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Alloys that simultaneously exhibit good magnetic properties, high mechanical strength, and elevated electrical
resistivity are critical for next-generation high-speed, high-torque electrical machines used in electric mobility
and energy systems. The development of such novel alloys requires a balanced property set. However, binary
Fe-Si and Fe-Ni alloys do not possess the desired combination of mechanical, magnetic and electrical properties.
In earlier work, promising regions and compositions in the ternary Fe-Ni-Si system were identified via high
throughput screening. Based on the results, we studied in this work a promising high-Ni-Si region (35-40 wt%
Ni, 6-10 wt% Si) and a relatively low-solute composition, Fe-11.5Ni-2.7Si, using directed energy deposition and
arc melting, to decouple compositional and processing effects. High-Ni-Si alloys exhibited extensive intergran-
ular intermetallic network formation, resulting in high hardness but severe embrittlement. In contrast,
Fe-11.5Ni-2.7Si stabilized as a single-phase BCC matrix and exhibited an attractive combination of properties:
yield strength of 551 MPa, ultimate tensile strength of 709 MPa, elongation of 4.8%, resistivity of 105 pQ cm,
saturation magnetization of 199 emu/g and coercivity of 14 Oe. These results identify Fe-11.5Ni-2.7Si as a novel
Fe-Ni-Si alloy composition that balances mechanical, electrical, and magnetic performance. These results
demonstrate that intermetallic phase fraction and connectivity govern the trade-off between mechanical, mag-
netic, and electrical properties. Controlling phase architecture through composition and processing provides a
viable design strategy for multifunctional magnetic structural alloys.

1. Introduction composition meets these three requirements simultaneously.

Conventional magnetic alloys illustrate these trade-offs. Binary

The electrification of transportation, energy, and power systems has
resulted in a growing demand for magnetic alloys that also exhibit high
mechanical strength and elevated electrical resistivity [1]. In applica-
tions such as high-speed, high-torque electric motors for electric
mobility, magnetic materials must withstand large centrifugal stresses
while minimizing electrical losses [2-4]. However, no existing alloy
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Fe-Ni and ternary Fe-Ni-Co alloys exhibit high saturation magnetiza-
tion and low coercivity, together with moderate strength; however, they
suffer from low resistivity. In the ternary case, there is a dependence on
cobalt, an expensive and supply-critical element [5-11]. In contrast,
high Si content Fe-Si alloys possess higher resistivity, lowering eddy
current losses, but become brittle at elevated Si content due to the
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presence of the ordered B2 and D03 phases [12-16]. Pure Fe, Ni, and Co
similarly fail to achieve a balanced property set, with each sacrificing at
least one critical property.

These trends are summarized in Table 1, which compiles hardness,
electrical resistivity, saturation magnetization, and coercivity values
from our previous studies on compositionally graded alloys processed by
directed energy deposition (DED) under similar conditions [17-19], and
highlights the trade-offs between the properties. It was hypothesized
that a combination of Fe, Ni and Si in a ternary Fe-Ni-Si system could
possess a balanced property set. Hence ternary Fe-Ni-Si alloys were
studied for a better combination of magnetic, mechanical and electrical
properties.

To overcome the intrinsic limitations of conventional alloy systems,
alternative strategies have been explored, including amorphous and
nanocrystalline alloys [20-24], high-entropy and multi-component
systems [25-27], and complex phase architectures [28-30]. Amor-
phous and nanocrystalline alloys are attractive, especially in applica-
tions where efficiency and size reductions are critical, due to advantages
like low core losses, high saturation flux and excellent permeability
[31]. However, their widespread use is often limited by constraints in
bulk manufacturability, restricted component geometries, and process-
ing complexity associated with rapid solidification or controlled nano-
crystallization routes, leading to lower commercial adoption [32]. High
entropy and multi-component systems, and complex phase architectures
often entail challenges related to scalability and processing complexity.
In contrast, identification of bulk crystalline alloys capable of providing
a combination of mechanical capability and magnetic properties remain
underexplored. Thus, the focus of this work is on bulk crystalline alloys
for multifunctional performance.

Additive manufacturing (AM), specifically the DED process, offers an
attractive alternative. Rapid solidification enables the formation of non-
equilibrium phases [33-39], steep thermal gradients promote texture
control  [40,41], and compositional flexibility facilitates
high-throughput exploration of composition—property relationships
[42]. DED had been shown to suppress brittle intermetallic formation in
Fe-Si alloys at Si content levels of up to 20 wt% [18]; DED was able to
generate compositionally graded libraries that map composition, phase
constitution, and material properties in the Fe-Si [18], Fe-Ni-Co [17],
and Fe-Ni-Si [19] systems.

Our recent high-throughput DED investigation of Fe-Ni-Si alloys
revealed two notable findings [19]:

(i) a high-Ni-Si regime (35-40 wt% Ni, 6-10 wt% Si) exhibiting
hardness values exceeding 600 HV, unprecedented for Fe-based
soft magnetic alloys; and

(i) a low-solute composition, Fe-11.5Ni-2.7Si, displaying a prom-
ising balance of hardness, resistivity, and magnetic softness.

Table 1
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However, these results were derived from compositionally graded
builds, in which grain size and microstructure varied continuously, and
therefore did not allow direct validation of bulk properties or detailed
mechanistic understanding.

