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A B S T R A C T

Demands on soft magnetic composites (SMCs) for superior magnetic performance, including low core loss, high 
permeability, high saturation magnetic flux density, and strong DC-bias stability up to dozes of megahertz, are 
urgently needed for power electronics, which are crucial in advancing third-generation semiconductors. How
ever, traditional SMCs systems face challenges of high loss and poor DC-bias characteristics. In the present study, 
high-performance SMCs were fabricated by novel Fe73.3P5Si7.6B9.5C1.9Nb2Cu0.7 powders with spherical shapes 
and a fully glassy structure, which were produced via gas atomization. To enhance the magnetic performance at 
high frequencies, in-situ oxide insulation layers were formed by controlling the varying concentrations of HNO3. 
The evolution of the oxidation layer’s structure and thickness was systematically clarified. SMCs demonstrated 
superior magnetic performance, including highly stable permeability (μ′) remained between 30 and 47 up to 20 
MHz, excellent DC-bias permeability increase from 57.8 % to 82.7 % under 100 Oe, high cut-off frequency up to 
96 MHz, and low core loss (Pcv) that regulated less than 153–173 mW/cm3 (50 mT, 100 kHz), 590–663 mW/cm3 

(100 mT, 100 kHz). The magnetic properties of present SMCs are comparable to those of the most prominent 
SMCs reported so far. The proposed method and alloy composition provide a promising pathway for producing 
advanced SMCs. These results are meaningful for potentially stimulating the development and application of new 
low-loss SMCs.

1. Introduction

The advancement of third-generation powder semiconductors is 
driving power electronics towards higher working frequency (<10 MHz) 
and high power density [1]. Compared to traditional soft magnetic 
materials, SMCs offer significant advantages in high-frequency appli
cations due to their ability to reduce eddy current losses, provide 
tailored magnetic properties, enable efficient designs, and resist the 
DC-bias et al. [2–4]. DC-bias performance of SMCs is an essential 
property for high-power devices since the non-negligible pre-magneti
zation occurs under a large DC component [5]. The high DC-bias per
formance can significantly ensure sufficient high μe and low Pcv under a 
large DC field. At present, the typical commercial SMCs mainly include 
Fe, FeSi, FeSiAl, FeNi and FeNiMo with DC-bias (100 Oe) value of 40–70, 
63–76, 40–50, 68–80, 50–55, respectively [6]. However, these typical 
commercial SMCs encounter challenges related to poor DC-bias 

performance along with high Pcv and weak stability [7,8]. A common 
way to enhance the DC-bias performance is to select materials with High 
Bs, optimized magnetic anisotropy, reduced coercivity (Hc), and mini
mized magnetostriction (λs). Amongst the numerous soft magnetic 
powders [7,9], the Fe-based nanocrystalline alloys have exhibited su
perior overall soft-magnetic properties and are attractive for 
high-frequency applications. Their unique dual-phase nano
crystalline/amorphous structure enables lower magnetic losses and su
perior temperature stability, which enhances DC-bias performance, 
making them suitable for high-frequency applications [10,11].Among 
these, the Finemet-type alloys (Fe-Si-Nb-B-Cu) have dominated com
mercial applications since the 1990s, achieving Bs ~1.24 T with modest 
GFA. However, their performance ceiling has remained largely unchal
lenged for decades, constrained by the inherent trade-off between Bs 
enhancement and GFA deterioration in conventional composition design 
paradigms. Currently, research aimed at enhancing the performances of 
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Fe-based nanocrystalline SMCs often employs two strategies. One is to 
design and develop new compositions of nanocrystalline powders, such 
as Finemet [12], Fe84.8Si0.5B9.4P3.5C1Cu0.8 [13], and Fe85.5B10Si2P2C0.5 
[14], which have high Bs and low Hc. The second is to tailor the physical 
and chemical properties of the insulation layers. The high-quality 
insulating layer can increase resistivity and suppress eddy current los
ses [15]. Achieving optimal magnetic performance requires insulation 
layers with high thermal stability, strong adhesion, and minimal mag
netic dilution effects. Organic coatings are often limited by their low 
decomposition temperatures, which restrict their application in 
high-temperature environments [16]. Inorganic coatings, though more 
resilient, are prone to cracking during cold compaction, compromising 
insulation quality and degrading magnetic performance [17,18]. Recent 
studies have explored in-situ oxidation methods to form insulating 
layers directly on magnetic powder surfaces, offering superior adhesion 
and thermal stability. The ferrimagnetic Fe3O4 coatings formed via 
in-situ oxidation have shown particular promise by reducing eddy cur
rent losses without significantly compromising magnetic properties [19,
20]. However, these methods have faced challenges related to unifor
mity, scalability, and the magnetic dilution effect of non-magnetic ox
ides such as Fe2O3. Therefore, exploring a new type of Fe-based 
nanocrystalline and high-performance insulation layer is a valuable 
research direction.

