.4 x 10° to 1.4 x 10° K s ™" across the melt-pool boundary and adjacent heat-
affected zone (see details in the Supplementary information-
Thermodynamic and kinetic analysis). Material within approximately
50 um of the melt pool center exceeds the liquidus temperature, while
regions near the boundary are heated above the solidus but remain par-
tially solid.

Diffusion simulations based on these thermal profiles show that rapid
heating can dissolve existing intermetallic phases, while the subsequent
quenching prevents their reprecipitation (Fig. 3¢ and d). Similarly, the
residence time near the B2 ordering temperature range of 1220-1230 °C is
too short for long-range diffusion required to restore chemical order
(see Supplementary information-Thermodynamic and kinetic analysis).
These simulated cooling rates are consistent with the experimentally
observed phase state: 4D-STEM/diffraction patterns show no
detectable long-range B2 superlattice reflections, EBSD phase mapping, and
4D-STEM diffraction analyses show no detectable C14/A15 precipitates
within the analyzed laser-affected regions. As a result, both intermetallic
formation and long-range ordering are kinetically bypassed during the
thermal cycle.

Mechanical response of stabilized disordered phase

The microstructural transformation induced by laser processing has a
pronounced effect on local mechanical behavior. High-resolution nanoin-
dentation mapping (Fig. 4a) reveals a systematic reduction in hardness
within the laser-affected region relative to the initial microstructure. Sta-
tistical analysis (Fig. 4b, details in the Supplementary information-Statistical
analysis of nanoindentation data) of more than 6400 indents shows that the

high-hardness population associated with intermetallic phases disappears
after processing.

Microscale bending experiments (Fig. 4c and d, details in the Supple-
mentary information-Analysis of bending experiments) further highlight
the mechanical responses of the stabilized A2 phase. Cantilevers fabricated
from the initial B2-containing microstructure exhibit brittle fracture shortly
after yielding. In contrast, cantilevers extracted from the laser-affected
region sustain significant post-yield plastic deformation before failure.
Dense slip traces observed near the fixed end indicate active dislocation slip
during deformation.

Engineering stress—strain curves derived from these experiments show
comparable yield stresses for both microstructures but markedly enhanced
post-yield bending deformation in the A2-stabilized region (Fig. 4d). The
transition from an ordered, precipitate-decorated microstructure to a dis-
ordered, precipitate-free matrix therefore alleviates both grain-boundary
crack initiation and restricted dislocation mobility.

Discussion
The microstructural transformation observed here demonstrates that phase
stability in high-aluminum refractory compositionally complex alloys is not
solely governed by equilibrium thermodynamics, but can be profoundly
altered by kinetic constraints imposed during extreme thermal cycling. In
NbMoCrTiAl, conventional processing invariably produces an ordered B2
matrix decorated by C14 and A15 intermetallic phases, reflecting the strong
thermodynamic driving force for chemical segregation and long-range
ordering. Our results show that these transformations can be bypassed when
the relevant diffusion and ordering processes are outpaced by ultrafast
heating and cooling, enabling retention of a metastable disordered A2 solid
solution at room temperature.

Two distinct but interconnected kinetic mechanisms underpin this
stabilization. Within the molten zone, rapid liquid-solid transformation
produces microsegregation on the sub-micrometer scale while suppressing
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Fig. 3 | Competition between thermodynamic driving forces and kinetic con-
straints. a Calculated equilibrium phase fractions of NbMoCrTiAl as a function of
temperature, indicating stability of the disordered A2 phase only at elevated tem-
peratures and predicted formation of ordered B2 and C14/A15 intermetallic phases
upon cooling. The heat-capacity change indicates the A2/B2 transition at
1220-1230 °C (gray area). b Simulated transient temperature profile across the melt
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pool and heat-affected zone, highlighting regions exceeding the B2 disordering
temperature and locally approaching the solidus. ¢ and d Diffusion simulations
illustrating dissolution of intermetallic phases during rapid heating and suppression
of reprecipitation during subsequent quenching. These results demonstrate that
ordering and intermetallic formation are bypassed when transformation timescales
are outpaced by heating and cooling rates.

