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Abstract. Soft magnetic composite materials were prepared by powder metallurgy technology. The composition of the new
family of the materials was based on Permalloy type of ferromagnetic particles covered by Ni0.2 Zn0.8 Fe2 O4 nanoparticles.
The spinel ferrite was prepared by electrospinning technology for achieving high-quality nanoparticles. A small amount
of organic additives was included in final samples. The influence of magnetic ferrite dielectric coating on the magnetic
properties of prepared composites was studied. The relatively high electrical resistivity leads to the real part of complex
permeability up to 52 with stability up to high frequencies of about 1 MHz. SEM and TEM analyses were employed for
composite characterization. The preparation of samples for magnetic force microscopic analysis is outlined in detail. The
visualization of magnetic domain structure was done in order to understand the material behaviour of magnetic materials.
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1. Introduction
Soft magnetic composites (SMCs) based on metallic powder
are widely used in various electromagnetic devices in electric
and electronic industries [1–3]. Generally, SMCs are prepared
from the metallic powder separated by dielectric insulating
coating. Powder metallurgy (PM) technology is an economic
process for a mass production of SMCs with near-net-shape
parts, high purity and density. Isotropic magnetic properties
of PM SMCs allow design of crucial electromagnetic devices
with three-dimensional (3D) flux path and different extraordinary topologies to achieve high performance [4,5]. For all
electronic applications in high frequency alternating field,
the two key magnetic characteristics of soft magnetic core
have to be fulfilled: (i) high magnetic permeability (which
is strongly influenced by content of nonmagnetic volume and
inner demagnetization factor) and (ii) low core loss [6–8]. The
overall decrease in core loss including hysteresis loss, eddy
current and excess loss can be largely suppressed by suitable
and homogeneous isolation of individual powder particles,
resulting in high electrical resistivity of SMCs [9].
At present, three types of coatings are known: (i) organic,
(ii) inorganic and (iii) hybrid organic–inorganic coatings, each
preferentially destined for potential use. The most widely
used organic insulating materials are thermosets resins such
as epoxy resin [10] or phenolic resol-type resin [11]. The
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key advantages of organic coatings are the simple coating
process and the fact that plastic organic coatings reach high
density and can be compacted in almost any 3D shape, while
low compaction pressure (around 600 MPa) is sufficient.
The main disadvantage of polymer-based SMCs materials is
their thermal treatment process. They can withstand only low
temperature of heat treatment (up to 300◦ C by avoiding the
pyrolysis), which is not high enough to remove internal stress
after compaction. The SMCs with organic coating around
metallic particles achieve relatively low relative permeability
of ∼100 but offer benefits in relatively low total magnetic
losses of ∼0.3 W kg−1 at 0.64 T for 1 kHz, high electrical resistivity of 5 × 103 µ m and high potential for close
integration into electromagnetic circuits. On the other side,
there are many applications where a higher temperature is
developed in achieving a sufficiently high induction at higher
frequencies (electric motors, batteries, house appliances,
machine tools, etc.) [12]. Such applications require materials
composed of ferromagnetic powder and inorganic dielectric
coatings such as phosphates [13], silica [14], alumina [15]
or ferrites [16–18]. The SMCs with ferrite coatings can be
produced with excellent properties, including extremely high
electrical resistivity and almost zero eddy current losses in
alternating magnetic fields that will not substantially affect
the magnetic characteristics of metal cores (high magnetic
flux density, low coercive force). To date, several methods
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have been developed to prepare an inorganic coating, e.g.
precipitation [19], sol–gel [15], autocombustion [20], oxidation [21] or mechanical milling [16]. Due to the high
brittleness of pure inorganic coatings, none of these methods prevent the formation of cracks during heat treatment
procedure at high temperatures, leading to metal–metal contacts and exfoliation of inorganic coatings. Moreover, the
compaction of SMCs with pure ferrite is rather difficult and
introduction of additional binder leads to lower permeability
or residuals in final samples. Therefore, a lot of studies are
devoted to hybrid organic–inorganic coatings or modification
of polymers by inorganic particles with attractive combination
of mechanical, electrical and magnetic properties [22–24].
These materials are designed as a new class of coatings with
several advantages: a higher temperature can be applied to the
final thermal treatment while maintaining a sufficiently high
specific electrical resistivity of 103 −108 µ m, resulting in
a sufficiently low loss of ∼100 kW m−3 at high frequency of
100 kHz and at 0.02 T [25].
The main aim of the present study is to investigate the
structural and magnetic properties of permalloy-based SMC
with hybrid insulating coating. The hybrid insulating coating is formed by ferrite nanoparticles embedded in phenolic
resin. The organic part of dielectric coating was used as a
dielectric binder, which was reinforced with inorganic ferrite
Ni0.2 Zn0.8 Fe2 O4 nanoparticles. In this paper, we present the
composition and complementarity studies of both parts of the
prepared coating in the prepared SMCs samples by means of
SEM and AMF–magnetic force microscopy techniques. The
magnetic properties were analysed using the coercivity, the
complex permeability and the total energy loss measurements
in a wide frequency range.

