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A B S T R A C T

Currently, metallic soft magnetic composites, due to their high saturation magnetization, have attracted much
attention for application in high frequency mobile devices. These composites must approach a full densification
to achieve the high permeability and magnetic flux density necessary for mobile device applications. This study
was carried out to investigate the effects of Fe nano-powders on the compaction behaviors and magnetic
properties of Fe-Si alloy composites. Fe-Si micro-powders were fabricated using a gas-atomizer; then, SiO2 was
coated on them to suppress eddy current loss. Fe-nano-powders were obtained using spray-dried Fe2O3 powders.
These nano-powders were homogeneously mixed with Fe-Si micro-powders to increase the density of the
compacts. As a result, the composite with 80 wt% micro-powders showed excellent high frequency properties
due to high compaction density. Microstructural analysis shows that changes in the magnetic properties of the
composites are dependent on the fill factor and electrical path-ways of non-insulated nano-powders in pores
between insulated micro-powders.

1. Introduction

Due to their high magnetic saturation value, good relative perme-
ability, and low magnetic core loss, iron powders have been widely
used as a magnetic core material of soft magnetic composites (SMCs).
To take full advantage of these excellent properties, full densification of
powders should be achieved because the magnetic permeability and
magnetic flux density of SMCs are dependent on the SMC density [1].
Due to their high compressibility, pure iron powders with size of several
hundred micrometers were reported to reach a compact density of 95%
or more via a simple die compaction process [2].

With increasing operation frequency of magnetic devices, there is
strong demand to reduce core losses (particularly eddy-current loss) by
decreasing the particle size, adding other alloying elements to pure
iron, and coating an insulation layer on the powder surface [1]. Un-
fortunately, achieving high densification using such pre-treated iron
powders is very difficult. For example, due to their excellent soft
magnetic properties and high electrical resistivity, Fe-Si alloy powders
have been widely used as a magnetic core material. However, the ad-
dition of Si increases the mechanical strength of the Fe-Si alloy, which
severely reduces the compaction density [3,4]. Furthermore, when the
average particle size is reduced to less than 20 μm, inter-particle friction
and particle bridging become critical problems [5,6]. This indicates that

a simple compaction process is not suitable for the densification of Fe-Si
powders applied to high frequency SMCs.

To achieve high densification of hard and fine powders, dynamic
compaction methods such as magnetic pulsed consolidation (MPC), or
pressure-assisted sintering processes such as hot isostatic pressing (HIP)
and spark plasma sintering (SPS), have been widely investigated to
increase the compact density [7–11]. These methods include a sintering
process, and that is not suitable for the fabrication of SMCs, unlike
powders for structural applications or magnetic ferrite powders, which
can be sintered. This is because the electrical insulation layer on metal
powders can decompose and the metal surface can be exposed during
the sintering process [1,2]. Thus, it is required to develop a new method
to increase the density of SMCs during the simple compaction process.

It is well known that increasing initial packing density of powders
increases the density of compacts. The packing density is dependent on
several factors such as particle shape, inter-particle friction, surface
chemistry, agglomeration, and size distribution. Among these, the
particle size distribution has a strong effect on the packing density [12].
According to previous studies, bimodal powders can increase the
packing density by more 10% compared to monomodal powders [13].
Up to now, due to the strong tendency of metal nano-powders to oxidize
and aggregate, most studies have focused on micro-sized powders (with
or without resin), ceramic powders (magnetic ferrite powders), or
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simulation [13–17]. Recently, Lee’s group demonstrated that a relative
compact density of 70% in compacts pressed at 600MPa could be
achieved using structurally-modified agglomerates of pure Fe nano-
powders [18,19]. Their results showed that the Fe nano-powders could
not aggregate after the reduction process.

According to skin depth calculation result, Fe-Si micro-powder (MP)
requires downsizing to tens of micrometers for application of SMCs in
the kHz range. In addition, an insulating oxide layer, required to reduce
eddy-current loss, should remain after the densification process. Thus,
adding pure iron nano-powders (NPs) to hard Fe-Si alloy MPs could be a
good method to increase the compact density of SMCs. Improvement of
the magnetic properties of SMCs is also expected due to the high sa-
turation magnetization of Fe NPs. Therefore, in this study, a detailed
microstructural analysis has been carried out to understand the effects
of structurally-modified-agglomerates of pure Fe NPs on the actual
packing behavior and frequency dependent magnetic properties of Fe-Si
MPs with an SiO2 insulating layer.