Hence, the present work focuses on three compositions of greatest
interest (Fe-36Ni-10Si, Fe—45Ni-10Si, and Fe-11.5Ni-2.7Si), fabri-
cated by both DED and arc melting to establish robust proc-
essing-structure-property relationships. This approach enables
decoupling of the compositional effects from microstructural gradients
and provides insight into the role of solidification conditions on the
phase evolution and the property response. We identified the mecha-
nisms responsible for exceptionally high hardness observed in high-
Ni-Si alloys and validated the multi-property performance of
Fe-11.5Ni-2.7Si in bulk form.

Our results demonstrate that the intermetallic phase content is a
governing factor in tailoring the mechanical, magnetic, and electrical
properties in Fe-Ni-Si alloys. Increasing the ordered phase content en-
hances the hardness and electrical resistivity but reduces the ductility
and magnetic properties. Conversely, stabilization of a single-phase
matrix enables a more balanced property profile. This insight provides
a mechanistic framework for property optimization and identifies the
ternary Fe-11.5Ni-2.7Si composition as a promising candidate for ap-
plications requiring the desired property set.

2. Experimental procedures
2.1. Powder feedstock and alloy fabrication

High-purity gas-atomized elemental powders of Fe (99.95%), Ni
(99.95%), and Si (99.9%) were procured from Sandvik Osprey Ltd. (UK)
and Tosoh SMD Inc. (USA). Powders with particle sizes of 63-150 pm
were used to prepare Fe-11.5Ni-2.7Si, Fe-36Ni-10Si, and
Fe-45Ni-108Si (all in wt.%).

Alloys were fabricated by both DED and arc melting to enable
comparison of additively manufactured and bulk-processed materials.
DED builds were produced using an Optomec LENS 150 system under an
argon atmosphere, employing processing parameters optimized in our
prior studies, to achieve near-full density with minimal cracking
[17-19]. The parameters were: laser power 350 W, layer thickness 0.20
mm, hatch spacing 0.20 mm, and laser speed 8.46 mm/s. Arc melting
was conducted in a MRF ABJ-900 furnace under high-purity argon.
Powder blends were melted on a water-cooled copper hearth using a
tungsten electrode, and each ingot was inverted and re-melted at least
five times to ensure chemical homogeneity.

Composition-dependent hardness, electrical resistivity, saturation magnetization, and coercivity of DED fabricated elemental and compositionally graded soft mag-

netic alloys.

Material System Fe Ni Si Co Hardness Electrical Resistivity Saturation Magnetization Coercivity Ref.
(wWt%) (wt%) (wWt%) (wWt%) (HV1,15) (pQ cm) (emu/g) (Oe)
Fe 100 - - - 143 41.6 219.1 20.8 [17]
Ni - 100 - - 89 9.4 61.6 18.7 [17]
Co - - - 100 169 13.3 156.5 66.4 [171
Fe-Ni 73 27 - - 117 55.9 186.6 6.5 [17]
48 52 - - 116 31.8 146.4 1.5 [17]
20 80 - - 119 31.0 102.1 0.5 [17]
Fe-Ni-Co 57 19 24 372 31.6 206.1 12.4 [17]
23 51 25 115 25.7 126.8 18.8 [17]
20 19 - 61 112 25.9 161.7 11.7 [17]
Fe-Si 96 4 - 225 70.4 201.9 10.6 [18]
92 8 - 412 115.5 172.1 9.2 [18]
83 - 17 - 608 117.2 98.1 10.0 [18]
Fe-Ni-Si 72 24 4 - 156 146.2 121.5 42.8 [19]
48 41 12 - 605 184.4 79.7 13.2 [19]
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2.2. Sample preparation, characterization and property measurements

DED-fabricated pillars and arc melted ingots were sectioned using
electrical discharge machining (EDM). Cross-sections parallel to the
build direction were mounted, ground sequentially using silicon carbide
papers (grit sizes 500-4000) and polished to a mirror finish with 0.03
pm colloidal silica suspension.

Porosity and structural integrity were examined using optical mi-
croscopy (Olympus BX53 M). Phase identification was performed using
X-ray diffraction (XRD) on a Bruker D8 Advance diffractometer, with
CuK, radiation (A = 1.5406 10\), operated at 40 kV and 40 mA over a 20
range of 10-120°. Lattice parameters and phase fractions were deter-
mined by Rietveld analysis using TOPAS V5. Grain morphology and
crystallographic orientation were analysed by electron backscatter
diffraction (EBSD) on a JEOL FESEM IT500HR equipped with an Oxford
Symmetry detector, using a step size of 1.5 pm. Elemental distributions
and chemical segregation were assessed by energy-dispersive X-ray
spectroscopy (EDX) in the same system.

Vickers microhardness was measured using an InnovaTest Falcon
5000 tester with a 1 kgf load and 15 s dwell time. Nanoindentation
mapping was performed using a KLA-Tencor G200 nanoindenter with a
Berkovich tip to probe intergranular and intragranular regions identified
by EBSD and EDX. Tensile testing was performed at room temperature
on a MTS Landmark servohydraulic system. Rectangular specimens (46
x 10 mm overall dimensions, gauge section 6 x 2 mm, thickness 1.5
mm, transition radius 2 mm) were machined with the loading axis
parallel to the build direction to determine yield strength, ultimate
tensile strength, and elongation to failure.

Magnetic properties were measured using a Lakeshore 7400
vibrating sample magnetometer (VSM). Samples of similar size were
extracted from representative regions, and hysteresis loops were used to
obtain the saturation magnetization (M;) and coercivity (H.) values.
Electrical resistivity was measured at room temperature using a stan-
dard four-point probe (Keithlink), and the results were correlated with
local composition obtained from EDX.

