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Article

Pseudo Core-Shell Permalloy
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Sintered Compacts Based on Mechanically Alloyed
Powders
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Materials Science and Engineering Department, Technical University of Cluj-Napoca, 400641 Cluj-Napoca,
Romania
* Correspondence: Ionel.Chicinas@stm.utcluj.ro

Abstract: Soft magnetic composites cores were produced by Spark Plasma Sintering (SPS) from
Ni3Fe@ZnFe204 and NiFeMo@ZnFe204 pseudo-core-shell powders. In the Fe-Ni alloys@ZnFe204
pseudo-core-shell composite powders, the core is a large nanocrystalline Permalloy or Supermalloy
particle obtained by mechanical alloying, and the shell is a pseudo continuously layer of Zn ferrite
particles. The pseudo-core-shell powders have been compacted by SPS at temperatures between
500-700 °C, with a holding time of 0 minutes. Several techniques were used for the characterisation
of the powders and sintered compacts: X-ray diffraction, scanning electron microscopy, energy
dispersive X-ray spectroscopy, magnetic hysteresis measurements (DC and AC) and electrical
resistivity. The electrical resistivity is stabilised at values of about 7-10-3 Q'm for sintering
temperatures between 600-700 °C and this value is 3 orders of magnitude higher than the electrical
resistivity of sintered Fe compacts. The best relative initial permeability was obtained for the
Supermalloy/ZnFe204 composite compacts sintered at 600 °C, which decreases linearly for the
entire frequency range studied, from around 95 to 50. Up a frequency of 2,000 Hz the power losses
are lower than 1.5 W/kg. At the frequency of 10 kHz, the power losses are larger, but they remain at
a low level. In the case of Supermalloy/ZnFe204 composite compact SPS-ed at 700 °C, the specific
power losses are even lower than 5 W/kg. The power losses decomposition proved that intra-
particles losses give the main part of the losses.

Keywords: pseudo-core-shell particles; soft magnetic composites; spark plasma sintering

1. Introduction

Soft magnetic composite materials (SMCs) have been of great research and application interest
for several decades. These types of magnetic materials hold promise for better soft magnetic materials
that can operate at high frequencies (implying high electrical resistivity) with very good magnetic
characteristics such as inductance and permeability. The usual way to produce such a composite
consists of coating the ferromagnetic particles with a thin layer of dielectric material and then
compacting the particles by powder metallurgy techniques [1-7].

Soft magnetic composite materials (SMC) are produced by powder metallurgy from soft
ferromagnetic powders pressed together with an organic or inorganic dielectric binder. Several
different Fe, Fe-Ni, Fe-Si, FesP, Fe-Si-Al, Mo-Permalloy powders have been used as ferromagnetic
phase [8-11]. As a dielectric binder, it can be use either an organic dielectric (epoxy resin, elastomers,
etc.) or an inorganic binder (phosphates, oxides, glass, and so on) [10].

One of the new classes of soft magnetic materials is alloy/ferrite composites [12]. The aim of
producing soft magnetic composites from alloy and ferrite is to obtain a material with an electrical
resistivity closer to that of ferrite and a magnetic induction closer to that of the alloy. The use of soft
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magnetic ferrite material as a coating agent can also improve the application frequency of Fe-based
SMCs because the coating layer has high frequency stability [13,14].

In addition to its interesting characteristics, this type of composite material is also attractive due
to the low cost of basic raw materials such as iron and hematite [15,16]. Extremely important is the
insulating phase, which determines the density, mechanical properties, electrical resistivity and
essentially all magnetic properties of SMCs. MnZn ferrite, NiZn ferrite and Ni ferrite have high
resistivities [14] and also good magnetic properties. The most obvious advantage of these coatings is
the reduced number of air gaps between the metal powder particles, these air gaps lead to effectively
reducing the magnetic material’s saturation magnetisation and permeability. In addition, ferrite is a
soft magnetic material that can be used at higher temperatures and frequencies [17,18].