2. Experiments

2.1. Fabrication of single phase nano and micro powders

Commercial α-Fe2O3 powders (Kojundo Chemical, 99.9%, ∼1 μm)
were used as a starting material for fabricating Fe NPs. To reduce the
powder size, bead-milling was carried out using 3mm steel beads at
2400 rpm for 10 hr. In this process, the volume ratio of powder to balls
was kept at 1:8 and methyl alcohol was used as a process control agent.
After the bead-milling, the slurry was spray-dried at a pressure of
80 kPa at 30 °C. The spray-dried powders were reduced at 550 °C for 1 h
under H2 atmosphere and kept in a glove box [18,19].

Using a gas atomizer, Fe-3 wt% Si MPs were fabricated under Ar
atmosphere. Pure Fe and Si powders were inductively heated to
1650 °C; their melt was then sprayed under an injection pressure of
70 bar. The fabricated powders were sieved through a mesh of under
25 μm size and annealed at 600 °C for 1 h under H2 atmosphere. To
synthesize the insulation layer over the MPs, they were mixed with 1 wt
% magnesium hydroxide and then heat-treated at 900 °C for 6 h under
N2-10% H2 atmosphere [20]. The fabricated powders were rinsed over
ten times with ethanol to remove residual magnesium oxide powders.

2.2. Mixture of Fe nano-powders and Fe-Si micro powders

Spray-dried Fe NPs were observed to be aggregated and weakly
sintered during the reduction. These powders must be pulverized and
coated to prevent oxidation. In this experiment, stearic acid was used as
a coating agent to prevent the NP oxidation, and also as a lubricant for
the fabrication of compacts. The 3mm steel balls, stearic acid, and
ethanol were mixed in a vessel and heated to 70 °C to dissolve the
stearic acid, after which the vessel was moved to a glove box and Fe NPs
were added. Then, to pulverize the aggregated NPs, ball-milling was
carried out for 1 h at 60 rpm using a turbula-mixer (Willy A. Bachofen
AG, CH-4005). After pulverization, Fe-Si MPs were added and mixed for
5min in the turbula-mixer (the weight ratio of powder, steel balls, and
stearic acid was adjusted to 1:10:0.01). The weight ratio of the Fe-Si
MPs was varied from 65 to 100 wt%. The mixed powders were finally
dried in an oven at 60 °C for 24 hr.

2.3. Characterization

The microstructures of the powders and their composites were ob-
served using a field emission scanning electron microscope (FE-SEM;
Tescan, MIRA3). The particle size and distribution were measured by
counting at least 2000 randomly selected particles in the SEM images.
The Feret diameter was used to determine the size of the irregularly
shaped particles [21]. Cross-sectional images of the Fe-3 wt% Si MPs
samples were prepared by focused ion beam (FIB; Tescan, Lyra1)

technique.
The tensile strength (σtensile) of the composites was evaluated using

a diametral compression test [22]. For the test, 1 g sample of mixed
powders were compressed into disk shapes having diameter (D) of
10mm at 800MPa; then, the thicknesses (h) of the samples were
measured. Using a universal testing machine (R&B Inc., UNITECH-T),
load (F) was increased until composite was broken in the direction of
the plane of disk. The tensile strength was calculated using the fol-
lowing equation.

=σ F
πDh
2

telsile (1)

The saturation magnetization (MS) of powders was analyzed using a
vibrating sample magnetometer (VSM; Lakeshore, 7410). To measure
the electrical conductivity, permeability, and core loss of composites,
the samples were prepared in toroidal shape with inner diameter of
4.5 mm and outer diameter of 8mm. The electrical conductivity (σe)
and permeability of composites were measured using, respectively, a
four-point probe (AiT, CMT-SR1000N) and an RF impedance/material
analyzer (Agilent, E4991A) with a permeability test fixture in the range
of 10MHz – 1 GHz without external DC magnetic field. Using a BH
analyzer (Iwatsu, SY-8219), the core loss (Pc) was measured at a con-
stant magnetic flux density of 100mT in the range of 1–100 kHz. The
measured Pc was divided into the hysteresis loss (Ph) and the eddy
current loss (Pe); Pe included both classical and anomalous eddy losses.
Assuming that both classical and anomalous eddy losses are propor-
tional to the square of the frequency, the relationship between Ph, Pe,
and Pc, measured at frequency of f, can be simply expressed as,

= + = ∙ + ∙P P P f P f Pc h e h Hz e Hz,1
2

,1 (2)

where Ph,1Hz and Pe,1Hz are Ph and Pe, respectively, measured at 1 Hz.