3. Results and discussions

The Fe-Ni-Si alloys investigated in this work cover two distinct
property regimes: High-Ni, high-Si alloys (Fe-36Ni-10Si and
Fe-45Ni-10Si), which exhibited high Vickers hardness values, and the
lower solute Fe-11.5Ni-2.7Si alloy, which showed a more balanced
combination of mechanical strength, ductility, magnetic properties, and
electrical resistivity.

To establish the rationale of the composition selection for the high
hardness regime, the high-Ni, high-Si compositionally graded Fe-Ni-Si
DED build reported in our prior work was first analysed [19]. Subse-
quently, selected single (fixed) composition alloys fabricated by both
DED and arc melting were examined to decouple grain size effects from
the effects of composition. The results are presented in the following
sequence:

(i) hardness and segregation trends in selected regions of composi-
tionally graded DED samples,
(ii) processing, composition and phase evolution in DED and arc
melted single-composition alloys,
(iii) corresponding microstructural features, phase distribution and
local mechanical response,
(iv) bulk properties of single composition alloys, and
(v) structure-property correlations for the single composition alloys.

3.1. Hardness and segregation trends in selected regions of
compositionally graded DED sample

Compositionally graded Fe-Ni-Si pillars fabricated by DED enabled
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rapid screening of property evolution across a broad compositional
window (0-40 wt% Ni, 0-10 wt% Si) [19]. Within the high-Ni, high-Si
region (35-40 wt% Ni, 6-10 wt% Si), the build remained dense and
crack-free despite the elevated Si content (Fig. la and b). Vickers
hardness measurements revealed a systematic increase in hardness
along the build direction, from ~170 HV near the substrate to values
exceeding 600 HV in the upper regions (Fig. 1c). Such hardness levels
are unusually high for Fe-based magnetic alloys and warranted further
microstructural and compositional investigation.

Microstructural analysis using EBSD revealed a clear evolution in
morphology along the build height. Near the substrate, the micro-
structure consisted predominantly of coarse grains aligned with the
thermal gradient, whereas regions further from the substrate exhibited
finer, more equiaxed grains together with the emergence of continuous
intergranular features (Fig. 1c). While these observations suggest a
refinement in microstructural scale, it is noted that quantitative grain
size analysis was not performed; therefore, the term “refinement” is used
here to describe qualitative morphological evolution. This qualitative
morphological evolution coincided with higher hardness.

At regions corresponding to the highest hardness (area 3), EDX
mapping revealed pronounced segregation of Ni and Si along grain
boundaries (Fig. 1d). These segregated regions form interconnected
networks that coincide spatially with hardness maxima. Complementary
XRD analysis of the whole pillar further identified the emergence of
ordered cubic and trigonal phases (P2;3, P321), consistent with Ni-Si
intermetallic compounds (Fig. 1e). Together, these results indicate a
combined contribution from grain refinement, intergranular segregation
and intermetallic phase formation to the exceptional hardening
observed in the high-Ni-Si regime of the Fe-Ni-Si alloys.

The observed behaviour can be rationalized based on thermody-
namic and kinetic considerations of the constituent binary systems. As
shown in Fig. 2a, the Ni-Si pair exhibits a strongly negative enthalpy of
mixing (—80 to —100 kJ/mol) [43], which is significantly more negative
than that of Fe-Si (—40 to —60 kJ/mol) [15] and Fe-Ni (~-5 kJ/mol)
[44]. This large negative enthalpy reflects the strong chemical affinity
between Ni and Si, promoting clustering and a high thermodynamic
propensity for compound formation. Under the rapid solidification
conditions associated with DED, this thermodynamic driving force is
coupled with limited diffusion, resulting in segregation of Ni and Si to
grain boundaries and the formation of ordered intermetallic phases
(schematically illustrated in Fig. 2b).

These intergranular intermetallic networks serve as effective barriers
to dislocation motion, leading to significant strengthening. At the same
time, their interconnected morphology partitions the microstructure
and promotes strain localization, which has important implications for
the mechanical response of the alloy at higher solute content. The
exceptionally high hardness observed in the high-Ni-Si regime is
therefore attributed to the combined effects of segregation-driven phase
formation and the resulting intergranular network architecture, rather
than grain size effects alone.

3.2. Single-composition Fe-Ni-Si alloys prepared by DED and arc melting

To validate the high-hardness regime identified in the composition-
ally graded builds and to decouple the compositional effects from the
microstructural ~ gradients, bulk  single-composition  alloys
(Fe-36Ni-10Si, Fe-45Ni-10Si, and Fe-11.5Ni-2.7Si) were fabricated by
DED. These larger-volume samples enable the direct assessment of bulk
processability and intrinsic structure-property relationships in as-
fabricated condition.

The selection of these compositions was guided by the compositional
regimes identified in the graded DED study. Fe-36Ni-10Si corresponds
to the average composition of the peak hardness region, while
Fe—-45Ni-10Si was selected to evaluate the effect of further increase of
the Ni content on phase stability and mechanical response. The lower
solute Fe-11.5Ni-2.7Si composition was previously identified as a
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Fig. 1. Evaluation of compositionally graded DED-fabricated Fe-Ni-Si pillars (35-40 wt% Ni, 6-10 wt% Si). (a) Schematic illustrating the programmed composition
gradient along the build direction. (b) Optical micrograph showing dense, crack-free deposits despite high Si content. (c) Microstructural evolution and hardness
increase (in the range of ~500 — ~600 HV) with increasing distance from the substrate. (d) EDX maps showing preferential Ni-Si segregation along grain boundaries.
(e) XRD patterns revealing formation of ordered Ni-Si intermetallic phases, correlating segregation with high hardness.

candidate exhibiting a balanced combination of mechanical strength,
magnetic softness, and electrical properties [19]. Studying these fixed
compositions enables isolation of the compositional effects from the
continuous microstructural variation inherent in graded samples.
DED-fabricated Fe-36Ni-10Si and Fe-45Ni-10Si exhibited extensive
cracking throughout the build volume (Fig. 3a). This behaviour is
attributed to the formation of interconnected intergranular intermetallic
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phases in the high-Ni-Si regime as established in Section 3.1. These
brittle phase networks significantly reduced the ability of the material to
accommodate thermal stresses generated during rapid solidification,
leading to crack initiation and propagation across the build.

