CHAL

UNIVERSITY OF TECHNOLOGY

A magnetically soft yet mechanically strong and ductile Ta free CoFeNi
high entropy alloy with Al and Ti additions

Downloaded from: https://research.chalmers.se, 2026-04-16 17:42 UTC

Citation for the original published paper (version of record):
Sarkar, S., Keskar, N., Tan, L. et al (2026). A magnetically soft yet mechanically strong and ductile

Ta free CoFeNi high entropy alloy with
Al and Ti additions. Nature Communications, 17(1). http://dx.doi.org/10.1038/s41467-026-68891-6

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is

administrated and maintained by Chalmers Library

(article starts on next page)



nature communications

Article

https://doi.org/10.1038/s41467-026-68891-6

A magnetically soft yet mechanically strong
and ductile Ta free CoFeNi high entropy alloy
with Al and Ti additions

Received: 14 January 2025

Accepted: 20 January 2026

Published online: 05 February 2026

M Check for updates

Sudip Kumar Sarkar ®"7, Nachiket Keskar?’, Li Ping Tan ® 3, Tirthesh Ingale ®'?,
Advika Chesetti® 2, Sriswaroop Dasari ® 24, Karl P. Davidson ®>*,

V. Chaudhary® ¢/ -, Narendra Dahotre'? R. V. Ramanujan®3' &

Rajarshi Banerjee ® 23

Next generation high speed, large torque, rotating electrical machines demand
materials with an excellent balance of magnetic and mechanical properties.
High entropy alloys (HEAs) can exhibit this unique combination of properties,
e.g., CoFeNi based HEAs containing Ta. The high Ta content makes these alloys
prohibitively expensive for industrial applications. Hence, we develop Ta free
HEA using a thermodynamic approach. The addition of Al and Ti to the base
CoFeN:i alloy is studied. We investigate two compositions: Tig ,4CoFeNig 75 and
Al 3Tig»CoFeNi. In their solution treated and quenched condition these HEAs
exhibit a low coercivity H. - 1.8-2.4 Oe, high saturation magnetization
M;~96.5-137.3 emu/g, coupled with a high yield strength, YS - 780-850 MPa,
ultimate tensile strength, UTS ~ 1200 MPa, large tensile elongation, € -~ 29-35%,
and with desired high electrical resistivity ( ~269.5-308.3 uQ-cm), making them
attractive for high frequency electrical machines. Importantly, the latter HEA is
further strengthened to a very high YS ~ 1140-1200 MPa with excellent ductility
(e ~18-25%) and electrical resistivity (296.1-459.3 uQ-cm), but at the cost of
higher H, values ~ 8.8-48.6 Oe.

Soft magnetic materials (SMMs) play a pivotal role in rotating electrical
machines, which underpin a wide range of modern energy conversion
and mobility technologies. The rising global emphasis on reducing
fossil fuel consumption and greenhouse gas emissions has accelerated
the adoption of electric machines in electric vehicles, aircraft, and
other technological sectors. According to the U.S. Energy Information
Administration’s Monthly Energy Review (April 2024)", nearly 20% of
the electrical energy generated in the U.S. power sector is lost before
reaching its end use, underscoring the urgent need for improved
efficiency in electrical systems. Enhancing efficiency requires materials

that combine optimal magnetic, electrical, and mechanical properties,
or materials with tunable multifunctional characteristics, to meet the
demands of next-generation motors, e.g., for electric vehicles,
designed for large torque, high-frequency operation, and more com-
pact architectures’.

The essential requirements for SMMs include: (i) low coercivity
(Hy) to minimize hysteresis losses during rapid
magnetization-demagnetization cycles, (ii) high saturation magneti-
zation (M;) for maximizing magnetic flux density and torque, and (iii)
elevated electrical resistivity (p) to reduce eddy current losses*™.
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Equally critical are superior mechanical properties, particularly high
yield strength to prevent plastic deformation under cyclic stresses and
adequate ductility for manufacturing flexibility and damage
tolerance’. Meeting this complex set of requirements would sub-
stantially expand the application envelope of SMMs and reduce energy
losses across electrical machines.

Despite decades of progress, simultaneously achieving this bal-
ance of properties remains a formidable challenge. Conventional
SMMs—including Fe-Si silicon steels (3-6 wt.% Si), Fe-Ni permalloys,
Fe-Ni-Mo supermalloys, and Fe-Co alloys such as Hiperco 50 and
Hiperco 50HS—are widely used in electrical machines. These alloys
exhibit low H, (0.01-5.0 Oe) and high M; (64-235 emu/g)’"° values, yet
they fall short in mechanical strength (maximum ~624-810 MPa in
Hiperco 50HS)'°™ and electrical resistivity (27-90 pQ-cm)™*, Such
limitations are particularly acute in high-torque, high-frequency rotor
applications in automotive and aviation use cases, where premature
mechanical failure and excessive eddy current losses are prevalent'*”,
Therefore, future progress in electrical machine design hinges on
engineering single-composition soft magnetic materials that possess
the appropriate magnetic, electrical, and mechanical property set.

Recent advances in high-entropy alloys (HEAs) and complex
concentrated alloys (CCAs) have created new opportunities for
designing alloys with enhanced multifunctional properties'®”. By
combining multiple principal magnetic elements, HEAs offer a plat-
form to simultaneously tailor magnetic, structural, and mechanical
characteristics™®2°. The alloying elements and processing conditions
are decisive: they influence phase stability, microstructural evolution,
and interfacial characteristics, which in turn, can affect the relevant
properties??. HEAs containing concentrated amounts of ferromag-
netic elements, such as Co, Fe, and Ni, can exhibit promising soft
magnetic properties. Further, the addition of atoms such as Al and Ti,
which exhibit large negative enthalpies of mixing with these ferro-
magnetic elements, promotes chemical ordering within face-centered
cubic (FCC) solid solutions, often through the formation of ordered
intermetallic nanoprecipitates such as the L1, or the B2 phases'®***,

The ternary CoFeNi alloy has emerged as a promising base for soft
magnetic HEAs. It exhibits excellent magnetic properties®, and the
interaction energies of the three binary pairs (Fe-Ni, Ni-Co, Co-Fe) are
nearly zero, yielding a near-ideal random solid solution?*, Equiatomic
CoFeNi forms a single-phase FCC structure'®”, which confers excellent
ductility but insufficient mechanical strength®. Various strengthening
mechanisms have been applied, including solid solution
strengthening®, grain refinement®’, dislocation strengthening®, and
multiphase strengthening® . Of these, nanoprecipitation strength-
ening via coherent L1,-type ordered precipitates is especially effective,
as established in Ni-based superalloys (y+Y’ structure)®®, Co-based
alloys (e.g., CogsTigVg)*” ™, and Fe-based systems*®*2,

Building on this principle, Al or Ti additions to CoFeNi can induce
coherent L1, nanoprecipitates within the FCC matrix, yielding sig-
nificant strengthening without severely compromising ductility?-*>%,
For instance, Han et al.*’ reported a CoFeNi-Ta/Al HEA containing >42
vol.% ordered L1, nanoprecipitates, which achieved a high yield
strength (-1202 MPa) and good tensile ductility (~15%), but exhibited
relatively high coercivity (-10.7 Oe). Similarly, Xu et al.** studied
(FeCoNi)oo-TixAly alloys, identifying the (FeCoNi)eo-TisAls composi-
tion as optimal. This alloy contained <1 nm nanoprecipitates with ~9.8%
volume fraction, yielding a balanced property set: YS =463 MPa, duc-
tility = 50.7%, Ms=121.1 emu/g, and H.= 6.5 Oe.