3. Results and discussion

3.1. Powder characteristics

Fig. 1(a) provides an SEM image of the spray-dried Fe2O3 nano-
powder agglomerates. As can be seen in the figure, the agglomerates
have spherical shape with a size distribution of 1–5 μm. On the other
hand, the enlarged SEM image shown in Fig. 1(b) indicates that the
Fe2O3 NPs have irregular shapes with sizes of 20–50 nm. After reducing
the samples at 550 °C, SEM images of the Fe NP agglomerates were
obtained and presented in Fig. 1(c) and (d). As shown in Fig. 1(c), most
of agglomerates still possess a spherical shape, although some ag-
glomerates have disintegrated. These reduced agglomerates were con-
firmed by XRD (Fig. 2, JCPDS file no. 71–4409) and VSM (Fig. 3,
212.6 emu/g of MS) to have a single iron phase. The enlarged SEM
image of the Fe agglomerates (Fig. 1(d)) shows that the reduced Fe NPs
had a bimodal type size distribution of 325 ± 22 nm and 28 ± 3 nm.
This bimodal growth of NPs is due to the different thermodynamic and
kinetic conditions of NPs with non-uniform packing structure in the
spray-dried agglomerate [19]. Thus, some NPs in the agglomerates is
coarsened and weakly sintered during the reduction process. It is also
noted that the agglomerates themselves were not sintered or coarsened
after the reduction process, as shown in the Fig. 1(c). This clearly shows
that the coarsening and sintering of the NPs occurred only inside the
spray-dried agglomerates during the reduction process. Furthermore,
due to the lack of apparent interconnection between them, the sintered
NPs are expected to be easily separated even at low ball-mill energy.

SEM images of fabricated Fe-3 wt%Si MPs are provided in Fig. 4(a)
and (b). As can be seen, the powders have spherical shapes, and their
surfaces were smooth and clean enough to see the internal grains. These
MPs had a mean size (D50) of 7 μm with a Gaussian size distribution
from 1 to 25 μm. The XRD pattern of the powders shown a single iron
phase (Fig. 2) and their saturation magnetization reached 210.6 emu/g
(Fig. 3). To avoid eddy current loss between particles, the MPs were
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heat-treated at 900 °C for 6 hr with magnesium hydroxide to form
surface insulation layers. Fig. 4(c) shows that, except for having fine
particles on the surface, the morphology of the Fe-Si MP is similar to
that of the as-coated Fe-Si MP shown in Fig. 4(b). On contrary, the
energy dispersive spectrum (EDS) results (tables in Fig. 4(b) and (c))
clearly showed increases in the Si and O peak intensities on the whole
surface area. Furthermore, the fine particles have an Mg K peak, in-
dicating that they could be Mg-Si-oxides. To confirm the micro-
structural development, a cross-sectional image of the MPs prepared by
FIB was obtained and is shown in Fig. 4(d). As can be seen in the figure,
the oxide layer was well formed around the MP. The thickness of the
oxide layer was measured in the range of 20–500 nm. These results
clearly prove that Si oxide layers were successfully formed on the sur-
faces of the MPs.

As can be seen in Fig. 3, the saturation magnetization of the MPs

decreased slightly from 210.6 to 207.3 emu/g after the surface oxida-
tion process. Assuming that the oxide layer is SiO2, the weight fraction
of the coated layer is only about 1.6 wt%. Nevertheless, the con-
ductivity after the compaction of powders significantly decreased from
4.5×104 S/m (non-coated Fe-Si powders) to 4.38×10−2 S/m (coated
powders), a change of about 106 times. According to a simulation study
on eddy-current loss of powder cores, to suppress eddy current loss
between Fe-based-MPs, the conductivity of insulated powders should be
105 times smaller than that of non-insulated powders [23]. Thus, the
conductivity drop in this study is sufficient to suppress the eddy current
loss. Consequently, the results of magnetization and conductivity ana-
lyses demonstrate that the coating layer of Fe-Si powders is thin enough
to maintain saturation magnetization but sufficiently thick to suppress
eddy current loss.