An interesting approach to obtain SMCs can be to use the ferromagnetic particles having a
dielectric layer formed by ferrites and compacting by Spark Plasma Sintering (SPS). The densification
of the alloy/ferrite composite powders by SPS can be difficult due to the possibility to have a reaction
between the composite phases. To avoid this reaction, the sintering parameters should be chosen very
carefully. The sintering time in SPS technique are very short and the sintering temperature is lower
than in classical sintering. These parameters help to avoid reactions between the composite particle
phases during the sintering process [14,18-23].

The paper presents results concerning producing and characterising Permalloy
(Supermalloy)@ZnFe>0O4 pseudo-core-shell particles and soft magnetic composite compacts from as-
obtained powders produced via the spark plasma sintering densification technique. Our approach is
to obtain soft magnetic composites of a Ni-based alloy in a zinc ferrite (ZnFe204) resistive matrix. The
zinc ferrite shell of the pseudo-core-shell particles will create a network structure that will assure an
enhanced electrical resistivity after sintering in the NisFe/ZnFe2Os and Supermalloy/ZnFe:0s type
soft magnetic composite. This procedure is a new and simple route that involves an accessible way
to cover the Ni-based ferromagnetic particles with a thin layer of zinc ferrite particles, and it uses a
low-energy densification technique. The SMC with ferromagnetic Ni-based particles and ferrite as
dielectric was obtained by SPS until now, but such a combination of precursors to our knowledge it
has not been used before.

2. Materials and Methods

Nanocrystalline soft magnetic Permalloy (NisFe) and Supermalloy (79Nil6Fe5Mo, wt. %) were
achieved by mechanical alloying using elemental powders: Fe (NC 100.24, purity 99.85 %, produced
by Hoganés AB, Hogands, Sweden), Ni carbonyl 123 (purity 99.9 %, Alpha Aesar, Kandel, Germany)
and Mo (purity 99.95 %, Alpha Aesar, Kandel, Germany) obtained by chemical reduction. Mechanical
alloying was carried out for up to 12 hours in a planetary ball mill manufactured by Fristch, model
Pulverisette 6 (Idar-Oberstein, Germany). The alloying/milling process was performed in a high-
purity argon atmosphere using a 500 ml vial and 14 mm diameter balls. The 12 h mechanically alloyed
powder was annealed at 350 °C for 4 h to remove the internal stresses induced by the milling process
and to ensure that the solid-state reaction to form Ni3Fe intermetallic compound as a single phase is
finished.

Nanocrystalline NisFe and Supermalloy powders obtained by mechanical alloying after 12 h of
milling and ZnFe204 powders have been used to produce pseudo-core-shell powders, which consist
of a core of very large NisFe or Supermalloy particles covered by a discontinuous layer (shell) of Zn
ferrite. The ferrite particles have the chemical formula ZnFe:04 and were supplied by Alfa Aesar of
Johnson Matthey Company, Germany. The Zn ferrite particles size is less than 10 pm. The amount of
5 wt% of zinc ferrite was calculated to result in a volume percentage of ferrite in the mixture of about
10 vol.%.

The resulting mixtures were homogenised for 15 minutes a Turbula-type spatial homogeniser to
ensure the most uniform distribution of particles. Due to the difference in particle size between NisFe
and Supermalloy powders on one side and Zn ferrite powder (much finer) on the other side, the
result was alloy powder particles coated with a fine layer of ferrite particles.
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The pseudo-core-shell Permalloy (Supermalloy)@ZnFe204 composite particles were subjected to
densification by spark plasma sintering (SPS), using a home-made equipment [14,19,22,24]. SPS
process was performed in a graphite die by applying a pulsating current to the powders of maximum
intensity 2,500 A in an argon atmosphere and the sintering chamber is cooled by water pipes. The
sintering process was done in an argon atmosphere to prevent additional oxygen in the samples and
to protect the die and punches. A constant pressure of 30 MPa was kept during the heating-sintering
and cooling cycle. In the heating sequence, the temperature heating rate was approximately 5 °C/s.
The powders were sintered at temperatures of 500, 600, 650 and 700 °C, and the holding time at the
sintering temperature was zero minutes. That means that the samples were only heated to the
established temperature, the current was cut, and the cooling process down to room temperature
followed. The cylindrical-shaped samples produced by SPS were drilled for toroidal shaping. Before
drilling, the sintered compacts were metallographically conditioned using silicon carbide sandpaper
and alumina solution. The so obtained toroidal-shaped samples were wired with 0.5 mm (for primary
coil) and 0.35 mm (for secondary coil) copper wire.