Phase stability in Co- and Ni-based HEAs is highly sensitive to Al
and Ti content. Prior work on Al-containing CoCrFeNi CCAs revealed
compositional transitions from FCC/L1, to FCC/L1,+BCC/B2, and
finally to BCC/B2 with increasing Al content**, In FCC-based HEAs, Al
often stabilizes metastable/stable L1, and/or B2 nanoprecipitates®®“¢,
The simultaneous addition of Ti has proven effective in stabilizing and

increasing the mass fraction of the L1, phase. For example, a CoCrFeNi
base alloy with 4 at.% Al + 2 at.% Ti achieved strength >1 GPa and duc-
tility ~17%"’, while a CoFeNi base alloy with 8.5at.% Al+5.7 at.% Ti
reached even higher ductility (- 50%) alongside excellent strength*®,

Prior investigations into an Aly3;CoFeNi HEA underscored the
pivotal role of Al in inducing ordering tendencies?*. This alloy exhi-
bits a combination of long-range ordered (LRO) phases and a dis-
ordered FCC solid solution. At 500 °C, L1, nanoprecipitates enhanced
hardness and tensile yield stress, while further thermo-mechanical
processing yielded a hierarchical four-phase microstructure
(FCC + L1, + BCC + B2). Depending on the morphology, this complex
microstructure delivered exceptional mechanical performance, with
the microstructure with multi-scale hierarchical precipitates achieving
yield stresses up to ~-1490 MPa, ultimate tensile strengths of ~1663 MPa,
and ductility of ~12%. However, these mechanical gains were offset by
high coercivity (-160Oe), presenting an opportunity for further
microstructure engineering and alloy development.

These findings highlight the central challenge: while introducing
ordered nanoprecipitates significantly enhances strength, it often
increases coercivity. Achieving a low-coercivity, high-strength micro-
structure thus requires careful stabilization of nanoscale L1, phases
while avoiding large mass fractions of the magnetically deleterious B2
phase or coarse lamellar morphologies.

In this study, we build upon the previous work on CoFeNi and
Alp 3CoFeNi alloys by introducing Ti as an additional alloying element
to enhance the stability and volume fraction of ordered L1, nanopre-
cipitates within an FCC matrix. Solution thermodynamic modeling
guided our alloy design. Our central hypothesis is that increasing the
fraction of fully coherent nanoscale L1, precipitates will simulta-
neously provide high yield strength and preserve low coercivity. As
established in superalloy design, Ti is a potent L1, stabilizer*®, and we
hypothesized that its addition to CoFeNi and Alg 3CoFeNi-based alloys
would yield HEAs with a unique combination of properties: high
strength, high ductility, low coercivity, high saturation magnetization,
and elevated electrical resistivity. Such alloys would represent a sig-
nificant advance toward next-generation SMMs for high-frequency,
high-torque electrical machines.

Results

Thermodynamic modeling

Pseudo-binary sections of the Ti,Alg 3CoFeNi and Ti-CoFeNi systems,
calculated using Thermo-Calc ® with the TCHEA6 database, are shown
in Figs. 1a and 1b, respectively. In both cases, alloy compositions were
chosen to maximize Ti incorporation while preserving a stable FCC
single-phase field at high temperatures: Alg;Tip>CoFeNi
(AlgsTis;CoygsFeagsNiags in atom %) for the quinary system and
Tig24CoFeNig 75 (TigCozsFessNiyg in atom %) for the quaternary system.
The corresponding phase fraction diagrams (Figs. 1b, d) indicate that
both alloys transform from a high-temperature FCC phase into multi-
phase fields containing ordered intermetallics upon cooling. Specifi-
cally, the AlgsTigo,CoFeNi alloy is predicted to exhibit
FCC+L1,+B2 stability between 800 and 1150°C, while the
Tip24CoFeNig g alloy is expected to form FCC + L1, phases in this
temperature range.

To experimentally validate these predictions, homogenized and
cold-rolled (90%) samples of both alloys were solutionized in the high-
temperature FCC field (1200 °C for Alg 3Tig,CoFeNi, 1000 °C for Tig4
CoFeNip7g) and water-quenched. Subsequent annealing treatments
were performed within the predicted multiphase regions: the
Al 5Tig,CoFeNi alloy was annealed at 800 °C for 4 h after solutioniz-
ing or, alternatively, annealed directly at 900 °C for 4 h from the cold-
rolled state; the Tig,4CoFeNig s alloy was annealed at 1000 °C for
15 min. These conditions were selected to promote the evolution of
ordered L1, and B2 phases from the disordered FCC matrix.
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Fig. 1| Thermodynamic modeling for the Al and Ti-added CoFeNi HEA.

a Pseudo-binary isopleth showing phase stability in the Al 3Tip CoFeNi system as a
function of temperature and Ti mole fraction varying from Aly ;CoFeNi to

Alp 3Tip36CoFeNi, b phase fraction versus temperature for Alg;Tig,CoFeNi show-
ing the expected equilibrium phases in the temperature range of 400-1600 °C,
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c pseudo-binary isopleth showing phase stability in the Tip 4CoFeNig 75 System as a
function of temperature and Ti mole fraction ranging from CoFeNi to
Tio3CoFeNio 7, and d phase fraction versus temperature for the Tip>4CoFeNig 7s
composition showing the expected equilibrium phases in the temperature range of
400-1600 °C.

Evolution of mechanical and magnetic properties

Tensile properties. The tensile behavior of Tig,4CoFeNig;s and
Alp;Tip,CoFeNi HEAs at room temperature under three different
conditions is summarized in Fig. 2a. In the solutionized and water-
quenched state (CRSA), the Tip,4CoFeNig g alloy exhibited a yield
strength (YS) of -850 MPa, ultimate tensile strength (UTS) of
~1200 MPa, and elongation to failure of 29%. Under the same condi-
tion, the Aly3Tig,CoFeNi alloy showed slightly lower strength (YS -
780 MPa, UTS ~1110 MPa) but superior ductility (35%). Subsequent
isothermal annealing of the solutionized Alg3Tig,CoFeNi alloy at
800°C for 4h (CRSA800) markedly enhanced strength, with YS-

1200 MPa and UTS ~ 1420 MPa, while maintaining 25% ductility. In the
cold-rolled (90%) plus directly annealed (900°C/4h) condition
(CR900), the alloy displayed YS ~1140 MPa, UTS - 1500 MPa, and 18%
elongation.

For context, the tensile curve of a solutionized CoFeNi alloy is also
plotted in Fig. 2a. The comparison highlights the substantial
strengthening imparted by Al and Ti additions. Relative to solutionized
CoFeNi, the Alp;Tip>CoFeNi HEA in the CRSA state exhibits nearly a
threefold increase in YS and a twofold increase in UTS. Remarkably,
this strengthening was achieved without significant loss of ductility,
pointing to a modified deformation mechanism that mitigates the
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Tio24CoFeNig ;g HEAs, where the CRSA condition of CoFeNi showed the lowest
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strength and the CR900 condition of Alp 3Tip 2CoFeNi showed the highest strength,
b the corresponding work-hardening curves. ¢ M versus H plots for the base ternary
CoFeNi, and (CRSA, CRSA800, and CR900) Al 3Tip ,CoFeNi and Tip24CoFeNig 7g
alloys, while the inset shows the magnified portion of the curves near the origin
(H=0 and M = 0), highlighting the evolution of H,, and d histogram displaying the
electrical resistivities for the abovementioned alloy conditions. Source data are
provided as a Source Data file.

typical strength-ductility trade-off. Prior studies have shown that
while CoFeNi deforms through homogeneous dislocation-mediated
plasticity, the incorporation of Al and Ti in 3d transition-metal HEAs
promotes planar slip, enabling sustained work hardening and
enhanced ductility®.

The corresponding work-hardening responses for CoFeNi,
Tig24CoFeNiq 75, and the three conditions of Alg3Tig,CoFeNi (CRSA,
CRSA800, CR900) are presented in Fig. 2b, further illustrating the role
of compositional and processing modifications in tailoring the
strength-ductility balance.

Magnetic properties and electrical resistivity measurements. Fig-
ure 2¢ presents the room temperature magnetization (M) vs applied
magnetic field (H) curves for the base CoFeNi alloy, the
Alp3Tig,CoFeNi HEA under three processing conditions (CRSA,
CRSA800, CR900), and the Tip4CoFeNig ;s alloy in the CRSA condi-
tion. All samples display typical soft-ferromagnetic behavior. To

highlight coercivity evolution, a magnified view of the curves near the
origin (H=0, M= 0) is shown as an inset. My and H_ values are extracted
from the curves and summarized in Table 1.