Fig. 1. SEM and enlarged images of (a), (b) Fe2O3 nano-powder agglomerates and (c), (d) reduced Fe nano-powders agglomerates.

Fig. 2. XRD patterns of Fe nano-powders, Fe-Si micro-powders, and coated Fe-
Si micro-powders.

Fig. 3. VSM results of Fe nano-powders, Fe-Si micro-powders, and coated Fe-Si
micro-powders. Electrical conductivities (σe) of the powder compacts are also
indicated.
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3.2. Compaction behaviors

Table 1 shows the changes in density, electrical conductivity, and
tensile strength in composites compressed at 800MPa as a function of
Fe NP contents. As shown in the table, the density of the composite
containing only MPs (0 wt% NPs) was measured at 6.03 g/cm3, which is
78.82% of the Fe-3 wt% Si theoretical density (TD, 7.65 g/cm3). In the
general process of metal powder compaction, it is considered that metal
powders are first rearranged and then plastic-deformed to increase the
density of compacts [24]. Meanwhile, as shown in Fig. 5(a), it was
found that Fe-Si powders rarely deformed even at a high compaction
pressure of 800MPa due to their high strength [3,4]. Furthermore, the
composite containing 0 wt% NPs was too brittle to maintain the shape
of composite because the composite has many pores (marked with
circles) as shown in Fig. 5(a).

In order to understand this result, the tensile strength of the com-
posites was measured by diametral compression test and results are
presented in Table 1. The tensile strengths of the composites can denote
the frictional force between powders. As shown in the table, the tensile

strength of the composite of 0 wt% NPs is 0.44 MPs. This low composite
strength indicates that the frictional force between the MPs is too low to
maintain the composite. The frictional force of powders is dependent on
the inter-particle contact area, specific surface area, and powder shapes
[24]. Thus, the powders should be accompanied a complete plastic-
deformation step, or should have another substance added to increase
the frictional force. Due to their large specific surface areas, NPs can be
effective substances to increase the frictional force. In addition, the
irregular shapes of the NPs in this study can increase the frictional
force. As expected, the tensile strength of the composites increases with
increasing NP content, as shown in Table 1. In addition, the composite
containing 10wt% NPs or more did not exhibit any fractures during the
ejection process.

To increase the density of the composite, one effective method is to
fill the pores between the MPs with NPs. To realize this process, NPs
have to be well separated from one another and dispersed among MPs.
In addition, NPs should not destroy the skeleton of the MPs, but only fill
up pores between MPs. Fig. 5(a)–(e) shows microstructural changes in
Fe-Si composites with increasing content of pure Fe NPs. As the NP
content increases, the pores between MPs begun to fill up by the NPs.
Until adding of 15 wt% NPs, some of pores were still not filled; see
circles in Fig. 5(b)–(d). The NPs fully filled the pores up at 20 wt% NPs
without destroying the skeleton of MPs as shown in Fig. 5(e). As a re-
sult, the density of compacts increased from 6.03 to 6.62 g/cm3

(86.54%TD) at the composite of 20 wt% NPs. This increase in the
density is caused by the multi-modal mixing of NPs and MPs [13].

As shown in Fig. 5(f)–(h), further increases of NPs to over 20 wt%
pushed out the MPs and resulted in locally separated NP areas (marked
with dotted circles in the figures) in the composite. As the NP content
increases more than the maximum density condition (20 wt% in this
study), the locally separated NP areas should be increased. This beha-
vior results in a decrease in the density of composite [13]. It is well
observed in this study as shown in the figure and Table 1. Moreover,
this massive interconnection between NPs can account for the sharp

Fig. 4. SEM image of (a), (b) as-coated Fe-Si micro-powders, (c) coated micro-powder, and (d) cross-sectional image of coated micro-powder.

Table 1
Changes in density, electrical conductivity, and tensile strength of composites
as function of Fe nano-powder content.

