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Abstract

Carbonyl iron powder (CIP)-based soft magnetic composites (SMCs) are
promising for high-frequency power electronics due to their high saturation
magnetization and cost-effectiveness. However, their high eddy current loss at elevated
frequencies necessitates effective inter-particle insulation. This study systematically
investigates the insulating coating validity of magnesium dihydrogen phosphate
Mg(H2PO4)2 for CIP. The results demonstrate that Mg(H2PO4): facilitates the formation
of a uniform and dense composite insulating layer on the CIP surface without altering
its body characteristics. The optimal performance was achieved with a coating content
of 0.15 wt.% and an annealing temperature of 500 °C. Under these conditions, the
composite exhibited a balanced combination of high initial permeability (44.1 at 1
MHz), high cut-off frequency (236.1 MHz), low power loss (552.4 kW/m? at 1 MHz,
20 mT), and minimal coercivity (10.1 A/m). The insulation layer effectively suppressed
eddy current losses, which were reduced to 30% of the total loss compared to 64.7% in
the uncoated sample. This work provides a viable strategy for developing high-
performance CIP-based SMCs suitable for high-frequency applications.
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1. Introduction

The relentless pursuit of miniaturization and higher power density in modern
electronic devices, driven by advancements in 5G communications, electric vehicles,
and high-frequency switching power supplies, imposes increasingly stringent demands
on soft magnetic materials [1-6]. Ideal core materials for these applications must
simultaneously exhibit high saturation magnetization, high permeability, low coercivity,
and minimal losses at high operating frequencies [7-10]. Traditional options face
inherent limitations: metallic soft magnets (e.g., silicon steel, FeSiAl, FeNi etc.,) suffer
from excessive eddy current loss at high frequencies due to low resistivity, while soft
ferrites, despite their high resistivity, are constrained by low saturation magnetization
(~0.3-0.5 T), hindering further device miniaturization [11-15].

Soft magnetic composites (SMCs) present a promising solution by combining
insulated magnetic powder particles into a bulk material, thereby integrating the high
saturation of metals with the high resistivity of ceramics [16-20]. Among various
magnetic particles, carbonyl iron powder (CIP) is particularly attractive due to its high
saturation magnetization (~2.1 T), excellent sphericity, and narrow particle size
distribution [21-24]. The performance of CIP-based SMCs at high frequencies critically
depends on the quality of the inter-particle insulating layer, which is essential to block
eddy current paths [25-28].

While various insulating coatings, including phosphates, oxides, and organic
resins, have been explored [29-35], magnesium dihydrogen phosphate Mg(H2PO4):
stands out for its high thermal stability, excellent resistivity, strong adhesion to metals,
and cost-effective processing [36-38]. However, the synergistic effects between coating
content and post-annealing temperature on the microstructure and magnetic properties
of Mg(H2PO4)2-coated SMCs is insufficiently understood [37, 39]. Therefore, this work
aims to systematically investigate the fabrication and performance of CIP-based SMCs
using Mg(H2POs): as the insulating agent and silicone resin as the binder. The effects
of the Mg(H2PO4)> coating content (0-0.30 wt.%) and annealing temperature (400-
600 °C) on the microstructure, phase composition, and high-frequency magnetic

properties (complex permeability, core loss, and coercivity) are thoroughly examined.



The primary goal is to elucidate the underlying mechanisms governing property
regulation and to identify the optimal processing window that balances permeability
and loss for high-frequency applications, thereby providing valuable insights for the
development of advanced SMCs.
2. Experimental