In contrast, no macroscopic cracking was observed in DED-fabricated
Fe-11.5Ni-2.7Si. However, despite its single-phase BCC matrix, the
alloy exhibited brittle fracture during handling and could not be
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Fig. 2. Thermodynamic basis for Ni-Si segregation and strengthening in Fe-Ni-Si alloys. (a) Enthalpies of mixing (AHp;) show that the Ni-Si pair exhibit more
negative AHp,x than Fe-Si or Fe-Ni pairs, indicating the strongest chemical affinity and highest driving force for compound formation [15,43,44]. (b) Schematic
illustration of the resulting microstructural evolution: at low solute contents, the microstructure remains largely homogeneous; with increasing Ni and Si, preferential
Ni-Si segregation occurs, forming ordered Ni-Si intermetallic clusters (e.g., P2;3 and P321), which impede deformation and lead to a pronounced increase

in hardness.

machined into tensile specimens. This behaviour suggests that, although
intergranular intermetallic networks were suppressed at lower solute
contents, the combination of fine microstructure and residual thermal
stresses inherent to DED processing still led to limited plastic deforma-
tion in small-scale builds [45,46].

To further investigate the intrinsic behaviour of these alloys under
reduced thermal gradients and near-equilibrium solidification condi-
tions, the same compositions were fabricated by arc melting (Fig. 3b).
Interestingly, unlike the DED counterparts, the arc melted samples
were fully dense and free of visible cracks. The larger melt volumes and
slower cooling rates promoted compositional homogenization and
reduced the driving force for intergranular phase networks, thereby
suppressing the macroscopic cracking observed in the rapidly solidified
DED samples. This comparison highlights the strong sensitivity of
Fe-Ni-Si alloys to the processing route, where the interplay between
solidification kinetics, phase formation, and thermal stress governs both
microstructural evolution and mechanical integrity.

3.3. Composition and phase evolution: DED versus arc melting

EDX analysis revealed compositional deviations in the DED-
fabricated samples relative to their nominal values, most notably in
the Si content (Table 2). For example, the measured composition of
Fe-45Ni-10Si (nominal) was 44.45 wt% Ni and 12.08 wt% Si, for
Fe-36Ni-10Si the measured composition was 34.94 wt% Ni and 9.02 wt
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% Si, and for Fe-11.5Ni-2.7Si, it was 11.33 wt% Ni and 3.09 wt% Si.
These deviations, reaching up to ~2 wt%, were attributed to variations
in the powder flowability during deposition. In particular, the irregular
morphology of Si powders compared to the more spherical Fe and Ni
powders can cause transient fluctuations in the local feed composition
under high-Si processing conditions [18].

In contrast, the arc melted samples showed compositions within
+0.5 wt% of their nominal values, reflecting improved chemical ho-
mogenization during bulk melting and repeated re-melting cycles. For
instance, the measured composition of arc melted Fe-45Ni-10Si (nom-
inal) was 45.49 wt% Ni and 9.86 wt% Si, while that of Fe-36Ni-10Si was
35.73 wt% Ni and 9.87 wt% Si, and that of Fe-11.5Ni-2.7Si was 11.35
wt% Ni and 2.6 wt% Si. These results confirm that compositional vari-
ations are inherent to powder-fed additive manufacturing processes but
remain within a controlled and quantifiable range.

XRD analysis (Fig. 4) showed pronounced differences in the phase
constitution observed for the two processing routes, particularly for
high-Ni-Si alloys. DED-processed Fe-36Ni-10Si and Fe-45Ni-10Si al-
loys exhibited multiphase structures, comprising of disordered BCC and
FCC phases together with several ordered intermetallic phases (P2;3,
P321, F-43m). In contrast, the arc melted counterparts were dominated
by the FCC phase, with substantially lower phase fractions of interme-
tallic phases. It is noted that partial peak overlap between the F-43m and
the BCC phases introduces some uncertainty in their individual quan-
tification; however, the overall trend of higher ordered phase content in
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10 mm

+—>

30 mm

Fig. 3. Macroscopic cracking in high-Ni-Si Fe—-Ni-Si alloys processed by DED and arc melting techniques. (a) DED-processed Fe-36Ni-10Si and Fe—45Ni-10Si exhibit
severe cracking due to intergranular intermetallics. (b) Arc melted counterparts solidify without visible cracks, showing improved homogeneity under slower cooling.