intermetallic nucleation. The high cooling rates prevent the partitioning and
long-range diffusion required for C14 and Al5 formation. More unex-
pectedly, in the heat-affected zone, solid-state transformations alone are
sufficient to dissolve intermetallic precipitates and disorder the B2 matrix
without complete melting. Thermodynamic analysis indicates that B2
becomes unstable above the ordering temperature range of 1220-1230 °C
and A15 dissolves at intermediate temperatures (~670 °C), while the Laves
phase remains stable up to the solidus. However, finite element and diffu-
sion simulations reveal that the short residence time near the solidus limits
the extent of incongruent melting and long-range diffusion, indicating that
Laves dissolution can proceed without reprecipitation during subsequent
cooling. As a result, ordering and intermetallic formation are kinetically
suppressed across a spatial gradient extending beyond the melt pool.

This kinetic suppression fundamentally alters the mechanical response
of the alloy. The intrinsically brittle microstructure of high-Al RCCAs arises
from two reinforcing mechanisms: restricted dislocation mobility in the
ordered B2 matrix and crack initiation at precipitate-decorated grain
boundaries. By stabilizing a precipitate-free disordered A2 phase, both
constraints are alleviated simultaneously. The reduction in hardness and
elastic modulus, together with the pronounced plastic deformation observed
in microbending, indicates restored dislocation activity and likely

suppression of intergranular fracture. Importantly, this improvement is
achieved without modifying alloy composition, thereby preserving the
density reduction and oxidation benefits associated with high aluminum
content.

More broadly, these findings highlight that kinetic pathway design can
extend the accessible phase space of compositionally complex alloys beyond
equilibrium predictions, particularly in systems where undesired equili-
brium phases are thermodynamically favored but kinetically avoidable
under rapid thermal processing. In systems with strong negative mixing
enthalpies, ordering and intermetallic formation are often considered
unavoidable consequences of composition. Our results demonstrate that
these transformations can be kinetically circumvented if processing con-
ditions constrain the relevant diffusion timescales. This suggests that
additive manufacturing and other extreme-gradient processes should not be
viewed solely as shaping technologies, but as tools for phase-space engi-
neering in multicomponent alloys. This single-track thermal-cycle analysis
therefore provides a basis for interpreting the more complex thermal his-
tories that arise from track overlap and repeated reheating in multilayer
additive manufacturing.

The ability to selectively stabilize metastable disordered states opens
new opportunities for alloy design. Rather than adjusting composition to
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Fig. 4 | Kinetic stabilization of a disordered matrix restores room-temperature
plasticity. a Correlative phase and high-resolution nanoindentation hardness maps
across the laser-affected region, showing reduced hardness relative to the initial
ordered microstructure. b Statistical distribution of hardness values before and after
processing, illustrating the disappearance of the high-hardness population asso-
ciated with intermetallic phases. ¢ Representative microcantilever bending response
of the initial B2-containing microstructure, exhibiting brittle fracture shortly after
yielding, and corresponding cantilever fabricated within the A2-stabilized region,
showing sustained plastic deformation and dense slip activity near the fixed end.

engineering strain (%)

d Engineering stress—strain curves of initial B2 and stabilized A2 cantilevers showing
brittle fracture in the initial state and significant post-yield bending deformation in
the A2-indexed region while exhibiting comparable yield stresses (>1.2 GPa). Solid
lines indicate the elastic regime described by simple-beam theory, while dotted lines
indicate the post-yield regime discussed in the Supplementary information. The
transition from an ordered, precipitate-decorated microstructure to a disordered A2
matrix alleviates both restricted dislocation mobility and grain-boundary crack
initiation, enabling enhanced ductility without altering composition.

avoid brittle ordered phases—often at the expense of density, oxidation
resistance, or high-temperature strength—kinetic control provides an
orthogonal design variable. In NbMoCrTiAl previous work and the initial
microstructure show that its room-temperature brittleness is associated
with the ordered B2 matrix and grain-boundary C14/A15 precipitates, while
conventional mitigation generally requires reducing the Al content™. Such
an approach may be particularly powerful in refractory systems where
sluggish diffusion and high melting temperatures already impose long
transformation timescales. Extending this concept to other high-entropy
and compositionally complex alloys could enable systematic exploration of
kinetically extended phase diagrams, in which mechanical properties are
programmed through controlled access to metastable states™ .