Materials preparation: The CIP was provided by BASF Corporation. Mg(H2PO4)2
(98% purity) was obtained from Guangdong Yuanfeng Chemical Reagent Co., Ltd.
Silicone resin (SH-9602) was purchased from Hubei LongSheng Sihai New Materials
Co., Ltd., and zinc stearate (99.9% purity) was supplied by Shanghai Macklin
Biochemical Co., Ltd. Fig. 1 shows the process diagram for synthesizing the CIP-based
soft magnetic composite. A specific mass of CIP was mixed and stirred with
Mg(H2PO4)2 solutions at contents of 0-0.30 wt.%. The resulting phosphate powder was
placed on a heating platform and dried at 80 °C to remove excess acetone solvent. The
phosphate powder was uniformly mixed with 1 wt.% silicone resin-acetone solution
and dried at 80 °C to ensure the evenly coating of silicone resin on powder particles[40].
Zinc stearate was mixed with the dried powder until thoroughly blended to reduce wear
between powder and mold during pressing. The toroidal samples were prepared in the
size of ®12.7 mm x 7.6 mm and under the pressure of 1200 MPa. The green compacts
were annealed in N> protective atmosphere at temperatures of 400-600 °C for 1 hour.

Characterization: X-ray diffraction (XRD, Rigaku SmartLab SE from Japan) was
employed to obtain the crystal structure and phase composition. The surface
morphology of iron powder was observed using scanning electron microscopy (SEM,
ZEISS Sigma 360 from Germany). An X-ray energy dispersive spectrometer (EDS,
ZEISS Sigma 360 from Germany) enabled qualitative and semi-quantitative elemental
analysis by capturing characteristic X-rays emitted during interactions between the
electron beam and the sample. The magnetic permeability of the toroidal samples was
measured using an impedance analyzer (Agilent E4991B) with a 16454 fixture. The
power loss and AC hysteresis loop were measured using a B-H analyzer (Iwatsu
SY8218). This article uses the classic Bertotti loss separation model to separate power

loss and explores the changes in hysteresis loss and eddy current loss [41].
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Fig. 1. Experimental procedure to prepare CIP-based SMC in this work.
3. Results and discussion

Fig. 2 presents the SEM images of CIP treated with varying contents of
Mg(H2PO4)2. The uncoated, raw CIP (Fig. 2a) displays a regular spherical morphology
characterized by a smooth and clean surface without noticeable impurities; its excellent
sphericity promotes close particle packing, which contributes to enhanced material
density [10]. Following the Mg(H2PO4)2 coating process (Fig. 2b—f), the surfaces of
CIP powder become distinctly rough and are covered with granular deposits. As the
coating content increases, the density of these surface deposits progressively rises. At a
coating content of 0.10 wt.% (Fig. 2b), only sparse and fine particles are distributed
across the powder surface, resulting in a discontinuous and incomplete insulating layer.
At 0.15 wt.% (Fig. 2c), a uniform and densely packed coating forms, covering the
powder surface thoroughly with no significant areas of exposure, thereby indicating
good insulation integrity. When the content is further increased to 0.20 wt.% (Fig. 2d),
0.25 wt.% (Fig. 2e), and 0.30 wt.% (Fig. 2f), the surface deposits begin to aggregate
into larger, lumpy protrusions, and slight inter-particle agglomeration becomes apparent.
This phenomenon stems from the excessive accumulation of Mg(H2POs4), on the
powder surface, which leads to an uneven thickness of the insulating layer. Such
agglomeration can adversely affect the flowability of the powder in subsequent forming

stages and may introduce voids within the compacted material, ultimately reducing its



overall density. These observations underscore that the coating content must be
carefully controlled and maintained within an optimal range to ensure the formation of

a uniform insulating layer without compromising microstructural homogeneity.

Fig. 2. SEM images of (a) raw CIP and CIPs coated with different contents of Mg(H,PO4): (b)
0.10 wt.%, (c) 0.15 wt.%, (d) 0.20 wt.%, (e) 0.25 wt.%, (f) 0.30 wt.%.