To address these limitations, in this study, we developed a novel 
FePSiBCNbCu nanocrystalline with higher Bs (1.36 T) and GFA (~1.5 
mm) than Finemet. The spherical powders were successfully prepared 
by gas atomization with a fully amorphous structure. Afterwards, in-situ 
oxide insulation layers were introduced by oxidized with varying con
centrations of HNO3. The evolution of the oxidation layer’s structure 
and thickness was systematically clarified. The correlation among hys
teresis loss (Ph), eddy current loss (Pe) and excess loss (Pexc), perme
ability (μ), DC-bias performance and the internal microstructure of these 
SMCs have been systematically studied. The mechanism underlying the 
effects of the in-situ insulation layer on the high-frequency performance 
of SMCs was also elucidated. Notably, the SMCs prepared from FeP
SiBCNbCu nanocrystalline powder possess the optimum combination of 
low Pcv, high cut-off frequency, and high DC-bias performance [21,22].

2. Experimental procedures

Alloy ingots with nominal compositions of Fe75.3- 

xP5Si7.6B9.5C1.9NbxCu0.7 (x = 0, 1, 2 and 3 at. %) were prepared by in
duction melting the high-purity metals of Fe (99.99 wt%), B (99.99 wt 
%), Si (99.999 wt%), Nb (99.99 wt%) Cu (99.99 wt%), and pre-alloys of 
Fe-P (26.4 wt% P) and Fe-C (5 wt% C) under an argon atmosphere. 
Subsequently, the cylindrical rods with diameters up to 1.5 mm, of 
which were shaped to consider amorphous formability, were produced 
through the Cu-mold casting, and the as-quenched (AQ) ribbons were 
produced via a single-roller melt-spinning with a thickness of 20 μm. 
Differential scanning calorimetry (DSC) was employed at 40 ◦C/min 
heating rate under flowing argon gas to determine the appropriate 
annealing temperature (Ta) range for nanocrystallization. Before mag
netic performance evaluation, the ribbons were annealed at tempera
tures ranging from 460 to 540 ◦C for 30 min in an argon atmosphere. 
Considering GFA and soft magnetic properties, Fe73.3P5

Si7.6B9.5C1.9Nb2Cu0.7 powder was prepared through gas atomization. 
The molten alloy was dispersed and rapidly cooled by a high-pressure 
argon gas flow, with the atomization pressure maintained at 7.5 MPa. 
To prepare insulating layers, the amorphous powders after 200-mesh 
sieve were dispersed in HNO3-ethanol solution (5 wt%, 10 wt%, and 
20 wt%) under continuous stirring for 10 min. For the convenience of 
description, AMPO-n (n = 5, 10, 20) represents the atomized Fe73.3P5

Si7.6B9.5C1.9Nb2Cu0.7 powder treated by n wt% HNO3, and raw powder 
denotes AMPC. The oxidized powders were mixed with 2 wt% epoxy 
resin (EP) to ensure particle adhesion and improve the insulation 
properties between individual powder particles. The composite powders 

were compressed into ring-shaped samples (outer diameter: 12.7 mm, 
inner diameter: 7.6 mm) by cold pressing under a uniaxial pressure of 
1800 MPa for 60 s. Finally, these compacted samples were sealed in 
vacuum quartz tubes and annealed at 480 ◦C for 30 min to induce 
nanocrystallization. For the convenience of description, SMCC and 
SMCO-n (n = 5, 10, 20) represent magnetic core compressed with AMPC 
and AMPO-n, respectively. The GFA of Fe75.3-xP5Si7.6B9.5C1.9NbxCu0.7 
nanocrystalline alloys and fabrication of the schematic process are 
detailed in Fig. 1.

The phase structures of the original and oxidized powders were 
analyzed using X-ray diffraction (XRD, Bruker D8 Focus). The micro
structure and element composition of the powders and the SMCs were 
investigated using a scanning electron microscope (SEM, Zeiss Ross
beam350) equipped with an energy dispersive spectrometer (EDS). To 
investigate the chemical state and valence states of the oxidation layers, 
fourier transform infrared spectrometer (FTIR, Thermo Scientific Nicolet 
iS10) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific 
ESCALAB 250Xi) were employed. The detailed microstructure and 
composition of the powders, along with the oxidation layers, were 
observed using transmission electron microscopy (TEM, Thermo Scien
tific Talos F200X) equipped with selected area electron diffraction 
(SAED) and energy-dispersive X-ray spectroscopy (EDS). The TEM 
samples were prepared by depositing a Pt-protecting layer on the 
oxidation layer of the SMCs prior to trench milling around a small region 
using a focused ion beam (FIB). The hysteresis loops of the SMCs were 
measured by a vibrating sample magnetometer (VSM, Lakeshore 707) 
under an applied magnetic field up to 800 kA/m. An impedance analyzer 
(Keysight, E4990A) was utilized to assess the complex permeability of 
the SMCs over a frequency range of 10 kHz–120 MHz. Additionally, an 
LCR meter (TongHui TH2828A) was employed to determine the per
centage of magnetic permeability (μe%) under DC magnetization fields 
up to 100 Oe. Pcv in the frequency range of 10 kHz-1 MHz was measured 
by B-H analyzer (SY-8218, IWATSU). The resistivity of SMCs was 
quantified with an ultra-high resistance tester (ST2643).