Table 2
Measured composition (EDX) and phase fractions (Rietveld analysis) of Fe-Ni-Si alloys fabricated by DED and arc melting.
Process Nominal EDX EDX EDX FCC BCC pP2,3 P321 F-43m D03 B2 Sum of
composition Fe Ni Si (Disordered) (Disordered) (Ordered (Ordered (Ordered (Ordered (Ordered ordered
cubic) trigonal) cubic) FCC) Cubic) phase
(wt (wt (wt (%) (%) (%) (%) (%) (%) (%) (%)
%) %) %)
DED Fe-45Ni-10Si 43.47 44.45 12.08 35.77 9.68 10.21 29.63 14.71 - - 55.55
DED Fe-36Ni-10Si 56.04 34.94 9.02 25.51 42.22 13.92 7.52 10.83 - - 32.27
DED Fe-11.5Ni-2.7Si 85.58 11.33 3.09 - 100 - - - - - -
Arc Fe-45Ni-10Si 44.65 45.49 9.86 65.39 8.03 12.44 7.72 6.42 - - 26.58
Melt
Arc Fe-36Ni-10Si 54.4 35.73 9.87 58.63 18.58 10.96 2.07 9.76 - - 22.79
Melt
Arc Fe-11.5Ni-2.7Si 86.05 11.35 2.6 100 - - -
Melt

DED samples is clear.

Rietveld analysis (Table 2) quantified these differences. For
Fe-36Ni-10Si, the intermetallic phase fraction was ~32 % in the DED
sample compared with ~23 % in the arc melted alloy. An even larger
disparity was observed for Fe-45Ni-10Si, where the DED sample con-
tained ~56 % intermetallic phases, compared with ~27 % in the arc
melted counterpart. In contrast, Fe-11.5Ni-2.7Si remained single-phase
BCC regardless of processing route, consistent with its lower solute
content and reduced thermodynamic driving force for ordering.

These microstructural differences directly reflect the distinct thermal
histories of the two fabrication processes. DED imposed extremely high
cooling rates (~10%-10°% K/s [47,48]) and localized compositional
fluctuations arising from discrete powder feeding, which promoted so-
lute trapping, supersaturation, and heterogeneous nucleation of ordered
Ni-Si intermetallic phases. The strong chemical affinity between Ni and
Si further enhanced this tendency, leading to the formation of inter-
connected intergranular phase networks. In contrast, arc melting is
characterized by slower cooling rates (less than 20 K/s [49-51]) and
larger melt volumes, enabling enhanced diffusion and chemical ho-
mogenization. This reduced segregation and suppressed the formation of
ordered intermetallic networks, stabilizing the predominantly disor-
dered FCC or BCC matrices. This processing-dependent phase evolution
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provides a mechanistic basis for the observed differences in mechanical
behaviour. The higher intermetallic phase fractions in DED-fabricated
high-Ni-Si alloys contributed to increased hardness but also promoted
brittleness and cracking, as discussed in Sections 3.1 and 3.2.
Conversely, reduced intermetallic content in arc melted samples enabled
improved structural integrity and ductility. These findings highlight the
critical role of solidification kinetics in controlling phase constitution
and, consequently, multifunctional properties in Fe-Ni-Si alloys.

3.4. Microstructure, phase distribution and local mechanical response

Optical micrographs of cross-sectional samples (Fig. 5a) confirmed
extensive cracking in DED-fabricated Fe-36Ni-10Si and Fe—45Ni-10Si
alloys, whereas the corresponding arc melted samples and the lower-
solute Fe-11.5Ni-2.7Si alloy remained crack-free. These observations
are consistent with the processing-dependent phase evolution discussed
in Sections 3.2 and 3.3.

Backscattered electron imaging (Fig. 5b) revealed clear differences in
microstructural scale and phase contrast between compositions and
processing routes. Fe-11.5Ni-2.7Si exhibited relatively larger and more
homogeneous grains compared to the high-Ni-Si alloys, which displayed
finer microstructural features with pronounced phase contrast. In
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Fig. 4. Comparison of the XRD patterns of DED and arc melted Fe-Ni-Si alloys. (a) Full diffractograms (10°~120°) show substantially higher fractions of ordered
intermetallic phases in high-Ni-Si DED alloys compared to the arc melted counterparts. (b) Magnified view (40°-54°) highlights additional overlapping peaks

associated with ordered Ni-Si intermetallics in the DED samples.

general, DED processing resulted in finer microstructures than arc
melting, consistent with the higher cooling rates associated with addi-
tive manufacturing. It is noted that these observations are qualitative, as
quantitative grain size measurements were not performed.

EBSD inverse pole figure (IPF) maps (Fig. 5¢) and corresponding
phase maps (Fig. 5d) provide further insight into the crystallographic
and phase distributions between the two processing routes. DED-
fabricated samples displayed weak texture but showed pronounced
intergranular connectivity of the secondary phases, forming continuous
networks along grain boundaries. In contrast, the arc melted samples
displayed more homogeneous phase distribution and, particularly at
higher Ni content, developed textured FCC grains, suggesting an orien-
tation selection during slower solidification.

The spatial distribution of phases revealed by EBSD is critical for
understanding the mechanical behaviour. In DED samples, the forma-
tion of interconnected intergranular phase networks effectively parti-
tioned the microstructure, limiting the continuity of the ductile matrix.
This phase connectivity was significantly reduced in the arc melted
samples, where intermetallic phases were more isolated and dispersed.

EDX elemental maps (Fig. 5e-g) confirmed that Ni and Si segregation
increased with larger solute content, leading to the formation of Ni-Si-
enriched intergranular regions in the high-Ni-Si alloys. This chemical
partitioning directly correlates with the phase maps and is consistent
with the strong thermodynamic affinity between Ni and Si discussed in
Section 3.1 (Fig. 2). The segregation-driven formation of intergranular
intermetallic networks therefore represents a key microstructural
feature governing mechanical response.

