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Abstract: Trace ceramic additions can redirect phase selection in multicomponent alloys. We
introduce a nominal 0.05 wt% TiB: addition via an Al-TiB: master alloy into FessCo030Ni2sAl7Nbs
(at.%) and compare it with a base-composition-matched control under identical heat treatment. The
cast processed state contains AlB:-type (Nb,Ti)B. and substantially coarser FCC grains. After
solution treatment and ageing, the processed alloy retains a continuous FCC matrix with L12
precipitates, interfacial B2 and B2 laths, whereas the control remains FCC-dominant. It reaches
1,209.5 + 48.3 MPa tensile strength and 37.64 £ 1.61% total elongation (mean + s.d., n = 3), with
renewed work hardening. The measured L1. geometry yields an Orowan-form scale of
approximately 356 MPa, far above the adopted-coefficient Hall-Petch estimate of 46.4 MPa. These
findings associate a reaction-modified cast precursor with hierarchical ordering and a high

strength—ductility response.
Introduction

Multicomponent alloys provide a versatile platform for developing structural materials
through compositional complexity, local chemical heterogeneity and phase engineering.'™
Heterogeneous and metastable architectures can mitigate the strength—ductility trade-off by
distributing deformation across phases and length scales.** In face-centred cubic (FCC)-based
multicomponent alloys, ordered secondary phases are widely used to raise strength while retaining
tensile ductility.®”®*1°!! Coupled or hierarchical ordered-phase architectures—including L1./B2
and related multicomponent intermetallic populations—extend this strategy beyond a single
precipitate family.!>!3!%1> Nevertheless, controlling when and where these ordered phases form
remains challenging because most approaches rely on changing bulk alloy composition or the
thermal path.

Ceramic additions offer another means of modifying alloy microstructures. TiB:-bearing

routes are usually discussed in terms of heterogeneous nucleation, grain refinement, Zener pinning



or particle-related strengthening.!®!71819.20 Qolidification, however, reflects competition among
nucleation and growth processes,?!** and AlB.-type transition-metal diborides can accommodate
several metallic species, including Ti and Nb.?3?42%26 Interactions between an introduced diboride-
bearing master alloy and a chemically complex melt may therefore create local chemistries distinct
from those expected for an inert reinforcement. Such changes could modify the cast precursor and,
in turn, the ordered phases observed after heat treatment; distinguishing particle reaction from Ti/B
alloying and solute redistribution requires explicit controls.

An important unresolved issue is whether trace diboride-bearing additions can modify the
development of ordered phases in multicomponent alloys under otherwise identical thermal
treatments. In particular, the relationship between diboride-modified solidification microstructures,
subsequent precipitation behaviour and mechanical response remains poorly understood. Several
mechanisms could contribute to such changes, including local solute redistribution associated with
boride formation, altered nucleation conditions and modified precipitation kinetics. Distinguishing
among these possibilities is essential because they imply different pathways for controlling phase
evolution. Furthermore, whereas ceramic-induced grain refinement is conventionally considered
beneficial for strengthening, it remains unclear whether a diboride-bearing addition can promote a
favourable strength—ductility response through changes in phase constitution and ordering even
when grain refinement does not occur. Understanding these relationships could provide a distinct
perspective on the use of trace additions for microstructural design in compositionally complex
alloys.

Here, we investigate the influence of a nominal 0.05 wt% TiB. addition, introduced through
an Al-TiB> master alloy, on the microstructural evolution and tensile behaviour of
FessCosoNi2sAl/Nbs (at.%) multicomponent alloy. By comparing diboride-free and diboride-
processed alloys in the as-cast state and after an identical solution-treatment and ageing schedule,
we identify pronounced differences in their microstructural development and mechanical response.
The diboride-processed cast alloy contains AlB:-type Nb/Ti-containing borides and exhibits
markedly coarser FCC grains in the examined regions. Following the common heat treatment, the
processed alloy develops a hierarchical microstructure comprising an FCC matrix, L1- precipitates,
interfacial B2 regions and discrete B2 laths in the analysed regions, whereas the corresponding
control remains FCC-dominant. This microstructural architecture is accompanied by an ultimate
tensile strength of 1,209.5 + 48.3 MPa and a total elongation of 37.64 + 1.61%, together with a

renewed post-yield work-hardening response. These findings reveal an association between



diboride-bearing processing, the observed cast precursor, subsequent ordered-phase development

and tensile performance.