3. Results and discussion

3.1. Magnetic performance of the SMCO-n

The variation in complex permeability spectra of SMCC and SMCO-n 
are presented in Fig. 2(a and b). All samples maintain excellent fre
quency stability across the range of 10 kHz–20 MHz, ensuring reliable 
operation under high-frequency conditions. Although the permeability 
of the SMCO-n decreases compared to the SMCC, it remains over 30 up 
to 30 MHz, demonstrating retention of expected magnetic properties. 
The SMCO-5 shows the lowest permeability. Conversely, SMCO-10 and 
SMCO-20 exhibit higher permeability, which may result from the 
different structures of the insulation layer that affect demagnetizing 
fields [23]. The imaginary permeability (μ″) spectra in Fig. 2b reflect the 
energy loss during magnetization. As frequency increases, μ″ initially 
rises, reaching a peak at the cut-off frequency, which signifies the ma
terial’s upper operational limit and the point of maximum energy 
dissipation [24]. The cut-off frequency of the SMCO-n shifts to higher 
values than the SMCC, indicating an expanded operational frequency 
range. Especially, SMCO-20 achieves the highest cut-off frequency of 96 
MHz. The DC-bias performance assesses the material’s ability to main
tain permeability under high DC-bias fields—an essential metric for 
evaluating the performance of soft magnetic composites in high-current 
applications [25]. As is shown in Fig. 2c, the permeability of all samples 
gradually declines due to magnetic saturation as the DC-bias field in
creases. SMCO-10 and SMCO-20 achieve significantly improved DC-bias 
retention of 73.2 % and 82.7 % compared to SMCC of 57.9 % under 100 
Oe. In addition, Pcv is a critical magnetic property influencing the effi
ciency of SMCs, particularly in high-frequency applications. Minimizing 
Pcv is essential to enhance the energy conversion efficiency of devices 
[26,27]. The dependence of Pcv on frequency (10 kHz–1 MHz) at 
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magnetic inductions (Bm) of 0.05 T and 0.1 T for SMCC and SMCO-n are 
presented in Fig. 2d, e. Across all samples, Pcv experiences an increase 
trend with both frequency and Bm increase; however, the growth rate 
varies significantly among samples. Specifically, SMCO-20 demonstrates 
the lowest Pcv with values reduced to 153 mW/cm3 (0.05 T, 100 kHz) 
and 590 mW/cm3 (0.1 T, 100 kHz), approximately 27 % and 20 % lower 
than SMCC, whereas the SMCO-5 exhibits the highest value of Pcv. Fig. 2f 
shows the hysteresis loops of the samples. The saturation magnetization 
(Ms) of SMCO-n ranges from 131 to 136 emu/g, slightly lower than that 
of SMCC. This reduction reflects the magnetic dilution effect induced by 

the formation of phases/composites within the insulation layer.
In terms of SMCs, high DC-bias capacity ensures stable magnetic 

permeability and performance under superimposed DC fields, while low 
core loss reduces energy dissipation and heat generation at high fre
quencies. These attributes collectively enhance the efficiency, thermal 
stability, and reliability of SMCs, making them ideal for compact, high- 
frequency applications [1]. Fig. 3 summarized Pcv and DC-bias perfor
mance of the reported typical Fe-based amorphous/nanocrystalline as 
well as widely used FeSiAl SMCs [28,29]. It shows that the SMCO-10 and 
SMCO-20 developed in this work exhibit superior performance, of which 

Fig. 1. GFA of Fe75.3-xP5Si7.6B9.5C1.9NbxCu0.7 (x = 0, 1, 2 and 3) nanocrystalline alloys and schematic diagram illustrating the preparation process of the SMCC and 
SMCO-n.

Fig. 2. Magnetic performance of SMCC and SMCO-n: (a) μ′ and (b) μ" as a function of the frequency, (c) percent of permeability as a function of the DC magnetizing 
field, (d) Pcv as a function of the frequency at 0.05 T, (e) Pcv as a function of the frequency at 0.01 T, (f) magnetization curves of SMCC and SMCO-n.
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Pcv is significantly lower, while the DC-bias is extremely higher than 
many advanced counterparts, indicating enhanced energy efficiency and 
stability suitable for application in electronic components.