Nanoindentation mapping (Fig. 6) provides direct evidence of the
local mechanical consequences of this microstructural architecture.
Hardness peaks of ~12 GPa were observed at intergranular regions
enriched in Ni and Si, corresponding to intermetallic phases. In contrast,
the Fe-rich grain interiors exhibited significantly lower hardness values
of ~5 GPa. This strong spatial heterogeneity confirmed that the inter-
metallic phases dominate the strengthening response.

Importantly, the interconnected nature of these hard intergranular
phases not only enhanced hardness but also promoted strain localization
and reduced the capacity for plastic deformation. This explains the
coexistence of high hardness and brittle behaviour observed in DED-
fabricated high-Ni-Si alloys. In contrast, the more homogeneous phase
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distribution in arc melted samples resulted in a more uniform mechan-
ical response and improved resistance to cracking.

These observations established a direct processing—structur-
e-property relationship. DED promoted non-equilibrium segregation
and the formation of interconnected intergranular intermetallic net-
works, leading to high hardness but also embrittlement and cracking. In
contrast, arc melting suppressed intergranular phase connectivity
through enhanced homogenization, resulting in coarser but more me-
chanically stable microstructures. This comparison highlights the crit-
ical role of phase architecture, particularly intermetallic connectivity, in
governing the mechanical performance of Fe-Ni-Si alloys.

3.5. Mechanical, magnetic, and electrical performance of Fe-Ni-Si alloys

Table 3 and Fig. 7 summarizes the mechanical, electrical and mag-
netic properties of the three Fe-Ni-Si compositions investigated in this
work, benchmarked against reference Fe-Si and Fe-Ni-Co alloys from
our prior work [17,18]. The results reveal a clear trade-off between
intermetallic phase fraction and multifunctional performance.

Vickers hardness. The Vickers hardness of DED-fabricated samples
was consistently higher than those of arc melted counterparts, particu-
larly for Fe-36Ni-10Si and Fe-45Ni-10Si. These alloys exhibited hard-
ness values of ~576 HV and ~562 HV, respectively, approaching the
upper range reported for Fe-based soft magnetic materials. The higher
hardness in DED samples is primarily attributed to the increased mass
fraction and the connectivity of ordered intermetallic phases, as estab-
lished in Sections 3.1-3.4. In contrast, Fe-11.5Ni-2.7Si showed com-
parable hardness for both processing routes, consistent with its single-
phase BCC structure. Although DED samples exhibited finer micro-
structural features, the dominant strengthening mechanism arises from
intermetallic phase content and distribution rather than grain size alone.
The slightly lower hardness compared to compositionally graded sam-
ples (>600 HV) reflects the absence of localized peak compositions in
single-composition samples.

Mechanical properties. As discussed earlier, DED-fabricated sam-
ples were not suitable for tensile testing due to extensive cracking and
brittle behaviour, and tensile properties were therefore reported only for
arc melted alloys. Representative engineering stress—strain curves are
provided in Fig. 7a. Arc melted Fe-11.5Ni-2.7Si exhibited a yield
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Fig. 5. Microstructural comparison of Fe-Ni-Si alloys fabricated by DED and arc melting. (a) Optical micrographs show cracks in DED high-Ni-Si alloys, cracks are
absent in DED Fe-11.5Ni-2.7Si and all arc melted samples. (b—d) EBSD maps demonstrate finer grains and higher intergranular connectivity in DED samples, versus
textured FCC grains in arc melted samples. (e-g) EDX maps confirm the greater extent of Ni-Si segregation with increasing solute content, and intermetallic network

formation along grain boundaries.

strength (YS) of 551 MPa, an ultimate tensile strength (UTS) of 709 MPa,
and an elongation to failure of 4.8%. This performance exceeded that of
Fe-4.3Si (2.3% elongation) and Fe-15.2Si (0.4% elongation) while
maintaining higher strength (Fig. 7a). It also surpassed the elongation
for the high-cost Fe-20Ni-20Co alloy (~1.6%), although the latter
achieved higher UTS (~1167 MPa).

The improved mechanical performance of Fe-11.5Ni-2.7Si was
attributed to its single-phase BCC matrix and the absence of inter-
connected intergranular intermetallic networks, enabling more uniform
plastic deformation. In contrast, arc melted Fe-36Ni-10Si and
Fe-45Ni-10Si exhibited higher strength (YS ~413-535 MPa; UTS
~677-696 MPa) but significantly reduced ductility due to the presence
of intermetallic phases. Increasing Ni content increased strength but
further reduced ductility, reflecting the increasing fraction of brittle
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ordered phases.

Magnetic properties. Both DED and arc melted Fe-11.5Ni-2.7Si
exhibited a saturation magnetization of 199-204 emu/g and coercivity
between 14.6 and 22.5 Oe. These values are comparable to Fe-4.3Si
(~200 emu/g, ~10 Oe) and superior to Fe-15.2Si (~95 emu/g, ~10
Oe), despite the presence of alloying elements that typically reduce
magnetic moment.