The formation of Permalloy and Supermalloy alloys by mechanical alloying, as well as the phase
retention in sintered compacts, were studied by X-ray diffraction using the INEL 3000 Equinox
diffractometer, operating with radiation CoKo. (1.79026 A) in the angular range 2 6=20 - 110 degrees.
The INEL 3000 Equinox diffractometer works in reflection mode and has a curved detector which
simultaneously covers 90 degrees. The mean crystallite size was calculated for the annealed samples
by the Scherrer method from the full-width-at-half-maximum (FWHM) of the diffraction peaks [25].
In order to do so, a reference Ni sample was used to determine the resolution of the diffractometer.
The morphology of the powders and the microstructure of the sintered compacts were investigated
by scanning electron microscopy (SEM). A JEOL-JSM 5600-LV was used, working with the secondary
electron signal. The JEOL JSM 5600-LV microscope is equipped with an Oxford Instruments EDX
detector, model ULTIMMAX65 and Aztec analysis software. X-ray microanalysis was used to
determine the chemical homogeneity of mechanically alloyed powders as well as local chemical
analysis and phase identification (by chemical element distribution maps) in composite powders and
compacts. The density of composite compacts was obtained by determining the mass and geometric
dimensions of cylindrical compacts (diameter and height). The electrical characteristics were
investigated with an electrical resistivity measuring system, which involves determining the
electrical resistance on sintered compacts fixed between 2 flat contacts applied to the bases of
cylindrical compacts. The SPS-ed composite compacts were magnetically characterised in DC and
AC regimes. A computer-controlled hysteresisgraph Magnet-Physik Dr. Steingroever GmbH, Rema-
graph-Remacomp C-705 model (Cologne, Germany) was used to register hysteresis curves. The AC
tested frequency was ranged between 50-10,000 Hz, and the induction level was seated at 0.01 T.

3. Results and Discussions

3.1. Permalloy, Supermalloy and Permalloy (Supermalloy)@ZnFe204 Powders

The obtaining of Permalloy (NisFe) and Supermalloy (79Nil6Fe5Mo, wt.%) by mechanical
alloying used in this study was detailed in our previous papers [25,26]. It was proved that the NisFe
phase is obtained gradually by up to 8 h of milling. Up to 2 h of milling, the (200) and (211) diffraction
peaks of Fe are visible in the patterns. Also, the asymmetry of the (200) and (220) maxima of Ni are
visible at this milling time, and this asymmetry proves the presence of some Ni3Fe germs in powder.
The milling was continued up to 12 h to ensure the reaction was finalised in the entire sample volume,
knowing that X-ray diffraction could not reveal the small residual phases [25].

Concerning the Supermalloy powders, it was shown in Ref [26] that after 8 hours of milling, the
Supermalloy is obtained as a single phase in the milled sample. The progressive Supermalloy
formation during milling is due to the energy transfer from the milling balls to the powders. Thus,
changes in the XRD patterns show the progressive disappearance of the Fe and Mo Bragg peaks and
the displacement of the Ni Bragg peaks to lower diffraction angles at the positions of the Supermalloy
maxima [26].
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The mean crystallite size of NisFe and Supermalloy powders is around 16-18 + 2 nm. The other
details about obtaining Permalloy and Supermalloy powders by mechanical alloying can be found in
our previous papers in this field [27-33].