Fig. 3 shows the XRD patterns of SMCs prepared with different coating contents
and annealing temperatures. As shown in Fig. 3a, all tested samples exhibit distinct
characteristic diffraction peaks at 44.7°, 65.0°, and 82.3°. Comparison with the standard
PDF card (PDF#06-0696) confirms that these peaks correspond to the (110), (200), and
(211) crystal planes of body-centered cubic (bec) iron, with a lattice constant of 2.8664
A. The XRD patterns of samples with different coating contents showed no diffraction
peaks corresponding to Mg(H2POs) or other impurity phases. This indicates that the
Mg(H2PO4)2 coating forms only a thin insulating layer on the iron powder surface
without undergoing chemical reactions to form new phases or altering the original
crystal structure of the iron powder [42]. Fig. 3b shows the XRD patterns of the samples
with a 0.15 wt.% coating content after annealing at different temperatures. All annealed
samples retained the bce structure of elemental Fe, with no significant shift in
diffraction peak positions and no appearance of diffraction peaks from oxide phases
such as FeO or FexOs. This indicates that the nitrogen atmosphere effectively
suppressed oxidation of the iron powder during annealing. As the annealing temperature
increased, the diffraction peak intensities slightly enhanced, indicating that the

annealing treatment promoted grain refinement and lattice defect repair in the iron



powder. This facilitates the reduction of internal stresses within the material and

improves its magnetic properties.
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Fig. 3. XRD of CIPs with different (a) coating contents, and (b) annealing temperatures.

Fig. 4 shows the SEM morphology and corresponding EDS elemental distribution
maps of a polished surface of the SMCs coated with 0.15 wt.% Mg(H2POs4), and
silicone resin following annealing at 500 °C. As observed in the figure, iron (Fe),
serving as the matrix element, is uniformly distributed within the core region of the
particles. In contrast, oxygen (O), silicon (Si), phosphorus (P), and magnesium (Mg)
are all homogeneously dispersed across the particle surfaces, collectively forming a
continuous, element-enriched layer. This spatial distribution provides direct evidence
for the successful formation of a composite insulating layer on the iron powder surface
through the combined application of Mg(H2PO4), and silicone resin. More specifically,
the signals of P and Mg originate from Mg(H2PO4): coating, Si is derived from the
silicone resin binder, while O is contributed by both the phosphate compound and the
cured resin. The observed uniformity in the distribution of these key elements further
indicates that the preparation process employed for fabricating the insulating layer is
both stable and reliable, ensuring consistent coverage and compositional homogeneity

across the coated powder particles.



Fig. 4. SEM and EDS images of the polished surface of SMC-coated Mg(H2POs4): (taking 0.15%
annealing at 500 °C as an example): (a) secondary electron (SE) image, (b) O, (c) Si, (d) P, (e)
Mg, (f) Fe.

To further verify the distribution of Fe, O, Si, P, and Mg elements across the cross-
section, EDS elemental mapping was performed on a cross-section of the Mg(H2PO4),-
coated SMCs. As shown in Fig. 5, Fe is concentrated in the core region of the particles,
while O, Si, P, and Mg form a continuous insulating layer covering the particle surfaces
and inter-particle regions. This insulating layer effectively disrupts the conductive
pathways between particles, increasing the overall resistivity of the material and
thereby suppressing eddy current losses at high frequencies. Furthermore, the inter-
particle insulating layer reduces magnetic domain coupling, enhancing the stability of

the material's high-frequency magnetic properties [43].

Fig. 5. SEM and EDS images of the cross-section of SMC-coated Mg(H,PO4) (taking 0.15%

annealing at 500 °C as an example): (a) secondary electron (SE) image, (b) O, (¢) Si, (d) P, (e)



Mg, (f) Fe.

Fig. 6 shows the permeability spectra of SMCs with different Mg(H2PO4)2
contents. As seen in Fig. 6a, the low-frequency p' decreases with frequency for all
samples, reflecting typical high-frequency behavior dominated by domain wall
resonance and eddy current loss[44, 45]. Initial permeability (Fig. 6c) declines
monotonically with coating content: from 54.3 (0 wt.%) to 47.7 (0.10 wt.%), 44.1 (0.15
wt.%), and 32.1 (0.30 wt.%). This reduction results from magnetic dilution by the
non-magnetic coating and increased inter-particle magnetic resistance. The cut-off
frequency (Fig. 6d), determined from the frequency where p’ decreasing to half its
initial value and the maximum value of pu” (Fig. 6b), increases markedly with coating
content: from 59.3 MHz (0 wt.%) to 236.1 MHz (0.15 wt.%) and 381.7 MHz (0.30
wt.%). This improvement is attributed to the insulating layer enhancing resistivity,
suppressing eddy currents, and extending high-frequency performance. Overall, the
0.15 wt.% sample achieves a favorable balance between initial permeability and cut-off