3.2. Microstructure analysis of ribbon and atomized powders

The composition of the amorphous nanocrystalline alloy is the key to 
achieving the superior magnetic performance of SMCs, such as low core 
loss, high permeability, high saturation magnetic flux density, etc. Thus, 
the alloy’s composition selection is critical to obtaining the powders 
with comprehensive magnetic and high GFA properties. AQ ribbons 
with different Nb content show the amorphous structure, as shown in 
Fig. 4a without a detectable shift of diffraction hump. Moreover, with 
increasing Nb content, the crystallization onset temperature (Tx1) ex
hibits a modest increase, while the second crystallization temperature 
(Tx2) shifts significantly to a higher temperature (Fig. 4b). This shift 
suggests an expansion of the heat treatment window, facilitating better 

control over the crystallization process. Fig. 4c demonstrates the rela
tionship between μe and Bs relative to Nb content. μe exhibits an initial 
increase, reaching a peak at 2 at.% Nb, after which it declines. 
Conversely, Bs decreases monotonically as Nb content increases. 
Notably, the alloy containing 2 at.% Nb showcases significant GFA and 
superior comprehensive soft magnetic properties, thus leading to the 
subsequent preparation of the alloy powder via gas atomization.

Fig. 4d presents the surface morphology of the gas-atomized 
Fe73.3P5Si7.6B9.5C1.9Nb2Cu0.7 amorphous powder. Most of the mag
netic powder particles exhibit a smooth surface and high sphericity, 
which enhance the coating’s integrity and uniformity, thereby reducing 
eddy current losses between particles [8,30]. Fig. 4e illustrates the 
particle size distribution of original powders with D50 and D90 are 30.9 
and 40.3 μm, respectively. Fig. 4f shows the XRD patterns of the original 
powder with different particle sizes. For powders in the 0–75 μm size 
range, only a broad diffuse scattering peak is observed, indicating a fully 
amorphous structure. In contrast, powders in the 75–125 μm size range 

Fig. 3. Comparison of the core loss Pcv (0.1 T, 100 kHz) and DC bias performance (100 Oe) obtained in this work and previous literature reported for different 
SMCs types.

Fig. 4. (a) XRD patterns, (b) DSC curves and (c) permeability and magnetic flux density of as-cast Fe75.3-xP5Si7.6B9.5C1.9Cu0.7Nbx (x = 0, 1, 2 and 3) alloy ribbons; (d) 
SEM morphology, (e) particle size distribution and (f) XRD patterns of gas-atomized Fe73.3P5Si7.6B9.5C1.9Nb2Cu0.7 amorphous powders.
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exhibit a small crystallization peak corresponding to the α-Fe(Si) phase 
near 2θ = 44.5◦. Analysis of the particle size distribution confirms that 
83 % of the powders (particle size <75 μm) are fully amorphous, 
highlighting the strong glass-forming ability of the alloy composition. 
Furthermore, particle size significantly influences not only the amor
phous fraction but also the soft magnetic properties, including eddy 
current loss and magnetic permeability. Based on a comprehensive 
evaluation of amorphous powder yield and soft magnetic performance, 
fully amorphous alloy powders in the 0–54 μm size range were selected 
to prepare SMCs.

3.3. Characterization of the insulation layer

Apart from the composition of the powder, the component, structure 
and thickness of the insulation layer can significantly affect the high- 
frequency performance of the SMCs. A series of experimental valida
tions were conducted to uncover the underlying mechanisms and 
contributing factors. Fig. 5 reveals the evolution of surface morphologies 
and the EDS measurement of the oxygen (O) elemental mass fraction of 
AMPC and AMPO-n. The AMPC exhibits a smooth and pristine surface 
with only 3.79 % oxygen content. In contrast, after treatment with 
HNO3, AMPO-n surfaces exhibit pronounced roughening, accompanied 
by a significant increase in the O oxygen content, confirming the for
mation of an oxide layer. The presence of an oxidized layer is certified to 
enhance the electrical resistivity [31], thereby mitigating eddy current 
losses between individual powder particles. Notably, the oxide layer of 
AMPO-5 is relatively porous and loosely structured, characterized by a 
uniform micro-pore distribution (Fig. 5d). Conversely, AMPO-10 and 
AMPO-20 exhibit a more compact, continuous thicker oxide layer 
(Fig. 5f–h). FTIR was performed on the powder particles further to 
elucidate the composition of the surface oxide layer. The strong ab
sorption bands at 3440 cm− 1 and 1630 cm− 1 correspond to the 
stretching vibration of -OH bonds, indicative of water absorbed on the 
powder surface (Fig. 6). Additionally, the absorption band at 1060 cm− 1 

is attributed to the Si-O-Si stretching vibration absorption band [32]. 
Notably, the FTIR spectra of the AMPC for comparison exhibit similar 
characteristic absorption features, albeit with lower intensity, which can 
be ascribed to mild surface oxidation resulting from gas atomization in a 
relatively low vacuum environment. Following HNO3 oxidation, a new 
absorption band near 1380 cm− 1 emerges, corresponding to Fe-OH vi
bration absorption modes, which become intense as the concentration of 
HNO3 increases. The bands at 880 cm− 1 and 800 cm− 1 are associated 
with Fe-O vibration absorption [33,34]. Notably, a significant 

absorption band at 560 cm− 1 in AMPO-10 and AMPO-20 is the char
acteristic of Fe3O4 [18,35]. This suggests the formation of Fe3O4 on the 
powder surface after HNO3 treatment at concentrations of 10 wt% or 
higher. The shifting position and varying intensity of these characteristic 
absorption peaks with increasing HNO3 concentration indicate an 
enhanced formation of Fe oxides and a corresponding evolution in the 
composition of the oxide layer.