Relative to CoFeNi, the Alg3Tig,CoFeNi HEA exhibits a markedly
reduced M of -100 emu/g across all conditions, representing ~70%
lower magnetization. While this value is significantly below conven-
tional soft magnetic alloys like Fe-Si or Fe-Co (>180 emu/g), it is
comparable to the values of Ni-Fe-based soft magnets (particularly
when compared with commercial Ni-20 wt.% Fe permalloy (82 emu/g)
and Ni-15 wt.% Fe-5wt.% Mo supermalloy (- 70 emu/g))**° and in line
with other high-strength HEAs’*****2, Importantly, the newly devel-
oped Tig24CoFeNig 75 alloy demonstrates a superior property balance,
achieving M;=137.3 emu/g together with H.=1.8 Oe, thereby narrow-
ing the gap toward conventional soft magnetic materials.

The coercivity of AlgsTis;Co,gsFeassNixg, varies strongly with
processing conditions. In the CRSA state, the alloy shows a promising
H.~2.4Oe, close to the 2.0 Oe of base CoFeNi. Upon annealing at
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Table 1| Evaluated physical (magnetic, electrical resistivity) and mechanical properties of the investigated alloys

Alloy Condition Ms(emu/g) H.(Oe) p (uQ.cm) YS (MPa) UTS (MPa) Failure strain (%)
CoFeNi CRSA 173.5 1.98 24.0% 275 530 33
Alo.5Tip 2CoFeNi CRSA 96.5 2.40 269.5+26.2 780 1m0 35
CRSA800 102.0 48.63 459.3+28.8 1200 1420 25
CR900 107.6 8.8 296.1+8.3 1140 1500 18
Tio.24CoFeNio 78 CRSA 137.3 1.8 308.3+0.1 850 1200 29

800 °C (CRSA800), H. increases substantially to ~48.8 Oe. The CR900
condition yields an intermediate H. of -8.80e. Thus, the
Alp5Tip,CoFeNi offers better soft magnetic properties in the CRSA
condition rather than in the CRSA800 condition.

Figure 2d presents the corresponding electrical resistivity values.
All alloy states— Aly;Tig,CoFeNi (CRSA, CRSA800, CR900) and
Tip24CoFeNig7s (CRSA)—exhibit markedly higher resistivities com-
pared to conventional soft magnetic alloys’’, a highly desirable feature
for minimizing eddy current losses. Notably, alloying with Al and Ti
increases resistivity by several fold relative to the base CoFeNi alloy
(24.0 uQ-cm)®. These properties are favorable compared to the
recently developed Fes4s51C03032Niz023Tas04 alloy, which, despite
exhibiting a lower coercivity of 4.52 Oe, possesses a significantly lower
resistivity of 62.5uQ-cm®*>**, This combination of high resistivity and
low-to-moderate coercivity provides a compelling pathway for devel-
oping HEA-based soft magnets that can simultaneously address eddy
current suppression and the ability to experience higher stresses in
service.

Microstructural characterization

A'.o.3Tio_2c0FeNi alloy

Solutionized and quenched sample. The nanoscale features of the
Al 3TigCoFeNi alloy in the CRSA condition were examined using TEM
and APT. Figure 3a and b present selected area electron diffraction
patterns (SAEDPs), recorded along the <001> and <112>FCC zone
axes, respectively. In addition to the fundamental FCC reflections,
extra spots were observed at {001} positions, providing clear evidence
of L1,-type ordering. A corresponding dark-field image (Fig. 3c) reveals
a homogeneous distribution of -10 nm L1, precipitates embedded
within the FCC matrix. High-resolution TEM (Fig. 3d) further confirms
the atomic-scale structure of the FCC matrix and the ordered
L1, phase.

These observations establish that the alloy exhibits a two-phase
FCC + L1, microstructure even after solution annealing and quenching.
This is consistent with the thermodynamic predictions and suggests
that L1, nanoprecipitates form during cooling, most likely driven by
the large negative enthalpies of mixing of Al and Ti with Ni, Co, and Fe.

Atom probe tomography (APT) analysis of the Alg;Tig,CoFeNi
alloy in the CRSA condition further confirmed the presence of
nanoscale L1, precipitates within the FCC matrix. A Ni iso-
concentration surface (green color surface in Fig. 3e) constructed at
a 35 at.% threshold (Fig. 3e) delineates the precipitates, revealing their
nearly spherical morphology and uniform distribution within the
Co-Fe-rich FCC matrix. For clarity, a 10 nm thick slice of the recon-
structed volume is shown.

The compositional partitioning across the FCC/LL, interface is
highlighted in the proximity histogram profiles presented in Fig. 3f.
The FCC matrix exhibits an average composition of
8.2A1-4.3Ti-30.4Co-33.8Fe-23.3Ni (at.%), whereas the L1, precipitates
are enriched in Ni and Ti, with a representative composition of
9.6A1-13.9Ti-26.2Co-12Fe-38.3Ni (at.%). This strong Ni-Ti enrichment
supports their identification as ordered L1, precipitates.

Quantitative analysis yields an average spherical-equivalent pre-
cipitate diameter of 11.5+2.2 nm and a number density of 1.24 x 103/

m3. The size measurement, derived from the enclosed precipitate
volume, may include minor uncertainties associated with iso-
concentration threshold selection. Similarly, number density esti-
mates were corrected by assigning half-weight to precipitates inter-
secting the dataset boundaries.

Together with TEM, these APT observations establish that the
solution-annealed and quenched Al 5Tip 2CoFeNi alloy retains a finely
dispersed FCC + L1, microstructure.

CRSAB800 condition. A representative SEM backscattered electron
(BSE) image of the Aly;Tip,CoFeNi CRSA800 sample is shown in
Fig. 4a, while the corresponding electron backscatter diffraction
(EBSD) phase and inverse pole figure (IPF) maps are presented in
Figs. 4c and 4e, respectively. Based on EBSD analysis, the average FCC
grain size of this sample was determined to be -73um. A higher-
magnification BSE image (Fig. 4b) reveals the presence of BCC/B2
precipitates, preferentially located at FCC grain boundaries and triple
junctions. The associated EBSD phase and IPF maps in Fig. 4d and f
confirms these observations.

Further microstructural details are revealed in Fig. 4g, where a
high-resolution SEM image from within an FCC grain clearly shows fine
nanometer-scale precipitates. The presence of L1, ordering within the
FCC matrix is confirmed by the selected area diffraction pattern in the
inset in Fig. 4g, recorded along the [011] FCC zone axis, which exhibits
distinct (100)-type superlattice reflections. APT results from the
CRSAB800 condition are shown in Figs. 4h, i. Here, a 10-nm slice of the
reconstructed APT volume is shown, with a Ni iso-concentration sur-
face (green color surface in Fig.4h) constructed at 28.5 at.% to
delineate the Ni-rich L1, precipitates within the Co-Fe-rich FCC matrix.
Comparison of Fig. 4h with Fig. 3e indicates that annealing at 800 °C
for 4 h promoted significant growth and coarsening of the ordered L1,
precipitates.

The chemical partitioning across the FCC/L1, interface was
quantified using proximity histogram analysis, shown in Fig. 4i. The
average compositions of the FCC matrix and L1, precipitates were
measured as  8.1AI-2.9Ti-31Co-38.9Fe-19.1Ni (at.%) and
10.1A1-14.5Ti-23.7Co-9.8Fe-41.9Ni (at.%), respectively. The average
spherical-equivalent diameter and number density of the L1, pre-
cipitates were determined as 27+51nm and 5.76 x10%/m3,
respectively.

Interestingly, while the compositions of the L1, precipitates and
the FCC matrix remain largely unchanged compared to the solution-
annealed and quenched condition, the precipitate size more than
doubles, accompanied by a reduction in number density by nearly two
orders of magnitude. Importantly, this significant change in precipitate
size and distribution is expected to strongly influence the mechanical
response of the HEA, particularly its H. behavior, as will be discussed in
a later section of this paper.