Results

Trace diboride processing is associated with a high-strength, high-elongation

response

The experimental design compares the nominal diboride-bearing addition under a common
heat treatment (Fig. 1a). HEA and HEC-5 denote the as-cast TiB:-free and nominally 0.05 wt%
TiB:-containing alloys, respectively; the suffix STA denotes solution treatment at 1,200 °C for 20
min followed by ageing at 750 °C for 1 h. The Al introduced with the AI-TiB2 master alloy was
included in the charge balance, so both alloys retained the nominal FessCo3oNi2sAl/Nbs (at.%) base
composition.

The four states exhibit distinct room-temperature engineering stress—strain responses (Fig. 1b).
The representative as-cast HEA curve reaches approximately 810 MPa UTS and 5.5% total
elongation; the specimen-level HEA mean is 789.1 £ 48.7 MPa and 7.08 + 0.78% (mean + sample
s.d., n = 3 specimens). HEC-5-STA reaches 1,209.5 + 48.3 MPa UTS and 37.64 + 1.61% total
elongation (mean + sample s.d., n = 3 specimens). A representative HEC-5-STA fracture surface
contains abundant dimples at higher magnification (Fig. 1¢,d), consistent with substantial plastic
deformation before final rupture.

The literature comparison in Fig. 1f uses selected processing states from five source studies
spanning several alloy families and routes.”*”?*2%3% The dashed guide denotes PSE = 4 x 10*
MPa%. Because source articles use different elongation definitions, the comparison is descriptive
rather than a strict rank ordering. Within the present dataset, specimen-level mean PSE values are
0.561 £ 0.094, 2.158 + 0.151, 2.432 + 0.087 and 4.548 + 0.093 x 10* MPa% for HEA, HEC-5,
HEA-STA and HEC-5-STA, respectively (n = 3 specimens per state). Thus, heat treatment changes
PSE by +334% in HEA and +111% in HEC-5, whereas the nominal addition changes PSE by +285%
in the as-cast state and +87.0% after heat treatment. These descriptive contrasts preserve the four-
state design and avoid attributing the confounded HEA-to-HEC-5-STA diagonal comparison to a

single intervention.
Diboride-bearing processing restructures the as-cast precursor

In the displayed electron backscatter diffraction (EBSD) fields, HEC-5 is not a particle-refined



version of HEA. The mean FCC grain size increases from 18.03 um in HEA to 263.06 um in HEC-
5; the corresponding medians are 9.3 and 210.1 um, a factor of approximately 22.6 (Fig. 2a—c and
Supplementary Table 1). The displayed HEC-5 map contains 14 coarse grains, whereas the HEA
distribution contains 523 measured grains. The sampled regions therefore show a solidification
outcome opposite to conventional grain refinement.

Transmission electron microscopy identifies a second, chemical signature of this change.
HEC-5 contains 200-300 nm particles whose diffraction is consistent with an AlB:-type structure
(Fig. 2d—g and Supplementary Fig. 1). Elemental maps show local B, Nb and Ti enrichment within
the analysed particles. At the indicated particle, energy-dispersive X-ray spectroscopy gives 54.8
at.% B, 37.2 at.% Nb and 3.0 at.% Ti, compared with 0.1 at.% B, 3.8 at.% Nb and 0.1 at.% Ti in
the adjacent FCC matrix (Fig. 2f}h). Diffraction and lattice imaging support assignment of the
analysed particle as AlB.-type (Nb,Ti)B: rather than unchanged TiB:, while the EDS data provide
supporting evidence for local Nb/Ti/B enrichment.>*2¢

The co-occurrence of an AlB:-type Nb/Ti-containing diboride and a roughly 15-fold shift in
mean FCC grain size is consistent with a reaction-associated change in the cast precursor. HEC-5
therefore enters solution treatment with different grain dimensions and with locally observed

Nb/Ti/B partitioning between analysed boride particles and the adjacent FCC matrix.
A common heat treatment produces different ordered-phase architectures

The common solution-treatment and ageing schedule produces sharply different phase
architectures in the TEM regions examined (Fig. 3b—g). HEA-STA remains FCC-dominant in the
analysed regions (Fig. 3b), whereas HEC-5-STA contains L1: precipitates and B2 regions inside a
continuous FCC matrix (Fig. 3c—g). Under matched thermal conditions, this contrast is associated
with the different cast precursor rather than with a different ageing schedule.