Composites [wt%
NPs]

Density [g/
cm3]

Electrical conductivity
[S/m]

Tensile strength
[MPa]

0 6.03 0.044 0.44
5 6.31 1.52 1.71
10 6.44 5.86 6.31
15 6.53 83.6 8.28
20 6.62 190.7 9.73
25 6.59 793.5 17.17
30 6.55 1007 23.74
35 6.46 1953 31.34
100 5.71 179,530 277.1
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increases in electrical conductivity and tensile strength. Finally, the
density of composite containing only NPs dropped to 5.71 g/cm3 as can
be seen in Table 1; Fig. 5(e) shows the morphology of the composite.
The decrease in the density is because that the frictional force of the
NPs is so large as to make it very difficult to rearrange them during
compaction compared to the MPs. These morphological developments
with the addition of NPs are in good agreement with the changes in
density, conductivity and tensile strength shown in Table 1.

3.3. Magnetic properties

Fig. 6 shows changes in the relative permeability of composites as a
function of Fe NP contents. As can be seen in the figure, the real per-
meability (μ') at 1MHz increases from 28 to 38 as the NP content in-
creases to 20 wt% (the maximum density condition) and then decreases
to 14. This dependence of permeability on the NP content is in good
accordance with the density change of the composites. Thus, it is con-
sidered that the high initial real permeability is caused by the increase
of the magnetic flux density under the same external magnetic field as
the density increases. Unlike the behavior of initial real permeability,
the frequency where imaginary permeability (μ'') has a maximum value
continuously decreases as the content of NPs increases. This indicates
that the magnetic loss behaviors are not dependent on the density
change of the composite.

In order to clarify the loss behaviors of the composites, the magnetic
loss tangent ( =tanδ μ μ/ 'm

'' ) are presented in Fig. 7. In the figure, the
yellow stars denote the maximum μ'' frequency of each composite. It
should be also noted that the maximum μ'' frequency can shift to lower
frequencies due to the increase of eddy current loss [25,26]. Up to the
addition of 10 wt% NPs, the tanδm values of these composites were al-
most null at below 10MHz; then, the abrupt increase of tanδm occurred
at several hundred MHz. This change in the slope of tanδm indicates that
the loss mechanism changes from eddy current loss to resonance loss
with increasing frequency. In addition, with increasing amounts of NPs,

the frequencies at maximum μ'' were almost unchanged and a notice-
able increase in tanδm values were observed above the maximum μ''
frequency. These results indicate that, up to the addition of 10 wt%
NPs, additional eddy current losses induced from NPs occurred only at
very high frequencies and did not have a significantly effect on the
magnetic loss behavior of composite. On the contrary, a further increase
of the NP content up to 20 wt% NPs begun to affect the magnetic loss
behavior of composite. As NP content increases, the maximum μ'' fre-
quency decreased to under 100MHz and tanδm values in the range of
few MHz to 100MHz increased. In particular, composites with more
than 25wt% NPs exhibited completely different tanδm behaviors com-
pared to composites with less than 20wt% NPs. In composites with high
NP concentration, the maximum μ'' frequencies sharply decreased and
tanδm value begun to appear at 1MHz. A composite containing only NPs
shown a high tanδm value at 1MHz. Furthermore, the tanδm slopes of
these composite above 25 wt% NPs were almost linear up to 1 GHz.
Even in the composite of 100 wt% NPs, the abrupt increase in tanδm
value was not observed. These results indicate that the losses of com-
posites with high NP concentration were dominated by eddy current
loss. Thus, when the NP content increased to more than 10 wt%, the
magnetic loss behavior begun to be dominated by eddy current loss.
This behavior resulted in decreasing the maximum μ'' frequency.

These results strongly indicate that the magnetic loss behaviors are
closely related to the electrical conductivity changes instead of the
density changed of the composites as shown in Table 1. Namely, the
losses are highly related to the microstructure. As shown in Fig. 5, NPs
initially occupy pores between insulated MPs. When the NP content is
over 20 wt%, the NPs push out the MPs and begin to make large clus-
ters. Because these NPs have no insulating layer and have high surface
area, an abrupt increase of the electrical conductivity occurs when the
NP content is over 20 wt% NPs. Thus, this microstructural change can
qualitatively show that the loss mechanism of composites sharply
changes when the NP content increases from 20 to 25wt%.