CR900 condition. To further tailor the microstructure, a different
thermo-mechanical processing strategy was applied to the
Al 5Tig,CoFeNi HEA. Following homogenization at 1200 °C, the alloy
was cold-rolled to 90% thickness reduction and subsequently annealed
directly at 900 °C for 4 h (hereafter referred to as CR900). According
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Fig. 3 | Characterization and quantification of the nano-scale phases in CRSA
Al 3Tip,CoFeNi HEA. SAEDPs along a <001>, b <112> zone axes, ¢ a dark-field
image from a {100} superlattice reflection in (a) showing a homogenous distribu-
tion of L1, precipitates, d high-resolution TEM images showing the lattice structure
of the ordered L1, precipitate and the FCC solid solution matrix, e Uniform
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distribution of L1, precipitates delineated from the FCC matrix by constructing Ni

iso-concentration surface with threshold 35 at.%, a 10-nm-thick slice of the 3D

reconstructed volume is presented, and f Corresponding chemical composition

profiles (as obtained from proximity histogram analysis) for all the elements across

the FCC/L1, interfaces. Source data are provided as a Source Data file.

to phase stability calculations (Fig. 1), this composition is predicted to
form a stable three-phase microstructure consisting of FCC, B2, and
L1, phases at 900 °C. However, as established in prior studies on FCC-
based HEAs, the nucleation of the B2 phase is hindered owing to its
high nucleation barrier, whereas the ordered L1, phase nucleates more
readily due to a much lower barrier, due to the low FCC/ L1, interfacial
energy. Consequently, B2 precipitates typically form only hetero-
geneously at defects such as grain boundaries and triple junctions,
unlike the more uniformly distributed L1, precipitates.

The microstructure of the CR900 condition is presented in Fig. 5.
A low-magnification SEM backscattered electron image (Fig. 5a),
together with EBSD phase and IPF maps (Fig. 5b, ¢) reveal a refined FCC
grain size of ~5 um. This represents a substantial reduction compared
to the cold-rolled + homogenized + quenched condition, where the
FCC grains coarsened to -73 um. In addition to the refined FCC grains, a

secondary population of BCC/B2 precipitates with an average size of
~1um was observed preferentially decorating FCC grain boundaries
and triple junctions. The corresponding area fraction of these pre-
cipitates was ~5%.

Higher-magnification SEM-EBSD maps (Fig. 5d-f) confirmed that
these boundary-associated precipitates were indexed as BCC in EBSD,
consistent with the crystallographic symmetry of B2 ordering. Notably,
the backscattered electron image (Fig. 5d) also revealed a finer dis-
persion of intragranular precipitates, which indexed as FCC in EBSD
but are likely L1, ordered precipitates, since EBSD cannot differentiate
between chemically ordered and disordered FCC structures.

The presence of B2 precipitates was further verified by TEM
(Fig. 6). A representative bright-field TEM micrograph (Fig. 6a) shows a
precipitate circled for reference, with the associated [001] BCC dif-
fraction pattern (Fig. 6b) exhibiting (010) superlattice reflections,
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confirming B2 ordering. Dark-field imaging using the (100) superlattice
reflection (Fig. 6¢) highlighted the ordered domains. A HAADF-STEM
image (Fig. 6d) and elemental EDS maps (Fig. 6e-h) revealed strong
partitioning of Al to the B2 phase, accompanied by enrichment of Ti
and depletion of Fe. Interestingly, the Ti map also showed enrichment
in numerous smaller intragranular precipitates within the FCC grains.

These features were simultaneously Ni-rich and Fe-depleted, con-
sistent with L1, precipitates.

Further evidence for intragranular L1, ordering was obtained by
TEM and APT. A selected area diffraction pattern recorded along the
[112] FCC zone axis (Fig. 7a) displayed distinct (110)-type superlattice
reflections, indicative of L1, ordering. Complementary APT analysis
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Fig. 4 | Characterization and quantification of the nano-scale phases in
CRSAS800 Al 5Tip,CoFeNi HEA. a Low-magnification SEM backscatter image from
the CRSA800 sample showing coarse FCC grains. Corresponding EBSD IPF and
phase maps are shown in (c) and (e), respectively, while b higher-magnification SEM
backscatter image from the CRSA800 sample, clearly showing BCC/B2 precipitates
at the FCC grain boundaries. Corresponding EBSD IPF and phase maps are shown in
(d) and (f), respectively. Note that the BCC phase is represented in blue and the FCC
phase s in red. g High magnification backscattered electron SEM image from within
a single FCC grain in the CRSA800 condition, revealing the presence of fine
nanometer-scale y’/L1, precipitates and the inset shows the TEM diffraction

pattern, recorded along the [011] FCC zone axis, clearly showing the presence of
(100) L1, superlattice reflections, confirming the presence of ordered precipitates
within the FCC matrix grains. h A 10-nm-thick slice of the 3D reconstructed APT
volume, showing L1, precipitates delineated by constructing a Ni iso-concentration
surface with a threshold value of 28.5 at.% in the FCC matrix for the CRSA800. Note
the substantially larger ordered L1, precipitates in this case as compared to the
CRSA condition, and i corresponding chemical compositional profiles (as obtained
from proximity histogram analysis) for all the elements across the FCC/L1, inter-
faces. Source data are provided as a Source Data file.

40 um

Fig. 5 | Microstructural investigation of the CRSA900 Al 5Tio ,CoFeNi HEA.

a Low-magnification SEM backscatter image, b corresponding EBSD IPF map and ¢
corresponding EBSD phase maps showing FCC grains and fine scale BCC/B2 pre-
cipitates at the grain boundaries, from the same region. d Higher-magnification
SEM backscatter image showing dark contrast BCC/B2 precipitates at the FCC grain
boundaries and triple junctions, as well as nanometer-scale precipitates within the

(d)

2 um

grains e corresponding EBSD IPF maps from the same region, and f corresponding
EBSD phase map showing only the FCC grains and BCC/B2 precipitates. Note that
the additional fine-scale intragranular precipitates are indexed as FCC and the BCC
phase is represented in blue, and the FCC phase is in red. Source data are provided
as a Source Data file.
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Fig. 6 | Detailed TEM analyses of the CR900 condition of Al 5Tip ,CoFeNi HEA.
a Bright-field TEM image of a B2 precipitate (marked by a yellow circle),

b corresponding [001] BCC zone axis diffraction pattern showing (010) superlattice
reflections confirming the B2 ordering within the precipitate, ¢ dark-field TEM
image recorded using the (100) superlattice reflection in a two-beam condition,

300 nm

(h)

d HAADF-STEM image from the same region of the CR900 sample, corresponding
elemental maps for e Al, f Ti, g Fe, and h Ni showing strong partitioning of Al to the
B2 phase, accompanied by enrichment of Ti and depletion of Fe. Source data are
provided as a Source Data file.

provided three-dimensional compositional mapping of the CR900
microstructure (Fig. 7b). Ni-rich L1, precipitates were identified by
constructing 28.5 at.% Ni iso-concentration surfaces (green color sur-
face), which clearly delineated the precipitates from the Fe-Co-rich
FCC matrix. The number density of the L1, precipitates is evaluated as
3.4 x10%/m. The contribution of the precipitates in calculating the
number density is considered as half, as none of the precipitates are
found to be totally confined within the reconstructed volume. Further,
proximity histogram analysis across the FCC/L1, interface (Fig. 7c)

quantified the compositional partitioning: the FCC matrix contained
~7.1A1-3.7Ti-31.6Co-37.4Fe-20.INi (at.%), while the L1, precipitates
were enriched in Ni and Ti (- 8.7A1-15.7Ti-24.6Co-9.9Fe-41.1Ni, at.%).