This behaviour indicates that the solid-solution BCC matrix main-
tains ferromagnetic exchange pathways while limiting domain wall
pinning associated with the secondary phases and residual stresses. In
contrast, Fe-36Ni-10Si and Fe-45Ni-10Si exhibited substantially lower
saturation magnetization (35-47 emu/g) and higher coercivity
(~88-174 Oe), consistent with their high intermetallic content and
intergranular phase networks. The relatively low coercivity observed in
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Table 3
Mechanical, electrical, and magnetic properties of Fe-Ni-Si alloys fabricated by DED and arc melting, benchmarked against Fe-Si and Fe-Ni-Co alloys.
Process/Nominal Vickers Young's Yield Ultimate Tensile Elongation  Resistivity =~ Saturation Coercivity  Ref.
Composition Hardness Modulus Strength Strength Magnetization
(HV1,15) (GPa) (MPa) (MPa) (%) (nQ cm) (emu/g) (Oe)

This work

DED Fe-45Ni-10Si 562 + 34 Brittle Brittle Brittle Brittle 340 47 88.2 This
work

DED Fe-36Ni-10Si 576 + 68 Brittle Brittle Brittle Brittle 178 43 138.9 This
work

DED Fe-11.5Ni-2.7Si 350 £ 18 Brittle Brittle Brittle Brittle 122 204 22.5 This
work

Arc Melt Fe-45Ni-10Si 353 £18 134+ 3 535 + 20 696 + 29 1.3+0.1 349 46 10.5 This
work

Arc Melt Fe-36Ni-10Si 336 + 23 132+ 2 413 +13 677 £19 1.7+0.1 174 35 174.1 This
work

Arc Melt 317 +£9 155+6 551 + 42 709 + 24 4.8 + 0.2 105 199 14.6 This

Fe-11.5Ni-2.7Si work

Prior work

DED Fe-15.2Si 600 - 700 258 £ 76 71 £17 91+5 0.4 100 - 120 ~95 ~10 [18]

DED Fe-4.3Si 200 - 300 347 + 52 545 + 48 548 + 16 2.3 60 - 80 ~200 ~10 [18]

DED Fe-Ni Graded ~100 - - - - 25-70 100 - 150 0.5-2 [17]

DED Fe-40Ni-20Co ~150 223.18 298 465 60.1 16 147 8 [17]

DED Fe-20Ni-20Co ~330 244.31 1001 1167 1.57 32 206 12 [17]

“Brittle” indicates catastrophic fracture during specimen preparation or testing, precluding reliable tensile measurements. Values reported as ranges reflect variability
across composition or processing windows in the cited studies.

arc melted Fe-45Ni-10Si (10.5 Oe) further underscores the sensitivity of Elevated resistivity is critical for minimizing eddy current losses in
magnetic response to phase distribution and microstructural homoge- high-frequency applications. The ability of Fe-11.5Ni-2.7Si to simul-
neity. Saturation magnetization is an intrinsic material property and is taneously achieve high resistivity, good mechanical performance, and
generally insensitive to the microstructure. Coercivity, on the other magnetic softness therefore represents a significant departure from
hand, is affected by the composition, microstructure and phases present. conventional property trade-offs (Fig. 7b). The high-Ni-Si alloys

Electrical resistivity. Fe-11.5Ni-2.7Si exhibited an electrical re- exhibited even higher electrical resistivity (~340 pQ cm for
sistivity of 105 pQ cm, an order of magnitude higher than pure Fe (~10 Fe-45Ni-10Si and ~170 pQ cm for Fe-36Ni-108Si), but at the expense of
pQ cm) and Fe-Ni-Co soft magnetic alloys (~30-50 pQ cm) [17,52]. ductility and magnetic performance. The electrical resistivity values are
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Fe-Ni-Co. (b) Resistivity versus saturation magnetization plot shows Fe-11.5Ni-2.7Si achieves an attractive property balance: high resistivity (105 pQ cm) alongside

magnetic properties (~199 emu/g, 14 Oe).

similar between the samples processed with the different methods,
indicating that the microstructural effects are not significant here.

Comparison with cobalt-containing alloys. Benchmarking against
Fe-20Ni-20Co, a widely used soft magnetic alloy with high strength
(~1167 MPa) but low resistivity (~32 pQ cm) and poor elongation
(~1.6%) values [17], further highlights the unique position of
Fe-11.5Ni-2.7Si. While Co-containing alloys offer superior tensile
strength, they are constrained by cost, resource criticality, and limited
resistivity. In contrast, the Fe-Ni-Si alloy presented here is free from
critical elements, exhibits a balanced combination of mechanical,
magnetic, and electrical properties, and can be produced using scalable,
low-cost melting techniques. These results establish the potential of
Fe-11.5Ni-2.7Si as a promising multi-functional magnetic structural
alloy, and highlight the critical role of composition and processing route
in tailoring coupled mechanical-magnetic—electrical performance.

Comparison with amorphous and nanocrystalline alloys. Taking
reference from Fiorillo et al. [53], amorphous alloys are Fe-based
FeygB13Sig and Co-based Cog;FesB145Si14.5, while nanocrystalline al-
loys include materials like FINEMET (Fey35Cu;NbsSijssBg) and
NANOPERM (FegsCujZr;Bg). These amorphous and nanocrystalline al-
loys have much lower coercivity values (<0.1 Oe) than the 3 Fe-Ni-Si
alloys discussed in this work, and comparable electrical resistivity
(118-140 pQ cm) to Fe-11.5Ni-2.7Si but lower than that of
Fe-36Ni-10Si and Fe-45Ni-10Si. The saturation magnetization of
amorphous/nanocrystalline alloys is in the range of 61-167 emu/g,
higher than Fe-36Ni-10Si and Fe-45Ni-10Si but lower than
Fe-11.5Ni-2.7Si.

In terms of mechanical properties, the Vickers hardness values of
amorphous and nanocrystalline alloys are ~800 HV, much higher than
the 3 alloys. Amorphous alloys also possess higher tension yield stress
and fracture stress of 700 MPa and 2800 MPa respectively. Nano-
crystalline FINEMET alloys on the other hand have tension yield stress
and fracture stress of only 150 MPa each. As mentioned in the Intro-
duction, these amorphous and nanocrystalline have its own challenges
in fabrication, and in turn limited commercial adoption.