The ordered phases occur in two coupled topologies. B2 locally decorates or envelops leaf-
shaped L 12 precipitates, producing an interfacial L1./B2 configuration (Fig. 3c—e). Elsewhere, B2
forms discrete laths without an identifiable L1. core (Fig. 3f,g). Fast Fourier transforms and
selected-area electron diffraction distinguish the FCC, L12 and B2 order, and local diffraction gives
an approximate [111]B2 || [110]JFCC zone-axis parallelism (Fig. 3h). Point-EDS measurements
further resolve compositional differences among FCC matrix, B2-rich and mixed B2/L 1. regions
(Fig. 31).

The L1. population has a measured edge-to-edge spacing of 168 £ 76 nm (n = 63



measurements) and an equivalent circular diameter of 270.8 £ 73.9 nm (n = 126 precipitates),
obtained from two TEM fields (Fig. 3j.k). Together, the continuous FCC matrix, dispersed L1
precipitates, interfacial B2 and discrete B2 laths define a hierarchy in both length scale and phase
topology. The essential observed contrast is phase selection: under the same thermal path, the
analysed HEA-STA regions remain FCC-dominant, whereas the analysed HEC-5-STA regions
contain an FCC/L1./B2 architecture.

HEC-5-STA exhibits renewed post-yield hardening

Conversion of the engineering curves to true stress and true strain exposes the deformation
response behind the high UTS—elongation combination (Fig. 4a). HEC-5-STA continues to carry
increasing true stress over a broad strain interval, whereas HEC-5 loses load-bearing capacity at a
lower stress and strain. After the initial post-yield decrease, the work-hardening rate of HEC-5-
STA recovers near 1% true strain and reaches a broad maximum around 3%; the HEC-5 rate instead
continues to fall after its early maximum (Fig. 4b). The recovered hardening interval is consistent
with sustained strain accommodation after the high-strength state has been established, as reported
for other precipitation-strengthened concentrated alloys.!-3%%3

Undeformed EBSD maps provide spatial context for the two states before tensile loading (Fig.
4c—f). The native-step KAM maps (Fig. 4c,d) and corresponding software-exported geometrically
necessary dislocation (GND)-density maps (Fig. 4e,f) show local orientation-gradient
heterogeneity in HEC-5 and HEC-5-STA. The maps were acquired at step sizes of 3 um and 2 pm,
respectively, so their native-step KAM and GND magnitudes are not directly comparable between
states. Cross-field summaries calculated on a common 6 pm grid are provided in Supplementary
Fig. 2d—f and Supplementary Table 2.

The undeformed EBSD maps do not independently identify the dislocation processes during
tensile loading. Their spatial variations are presented descriptively; quantitative cross-field
comparison requires the common-grid analysis reported in Supplementary Fig. 2d-f and
Supplementary Table 2. The direct mechanical evidence for renewed post-yield strain hardening

remains the tensile response (Fig. 4a,b).

Measured precipitate geometry defines a larger model stress scale than the

grain-boundary estimate

The sampled HEC-5 and HEC-5-STA regions contain coarse grains, so these local



microstructures do not support a conventional grain-refinement explanation of the mechanical
response. Using a common Hall-Petch coefficient adopted from single-phase FCC Alp3CoCrFeNi,
the measured mean FCC grain sizes give estimated grain-boundary stress scales of 194.1, 201.8,
50.8 and 46.4 MPa for HEA, HEA-STA, HEC-5 and HEC-5-STA, respectively (Fig. 5a). These
values are model estimates rather than material-specific measurements of the Hall-Petch
contribution.

The measured L1. geometry provides a larger model stress scale. The XRD-refined FCC
lattice parameter of HEC-5-STA is 0.3621 nm, giving a Burgers-vector magnitude of 0.2560 nm.
With an L1z equivalent diameter of 270.8 nm and edge-to-edge spacing of 168 nm, an Orowan-
form relation gives a characteristic stress scale of approximately 356 MPa (Fig. 5b). Spacing
dominates the sensitivity: changing A from 92 to 244 nm at fixed diameter changes the calculated
scale from 651 to 245 MPa, whereas changing the diameter from 196.9 to 344.7 nm at fixed spacing
changes it from 338 to 370 MPa (Fig. 5c¢).