These results establish that direct annealing at 900 °C after 90%
cold rolling produces a refined FCC matrix with ~5um grains, deco-
rated by B2 precipitates at boundaries and a uniform dispersion of Ni-
and Ti-rich L1, precipitates within grains. The dual presence of
boundary-associated B2 and intragranular L1, phases highlights the
distinct nucleation pathways of the two ordered structures:
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Fig. 7 | Characterization and quantification of the nano-scale phases in CR900
Al sTip,CoFeNi HEA. a TEM diffraction pattern, recorded along a [112] FCC zone
axis revealing (110) superlattice reflections arising from the fine-scale L1, pre-

cipitates within the FCC grains, as seen in the SEM image in Fig. 5d, b a 10-nm-thick
slice of the 3D reconstructed APT volume, showing L1, precipitates delineated by

constructing Ni iso-concentration surface with threshold value of 28.5 at.% in the
FCC matrix for the CR900, and ¢ chemical compositional profiles for all the con-
stituent elements across the FCC/L1, interfaces, showing enrichment of Ni and Ti in
the L1, precipitate. Source data are provided as a Source Data file.

heterogeneous for B2 and homogeneous for L1,. This microstructural
configuration is expected to significantly influence the mechanical
response of the alloy by combining grain refinement with multi-scale
precipitation strengthening.

Ti0_24COFeNi0.78 alloy

Figure 8 presents the microstructural characterization of the
Tig.»4CoFeNig ;5 alloy in its solution-annealed condition. EBSD analysis
(Fig. 8a) revealed an equiaxed FCC grain structure with an average
grain size of 100 + 25.6 um. High-resolution SEM imaging in the back-
scattered mode (Fig. 8b) showed the presence of nanoscale pre-
cipitates, which were further confirmed by dark-field TEM (Fig. 8c).
SAEDPs recorded along the <011> BCC zone axis (Fig. 8d) displayed
additional {001} and {011} reflections, unambiguously establishing the
presence of L1, ordering within the FCC matrix.

Interestingly, despite undergoing solution annealing and sub-
sequent quenching, the alloy retained a dual-phase FCC + L1, micro-
structure. This indicates that L1, precipitates homogeneously
nucleated during cooling, most likely facilitated by the large negative
enthalpy of mixing between Ti and Ni/Co/Fe, which promotes order-
ing. APT provided further insight into the chemical partitioning
behavior. Ti atom maps from a 10-nm slice of the reconstructed
volume (Fig. 8e) highlighted pronounced Ti partitioning, with L1,

precipitates clearly delineated through a Ti iso-concentration surface
(black color surface) at a threshold of 15 at.%.

Compositional analysis across the FCC/L1, interface, obtained
from proximity histogram profiles (Fig. 8f), revealed distinct parti-
tioning of alloying elements. The average composition of the FCC
matrix was 2.5Ti-34.0Co-44.4Fe-19.0Ni (at.%), whereas the L1, pre-
cipitates were significantly enriched in Ti and Ni, with an average
composition of 23.6Ti-27.6Co-7.3Fe-41.5Ni (at.%). Quantitative analysis
of the precipitate population showed an average spherical-equivalent
diameter of 4.0 + 0.8 nm and a number density of 6.29 x 10% /m’.

These results confirm that, even under solution-annealed and
quenched conditions, the Tig4CoFeNig sg alloy exhibits a stable two-
phase FCC + L1, microstructure, driven by strong chemical partition-
ing and ordering tendencies.

Discussion

The present study demonstrates a novel strategy for the design of
high-strength, soft magnetic, and high resistivity HEAs by carefully
tuning composition and processing pathways to control nanoscale
precipitation behavior. Specifically, Ti and Al additions to the equia-
tomic CoFeNi alloy promote the formation of ordered L1, precipitates
within an FCC matrix, thereby achieving a remarkable balance between
strength, ductility, electrical resistivity, and soft magnetic properties.
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@ 15 at.% Tiiso-concentration
surface

Fig. 8 | Characterization and quantification of the nano-scale phases in
Tip.24CoFeNio 75 alloy. a An IPF-Z map of the microstructure of the Tigp 24CoFeNig 5
alloy. b A BSE micrograph showing the fine-scale L1, precipitates. ¢ A dark-field TEM
micrograph showing the L1, precipitates. d SAEDPs recorded along the <011> BCC
zone axis, showing additional {001} and {011} reflections from the ordered L1,
precipitates. A 10-nm-thick slice of the 3D reconstructed APT analysis volume
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displaying e Ti atom map (top), and the Fe and Co atom maps superimposed with
15 at.% Tiiso-concentration surface (bottom) clearly confirms the presence of nano-
scale Ti-rich L1, precipitates, and f the corresponding chemical concentration
profiles for all the constituent elements present in the alloy across the FCC/L1,
interfaces. Source data are provided as a Source Data file.
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Primarily, two distinct HEA compositions have been designed in
this study, Alp3Tip,CoFeNi and Tig,4CoFeNig s, to exploit the effec-
tiveness of ordered L1, precipitates in enhancing the mechanical
properties, while maintaining the soft magnetic behavior. In this con-
text, the formation of the ordered L1, precipitates within the random
solid solution FCC parent matrix in the case of both Alg;Tig,CoFeNi
and Tip»4CoFeNig 78 HEAs occurs via a nucleation and growth process.
At the earliest stage of this phase transformation, nucleation of
nanometer-scale ordered L1, domains takes place within the parent
FCC matrix. These ordered L1, domains are likely to be fully coherent
with the parent FCC matrix and therefore do not exhibit any sub-
stantial difference in the lattice parameter. Rather, these ordered L1,
domains are early stages of the second phase exhibiting a distinctly
different composition and chemical ordering, as compared to the FCC
matrix, which is arandom solid solution. This corresponds to the CRSA
condition for both HEAs and is manifested as superlattice reflections in
the electron (refer to Fig. 3a, b, and Fig. 8d) and X-ray (refer to Fig. S1)
diffraction patterns and compositional differences highlighted in the
APT results (refer to Fig. 3e, f, and Fig. 8e, f). Further, the distinctly
ordered domains are clearly highlighted in the dark-field images
shown in Fig. 3¢ and Fig. 8¢, recorded using the {001} type superlattice
reflection of the ordered L1, phase. However, the XRD patterns for
both investigated alloys under the CRSA condition show no discernible
splitting of the characteristic FCC peaks. This is because the lattice
parameters of the FCC and L1, phases are not substantially different at
this early stage. Upon further annealing of these quenched HEAs, in
case of the CRSA800 and CR900 conditions of the Alg3Tig>CoFeNi
HEA, there is growth and coarsening of the ordered L1, precipitates,
leading to larger differences in lattice parameters, and eventual loss of
coherency between the L1, precipitate and the FCC matrix, and con-
sequently, splits appear in the XRD peaks.

Coarsening and coherency loss of L1, precipitates directly govern
the alloy’s mechanical and magnetic response. Considering the effec-
tive control over precipitation and resulting properties, these results
highlight a design paradigm for cost-effective, Ta-free HEAs that rival
or surpass state-of-the-art Ta-containing HEAs, and conventional
commercial soft magnetic alloys, in terms of the balance of soft
magnetic properties, mechanical response, and resistivity.

Precipitation-mediated strengthening and property
enhancement

The precipitation of nanoscale L1, phases is central to the superior
mechanical and physical performance of the investigated alloys. In the
Tigp.24CoFeNig ;5 alloy, the formation of ultrafine (- 4.0 nm), uniformly
distributed L1, precipitates at extremely high number densities (6.29 x
1023 /m?3) provides significant strengthening by interacting with dis-
locations during plastic deformation. Despite such dense precipita-
tion, the small precipitate size ensures minimal pinning of magnetic
domain walls, resulting in very low coercivity (-1.80e). The con-
current enhancement in yield strength (YS ~ 850 MPa), ultimate tensile
strength  (UTS-1200MPa), ductility (~-29%), and resistivity
(308.3uQ-cm), while retaining a high saturation magnetization
(137.3 emu/g), positions this alloy among the best-performing soft
magnetic alloys reported to date. By contrast, in the Alp3Tig>CoFeNi
alloy, larger L1, precipitates ( - 11.5 nm) form at lower number densities
(1.24 x10%3 /m?3). While the mechanical response remains impressive
(YS ~780 MPa, UTS ~ 1110 MPa, elongation -35%), the saturation mag-
netization decreases substantially (- 96.5 emu/g) due to compositional
partitioning, and the coercivity increases modestly (-~ 2.4 Oe).