XPS characterization was performed to investigate the surface 
chemistry of AMPO-n. As illustrated in Fig. 7a, the Fe 2p spectrum for 
AMPO-5 reveals distinct peaks corresponding to Fe0 (707.2 eV), Fe2+

(709.9 eV) and Fe3+ (711.7 eV), along with characteristic satellite peaks 
at 719.9 and 731.9 eV, corroborating previous reports [36–38]. The 
relative abundance of Fe2+ and Fe3+ species yields a Fe2+/Fe3+ ratio of 
approximately 4.05:1, aligning with stoichiometry of Fe2O3. The 
accompanying Si 2p spectrum (Fig. 7b) displays peaks at 98.6 eV and 
102.4 eV, assigned to Si0 and Si4+, corresponding to elemental Si and 
SiO2, respectively [39,40]. The simultaneous detection of Fe0 and Si0 

indicates the formation of a thin insulating layer, possibly hindering 
complete oxidation [17]. The O 1s spectrum in Fig. 7c deconvoluted into 
four distinct peaks at 528.9, 530.0, 531.2 and 532.5 eV, attributed to 

Fig. 5. SEM images depicting the surface morphology of (a) AMPC, (c) AMPO-5, (e) AMPO-10 and (g) AMPO-20; (b), (d), (f) and (h) are magnification for (a), (c), (e) 
and (g), respectively.

Fig. 6. FTIR spectra of AMPC and AMPO-n.
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Fe2+, Fe3+, OH− , and Si4+ [40–42], respectively. These results suggest 
that the surface layer of AMPO-5 primarily comprises Fe2O3, SiO2, and 
hydroxides. As the HNO3 concentration increases to 10 wt%, the Fe 2p 
spectrum (Fig. 7d) exhibits peaks at 705.8 eV, 709.1 eV and 710.9 eV, 
corresponding to Fe0, Fe2+, and Fe3+, respectively. The Fe2+/Fe3+ ratio, 
now approaching 1:2, is consistent with the presence of Fe3O4. In par
allel, the Si 2p spectrum reveals the persistence of Si0 and Si4+ states 
(Fig. 7e), whereas the O 1s spectrum retains contributions from Fe2+, 

Fe3+, OH− , and Si4+ species (Fig. 7f). This analysis suggests that the 
oxide layer formed at AMPO-10 mainly comprises Fe3O4, SiO2, and 
hydroxides. With the HNO3 concentration increased to 20 wt%, the Fe 
2p spectrum demonstrates a significant attenuation of the Fe0 signal, 
indicative of a thicker insulating layer formed (Fig. 7g). The spectral 
profile highlights the dominance of Fe3+ and Fe2+ states alongside the 
persistence of satellite peaks. Notably, the Fe2+/Fe3+ ratio falls below 
1:2, suggesting the coexistence of Fe2O3 and Fe3O4. The Si 2p spectrum 

Fig. 7. XPS spectra of the (a, d, g) Fe 2p, (b, e, h) Si 2p, (c, f, i) O 1s core-level peaks recorded from powders of (a–c) AMPO-5, (d–f) AMPO-10, and (g–i) AMPO-20.

Fig. 8. (a–d) Cross-sectional SEM images of SMCO-20, accompanied by corresponding EDS mappings, (e) XRD patterns of SMCC and SMCO-n after anneal
ing treatment.
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shows both Si0 and Si4+ contributions, although the Si0 peak area di
minishes considerably, implying enhanced oxidation (Fig. 7h). O 1s 
spectrum maintains peaks corresponding to Fe2+, Fe3+, OH− , and Si4+, 
consistent with prior observations (Fig. 7i). Consequently, the oxide 
layer of AMPO-20 predominantly contains Fe2O3, Fe3O4, SiO2 and 
hydroxides.

To investigate whether the annealing treatment, pressure and EP 
coupling can affect the performance of AMPO-20 or not, the cross- 
sectional morphology, elements mapping and phase constituent of 
SMCO-20 are shown in Fig. 8. The surface of the powder is covered with 
a complete layer of insulating EP and the homogeneous distribution of O 
elements between the powder particles, indicating the formation of a 
uniform oxide layer throughout SMCO-20 (Fig. 8c). Moreover, under the 
cold pressing condition of 1800 MPa, the powder exhibits no plastic 
deformation, retaining its high sphericity, which is indicative of the 
significant mechanical strength of AMPO-20. Additionally, the XRD 
patterns of SMCC and SMCO-n annealed at 480 ◦C show no detectable 
diffraction peaks other than those corresponding to the α-Fe(Si) phase, 
suggesting that the oxide layer during oxidation is too thin to be 
detected by XRD (Fig. 8e).