These estimates compare two experimentally anchored length-scale-based stress scales; they
are not a complete additive reconstruction of the tensile curve and do not establish a unique
dislocation—precipitate interaction mechanism. Within the adopted parameter set, HEC-5-STA has
an Orowan-form L1 stress scale of approximately 356 MPa and an estimated Hall-Petch scale of
46.4 MPa. Contributions from B2, solid-solution strengthening, interfacial constraint and

deformation heterogeneity cannot be independently quantified from the present measurements.
Discussion

This study identifies an unconventional route by which a trace ceramic addition modifies a
multicomponent alloy: diboride-bearing processing is associated with a chemically modified cast
microstructure rather than an unambiguously inert particle addition. The analysed borides in as-
cast HEC-5 are AlB2-type (Nb,Ti)B., enriched to 37.2 at.% Nb against 3.8 at.% in the adjacent
matrix, although the addition supplies TiB.. AlB:-type diborides tolerate extensive metal

substitution, 3?4226

so dissolution, elemental exchange and reprecipitation are possible
explanations for the observed Nb-containing borides, although the reaction sequence was not
directly observed. Such chemical modification could affect the nucleation and pinning roles often
ascribed to TiB: particles,16—20 consistent with the approximately 15-fold difference in mean grain
size between the sampled HEC-5 and HEA fields. Solidification is governed by competition

between nucleation and growth,>"*? but the specific nucleation and growth processes responsible



for the observed contrast remain unresolved.

The altered cast precursor is associated with the different microstructures obtained after the
common heat treatment. After identical solution treatment and ageing, the control alloy remains
FCC-dominant, whereas the processed alloy develops L1 precipitates wrapped by interfacial B2,
together with discrete B2 laths, inside a continuous FCC matrix. Local Nb/B partitioning and the
coarse-grained cast structure are possible contributors to this divergence, but the available final-
state measurements do not establish their separate causal roles. The interfacial topology, in which
B2 decorates or envelops leaf-shaped L1, suggests a spatial relationship between B2 and L1-,
without establishing the precipitation sequence. Coupled L12/B2 populations are an established

121314153435 the present architecture

route to strength—ductility synergy in concentrated alloys;
shows that they can be obtained through the cast precursor rather than through bulk composition
or a specialized thermal path.3¢

The same hierarchy accounts for the mechanical response. With a mean grain size of 315.25
um, the adopted-coefficient Hall-Petch scale is only 46.4 MPa, whereas the measured LI
geometry sets an Orowan-form scale of approximately 356 MPa; the ordered precipitates may
therefore provide a substantial strengthening contribution, although the two model stress scales do
not establish a unique mechanism. The ductility rests on how the hierarchy deforms. The work-
hardening rate recovers near 1% true strain and peaks again around 3%, a signature of sustained

31,32 and

strain accommodation reported in other precipitation-strengthened concentrated alloys,
consistent with deformation being distributed across the FCC matrix, the L12 population and the
two B2 topologies instead of localizing at one interface family.4,5 The outcome is a coarse-grained
alloy that combines 1,209.5 MPa ultimate strength with 37.64% elongation, a strength—elongation
product of 4.548 x 10* MPa%. Achieving this response without grain refinement reverses the usual
logic of ceramic additions, in which the ceramic is expected to refine the grains and the refinement
is expected to provide the strengthening.?’

Alternative explanations can be ranked against this mechanism. Direct strengthening by
boride particles alone is unlikely to account for the entire response: the analysed particles are sparse
200-300 nm features, and the high strength—ductility response appears only after ageing, once the
hierarchical architecture exists. Grain refinement through heterogeneous nucleation or Zener

pinning, the standard account of TiB. additions,!6!17:18.19.20

predicts the opposite of the observed
coarsening. A subtler alternative is microalloying, because the master alloy introduces Ti and B

together with the diboride; separating a solute effect from particle reaction requires a diboride-free



Ti/B-only control, although the (Nb,Ti)B- chemistry already excludes a purely inert addition. Three
kinetic routes could each translate the precursor into the aged architecture: local solute
redistribution, altered nucleation conditions and modified precipitation kinetics. The present
measurements associate the architecture with the precursor but do not discriminate among these
routes, and the distinction is practical, because each route implies a different lever for controlling
phase selection.