2. Experimental
2.1 Materials
The Permalloy-type powder (JSC Tula, Russia) of spherical
shape with size fraction in the range 35–105 µm was used
as a base ferromagnetic material. Phenol (P, Aldrich 99%),
Formaldehyde (F, Aldrich 37% water solution), Ammonia
(NH3 , Centralchem, 26% water solution) and Boric acid
(H3 BO3 , Aldrich) were used for synthesis of boron-modified
phenolic resin (PFRB). The initial molar ratio of input
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reagents P/F/NH3 /H3 BO3 was 1/1.5/0.35/0.1, respectively.
The synthesis procedure of PFRB was reported previously
in detail [26]. The Ni0.2 Zn0.8 Fe2 O4 ferrite nano-powder was
obtained by ultrasonic breakage of ferrite polycrystalline
nano-fibres which were prepared by needleless electrospinning methods. The ferrite nanoparticles had low coercivity
force—below 100 A m−1 at the room temperature, and typical ferromagnetic spinel-type characteristics.
The composite samples of cylindrical shape [10 × 3 mm
(d×h)], prism shape [5 × 4 × 2 mm (w×h×l)] and ring shape
(outer diameter of 24 mm, inner diameter of 17 mm, height of
2 mm) samples were prepared and subjected to mechanical,
electrical resistivity and magnetic measurements. Preparation of the samples was as follows. Predetermined amount of
PFRB was dissolved in 10 ml of ethyl alcohol. Subsequently,
the ferrite powder was immersed in the PFRB–ethyl alcohol
solution and ultrasonically dispersed. After homogenization,
the ferromagnetic powder was added to the PFRB–ethyl
alcohol–ferrite suspension. After complete evaporation of
the solvent from suspension, the ferromagnetic powder covered by hybrid PFRB–ferrite coating was obtained. The final
prepared green compacts were compacted at 600 MPa and
subsequently cured at step 1.5◦ C min−1 in air atmosphere.
Compositions of the prepared samples are listed in table 1.
2.2 Methods
The structural analysis was carried out using X-ray diffraction (XRD, X’Pert Pro PanAnalytical) within the 2θ range
of 10−115◦ at the scanning rate of 2◦ min−1 and Fourier
transform infrared spectroscopy (FTIR, Shimadzu, IRAffinity, KBr pellets 1 mg sample + 300 mg KBr). Morphology of
the coated powder and fracture surfaces were investigated by
SEM (JEOL JSM-7000F) equipped with energy-dispersive Xray spectroscopy (EDX). The size distribution of Permalloy
powder particles was analysed using a granulometer (Malvern
Mastersizer 2000) equipped with statistical software 5.60.
The densities of bare powders and resin as well as the final
composites were measured using a He-pycnometer AccuPyc
II 1340.
The specific electrical resistivity was measured by a fourpoint method adapted for ring-shaped samples. Complex
permeability spectra were measured in the frequency range
1 kHz–40 MHz on ring-shaped samples with a few turns
of insulated Cu wire by impedance spectroscopy using an

Notification and composition of composites with densities and porosities.

Sample
P–PFRB
P–PFRB–0.2F
P–PFRB–0.8F

Permalloy
(P) (wt%)
97
96.8
96.2

Phenolic resin
(PFRB) (wt%)
3
3
3

Ni0.2 Zn0.8 Fe2 O4
(F) (wt%)
—
0.2
0.8

ρ (g cm−3 )

Porosity (%)