Details of oxidation layers of SMCO-10 and SMCO-20 were further 
investigated through cross-sectional TEM, as shown in Fig. 9. The 
oxidation layer is observed as a distinct grey region situated above the 
Fe-based magnetic powder matrix, indicating the formation of a uniform 
and compact coating that adheres well to the substrate (Fig. 9a, c). The 
thickness of the oxidation layer varies with the concentration of HNO3, 
with approximately 20 nm for AMPO-10 and 74 nm for AMPO-20. This 
structural integrity ensures the creation of an effective barrier, pre
venting direct contact between individual powder particles. The TEM 
images and corresponding EDS elemental mappings presented in Fig. 9b, 

d further elucidate the chemical composition of the oxidation layer. The 
EDS analysis confirms the presence of Fe, O, and Si, indicating that the 
oxidation layer predominantly consists of iron oxides and silicon oxides. 
Notably, the transition in the oxide layer composition and thickness 
plays a pivotal role in improving insulation. A thicker oxidation layer 
ensures superior electrical isolation, minimizing eddy current losses 
while preserving the magnetic properties critical for high-frequency 
applications.

Grain size distribution measurements and SAED analysis were con
ducted to investigate further the impact of annealing treatment on the 
structural characteristics of SMCO-10 and SMCO-20. The uniform 
dispersion of small α-Fe(Si) nanocrystals within the amorphous matrix 
plays a critical role in the soft magnetic properties of these materials. 
The exchange interaction between grains effectively averages out the 
local magnetocrystalline anisotropy, enhancing the magnetic perfor
mance [43,44]. Fig. 10a, c reveals that fine α-Fe(Si) nanograins are 
uniformly and randomly distributed within the amorphous matrix in 
both samples. The diffraction rings corresponding to the (110), (200), 
and (211) planes confirm the presence of nanocrystalline α-Fe(Si) pha
ses, demonstrating a consistent crystalline structure across oxidation 
conditions. The grain size distributions show minimal variation in 
response to the HNO3 concentration. For SMCO-10, the average grain 
size was 14.4 nm, while a slight reduction to 14.1 nm was observed in 
SMCO-20. This negligible change in grain size indicates that the HNO3 
oxidation process exerts little influence on the internal crystalline 
structure. These findings demonstrated that the primary effect of HNO3 
oxidation lies in the formation and growth of the surface oxide layer 
rather than altering the internal nanograin structure of the powder.

Fig. 9. Cross-sectional TEM analysis of oxidation layers formed on (a, b) SMCO-10 and (c, d) SMCO-20; (b, d) TEM images with corresponding EDS elemental maps 
for Fe (b-1, d-1), O (b-2, d-2), and Si (b-3, d-3).
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3.4. Growth mechanism of insulation layers for SMCO-n

The growth mechanism of the oxidation layer via in situ HNO3 
oxidation can be inferred from the preceding analysis and is schemati
cally illustrated in Fig. 11. The oxidation process yields a bilayer- 
structured coating on the AMPC, comprising an inner barrier layer 
and an outer precipitation layer consistent with previously reported 
passivation models [45]. During the initial stages of passivation, Fe and 
Si atoms at the powder surface are directly oxidized into SiO2, Fe3O4 and 
Fe2O3, forming a compact inner oxide layer. As oxidation proceeds, Fe 
and Si atoms further dissolve, releasing cations such as Fe3+, which 
diffuse through the barrier layer to accumulate at the interface between 

the barrier layer and the surrounding HNO3 solution. This migration of 
Fe3+ reduces the local concentration of H+ ions near the powder surface, 
thereby increasing the pH. As a result, transient precipitation of hy
droxides, such as Fe(OH)3, occurs, temporarily blocking the powder 
surface and contributing to the formation of the outer precipitation 
layer. However, the presence of H+ ions in the HNO3 solution also fa
cilitates the dissolution of these hydroxides, creating a dynamic equi
librium between hydroxide precipitation and dissolution. This cyclical 
process governs the growth of the outer layer. The barrier layer consists 
primarily of Fe oxides (Fe2O3, Fe3O4) and SiO2, while the precipitation 
layer is composed of Fe(OH)3. The formation of these layers reflects the 
complex interplay between ion migration, precipitation, and 

Fig. 10. (a) TEM micrograph and (b) corresponding grain size distribution of AMPO-10, (c) TEM micrograph and (d) grain size distribution of AMPO-20.