frequency, offering both moderate permeability and good high-frequency stability.
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Fig. 7 shows the power loss curves for SMCs coated with different contents of
Mg(H2PO4)2. As shown in Fig. 7a, the power loss of all samples increases with
frequency. This is because eddy current losses are approximately proportional to the
square of the frequency, while hysteresis losses are proportional to frequency itself. The
uncoated sample showed the highest power loss across all frequencies (1055.3 kW/m?
at 1 MHz). As coating content increased, loss first decreased then increased, with the
0.15 wt.% sample achieving the lowest loss (552.4 kW/m?, a 47.7% reduction). Below
0.15 wt.%, the discontinuous insulating layer allowed conductive pathways and high
eddy current loss; above 0.15 wt.%, excessive thickness or agglomeration reduced
density, increased porosity, and raised hysteresis loss. Loss separation at | MHz and 20
mT (Fig. 7b) shows that eddy current loss accounted for 64.7% of total loss in the
uncoated sample, but only 30% in the 0.15 wt.% sample (hysteresis loss 70%). This
confirms that the Mg(H2POs); insulating layer effectively suppresses eddy current loss,

which is key to reducing total power loss.
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Fig. 8 shows the magnetic properties of SMCs coated with different contents of
Mg(H2PO4)2. The AC hysteresis loops in Fig. 8a reveal that the sample witha 0.15 wt.%
coating content exhibits the narrowest loop, indicating the lowest hysteresis loss. In
contrast, the uncoated sample and the samples with high coating contents display wider
hysteresis loops, indicating higher hysteresis losses. Coercivity (Fig. 8b) first decreases
and then increases with increasing coating content: the 0 wt.% sample exhibits a
coercivity of 16.5 A/m, the 0.15 wt.% sample drops to a minimum of 10.1 A/m, and the

0.30 wt.% sample rises to 12.9 A/m. This variation in coercivity is closely related to the



quality of the insulating layer and the internal stress within the material. An appropriate
coating content (0.15 wt.%) forms a uniform and dense insulating layer, which reduces
inter-particle friction and stress transfer, thereby lowering internal stress. Additionally,
the insulating layer impedes domain wall movement and reduces magnetic domain
coupling, contributing to the decrease in coercivity. Insufficient coating leads to direct
particle contact and higher stress, while excess coating causes agglomeration, increased

porosity, and greater resistance to domain wall motion, raising coercivity.
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Fig. 8. Magnetic properties of SMCs coated with different contents of Mg(H>POs), at 1 MHz
and 20 mT: (a) AC hysteresis loops, (b) coercivity.

Based on the above experimental results, the sample with a coating content of 0.15
wt.% was selected for further investigation into the effect of annealing temperature on
magnetic properties. The results are shown in Fig. 9. The real permeability spectra in
Fig. 9a reveal that as the annealing temperature increases, the p' in the low-frequency
range gradually rises, while its decay rate in the high-frequency range progressively
accelerates. The low-frequency ' of the sample annealed at 400 °C is 40.8, which
increases to 44.1 for the 500 °C sample and further rises to 52.8 for the 600 °C sample.
However, the cut-off frequency exhibits an opposite trend: the sample annealed at 400 °C
has a cut-off frequency of 266.3 MHz, which decreases to 236.1 MHz for the 500 °C
sample and drops further to 110.4 MHz for the 600 °C sample. The initial permeability
data in Fig. 9c show a monotonically increasing trend with annealing temperature. This
occurs because elevated annealing temperatures gradually release internal stresses
within the material, repair lattice defects, reduce resistance to domain wall movement,

and thereby enhance permeability. According to the cut-off frequency in Fig. 9, it can



be concluded that the cut-off frequency exhibits a monotonically decreasing trend with
increasing annealing temperature. This is attributed to the potential slight
decomposition of the insulating layer at high annealing temperatures, which lowers

resistivity, increases eddy current losses, and accelerates the decay of permeability at

high frequencies.
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(1), (b) imaginary part (1"), (c) initial permeability, (d) cut-off frequency.