6.8
6.9
6.9

6
5
5
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impedance analyser HP 4194A with the contact electrodes in
two-terminal connection configuration. Initial magnetization
curves and DC hysteresis loops were measured by fluxmeterbased DC hysteresis graph and AC hysteresis loops in the
frequency range 50 Hz–20 kHz by AC hysteresis graphs
MATS-2010M and MATS-2010SA; the measurements were
performed at maximum induction of 0.1 T in magnetic
material (subtracting resin and pores). Maximum total and differential magnetic permeability were obtained from the initial
curves and total energy losses were calculated as the hysteresis
loop area. The cylinder-shaped samples were used for measurement of coercivity using a Foerster Koerzimat 1.097 HCJ.
To visualize magnetic domains and ferrite nanoparticles,
AFM–MFM measurements at room temperature were measured using an Agilent 5500 AFM. Raw data obtained
from the microscope were processed using Gwyddion open
source software (http://gwyddion.net). Samples for AFM–
MFM measurements were metallographically polished with
a diamond suspension having a grain size of 25 µm. Subsequently, argon ion polishing of focused ion beam specimens
in a PIPS II system (Gatan) was used to smoothen the surface.
Finally, a selected part of the sample surface, chosen for the
AFM–MFM observation, was milled by Ga ions using SEM–
FIB (ZEISS AURIGA COMPACT), namely by rough current
polishing of 2 nA followed by a 100 pA soft current polishing.

3. Results
3.1 Characterization of starting materials
Figure 1a shows the SEM image of bare Permalloy spherical powder. The average size of the powder obtained by
granulometric measurement was 64 µm (figure 1b). The powder was commercially prepared by atomization of melt alloy,
resulting in the formation of spherical particles with perfectly
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smooth surface. The dielectric coating of phenolic resin modified by boron (PFRB) [25] was used as a carrier of ferrite
nanoparticles as well as a plasticizer to facilitate the compaction. The ferrite nano-fibres were created by means of
needleless spinning technology, which is a facile and versatile method for production of fibres in large scale. The
needleless spinning technology allows producing continuous
ferrite nano-fibres from polymeric precursor solution. The
final ferrite fibres can be obtained after a suitable calcination
process. Figure 2a shows Ni0.2 Zn0.8 Fe2 O4 ferrite membrane
composed of nanofibres. High magnification has proven the
polycrystalline character of the prepared fibres (figure 2b and
c). The prepared brittle fibres were easily dispersed to the ferrite nanoparticles (figure 2d). The TEM analysis confirmed
the cubic morphology of the ferrite powder with average size
of 50 nm.
The fcc crystal structure of Ni0.2 Zn0.8 Fe2 O4 corresponding
to the inverse spinel was verified by an electron diffractogram. As shown in figure 3, the XRD pattern of the
sintered Ni0.2 Zn0.8 Fe2 O4 ferrite nano-powder revealed the
inverse spinel structure. All indexed peaks belong to the pure
Ni0.2 Zn0.8 Fe2 O4 ferrite crystalline phase according to the
PDF-4 database (1-089-7550) without any marks of impurities.
FTIR spectra of PFRB, Ni0.2 Zn0.8 Fe2 O4 ferrite fibres and
final compact P–PFRB–0.8F sample are presented in figure 4.
The recorded spectrum of native PFRB gives evidence for the
condensation reaction between phenol and formaldehyde with
broad characteristic bands of –OH aromatic stretching vibration around 3300 cm−1 from residual water. The region from
3100 to 2500 cm−1 reveals a presence of stretching vibration
of –CH2 – alkane group arising after crosslinking of polymer chains. A typical band of the aromatic C=C bond is
seen at 1608 cm−1 , while a wide and intense band indicating the C–O bond is observed at 1240 cm−1 [27]. Aromatic
borate esters are displayed in the range 1180−900 cm−1 ,

Figure 1. (a) Bare permalloy-type powder with Ni0.2 Zn0.8 Fe2 O4 ferrite nanofibres and (b) Gaussian particle size distribution.
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Figure 2. SEM and TEM images of (a–c) Ni0.2 Zn0.8 Fe2 O4 nano-fibre membranes prepared by electrospinning techniques. (d) Ni0.2 Zn0.8 Fe2 O4 ferrite nano-powder prepared by ultrasonication of ferrite fibres. (e) Electron diffraction
pattern of Ni0.2 Zn0.8 Fe2 O4 ferrite nano-powder.

Figure 3. XRD
nanofibres.

pattern

of

the

sintered

Ni0.2 Zn0.8 Fe2 O4

which are obtained from the chemical reaction of the
methylol hydroxyl group (1200 cm−1 ) with boric acid [28].
FTIR spectrum of Ni0.2 Zn0.8 Fe2 O4 ferrite nanoparticles contains the typical bands of ferrite with an inverse spinel

Figure 4. FTIR spectra of PFRB, Ni0.2 Zn0.8 Fe2 O4 ferrite fibres
and final soft magnetic composite P–PFRB–0.8F sample.