In this context, non-equilibrium thermal processing refers to rapid
local thermal cycling. This thermal cycling enables access to a micro-
structure away from the equilibrium B2/intermetallic-containing state by
kinetically bypassing detectable long-range B2 ordering and intermetallic

precipitation. By exploiting the competition between thermodynamic
driving forces and kinetic limitations, it becomes possible to decouple
composition from microstructural inevitability. The present work illustrates
that even in alloys predisposed to ordering and intermetallic formation,
ductile, precipitate-free A2-indexed regions can be locally retained through
rapid thermal cycling. This expands the design landscape of refractory
complex alloys and underscores the broader principle that phase stability in
multicomponent systems is fundamentally a function of both composition
and time.

In conclusion, we show that extreme thermal gradients can kinetically
suppress ordering and intermetallic formation in a high-aluminum
refractory compositionally complex alloy, stabilizing a ductile disordered
solid solution otherwise inaccessible under equilibrium processing. By
constraining diffusion and transformation timescales, non-equilibrium
thermal cycling expands the accessible phase space beyond equilibrium
predictions. This establishes kinetic control as a design variable in
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multicomponent alloys and highlights phase-space engineering as a route to
reconcile strength, plasticity, and compositional requirements in high-
temperature materials.

Methods

Sample preparation

The fully homogenized equiatomic NbMoCrTiAl sample (~5 x 4 x 2 mm’,
length x width x thickness) was cold-mounted, ground, and gently polished.
The final polishing step used an OP-A (acidic alumina) suspension with a
grain size of 0.05 um to achieve a surface quality suitable for microscopic
characterization. The composition and processing details of the as-
homogenized sample can be found in refs. 1, 25. After microstructural
characterization, the mirror-smooth surface was reground using grit P2500
SiC paper to reduce reflectivity and ensure suitability for the laser treatment.
After laser treatment, the sample was cold-mounted, then ground and
polished to prepare a cross-section for microstructural and mechanical
characterization.

Selective laser melting

A series of single-track parallel laser scans was performed using a laser
powder bed fusion system (Aconity MIDI+ equipped with a 1 kKW nLight
laser), targeting a reference melting temperature of 1712 °C, as calculated via
CALPHAD'. The laser power was varied from 100 to 700 W, while the
oxygen level was maintained below 650 ppm throughout. Scanning speed
and spot diameter were kept constant at 500mm s ' and 0.08 mm,
respectively, scanning against gas flow direction to avoid interference of any
spatter or fumes generated during melting. The line spacing was adjusted
according to laser power to prevent overlapping of melt pools and heat-
affected zones. Specifically, the inter-track spacing was 0.2mm for
100-200 W, 0.3 mm for 200-400 W, 0.4 mm for 400-550 W, and 0.5 mm
for 550-700 W. A waiting period of at least one minute was maintained after
each scan. The cross-sectional overview of melt pools is shown in Fig. S.1 in
the Supplementary information.

Microstructural characterization

Electron backscatter diffraction (EBSD, HKL Nordlys and NordlysNano,
Oxford Instruments, UK) was performed in a field-emission scanning
electron microscope (SEM, Zeiss Merlin, Zeiss, Germany) to obtain phase
maps and crystallographic orientation data across the molten and heat-
affected regions. Phase identification was supported by energy-dispersive X-
ray spectroscopy (EDS, X-Max Extreme, Oxford Instruments, UK). After
laser processing, the cross-section was scanned at a step size of 4.46 um.
Regions containing initial grain boundaries and triple points, as well as the
molten regions, were scanned with a smaller step size of 0.09 um. The
microstructures were characterized before and after laser processing.

Transmission electron microscopy (TEM) and scanning transmis-
sion electron microscopy (STEM) were conducted on focused ion beam
(FIB)-prepared lamellae (Helios Nanolab 600i, Thermo Fisher Scientific,
formerly FEI, USA) extracted from selected regions. STEM imaging was
performed at an acceleration voltage of 300kV and with a semi-
convergence angle of 25.2 mrad in an aberration-corrected Spectra 300
microscope (Thermo Fisher Scientific, formerly FEI, Netherlands)
equipped with a high-brightness field-emission electron gun. A semi-
collection angle of 69-200 mrad for mass-thickness contrast-related
high-angle annular dark-field (HAADF) was used. 4D-STEM and EDS
were performed at an acceleration voltage of 100 kV in a Tescan Tensor
STEM (Tescan, Brno, Czech Republic), equipped with a symmetrical
windowless dual EDS detector.