L1, crystal structure is based on an ordered FCC superlattice,
which often leads to the precipitation of the y’ Ni3(Al, Ti) phase in Ni-
based superalloys. The low lattice misfit between the coherent ordered
Y’ precipitates and the disordered FCC matrix minimizes interfacial
energy, resulting in a low nucleation barrier. Therefore, these y’ pre-
cipitates can homogeneously nucleate in the FCC matrix, as we

observe in the present study. This has been well-established in the
published literature on superalloys and has a strong impact on the
mechanical properties®. The y’ precipitates significantly strengthen
the superalloy by impeding the movement of dislocations through the
crystal lattice via two main mechanisms: (i) Dislocation Shearing:
smaller y’ precipitates (typically <50 nm) get sheared by dislocations,
which can be impeded due to the formation of anti-phase boundary
within the precipitate, which requires energy. (ii) Orowan bowing: for
larger precipitates (typically >50 nm), it is energetically more favorable
for the dislocation to bend and bypass them via a bowing mechanism.
The quantitative nanoscale L1, precipitate information, as obtained
from APT analysis, can be utilized to get an estimate of qualitative YS
information of the investigated alloys (Tig,4CoFeNig7s and
Alg;Tig,CoFeNi) in their respective CRSA condition. According to
Orowan'’s simplified model of precipitation strengthening®,

YS « \/N,D @

where N, is the precipitate number density, and D is the diameter. Now,
Tig24CoFeNig 75 alloy has a higher number density (6.29 x1023/m3)
and a smaller diameter (4.0 + 0.8 nm) of L1, precipitates in comparison
to Alg3Tip,CoFeNi alloy (1.24 x 1023/m3, diameter 11.5 + 2.2 nm) in the
CRSA condition, that lead to higher YS for the alloy.

On the other hand, the evolution of coercivity depends on the
interaction of magnetic domain wall movement with these y’ pre-
cipitates. When the precipitate size is smaller than the magnetic
domain wall width*>*?, it has a weaker effect on the movement of the
magnetic domain wall, hence the material remains magnetically soft
while providing mechanical strength. Additionally, the coherency
stresses arising from the misfit between FCC and y’ phases can further
resist the domain wall motion. Within the coherency limit, the larger
the size of the Y’ precipitates, the higher the coherency stresses. The
experimental results presented here clearly indicate that the y’ pre-
cipitates in the case of the solution annealed and quenched condition
(CRSA) for both candidate HEAs, AlgsTig>CoFeNi (-11.5nm) and
Tig24CoFeNig 75 ( ~ 4.0 nm), are sufficiently small such that they offer a
weak resistance to domain wall motion. In contrast, the substantially
larger y’ precipitates in the case of the 800 °C/5 h annealed (CRSA800)
and 900 °C/4 h (CR900) conditions of Alg 3Tig ,CoFeNi result in higher
values of coercivity. Similar justifications have been discussed in recent
literature?**>*%, Further, the presence of a smaller number of non-
magnetic elements (like Ti and Al), and a higher amount of Fe and Co
(carries higher magnetic moments than Ni) leads to higher saturation
magnetization for the Tig,4CoFeNig 75 alloy.

This contrast underscores how precipitate size, chemistry, and
number density—governed by alloy composition—control the trade-
offs between strength, ductility, resistivity, and magnetic properties.
Such insights are important because they suggest routes to indepen-
dently tune mechanical and magnetic properties through composi-
tionally driven control of precipitation size, kinetics, and chemistry.

Microstructural evolution and its impact on magnetic and
electrical properties
Annealing treatments further reveal how precipitate coarsening alters
property balance. Growth of L1, precipitates to ~27 nm in the CRSA800
condition of Alg3Tip,CoFeNi dramatically increases strength (YS-~
1200 MPa) but also raises coercivity nearly 20-fold (-~ 48.6 Oe) due to
domain wall pinning. This result illustrates the trade-offs between
mechanical properties and magnetic softness: while coarser pre-
cipitates act as effective barriers to dislocation motion, they simulta-
neously increase magnetostatic energy and coercivity, and impede
domain wall mobility, which raises coercivity and compromises soft
magnetic performance.

Thermo-Calc predictions and experimental results provide addi-
tional insight. At higher annealing temperatures, the alloy stabilizes a

Nature Communications | (2026)17:2890

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68891-6

(a)

(b)

250 T T T T T T T T T T T T
00 o]
2251 o © O Fe-Co®
200 L Oo O FeCo-2V"® |
Srsf @ 1
g Y Ta free HEAs current study
9 150 o Fe*‘;
O Fe-Si alloys®**5557
Eﬂ 1251 A * A Fe-(13-17)Cr®
100 * * :
75 4
50 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
0 1 2 3 4 5 6 7 8 9 10 11
H_ (Oe)
(c)
250 T T T T T T T
. O Fe-50 Ni"*<  Fe-Si alloys*®
O) O Fe-48Ni'? A  Hiperco 50%°
Y [e]
T 200} ]
= *
«:9 O Ta containing CoFeNi based
= 150 K O Jaconamne 1
~ < © Y Tafree CoFeNi based
[2]
2 HEAscurrent study
o © * e]
& 100 * 1
153 o]
[}
Q. 4 ¢]
o
? 50} < 1
N © o O¢
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60

®m Fe® YW Tafree CoFeNi based HEAs® "
2000, g gjons ¢ i
& Fe-50Co%'%%?
1500 - i
©
o @ FeCo-1.5V-0.5Nb-0.4W"
=) *
& 1000 | e o
> < Ta containing CoFeNi based &
HEAs "% o R
500 - i
Se eé%
o Yap SS0®®
of =e i
0.01 0.1 1 10
H_ (Oe)
(d)
350 T T T T T
300 s po W *
® Fe-Si alloys®*35557
_ 250 ra Fe(1317)Cr® .
g ]
g 200F .
= <4 Fe-Cr®
Q 150 e Fe-49C0-2v7 101 .
Y Ta free CoFeNi based HEAs Current study 1
100 i
® o
A
0F %4 4 T
-] -]
of ° .
0 2 4 6 8 10

Tensile elongation (%)

Fig. 9 | Ashby plots illustrating the unique position of the currently investi-
gated Ta-free HEAs within the broader landscape of soft magnetic materials,
consisting of both conventional and HEAs. a M; versus H., b YS versus H,,

c specific YS versus tensile elongation, and d p versus H, values. These plots
compare the magnetic and mechanical properties of the currently investigated

He (Oe)

alloy with the other known high-strength soft magnetic materials, such as pure Fe’,
Fe-Si’?**%, Fe-Cr’, Fe-Si-Al (sendust)’,Ni-Fe (permalloy)’, Ni-Fe-Mo (super-
malloy), Fe-Co’, Fe-49Co-2V (Hiperco)”'*", Fe-49Co-2V-30ppm B'°, commercial
Hiperco 50HS (Fe-49Co-1.9V-0.3 Nb)'**?, FeCo-1.5V0.5Nb0.4W", Fe-Ni-Co-based
composite**”* and Ta-containing FeNiCo-based HEAs*>"%**%7

minor fraction of B2 precipitates, typically nucleating heterogeneously
at grain boundaries and triple junctions. These precipitates, while
coarse, alter solute partitioning and reduce supersaturation within
FCC grains, leading to fewer intragranular L1, precipitates. This effect
is evident in the CR900 condition of Alg3Tip,CoFeNi, where direct
annealing after cold rolling produces a three-phase microstructure:
fine FCC grains (~5um), ~5% B2 precipitates (~1um), and a small
fraction of the coarse L1, precipitates (~30-50nm). This micro-
structure yields a superior property combination: high YS
(~1140 MPa), UTS (~1500 MPa), and good ductility (~18%), coupled
with low coercivity (~ 8.8 Oe) and moderate M, (-107.6 emu/g). Nota-
bly, although the strength levels are comparable to those of CRSA800,
the coercivity is nearly six times lower, underscoring the critical role of
microstructural pathway engineering in balancing strength and mag-
netic softness.