structure. The intrinsic stretching vibration of metal in
the tetrahedral site (Fe–O) at 593 cm−1 and octahedral
metal stretching (Ni–O, Zn–O) at 436 cm−1 were found
[29–32]. Low-intensity peaks at 3443 and 1638 cm−1 in ferrite
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Figure 5. The SEM images of (a) the fractured surface of the composite P–PFRB, (b) the polished surface of
the composite P–PFRB, (c) the fractured surface of the composite P–PFRB–0.2F, (d) the polished surface of the
composite P–PFRB–0.2F, (e) the fractured surface of the composite P–PFRB–0.8F, (f) the polished surface of the
composite P–PFRB–0.8F, (g) EDX analysis of Permalloy particles and (h) EDX analysis of the hybrid PFRB–ferrite
Ni0.2 Zn0.8 Fe2 O4 coating.
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correspond to –OH stretching vibrations of the physisorbed
water. The FTIR of compact sample exhibits only two weak
bands at 566 and 400 cm−1 , characteristic of ferrite component in the sample P–PFRB–0.8F. No peaks were visible from
PFRB vibration in this spectrum due to the low content of this
component in the sample. According to these results, chemical
bonding between individual components cannot be assumed.
We are tempted to conjecture that PFRB acts in the system
only as a binder between Permalloy and ferrite nanoparticles
without any obvious chemical interconnection.
3.2 Characterization of composite materials
It is generally known that compaction of any ferromagnetic
powder with pure ferrite is rather difficult. The use of ferrite
as the pure dielectric phase results in a high porosity in the
final composites due to the hard and brittle nature of ferrite.
High homogeneity of the dielectric net and low porosity in the
composite was achieved by introducing ferrite into the plastic
resin. The resin has the ability to penetrate into the pores and
fill the gaps between the particles during the curing process.
Figure 5 shows microstructures of the composite samples with
different amount of ferrite in the coating. Figure 5a and b
presents a fractured and a polished surface of the composites
containing only a pure PFRB coating. Differences between the
microstructures of composites containing the same individual
components but different amounts of ferrite phase are evident
from figure 5c–f. The highest content of ferrite phase leads to
the impaired dispersion of the ferrite nanoparticles, resulting
in their agglomeration in the cavities between the Permalloy
particles. The chemical composition of Permalloy particles
and Ni0.2 Zn0.8 Fe2 O4 ferrite nanoparticles by means of EDX
analysis is shown in figure 5g and h, respectively.
The values of specific electrical resistivity, coercivity, hysteresis losses at maximum magnetic induction of 0.1 T and
the maximum total and differential relative permeability are
shown in table 2. The specific resistivity has quite high

Table 2.

Electrical and magnetic properties of SMC samples.

Sample
Specific resistivity
(m m)
Coercivity (A m−1 )
DC energy losses at
Bm =
0.1 T (J m−3 )
Maximum total
relative
permeability (–)
Maximum
differential
relative
permeability (–)

P–PFRB

P–PFRB–
0.2F

P–PFRB–
0.8F

11

12

11

313
26.3

310
26.5

315
27.0

47.5

48.0

50.4

50.8

51.3

52.6

Figure 6. Complex permeability spectra of SMC samples in the
frequency range from 1 kHz–40 MHz.

Figure 7. Total power losses of SMC samples in the frequency
range 50 Hz–20 kHz at maximum induction of 0.1 T.

values compared with some commercial SMCs [33], which
is beneficial for suppression of eddy current flow, hence minimizing total power losses at medium to high frequencies.
According to the conventional concept of loss separation
[34,35], the total energy losses Wtot can be considered to
be a sum of three components: the hysteresis (DC) losses
Whyst , the eddy current (classical) losses Weddy and the excess
(anomalous) losses Wexc . The hysteresis losses as well as the
coercivity (Hc ) strongly depend on the structure of ferromagnetic material, where all structural defects as dislocations,
impurities, inclusions, voids, grain boundaries or internal
stresses act as barriers for the domain wall displacements
[34,35]. The values of Hc for the investigated SMCs based
on Permalloy–resin are lower compared with SMCs based
on Fe–resin [36] and FeSi–resin [9,37]. The values of maximum total and differential relative permeability slightly
increase with the addition of ferrite nano-powder particles,
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confirming an expected and required effect. The higher
permeability in general reflects the higher number of movable domain walls more likely overcoming the energy barriers
during magnetization reversal [34,35]. In figure 6, the complex permeability spectra of SMC samples are plotted in the
frequency range of 1 kHz–40 MHz. The initial relative permeability (real part of complex permeability) exhibits the same
tendency of a slight increase with increasing ferrite content.
The real part of complex permeability is stable up to high frequencies of about 1 MHz (the resonant frequency—the peak in
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imaginary part—is observed to occur above 40 MHz).
Therefore, the investigated SMCs are good for high-frequency
applications up to 1 MHz. In figure 7, the total power losses
Ptot in the frequency range of 50 Hz–20 kHz at maximum
induction of 0.1 T are plotted. The values are slightly lower
compared with SMCs based on Fe/FeSi–resin [9,37,38] at
higher frequencies above 1 kHz. The increase in Ptot with
frequency is not very steep, reflecting relatively low eddy
current, and excess losses due to higher specific resistivity
(table 2). These loss components arise from the eddy currents
induced by change in the magnetic flux during dynamic (AC)
magnetization. The eddy currents flow inside the conducting
ferromagnetic particles (intra-particle eddy current losses) in
the whole sample cross-section through electrical contacts
between the particles (inter-particle eddy current losses), and
around moving domain walls (excess losses). In figure 8, the
AC hysteresis loops of sample P–PFRB–0.2F at magnetization frequencies of 50 Hz and 15 kHz are shown to illustrate
the small increase in the loop area (total losses) with increasing frequency.
3.3 MFM analysis of composites