Atom probe tomography (APT) specimens were prepared by site-
specific FIB lift-out from the molten and heat-affected zones (Supplemen-
tary information Fig. S.2). Five APT specimens were prepared from a
3 pum x 12 pm x 1 pm slab and mounted on Si coupons. The specimens were
prepared and sharpened at 30 kV, followed by a final cleaning step at 2 KV to
minimize damage. They were then transferred from the FIB into the APT
load lock chamber (107 Torr) within <5 min to avoid oxidation. APT

analyses were performed in laser-assisted mode under ultra-high vacuum
(107" Torr) using a local electrode atom probe (LEAP 5000XR, Cameca
Instruments Inc., France). Temperature and pulse rate were 60 K and
125 kHz, respectively. Three-dimensional reconstructions and composi-
tional profiles were evaluated using the commercial software AP Suite.

Mechanical characterization
High-resolution nanoindentation mapping was conducted across grain
boundaries and the laser-affected region using an in-situ Nanoindenter (FT-
NMTO04, FemtoTools, Switzerland) in continuous stiffness measurement
mode equipped with a Berkovich tip and operated in an SEM (Supra 50 VP,
Zeiss, Germany). An indentation spacing of 1 um was selected to ensure
statistical sampling of microstructural features while minimizing interaction
between adjacent indents. The maximum indentation depth was 100 nm.
Each array consisted of an 80 x 80 grid of indents. Hardness and elastic
modulus were determined by averaging over a depth range of 50-90 nm to
ensure a balance between resolution and data quality. Cluster analysis
and multi-peak fit analysis of the hardness distributions were conducted to
distinguish mechanical populations associated with ordered and
disordered regions. A Gaussian mixture model with a Bayesian information
criterion”® was used. Details can be found in the Supplementary informa-
tion (Fig. S.6).

Microcantilevers were fabricated using a plasma-focused ion beam (P-
FIB, Helios 5 PFIB CXe, Thermo Fisher Scientific, USA) from both the
initial and laser-processed regions. Cantilevers with a pentagonal cross-
section, having a width of ~5 pm and a length of ~15 um, were oriented to
probe grain-boundary and intragranular deformation behavior. Cantilevers
with different microstructures were prepared, i.e., A2 and B2 with a defined
crystallographic orientation of (110)—(110)—(100) along the rolling,
transverse, and normal directions, respectively. Bending experiments were
conducted by applying a load at the free end of the cantilevers using a 70°
wedge-shaped indenter tip with a length of 10 um in a nanoindenter (sm@rt
500, SURFACE systems + technology, Germany), at a constant loading rate
of 0.025 mN/s. The loading direction of cantilevers was along (110). The
load-displacement curves were corrected for load frame compliance using
indentation data obtained with the wedge-shaped tip on bulk materials near
the beams.

Thermodynamic and kinetic simulations

The thermodynamic quantities and phase diagram were calculated using
Thermo-Calc software together with the TCHEA7 (High Entropy Alloy
v7.0) thermodynamic database. For the representative 150 W condition, the
input compositions for the thermodynamic and kinetic simulations were
determined from the APT measurement of the corresponding analyzed
regions (e.g., chemical concentration in Supplementary Information Fig.
S.5). Finite element method (FEM) simulations of the melt pool were per-
formed using the additive manufacturing (AM) module of Thermo-Calc
software. The heat source parameters were first calibrated using a steady-
state simulation based on experimental melt pool dimensions. A transient
simulation was then performed using the calibrated heat source from the
steady-state simulation to obtain the time-temperature thermal profiles of
the melt pool and its vicinity. The time-temperature profiles were then used
to perform Dictra simulations to provide insights into diffusion and the
interplay between melting and Laves phase dissolution. DICtra simulations
were performed using the homogenization model. A 50 pm planar region
consisting of the equilibrium fraction of BCC and Laves phases was first
defined in the simulation. The liquid was defined as a second region con-
taining only liquid as a dormant phase, which started to form when the
temperature reached the solidus.

Data availability

The data supporting the findings of this study are available in this article, in
the supplementary information, and in the data repository at https://doi.
org/10.26165/JUELICH-DATA/ZADHET. Additional data related to this
article are available from the corresponding author upon reasonable request.
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