Further, the enhanced electrical resistivity for the currently
investigated alloys (see Fig.2d, Table 1, Fig. 9d) can be attributed to
their high inelastic electron scattering in the distorted lattice due to

the presence of nano-scale precipitates in the microstructure. Evolu-
tion of resistivity for the Aly;Tip,CoFeNi (CRSA, CRSA800, and
CR900) alloy follows a similar trend to its coercivity. This suggests that
the evolution of resistivity is intrinsically linked to the formation of
nanoscale L1, and B2 precipitates. On the other hand, the CRSA
Tip.24CoFeNig ;g alloy shows a slightly higher resistivity than the CRSA
Alg;Tip,CoFeNi alloy. This can be attributed to the higher number
density of L1, precipitates in the former, which provides more sites for
electron scattering,.

Mechanistic insights into strengthening

The contrasting strengthening mechanisms in CRSA800 and CR900
highlight how different microstructural features govern deformation
resistance. In CRSA800, strengthening arises primarily from a dense
population of coherent L1, precipitates (~-27 nm), akin to y pre-
cipitates in Ni/Co-based superalloys, which are shearable and impart
strength without severely compromising ductility. The cutting of
coherent ordered precipitates contributes to both strengthening and
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ductility retention, a synergy rarely achieved in traditional commercial
magnetic alloys.

By comparison, in CR900, strengthening is dominated by fine FCC
grain size (-5 um), with additional but secondary contributions from
coarse B2 boundary precipitates and a small fraction of intragranular
L1, phase. Grain refinement strengthens the alloy via the Hall-Petch
effect, while B2 precipitates provide boundary pinning and secondary
resistance to deformation. Thus, while both microstructures achieve
high strength, their differing impacts on coercivity reveal distinct
trade-offs between mechanical and magnetic performance. The com-
parison also emphasizes that different strengthening mechanisms—
precipitate shearing versus grain boundary strengthening—carry dif-
ferent penalties or advantages for soft magnetic properties.

Magnetic domain interactions and coercivity control

The results also provide a mechanistic understanding of how nanos-
cale precipitates influence magnetic softness. In the CRSA condition,
the Alp3CoFeNi alloy contains L1, precipitates with an average size of
~11.5 nm. Since the domain wall width in such FCC-L1, microstructures
has been reported to be ~171 nm (as demonstrated by Kovacs et al. for a
similar alloy**), the precipitates are substantially smaller than the
domain wall width. This size mismatch minimizes domain
wall-precipitate interactions, thereby maintaining low coercivity. A
similar argument explains the exceptionally low coercivity (1.8 Oe) of
the Tip»4CoFeNigss alloy in the CRSA condition, where the L1, pre-
cipitates are even finer (~4.0 nm) and thus impose negligible resis-
tance to domain wall motion. In contrast, when precipitates coarsen to
~27 nm (CRSA800), the increased size produces stronger magneto-
static interactions and coherency stresses, effectively pinning domain
walls and drastically raising coercivity. Here, it may be noted that
pinning of the magnetic domain wall is more severe, as it has been
shown that the domain wall width reduces (-35nm) for
FCC + L1, + BCC/B2 containing microstructure in a similar HEA*. The
CR900 condition offers an intermediate solution: while grain bound-
aries do contribute to some pinning, the absence of a high density of
coarsened intragranular L1, precipitates prevents a severe increase in
coercivity. These results align with theoretical predictions and prior
studies on CoFe-based alloys but extend the understanding by high-
lighting the role of alloy chemistry in simultaneously controlling pre-
cipitate size distribution and magnetic performance.

Comparison with other alloys

Benchmarking against commercial and literature-reported soft mag-
netic alloys reveals the unique positioning of the present Ta-free HEAs
(see Fig. 9 and Supplementary Table 1). Conventional alloys such as Si
steel, Ni-Fe permalloy, Ni-Fe-Mo supermalloy, and Fe-Co-V-based
Hiperco exhibit low coercivity and high M, but suffer from low strength
and poor resistivity”’. For example, Hiperco 50HS™"* achieves YS -~ 415-
624 MPa with ~10 % ductility, but its resistivity (27-80 pQ-cm) and
coercivity (~1.8-8.0 Oe) are inadequate for emerging high-frequency,
high-speed applications. Even with W additions to Hiperco 50HS
enhance strength (-~ 752 MPa) and maintain low coercivity (~1.9 Oe),
these alloys lack sufficient resistivity for next-generation devices®. By
comparison, Tip24CoFeNig ;g offers YS values nearly 40% higher, along
with fourfold higher resistivity, while maintaining coercivity levels well
below Hiperco.

Recent developments in Ta-containing CoFeNi HEAs by Han and
co-workers achieved YS values up to 1930 MPa with low coercivity
(0.97-10.7 Oe) and moderate M, (-100-115 emu/g)**>**. However,
their resistivity (- 106 uQ-cm) and density are lower than desired, while
the presence of expensive Ta increases cost and limits scalability. In
contrast, the present Ti- and Al-modified CoFeNi HEAs achieve com-
parable or superior performance: CRSA Tig4CoFeNig s combines a
high strength-to-weight ratio (specific YS~105.5kN-m/kg), low H,
(1.8 0e), high M (137.3emu/g), and exceptional resistivity (308.3

pQ-cm). Similarly, the CRSA condition of Aly5Tip,CoFeNi alloy is also
competitive in terms of the balance of soft magnetic and mechanical
properties, while preserving high resistivity. Additionally, the CR900
condition of the Alp3Tip,CoFeNi alloy delivers even higher strength
(YS - 1140 MPa, UTS ~ 1500 MPa) with low coercivity (8.8 Oe) and good
ductility (18%). These attributes collectively surpass Ta-containing
HEAs in several key metrics while reducing density and material
cost. Thus, the present alloys provide a more sustainable and com-
petitive alternative to both conventional and advanced commercial
alloys.

Technological implications for next-generation devices

The properties demonstrated in this work directly align with require-
ments for next-generation high-speed electrical machines, flywheel
energy storage systems, and other advanced electromechanical devi-
ces. In high-speed motors, increasing rotational velocity raises cen-
trifugal stresses that demand higher yield strength in rotor
laminations. Failure to meet this requirement results in irreversible
deformation, air gap variation, and reduced efficiency. The
Tig24CoFeNig 75 alloy, with its ultrafine precipitate architecture, offers
YS - 850 MPa—well beyond commercial alloys—allowing stable opera-
tion at higher rpm and power densities.

Equally critical is electrical resistivity. High resistivity minimizes
eddy current losses at high frequencies, a key factor in modern com-
pact and efficient electrical devices. With resistivity exceeding
300 uQ-cm, Tig,4CoFeNigss offers nearly an order-of-magnitude
improvement over conventional alloys, ensuring reduced heat gen-
eration and enhanced efficiency. Coupled with low coercivity and high
M, this combination minimizes hysteresis and improves induction,
thereby lowering overall losses.

Moreover, ductility levels of 18-35% across the studied alloys
enable forming into complex shapes, and damage tolerance under
high stresses attributes rarely met simultaneously with high-strength
and soft magnetic behavior. This ductility not only extends service life
under dynamic conditions but also expands design possibilities for
complex geometries in rotors and stators, which can optimize mag-
netic flux paths and torque performance.

Sustainability, cost, and scalability considerations

Another key implication of the present study lies in sustainability and
economic viability. Ta is both expensive and geopolitically con-
strained, inhibiting applications of Ta-containing HEAs. By eliminating
Ta, the present Ti- and Al-based systems reduce cost, supply risk, and
embodied energy. Furthermore, their nearly 10% lower density relative
to Ta-based HEAs reduces overall component mass, improving effi-
ciency in high-speed rotating applications. These advantages are cri-
tical in transitioning advanced soft magnetic alloys from laboratory
prototypes to industrial adoption. It may be noted here that the cur-
rently investigated HEAs are more expensive than the conventional
Fe-Si-based SMMs. However, considering the better mechanical
strength and ductility and the high electrical resistivity of the currently
investigated alloys, their service life is expected to be longer. This can
be reasonably expected to offset the higher anticipated processing
cost of these alloys.