Nanocrystalline NisFe and Supermalloy powders obtained by mechanical alloying after 12 h of
milling and ZnFe:Os powders have been used to produce pseudo-core-shell powders. By
homogenisation, the very small particles of Zn ferrite cover more large particles of NisFe and
Supermalloy. The result is pseudo-core-shell particles, which consist of a core of very large NisFe or
Supermalloy particles covered by a discontinuous layer (shell) of fine Zn ferrite, Figure 1. The
adherence of the fine zinc ferrite particles on the surface of permalloy/supermalloy larger particles is
enhanced by the roughness surface provided upon producing the particles by mechanical alloying.
All the pseudo-core-shell particles have an irregular shape and their size ranges from a few dozen to
a few hundred micrometres. The pseudo-core shell powder prepared, as mentioned, maintains that
structure during powder manipulation for analysis and further use in producing SPS compacts. It is
worth mentioning that the powder consists of core-shell structured particles and some zinc ferrite
fine particles. The free (unattached) zinc ferrite particles help upon densifying to better insulate the
particles, surface zinc ferrite discontinuous zones of core-shell particles are better covered.

8 188mm BOBB Z0

a ] b

Figure 1. Morphology of powders homogenised for 20 minutes: (a) Ni3Fe@ZnFe204 and (b)
79Nil6FeSMo@ZnFe204.

3.2. Permalloy (Supermalloy)@ZnFe20+ Compacts Prepared by SPS

The NisFe@ZnFe20O4 and Supermalloy@ZnFe>0s pseudo-core-shell powders were compacted by
SPS at 500, 600, 650 and 700 °C without holding time. Figure 2 presents the X-ray diffraction patterns
for the SPS-ed composite compacts produced from NisFe@ZnFe:04 pseudo-core-shell powders. The
NisFe FCC structure reflections are present in the patterns for all the samples. Upon increasing the
sintering temperature, a decrease of the FWHM occurs, thus indicating the crystallite size increases.
It can be observed the formation of new phases, as it is showed by the presence of new diffraction
maxima. The newly formed phases that are present in compacts are identified as being FeO and ZnO.
We can assume that this new phase forms at the interface between the metallic Permalloy and the
zinc ferrite older phases by solid-state reactions. These new phases are expected to play a key role in
the SPS-ed composite compact characteristics. Both phases that are formed upon sintering have high
resistivity, and their presence is a positive aspect related to electrical resistivity. As the sintering
temperature increases the intensity of the maxima of the newly phases increases, thus indicating the
larger amount of these phases in the composite. Indeed, upon increasing the temperature, a higher
mobility of the atoms is assured, and the iron atoms diffuse to the outer layer of the metallic particles
and react with zinc ferrite, leading to partial decomposition.
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Figure 2. X-ray diffraction patterns for the SPS-ed composite compacts obtained from NisFe@ZnFe204
and Supermalloy@ZnFe20s pseudo-core-shell powders as a function of sintering parameters.

The surface of SPS-ed composite compacts, obtained from NisFe@ZnFe2O4 pseudo-core-shell
powders, are shown in Figure 3. The density of the SPS-ed compacts increases by increasing the
sintering temperature. Also, the porosity decreases by increasing the sintering temperature from 500
to 700 °C. The pores are smaller and less visible in the sample sintered at 700 °C compared to the
others. The samples” microstructure consists of metallic zones embedded in an almost continuous
matrix/network, which are thinner when the sintering temperature increases. The matrix is connected
to the shell formed by Zn ferrite of the NisFe@ZnFe>Os pseudo-core-shell particles.

SPS 700°C

SPS 500°C

Figure 3. The surface of SPS-ed composite compacts, obtained from NisFe@ZnFe204 pseudo-core-shell
powders. The sintering temperature is shown on top of the SEM images.

In order to evaluate the samples from the point of view of phase distribution, distribution maps
of the constituent elements were recorded, following the ferrite distribution in relation to the soft
magnetic phase (Ni3Fe), Figure 4. The X-ray microanalysis (EDX investigations) confirm the above-
described microstructures and phases distribution. The nickel-rich zones, provided by the Ni3Fe
phase, are embedded in a quasi-continuos matrix formed the Fe, O and Zn elements, provided by
zinc ferrite of the Ni3Fe@ZnFe204 pseudo-core-shell particles.

X588 Sdwm €888 Z1 ZB SH
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Figure 4. SEM images of SPS-ed and superimposed distribution maps for Ni, Fe, O and Zn elements
in the SPS composite compacts obtained at 500, 600 and 700 °C from NisFe@ZnFe:0s pseudo-core-
shell particles.