Fig. 11. Schematic of insulation layer growth on the surface powder.
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dissolution, all of which influence the final oxide structure. Thermody
namically, both Fe and Si in the powder can be oxidized by HNO3 as 
indicated by the following reactions, where the negative changes in the 
Gibbs free energy (ΔrGθ

m) demonstrate the spontaneous nature of the 
oxidation process [46]: 

2Fe + 6HNO3(dilute) = Fe2O3 + 6NO + 3H20
ΔrGθ

m = − 1140.95 kJ
/
mol

(1) 

3Fe + 8HNO3 = Fe3O4 + 8NO2 + 4H20
ΔrGθ

m = − 907.96 kJ
/
mol

(2) 

2Fe3O4 + 2HNO3 = 3Fe2O3 + 2NO2 + H20
ΔrGθ

m = − 168.94 kJ
/
mol

(3) 

3Si + 3NO−
3 + 4H+ = 3SiO2 + 4NO + 2H20

ΔrGθ
m = − 387.26kJ

/
mol

(4) 

At low concentration of 5 wt% HNO3, the powder surface is not 
sufficiently passivated, resulting in direct oxidation into Fe2O3 following 
reaction (1). At 10 wt% HNO3, passivation occurs through forming 
Fe3O4 (reaction (2)), generating a relatively dense and stable barrier 
layer with limited thickness. When the HNO3 concentration is increased 
to 20 wt%, a thicker passivation layer forms due to accelerated oxida
tion. Over time, part of the Fe3O4 in the barrier layer is further oxidized 
into the thermodynamically more stable Fe2O3 (reaction (3)). Thus, the 
oxidation behaviour of the Fe-based powders is governed by the inter
play between passivation, ion migration, and hydroxide precipitation, 
with the varying concentration of HNO3 playing a pivotal role in 
determining the final composition and structure of the insulation layer. 
The morphology and uniformity of the oxidation layer, in turn, have 
profound implications for the magnetic properties of the composite 
material.

3.5. Correlating the growth of the insulation layer with the performance of 
SMCO-n

Analysis on the detailed growth of the insulation layers allows in
sights into the performance of SMCs. Permeability change is attributable 
to the formation of the oxidation layer. For SMCO-10 and SMCO-20, a 
compact and uniform oxidation layer minimizes demagnetizing fields, 
enhancing permeability (Fig.s. 2a and 5f–h) [47]. In contrast, a porous 
and less effective Fe2O3 coating leads to poor permeability (Figs. 2a, Fig 
5d). Ferrimagnetic Fe3O4 can reduce magnetic dilution, while Fe2O3 
provides both electrical and magnetic insulation for powder particles. 
The synergistic effect of Fe3O4 and Fe2O3 not only enhances perme
ability but also improves the cut-off frequency. Additionally, compared 
to SMCO-10, SMCO-20 has a thicker insulating layer and introduces a 
larger demagnetization field, further improving the cut-off frequency. 
(Fig.s. 2b–Figs. 5–7, Fig 9). Insulation layer also contributes to the 
improvement DC-bias of SMCO-n by introducing a higher demagneti
zation field and reducing the effective magnetic field within individual 
particles. By mitigating premature saturation, SMCO-n demonstrates 
superior DC-bias performance than SMCC, enhancing their suitability 
for operation under high-current conditions (Figs. 2c, Fig 9) [48]. The 
loss separation analysis has been conducted to elucidate the mechanism 
underlying the effect of the insulation layer on the Pcv. Theoretically, Pcv 
can be decomposed into Ph, Pe and Pexc, as described by Bertotti’s classic 
theory [49] and Kollar’s theory [50]. The loss model can be expressed 
as: 

Pcv =Ph + Pe + Pexc (5) 

Pcv =ChBα
mf + CeB2

mf2 + CexcBx
mfy (6) 

Where Ch, Ce and Cexc represent the hysteresis loss coef ficient, eddy 
current, and excess loss coefficient, respectively, f is the frequency.

The variation in Ph after loss separation is displayed in Fig. 12a. The 
SMCO-n exhibit higher hysteresis losses compared to SMCC, primarily 
due to the influence of the oxidation layer. The presence of ferrimagnetic 
or non-magnetic phases within the oxide layer impedes domain wall 
motion, thus reducing exchange coupling between powder particles and 
increasing Ph [20,51]. The SMCO-5 shows the highest Ph, which can be 
attributed to the predominance of Fe2O3, a non-magnetic phase that 
more effectively hinders domain wall motion than Fe3O4 [20]. As the 
concentration of HNO3 increases from 10 wt% to 20 wt%, the oxide 
layer thickens, leading to an enhanced demagnetization field and a 
subsequent increase in hysteresis loss [22]. Pe arises from the eddy 
currents in response to alternating magnetic fields applied on soft 
magnetic materials [49,52,53]. Normally, Pe can be divided into 
inter-particle (Pinter

e ) and intra-particle (Pintra
e ) components [21,27]. The 

Pinter
e originates from the eddy current circulating among the particles in 

the entire SMCs, often caused by non-uniform coating or damage to the 
insulation layer during compaction. In contrast, Pintra

e arises from eddy 
current within individual magnetic particles. Then, Pinter

e and Pintra
e can be 

expressed as: 

Pinter
e =

(πde)
2

ρsβ1
B2

mf2 (7) 

β1 =
6

1 − 0.633(w/h)tanh (1.58h/w)
(8) 

Pintra
e =

(
πdp

)2

20ρp
B2

mf2 (9) 

Where de is the effective eddy current dimension (the shorter edge of the 
core’s rectangular cross-section), β1 is a geometric factor related to the 
core cross-section, ρs is the electrical resistivity of the composite. Where 
dp is the particle diameter, and ρp is the electrical resistivity of the 
magnetic particles.