Figure 8. AC hysteresis loops of P–PFRB–0.2F sample at frequencies of 50 Hz and 15 kHz at maximum induction of 0.1 T.

In order to understand the material behaviour of magnetic
materials, a direct visualization of the domain structure is
required [39]. MFM represents a useful tool for the direct
visualization. However, the preparation of a composite sample
for MFM analysis is very challenging. Any scratches generated by mechanical polishing of the composite surface result

Figure 9. (a), (b), (d) and (e) SEM images of P–PFRB–0.8F sample after Ar ions and FIB polishing. (c) and (f) Magnetic domain
images of P–PFRB–0.8F sample with misaligned orientation of grains.
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in distortion of the domain structure image obtained by the
MFM. On the other hand, the mechanical polishing of the
composite sample cannot be omitted because of the high surface roughness of the breakage after breaking the sample.
A typical height of the MFM tip intended for observation
of the magnetic structure of soft magnetic samples is ∼10–
15 µm. Therefore, it is necessary to ensure that the tip will
not impact with the material during the scanning. Therefore,
a broad argon ion polishing was used to remove the smallest
scratches after the mechanical polishing. Later, to achieve a
perfectly smooth surface, the milling of the surface by Ga
ions with low energy FIB was used. Figure 9a and d illustrates the mechanically polished surface and surface polished
by argon ions of P–PFRB–0.2F and P–PFRB–0.8F samples,
respectively. The selected areas in figures 9a and d present the
surface polished by SEM–FIB technology. It is clearly visible that further ablation of the surface by Ga ions sputtering
leads to the complete uncovering of the structure and morphology of the Permalloy particles. It is quite obvious that
each observed Permalloy particle consists of several small
grains with clearly defined boundaries (figure 9b and e). MFM
images reveal that each grain has its own domain structure,
which is strictly bounded by the grain boundary. The big grain
indicated in figure 9b and c consists of several broad lamellar
domains (with a thickness of 3 µm, approximately) separated
by 180◦ domain walls. On the other hand, the smallest grains,
e.g. those shown in figure 9e and f, show a mono-domain
structure in the MFM image. The differences in the visualization of magnetic domains depend on the crystallographic
orientation of the grains to the direction of easy axis magnetization. From figure 9, it is clearly evident that FIB polishing
reveals the random crystallographic orientation of individual
grains and significant differences in the corresponding domain
structure. The space between the particles is filled with hybrid
PFRB–ferrite mixture. The patch domains can be identified
in this region.

4. Conclusion
A new family of the SMCs based on Permalloy-type ferromagnetic particles and Ni0.2 Zn0.8 Fe2 O4 was prepared and
studied. The ferrite dielectric nanoparticles were fabricated
from ferrite polycrystalline fibres, achieving a fine spinel
structure. The magnetic and electric properties were studied
on the samples with two different additions of ferrite nanoparticles. Quite high values of specific electric resistivity were
found, which was beneficial for suppression of eddy current,
minimizing total power losses at medium to higher frequencies. The increasing content of ferrite nanoparticles led to the
slight increase in the values of maximum total and differential
relative permeability up to 52. The real part of complex permeability was stable up to high frequencies of about 1 MHz.
Due to the sufficient particle insulation resulting in high specific resistivity, the increase in Ptot with frequency was not
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very steep. The preparation of samples for visualization of
magnetic domain structure was discussed in detail. It is known
that the preparation of composite sample for MFM analysis is
quite difficult due to the different natures of each component
of SMC.
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