Fig. 10 shows the power loss curves of SMCs with 0.15 wt.% Mg(H2PO4)> under
different annealing temperatures. As seen in Fig. 10a, power loss increases with
frequency, and the annealing temperature significantly influences the loss magnitude.
At 1 MHz, power loss first decreases and then increases with temperature: from 663.2
kW/m? (400 °C) to a minimum of 552.4 kW/m? (500 °C), followed by a sharp rise to
1163.7 kW/m? (600 °C). This non-monotonic trend stems from competing mechanisms.
At 400 °C, insufficient stress relief results in high hysteresis loss. Optimal annealing at
500 °C balances stress relief with insulating layer integrity, minimizing total loss.
Conversely, annealing at 600 °C degrades the insulating layer, reducing resistivity and

triggering a significant increase in eddy current loss. Loss separation at 1 MHz and 20



mT (Fig. 10b) confirms this, showing that eddy current loss accounts for 57.5% of the
total loss at 600 °C, compared to only 30.7% at 500 °C. These results confirm that
high-temperature annealing deteriorates the insulating layer, making eddy current loss

the dominant contributor to the increased power loss.
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Fig. 10. Loss characteristics of SMCs annealed at different temperatures: (a) loss diagram at 20
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The coercivity data in Fig. 11b reveal that coercivity first decreases and then
increases with rising annealing temperature. This variation in coercivity is closely
related to internal stress relief and the state of the insulating layer. At 500 °C, internal
stresses are fully relieved, resulting in minimal resistance to domain wall movement
and the lowest coercivity. At 600 °C, degradation of the insulating layer leads to direct
interparticle contact, re-introducing internal stresses. At 600 °C, the phosphate coating
may degrade or densify, which could impair its insulating properties and may be
accompanied by slight surface oxidation, thereby leading to a sharp increase in
coercivity. These results further confirm that 500 °C is the optimal annealing
temperature for this sample. At this temperature, internal stresses are fully relieved, the
insulating layer remains intact, coercivity is minimized, and the magnetic properties are

optimized.
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In summary, optimal magnetic properties of CIP-based SMCs are achieved with
0.15 wt.% Mg(H2POs), coating and annealing at 500 °C. The coating content governs
performance via magnetic dilution and insulating layer integrity. Suboptimal coatings
(<0.15 wt.%) are discontinuous, leaving conductive pathways that elevate eddy current
loss. Excessive coatings (>0.15 wt.%) aggravate magnetic dilution and reduce density
through agglomeration, increasing hysteresis loss. The 0.15 wt.% coating strikes a
balance, forming a uniform layer that ensures high permeability and high-frequency
stability. Annealing temperature modulates internal stress and coating stability.
Temperatures below 500 °C provide insufficient stress relief, raising hysteresis loss,
while temperatures above 500 °C degrade the insulating layer, reducing resistivity and
triggering a surge in eddy current loss. Furthermore, high-temperature oxidation of iron
particles may disrupt domain structures. Thus, 500 °C annealing optimally relieves
stress and preserves coating functionality, yielding minimal core loss and superior

overall magnetic performance.

4. Conclusion

Mg(H2PO4)> forms a uniform, dense insulating layer on the surface of SMCs,
which increases the resistivity and suppresses eddy current losses without altering its
bce structure. As the coating content increases, the initial magnetic permeability
decreases monotonically whilst the cut-off frequency increases monotonically;
conversely, power loss and coercivity first decrease and then increase. As the annealing

temperature rises, the initial magnetic permeability increases and the cut-off frequency



decreases, whilst power loss and coercivity similarly decrease initially and then

increase. Optimal comprehensive magnetic properties are achieved under conditions of

0.15 wt.% coating and 500 °C annealing: initial magnetic permeability of 44.1 (1 MHz

and 20 mT), cut-off frequency of 236.1 MHz, power loss of 552.4 kW/m?, and coercive

force of 10.1 A/m, meeting the requirements for high-frequency power electronic

devices.
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