3.6. Structure-property correlations across compositions

The contrasting behaviour of DED and arc melted Fe-Ni-Si alloys
highlights the central role of intermetallic phase fraction and its spatial
distribution in governing the coupled mechanical, magnetic, and elec-
trical properties (Fig. 8). Across all compositions investigated, higher
fractions of ordered intermetallic phases systematically enhanced
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hardness and electrical resistivity, while reducing ductility and satura-
tion magnetization.

DED-fabricated alloys, particularly Fe-36Ni-10Si and Fe—45Ni-10Si,
contained intermetallic phase fractions in the range of ~30-56 vol%
(Fig. 8a). These alloys exhibited Vickers hardness values approaching
600 HV (Fig. 8b) but displayed severe brittleness (Fig. 8c and d). This
behaviour arose from the formation of interconnected intergranular
intermetallic networks, which effectively blocked dislocation motion
but also partitioned the microstructure, limiting the continuity of the
ductile matrix and promoting strain localization and crack propagation.
In contrast, arc melted samples exhibited lower intermetallic fractions
(~20-30 vol%) and reduced phase connectivity, resulting in lower
hardness (300-350 HV) but improved elongation to failure. This inverse
relationship reflects the fundamental trade-off between strengthening
through ordered-phase formation and the preservation of plastic
deformability, as continuous intergranular intermetallic networks
impede dislocation motion but also promote strain localization and
premature fracture.

Electrical resistivity increased systematically with larger interme-
tallic phase fraction (Fig. 8e). The elevated resistivity is attributed to
enhanced electron scattering at the matrix-intermetallic interfaces.
While this is beneficial for reducing eddy current losses in high fre-
quency applications, it is coupled with the formation of intermetallic
phases that degrade ductility and magnetic properties.

Saturation magnetization decreased monotonically with increasing
ordered-phase content (Fig. 8f), reflecting progressive dilution of the
ferromagnetic Fe-rich matrices by non-magnetic or weakly magnetic
intermetallic phases. The saturation magnetization is presented in Tesla
(T) here, to account for the differences in alloy density that can influence
volumetric magnetization comparisons. The saturation magnetization
values range from 0.34T to 0.46T for Fe-36Ni-10Si and Fe-45Ni-10Si,
which is quite low compared to common soft magnetic alloys, which is
in the range of 1.6T to 2.35T [53]. Fe-11.5Ni-2.7Si however, is
attractive, with a comparable saturation magnetization of 1.96T to
2.01T. Coercivity (Fig. 8g) did not exhibit any clear dependence on the
intermetallic fraction, suggesting that it is governed by a complex
interplay of composition, microstructure, and defect structures.

Taken together, these correlations established that the intermetallic
phase fraction and its connectivity act as the key microstructural
parameter linking the processing route to multifunctional properties in
Fe-Ni-Si alloys. High intermetallic content promoted hardness and re-
sistivity but induces embrittlement and magnetic degradation, whereas
the suppression of intermetallic network formation enabled a more
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balanced property profile.

Specifically, Fe-11.5Ni-2.7Si, stabilized as a single-phase BCC ma-
trix, achieved a favourable combination of strength, ductility, magnetic
response, and electrical resistivity. This demonstrates that tailoring the
intermetallic phase fraction through both composition and processing
provides a viable design strategy for developing multifunctional alloys.

4. Conclusions

Fe-Ni-Si alloys fabricated by DED and arc melting exhibited two
distinct composition—processing regimes governed by solidification ki-
netics and intermetallic phase formation. High-Ni, high-Si alloys un-
dergo pronounced non-equilibrium segregation during DED, leading to
the formation of interconnected intergranular intermetallic network
formation that resulted in high hardness but also severe cracking and
embrittlement. In contrast, the lower solute Fe-11.5Ni-2.7Si composi-
tion stabilized as a single-phase BCC matrix under both processing
routes.

The arc melted Fe-11.5Ni-2.7Si composition demonstrated a
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favourable combination of mechanical and functional properties,
including yield strength (551 MPa), ultimate tensile strength (709 MPa),
ductility (4.8%), saturation magnetization (~199 emu/g), coercivity
(~14 Oe), and high electrical resistivity (105 p€ cm). This balanced
property set is achieved without the use of critical alloying elements
such as cobalt and under conventional bulk processing conditions.

A unified structure-property relationship has been established, in
which both the fraction and connectivity of ordered intermetallic phases
govern the trade-off between hardness, ductility, magnetic properties
and electrical resistivity. Increasing the intermetallic phase content
enhanced hardness and electrical resistivity through interfacial
strengthening and electron scattering, but simultaneously reduced
ductility and magnetic response due to strain localization and dilution of
the ferromagnetic matrix. These findings demonstrate that controlling
intermetallic phase fraction and morphology through composition and
processing provides a viable design strategy for developing multifunc-
tional magnetic structural alloys. In particular, Fe-11.5Ni-2.7Si
emerged as a promising candidate for applications requiring a combi-
nation of mechanical integrity, magnetic properties and reduced eddy
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current losses. Future work can also investigate the effects of heat
treatment on microstructure to further optimize mechanical and mag-
netic properties. Saturation magnetostriction coefficient, which was not
measured in this work, is important for rotating machine applications to
minimize operating noise, and its measurements will also be considered
for material optimization.
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