The variation of Pinter
e and Pintra

e under the condition of Bm = 0.05 T is 
illustrated in Fig. 12b. The Pintra

e , calculated from equation (9), shows no 
notable variation across the samples due to the similar AMPC size dis
tribution used for all SMCs in this study. However, Pinter

e exhibits great 
change amongst different samples. Compared to SMCC, SMCO-5 shows 
only a slight reduction in Pinter

e , indicating that the porous and less 
effective Fe2O3 layer provides insufficient insulation. Conversely, 
SMCO-10 and SMCO-20 exhibit a significant reduction in Pinter

e , under
scoring the enhanced insulating performance of their dense oxide layers 
by increasing ρs. SMCO-20 shows a lower value than SMCO-10, attrib
uted to the formation of a thicker oxidation layer (Figs. 6–7, Fig 9). 
When SMCs are applied under high frequency, Pexc becomes a severe 
issue [54]. It has been reported the Pexc of Fe73.5Si15.5B7Cu1Nb3 nano
crystalline can reach 88 kW/m3 (100 mT, 200 kHz), which accounts for 
90 % of the core loss [3]. The large percent of Pexc in total Pcv becomes an 
urgent problem for improving SMCs performance. As is shown in 
Fig. 12d, Pexc contributes relatively little to the total loss under low and 
medium frequencies. However, as the frequency increases, the propor
tion of Pexc rises, accounting only 50 % of the total loss at 1 MHz, which 
suggests the in-situ insulation layer significantly decline the proportion 
of Pexc. Besides, the dense oxide insulation also improves the Pexc at 
higher frequencies, which can be attributed to the shift in the cut-off 
frequency toward higher values [55]. Thus, in the SMCO-n, the insu
lation layer exhibits a consistent impact on Ph, Pe and Pexc by adjusting 
the concentration of HNO3. Ph, Pexc and Pinter

e can be reduced simulta
neously. These findings indicate that HNO3 treatment plays a critical 
role in modulating the morphology and uniformity of the oxidation 
layer, which may, in turn, have profound implications for the magnetic 
properties of the composite material.
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4. Conclusion

In this study, a novel FePSiBCNbCu nanocrystalline with compre
hensive soft properties and high GFA was designed. The optimally 
designed Fe73.3P5Si7.6B9.5C1.9Nb2Cu0.7 were successfully prepared by 
gas atomization with a fully amorphous structure. Afterwards, high- 
frequency soft magnetic properties of Fe73.3P5Si7.6B9.5C1.9Nb2Cu0.7 
nanocrystalline SMCs were successfully fabricated by introducing an 
insulation layer with HNO3 oxidation treatment. The oxidation process, 
controlled by HNO3 concentration, yields a bilayer oxide structure 
consisting of a dense barrier layer and a more porous outer precipitation 
layer. As the concentration of HNO3 increases, a uniform and dense 
Fe3O4 oxide layer forms on the powder surface. This ferrimagnetic oxide 
layer not only acts as an insulator but also reduces the magnetic dilution 
effect, playing a key role in the observed improvements in magnetic 
properties. The densification of the oxide layer in samples with higher 
HNO3 concentration (SMCO-10, SMCO-20) significantly reduces Ph, Pe, 
and Pexc reveals that the presence of a uniform and compact oxide layer 
is integral to reducing overall core loss. Moreover, the enhanced insu
lation layer improves the high-frequency response and mitigates Pexc at 
elevated frequencies, making the materials more suitable for high- 
current, high-frequency applications. SMCs demonstrated superior 
magnetic performance, including highly stable μ′ remained between 30 
and 47 up to 20 MHz, excellent DC-bias permeability increase from 57.8 
% to 82.7 % under 100 Oe, high cut-off frequency up to 96 MHz, and low 
Pcv that regulated less than 153–173 mW/cm3 (50 mT, 100 kHz), 
590–663 mW/cm3 (100 mT, 100 kHz). This study provides significant 
insights into the design of Fe-based soft magnetic composites with 
tailored insulation properties, enabling the optimization of their per
formance for advanced applications. The correlation between oxide 
layer characteristics and composite performance highlights the 

importance of controlling the oxidation process for future material 
design, ultimately leading to more efficient and reliable SMCs for next- 
generation electronic and energy systems.
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