As discussed previously, because non-insulated NPs are effectively

Fig. 5. SEM images of fractured surface of composites; weight fraction of Fe nano-powders was controlled from 0wt% to 100 wt%.
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trapped between insulated MPs without noticeable increase of electrical
conductivity, adding a certain amount of pure Fe NPs (20 wt% in this
study) to the coated Fe-Si MP composites is an effective way to control
the high frequency magnetic properties of metal cores by changing the
microstructures. Furthermore, the composites can increase the mag-
netic flux density due to the increase of the composite density. Thus, to
understand the change of the soft magnetic properties, it is necessary to
investigate the core losses of composites.

Table 2 shows changes in the core loss (Pc) of the composites as the

Fe NP content changes. The Pc was measured at 100 kHz and under a
constant magnetic flux density of 100mT. The hysteresis (Ph) and eddy-
current loss (Pe), calculated from the Pc, are also shown in the table. As
can be seen in the table, Pe continuously increase with increasing NP
content, but account for less than 5% of Pc until 20 wt% NPs. As dis-
cussed in section 3.1, the conductivity of insulated MPs is 106 times
smaller than that of non-insulated MPs. Thus, the eddy current loss of
the composite without NPs is induced by the inner area of the insulated
MPs. This indicates that the increment of Pe in composites containing
NPs are caused by the NPs. Thus, additional eddy-current loss induced
by Fe NPs is effectively suppressed up to an NP content of 20 wt%,
indicating that NPs can be trapped in the voids of MPs.

On the other hand, Ph of the composite dropped from 371.7W/kg to
272.2W/kg as the NP content increases from 0 to 20 wt% NPs. This
dependence of ph on the NP content can be explained by the changes in
the permeability shown in Fig. 6 because an increase in permeability
generally causes a decrease of hysteresis loss. When the NP content
increased to more than 20wt% NPs, Ph deteriorated again. As an ex-
ample, the Ph of the composite containing 30wt% NPs (Ph, 319.5W/kg)
is larger than that of the composite with 15 wt% NPs (Ph, 272.9W/kg),
although the density values of these composites are similar at 6.55 and
6.53 g/cm3, respectively. To understand this discrepancy, the coercivity
of the NPs (109.5 Oe) and MPs (30.7 Oe), shown in Fig. 3, should be
noted. This indicates that the NPs can contribute to the increase of ph as
the NP content increases. Up to 20wt% NPs, this contribution is less
than the decrement of ph due to increasing of the composite density.
Therefore, to obtain excellent soft magnetic properties of the compo-
sites, it is critical to confine the NPs to voids between MPs.

4. Conclusion

In order to enhance the high frequency properties of metal micro-
powder composites, Fe NP agglomerates and SiO2 layer coated Fe-Si
MPs were prepared and mixed homogeneously. These bimodal powders
were compressed at 800MPa to make composites. Despite the low
compressibility of Fe-Si MPs, the high frictional forces of the NPs could
increase the tensile strength of the composites. Changes in the magnetic
properties and microstructure of these Fe-Si composites were in-
vestigated with increasing Fe NP content.

Microstructural analysis of the composites showed that the NPs in-
itially occupied voids between MPs; interconnection networks of NPs
across among MPs began to form when the NP content reached 20wt%.
Due to these morphological developments, the density reached a
maximum at an NP content of 20 wt%. Furthermore, the initial real
permeability and Ph also reached maximum and minimum values, re-
spectively, at 20 wt%. The electrical conductivity of the composites
continuously increased with increasing NP content; however, the eddy
current loss under 1MHz was well suppressed up to 20wt% NP.

Consequently, composites composed of bimodal powders were
confirmed as an effective way to increase the tensile strength, high
frequency characteristics, and soft magnetic properties as long as NPs

Fig. 6. Changes in the relative permeability of composites as a function of Fe
nano-powder content.

Fig. 7. Changes in the loss tangent (tan δm) of composites as a function of Fe
nano-powder content.

Table 2
Change in the core loss (Pc) of composites as function of Fe nano-powder
content.

wt% NPs Pc [W/kg] Ph [W/kg] Pe [W/kg]

0 380.3 371.7 8.5
5 346 337.4 8.6
10 312 302.7 9.3
15 283.7 272.9 10.8
20 286.1 272.2 13.9
25 318.8 291.7 27.1
30 353.3 319.5 33.8
35 385.7 325.8 59.9
100 6474 1253 5221
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remained in the voids between MPs.
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