Three boundaries delimit these conclusions. The microstructural statistics are field-level, with
14 coarse HEC-5 grains against 523 HEA grains and seven EBSD fields across the four states, so
the coarsening claim covers the sampled regions rather than whole ingots. The stress scales are
model estimates built on coefficients adopted from Alp3CoCrFeNi, so the comparison between 356
MPa and 46.4 MPa ranks strengthening channels without decomposing the measured yield stress;
the B2, solid-solution and interfacial contributions remain unquantified. The reaction pathway
itself was not observed in situ. The discriminating experiments follow directly: diboride-free Ti/B-
only controls to isolate the reaction, interrupted solidification to capture it and post-deformation
electron microscopy to resolve how dislocations interact with the L12/B2 topology. If these tests
confirm the reaction pathway, trace diboride-bearing master alloys would offer a route to

hierarchical ordering that leaves the base composition of a multicomponent alloy untouched.
Methods

Material preparation

Alloys were prepared by vacuum arc melting under high-purity argon from Fe, Co, Ni, Al and
Nb (>99.9 wt%) and an Al-TiB2 master alloy containing 85 wt% Al and 15 wt% TiB.. The Al
supplied by the master alloy was included in the charge calculation, and elemental Al was reduced
correspondingly to retain the nominal FessCo3oNi2sAl;Nbs (at.%) base composition. Each ingot was
inverted and remelted at least five times to improve compositional homogeneity. The TiB:-free
alloy is denoted HEA; the alloy containing Ti and B introduced through a nominal 0.05 wt% TiB:
addition is denoted HEC-5.

As-cast specimens were solution treated at 1,200 °C for 20 min and aged at 750 °C for 1 h.
Both stages used a heating rate of 10 °C min™' and were followed by water quenching. The suffix

STA denotes the solution-treated and aged states, HEA-STA and HEC-5-STA.



Microstructural characterization

Phase constitution and FCC lattice parameters were determined by X-ray diffraction using Cu
Ko radiation over 20 = 20—100° for the scans at a scan rate of 0.5° s™! and Rietveld refinement (Fig.
3a).*® Microstructures were examined by scanning electron microscopy (JSM-7100F) and
transmission electron microscopy (FEI Talos F200X). TEM foils were prepared by conventional
ion-beam thinning. Local chemistry and crystallography were assessed by energy-dispersive X-ray
spectroscopy (EDS), selected-area electron diffraction (SAED), fast Fourier transforms (FFT) and
high-resolution TEM.

Grain sizes and orientations were measured by EBSD.**° Kernel average misorientation was
calculated from raw FCC orientations with a first-order eight-neighbour kernel, a 5° neighbour
cutoff and at least three valid neighbours. For the common-grid cross-field comparison in

Supplementary Table 2, the KAM-derived GND-density proxy was calculated as

20 0
P = hb
where 0 is KAM in radians, h is the analysis step and b is the FCC Burgers-vector magnitude.

The condition-specific value of b was calculated from the XRD-refined lattice parameter as

_ AQrcc
b= 7z (2)

giving b = 0.2556, 0.2543, 0.2551 and 0.2560 nm for HEA, HEA-STA, HEC-5 and HEC-5-

STA, respectively. The native-step EBSD fields in Fig. 4c—f were acquired at 3 um for HEC-5 and
2 um for HEC-5-STA. Fig. 4e,f show software-exported FCC GND-density maps (2 (110)

convention, o = 3); these native-step maps are distinct from the separately recomputed common-
grid KAM-derived GND proxies. The common-grid KAM-derived GND-density proxies in
Supplementary Table 2 use Eq. (1) with a fixed b =0.2528 nm. Six macroscale fields were analysed
on a common 6 pm grid for Supplementary Fig. 2d—f and Supplementary Table 2; a 0.05 pm HEC-

5-STA microfield was analysed at its native step.
Thermodynamic calculations

Equilibrium phase fractions for nominal FessCosoNi2sAl:Nbs (at.%) were calculated with
Thermo-Calc 2025 and the TCHEAS database. The calculated phase landscape was used to select

the 1,200 °C solution-treatment and 750 °C ageing temperatures. The calculation used the nominal



Ti/B-free base composition and excluded reaction-generated local chemical heterogeneity; it was
not intended to predict the precipitation sequence or local chemistry of HEC-5 (Supplementary
Note 2, Supplementary Table 3 and Supplementary Fig. 3).