This study establishes a robust design pathway for high-
performance soft magnetic high-entropy alloys (HEAs) through
precipitation-mediated strengthening while retaining low H,, appre-
ciable M, and high resistivity in Ta-free CoFeNi-based systems. By
judiciously adding Ti and Al, we demonstrate that nanoscale ordering
can be harnessed to introduce a dense population of ultrafine L1,
precipitates. If the length scale and distribution of these precipitates
are appropriately controlled, then this simultaneously enhances
mechanical strength and electrical resistivity, while preserving the soft
magnetic behavior—properties that are typically difficult to achieve in
conventional soft magnetic alloys.

Nature Communications | (2026)17:2890

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68891-6

Based on this approach, two CoFeNi-based HEAs with minor
additions of Ti and/or Al have been developed: Tig,4CoFeNig 7 and
quinaryAlp 3Tip 2CoFeNi. The rather exceptional balance of properties
of these two alloys has been summarized below:

The Tig24CoFeNig 75 alloy demonstrates a rare combination of low
coercivity (~1.80e), high saturation magnetization (~137.3 emu/g),
and ultrahigh electrical resistivity (308.3 uQ-cm). These properties are
coupled with remarkable mechanical properties, including a yield
strength of -850 MPa, ultimate tensile strength of -1200 MPa, and
tensile elongation of ~29%. While state-of-the-art Ta-containing HEAs
may exhibit marginally lower coercivity values, they also generally
exhibit lower M; (-100emu/g) and much lower resistivity
(62-117 uQ-cm). Therefore, the newly proposed Tig,4CoFeNig 75 com-
position offers clear advantages for reducing eddy current losses and
meeting the magnetic requirements of future electrical machines.

While the other proposed CoFeNi-based composition, the
quinaryAlg 3Tig,CoFeNi alloy exhibits a marginally higher coercivity
(~2.4 Oe) and M, (96.5 emu/g), it provides more tunability. This alloy
also combines high resistivity (~269.5uQ-cm) and very good
mechanical properties in the cold-rolled, solutionized, and quenched
(CRSA) condition (YS~780 MPa, UTS ~1100 MPa, elongation ~30%).
Controlled thermo-mechanical processing allows further property
optimization: while precipitate coarsening at 800 °C boosts the YS to
~1200 MPa and UTS to ~1420 MPa, it substantially increases coercivity
(~48.6 Oe). In contrast, direct annealing of the cold-rolled condition at
900 °C produces a refined three-phase microstructure with very high
YS -1140 MPa, UTS-~-1500 MPa, elongation -18%, high resistivity
(296.1 uQ-cm), and lower coercivity ( ~ 8.8 Oe), achieving an attractive
balance of strength, electrical, and soft magnetic behavior.

Therefore, these newly developed CoFeNi-based HEAs offer a
competing alternative to Ta-containing HEAs and surpass conven-
tional Fe-based soft magnetic alloys, especially in terms of mechanical
properties and electrical resistivity. These HEAs provide a lightweight,
cost-effective, and scalable alternative for next-generation high-speed
electrical machines, flywheel energy storage, and other demanding
applications.

Methods

Alloy preparation and thermo-mechanical processing
Alp3Tip2CoFeNi and Tig,4CoFeNig sg alloys, with nominal composi-
tions 8.5A1-5.7Ti-28.5C0-28.5Fe-28.5Ni (at.%) and
8Ti-33Co-33Fe-26Ni (at.%), respectively, were procured from ACI
Alloys Inc. The alloys were vacuum arc remelted (VAR) five times under
an Ar atmosphere, with intermediate flipping, to ensure chemical
homogeneity. The actual bulk compositions, measured using wave-
length dispersive X-ray fluorescence spectroscopy (WDS-XRF, Rigaku
Primus 1V), were 6.6Ti-7.1A1-29.1Co-28.8Fe-28.4Ni (at.%) and 32.9
Co-33.4Fe-25.8Ni-7.9Ti (at.%), as shown in Supplementary file (Sup-
plementary Table 2). An XRD experiment was carried out to investigate
the crystal structure of the alloys (see Supplementary Fig. 1 and Sup-
plementary Table 3) using a tabletop Bruker D6 Phaser instrument with
Cu Ka radiation (1=1.54 A).

The cast alloys were homogenized at 1200 °C for 1 h, followed by
90% reduction in thickness through cold cross-rolling. The rolled
plates were then solution annealed at 1200 °C for 5 min (encapsulated
in stainless steel foil) and water-quenched to yield a single-phase FCC
solid solution with an average grain size of ~190 pm. This state is
referred to as the CRSA condition. A subset of Alg 3Tig ,CoFeNi samples
was subsequently annealed at 800 °C for 4 h (CRSA800). Another set
of homogenized and cold-rolled samples was annealed at 900 °C for
4 h (CR900).

Microstructural analysis
Microstructural characterization was carried out using a FEI Nova
NanoSEM 230™ scanning electron microscope (SEM) and a FEI Tecnai

G2 TF20™ transmission electron microscope (TEM) operated at
200 kV. SEM samples were prepared by grinding and polishing to
4000 grits, followed by final polishing in 1 um colloidal silica using a
Vibromet system. Electron backscatter diffraction (EBSD) measure-
ments were performed on a ThermoFisher Apreo-2S scanning electron
microscope (SEM) equipped with an EDAX Hikari Super ® EBSD
detector.

Maps were collected at an accelerating voltage of 20 kV, probe
current of 1.6 nA, working distance of ~15 mm, and with the specimen
tilted at 70°. The step size was selected based on feature size: 0.2 um
for bulk grains and 50 nm for finer grains. Kikuchi patterns were
acquired at a resolution of 480 x 480 pixels with 4 x 4 binning.

Indexing was performed using the EDAX OIM Analysis® software
suite (version 9.0.1.277), employing the Hough transform method with
the FCC and BCC structures (space groups Fm-3m and Im-3m,
respectively). Post-processing included the removal of points with
Cl<0.1. No artificial pattern scaling, filtering, or pattern modification
was applied beyond standard background correction provided by the
acquisition software.

TEM lift-outs were fabricated using an FEI Nova 200 dual-beam
focused ion beam (FIB). A ~ 15 x 2 x 5 um? lamella was extracted with an
Omni probe micromanipulator, then thinned to ~50-100 nm by
sequentially lowering Ga-ion beam voltage and current. Atom probe
tomography (APT) was performed on a Cameca LEAP 5000XS in laser
mode (30 + 0.5K, 250 kHz pulse rate, 0.005-0.01 ion/pulse detection
rate, 50 pJ laser energy). Data reconstruction and analysis were con-
ducted using Cameca AP Suite 6.1 with parameters: evaporation field
33 V/nm, field factor 3.3, and image compression factor 1.65.

Mechanical response measurements

Miniature tensile tests were conducted at a strain rate of 0.001 s* using
a custom-built machine equipped with an LVDT extensometer. Dog-
bone specimens with gauge dimensions of -5x1x1mm?® were pre-
pared by electric discharge machining. For each condition, three
specimens were tested to ensure reproducibility.

Magnetic response measurements

Room-temperature magnetization (M-H) curves of the base CoFeNi
alloy, Ti-modified Tig,4CoFeNig 75 CRSA, and Al, Ti-modified variants
(CRSA, CRSA800, CR900) were measured using a Lakeshore 7404
vibrating sample magnetometer (VSM). For each measurement, cubic
specimens of -2 x 2 x 2 mm?® were used. Further, each experiment was
repeated thrice to check repeatability.

Resistivity measurements

Electrical resistivity was determined by the standard four-point probe
method using specimens of -2 x1x 5 mm?, Resistivity values (p) were
calculated as

p=(RxA)/l @

where R is the measured resistance, A the cross-sectional area, and [ the
distance between voltage contacts. For each sample, the reported
resistance was averaged over four independent measurements.

Inclusion and ethics statement

This research did not involve human participants, human data, or
animals. The authors affirmthat the study was conducted responsibly,
with attention to integrity, transparency, and equitable collaboration.

Data availability

The data that support the findings of this study, including raw data
such as a table of values for the plots, and .ang files for the EBSD scans,
are available in the Source Data file. Source data are provided with
this paper.
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