Room-temperature tensile testing

Uniaxial tensile tests were performed at room temperature with an Instron 5969 machine at
an initial strain rate of 1 x 1073 s7'. Polished dog-bone specimens had a 6.5 mm X 2 mm x 1.2 mm
gauge section, and engineering strain was measured using an extensometer. Tensile specimens were
machined without a prescribed orientation relative to the ingot. The 0.2% offset yield strength was
determined from engineering stress—strain data by interpolation or extrapolation. Three separate
specimens were tested for each condition. UTS and total elongation are reported as mean + sample
s.d.

Engineering stress—strain curves were converted using o; = Geng(1 + €eng) and & = In(1 + geng),
where Geng and geng are engineering stress and engineering strain, respectively. Duplicate data points
were removed, and the true-stress—true-strain data were smoothed in Origin (OriginLab) using a
first-order Savitzky—Golay filter with a 51-point window before a single numerical differentiation
was performed to calculate the work-hardening rate, ® = doy/de.. For each specimen, the strength—
elongation product was calculated from its paired values as PSE = UTS x total elongation (%).
State-level PSE is reported as the mean + sample s.d. of the three specimen products; the change
between states was calculated from their mean PSE values as APSE = (PSEafier — PSEinitia1)/PSEinitial
x 100%. Literature comparison points retain the elongation definitions used by the source

studies.9’27’28’29’30

Strengthening-scale calculations

The Hall-Petch and Orowan calculations compare two experimentally anchored stress scales
from the measured grain size and L1. geometry; they are not treated as a complete additive strength

model.**>* Grain-boundary strengthening was calculated as

-1

AO_HP = kydT (3)
where d is the measured mean FCC grain size. The coefficient k, = 824 MPa pum'/? was
adopted from single-phase FCC Alo.sCoCrFeNi.** For d = 18.03, 16.67, 263.06 and 315.25 pm, the

calculated terms are 194.1, 201.8, 50.8 and 46.4 MPa for HEA, HEA-STA, HEC-5 and HEC-5-
STA, respectively.



The L1 particle stress scale was estimated with the Orowan bypass relation

0.4Gb [n (%’)

M
Wl —-—v A

where M is the Taylor factor, G the matrix shear modulus, v Poisson's ratio, b the FCC

(4)

AO—OT‘ =

Burgers-vector magnitude, r, the precipitate radius and A the measured edge-to-edge spacing. For
HEC-5-STA, the measured values are d, = 270.8 £ 73.9 nm and A = 168 £ 76 nm. Values of M =
3.06, G =80 GPa and v = 0.30 were adopted from an FCC Alo3CoCrFeNi analysis using the same
parameters in an Orowan calculation.*> With b = 0.2560 nm, d, = 270.8 nm and A = 168 nm, Eq.
(4) gives approximately 356 MPa. The sensitivity values in Fig. 5¢ use the measured mean + s.d.

limits for diameter and spacing.
Statistics and reproducibility

L1. diameter and spacing statistics were obtained from two TEM fields of view (n = 126
precipitates for diameter and n = 63 measurements for spacing). Grain-size distributions contain
523 measured grains for HEA and 14 for the displayed HEC-5 dataset. EBSD orientation-gradient
summaries are reported at the field level in Supplementary Table 2. Seven EBSD fields were
available across the four states; six macroscale fields were analysed on a common 6 pm grid, and
one HEC-5-STA microfield was analysed at its native 0.05 um step (Supplementary Table 2). Field
identifiers denote acquisition fields, not independently prepared ingots (Supplementary Note 1).
Tensile UTS, total elongation and specimen-level PSE are reported as mean + sample s.d. from
three separate specimens per condition; the number of independent ingots represented by these

tensile specimens was not established. No blinding or randomization was used.
Generative Al-assisted manuscript preparation

OpenAl ChatGPT and Codex were used to assist manuscript organization and language
editing. The authors are responsible for the scientific interpretations, calculations, references and

final wording.
Data availability

The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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Fig. 1 Diboride-bearing processing is associated with a modified cast precursor and distinct strength—elongation
responses. a, Crystal-structure models and a reaction-associated hypothesis contrasting AlB.-type TiB2 with Nb-
substituted (Nb,Ti)B:; the pathway was not monitored in situ. b, Representative room-temperature engineering
stress—strain curves for HEA, HEA-STA, HEC-5 and HEC-5-STA; inset, tensile-specimen geometry (dimensions
in mm). c,d, Representative low- and high-magnification fracture surfaces of HEC-5-STA (scale bars, 500 um
and 20 pum). e, Engineering stress—strain curves for three HEC-5-STA specimens. The aggregate UTS and total
elongation are 1,209.5 + 48.3 MPa and 37.64 + 1.61%, respectively (mean + sample s.d., n = 3 specimens). f,
UTS versus reported elongation for three present-study entries (HEC-5, HEA and HEC-5-STA; red stars) and
selected literature processing states.’?’3° The dashed curve denotes PSE = 4 x 10* MPa%; literature elongation
definitions follow the source articles, so the comparison is descriptive. g, PSE for the same source-data entries,
grouped by alloy family and plotted in units of 10* MPa%. PSE = UTS x reported elongation. For the present

study, state-level PSE is the mean of three specimen-level products (n = 3 specimens per state).
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Fig. 2 Trace diboride processing coarsens the FCC matrix and is associated with AlB2-type (Nb,Ti)B2 formation.
a,b, FCC inverse-pole-figure maps of HEA and HEC-5, respectively. ¢, Cumulative grain-size distributions; n
denotes counted grains and arrows mark median values. d,e, Bright-field TEM images of an analysed boride
particle in HEC-5; inset in d, local diffraction from the adjacent FCC matrix. f, STEM-EDS maps of B, Nb, Ti,
Al and Fe and diffraction from the particle. g, HRTEM image of the particle/FCC interface with lattice-fringe

measurements. h, Local EDS compositions for the particle and adjacent FCC matrix.
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Fig. 3 The diboride-processed precursor develops hierarchical FCC/L12/B2 ordering under the common heat
treatment. a, X-ray diffraction patterns and Rietveld refinements for HEA, HEA-STA, HEC-5 and HEC-5-STA,
including refined FCC lattice parameters. b, Representative TEM image and diffraction from an FCC-dominant
HEA-STA region. c—e, FCC/L12/B2 regions in HEC-5-STA, including interfacial or enveloping B2 adjacent to
L12; insets show local diffraction or FFTs. f,g, Discrete B2 laths in the FCC matrix. h, Local diffraction showing
approximate [T11]B2 || [110]FCC zone-axis parallelism. i, Point-EDS compositions at the indicated FCC matrix,
B2-rich and mixed B2/L.12 regions. j,k, L12 edge-to-edge spacing and equivalent-circular-diameter distributions,

respectively. Values are mean + s.d.; n = 63 spacing measurements and n = 126 precipitates for diameter from
two TEM fields.
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Fig. 4 HEC-5-STA exhibits renewed work hardening and spatial variation in undeformed orientation gradients.
a, True stress versus true strain for the four conditions. b, Work-hardening rate versus true strain for HEC-5 and
HEC-5-STA; duplicate data points were removed, the data were smoothed in Origin using a first-order Savitzky—
Golay filter with a 51-point window, and then a single numerical differentiation was performed. c,d, Native-step

KAM maps of undeformed HEC-5 and HEC-5-STA, acquired at 3 and 2 pm, respectively. e,f, Corresponding



GND-density maps exported directly from the EBSD analysis software for the same fields, rather than the
separately recomputed KAM-derived GND-density proxies presented in the Supplementary Information.

Different EBSD acquisition steps preclude direct quantitative comparison of these native-step maps; common-

grid cross-field summaries are reported in Supplementary Fig. 2d—f and Supplementary Table 2.
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Fig. 5 Measured length scales give a larger L1. Orowan-form stress scale than the adopted Hall-Petch estimate.
a, Hall-Petch stress scales estimated from measured mean FCC grain sizes for HEA, HEA-STA, HEC-5 and
HEC-5-STA using the adopted coefficient reported in Methods; open and filled symbols denote as-cast and
solution-treated-and-aged states. b, Orowan-form schematic and characteristic L1: stress scale for HEC-5-STA

using d, = 270.8 nm, A = 168 nm and the parameters reported in Methods. ¢, Sensitivity of the Orowan-form

stress scale to the measured mean =+ s.d. limits of L12 spacing and diameter.
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