The same distribution of the phases (soft magnetic phase — Supermalloy and Zn ferrite) are
evidenced also for the SPS-ed compacts obtained from Supermalloy@ZnFe:Os pseudo-core-shell
particles, Figure 5. In Figure 5a is shown a SEM image of the compact microstructure, and in Figure
5b is shown the all elemental distribution maps superimposed on the SEM image from Figure 5a;
Figure 5c-g show the individual distribution maps for Ni, Fe, Mo, O and Zn elements, respectively.
The Figure 5 confirms that the large Supermalloy particles are embedded in a matrix formed from Zn
ferrite particles.

From the point of view of the compactness of the homogenised powders, there are no great
variations with temperature. However, for compacts sintered at 700 °C, it can be said that there is a
higher compactability compared to the other temperatures. Regardless of the sintering time, it can be
observed how the zinc ferrite particles cover the spaces between the Ni3Fe. A ferrite distribution at
the particle boundary is very promising from the point of view of properties in alternating magnetic
fields. In the case of the Supermalloy composite, only the sample sintered at 600 °C (without holding)
was analysed. Morphologically, the homogenised powders show a lower density because the fine
ferrite particles are at the limit of the large Supermalloy particles. This distribution is also supported

by the distribution maps shown in Figure 5.

ASED,  SBsm E‘E'ElﬁtL z@ 31 SEI

Zn Lal,2

Figure 5. SEM images and distribution maps for Ni, Fe, O and Zn elements in the SPS-ed composite
compacts obtained at 700 °C temperature from Supermalloye@ZnFe204 pseudo-core-shell particles: a.
— SEM image; b. — elemental distribution maps superimposed on the SEM image from Figure 6a; c-g
— distribution maps for Ni, Fe, O and Zn elements, respectively. .

3.3. Density, Electrical and Magnetic Characteristics of the Permalloy (Supermalloy)@ZnFe2O+ SMCs
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The influence of sintering temperature on the density and electrical resistivity of all composite
compacts obtained by SPS from NisFe@ZnFe:Os and Supermalloy@ZnFe2Os pseudo-core-shell
powders is shown in Figure 6.

Figure 6 shows that the density of the composite increases with increasing sintering temperature.
In the case of composite compacts obtained from pseudo-core-shell powders, Figure 6, the electrical
resistivity decreases strongly when the sintering temperature increases from 500 °C to 600 °C, after
which it stabilises at values of about 7-10-s Q-m for sintering temperatures between 600-700 °C, in
correlation with the increasing density of the sintered compacts. This value is 3 orders of magnitude
higher than the electrical resistivity of sintered Fe compacts (5.9-10¢ (O-m), which means that the
energy losses in the core due to eddy currents are also 3 orders of magnitude lower than for magnetic
Fe powder cores.

It is important to note that the electrical resistivity is highly dependent on many factors, such as:
(i) the continuity of the ferrite network, (ii) the density of the sintered compacts, and (iii) the solid-
state reaction between components during the sintering process, which can produce phases with
different electrical resistivities.

7,0 T T T T T 0,035

Density —#— Ni,Fe+ZnFe,0,

6,5+ —0— NiFeMo+ZnFe,0,

Electrical resistivity —@— Ni,Fe+ZnFe,O
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Figure 6. Density and electrical resistivity of plasma sintered NisFe/ZnFe2Os4 composite compacts
versus temperature.

The magnetic properties of the spark plasma sintered composite compacts produced from the
NisFe@ZnFe:0s and Supermalloy@ZnFe:0: pseudo-core-shell powders were determined in DC and
in AC up to 10,000 Hz. The B-H curves in DC of the NisFe/ZnFe:Os toroidal compacts obtained by
SPS at different sintering temperatures are presented in Figure 7. In the inset table of the figure, the
coercive field, the magnetic induction, and the maximum relative permeability are detailed. It can be
seen that the magnetic characteristics are better for the compacts obtained by sintering at 700 °C,
excepting the coercive field. This is due to the formation of the new phases, ZnO and FeO, besides
ZnFex04 and permalloy.
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Figure 7. The B-H hysteresis curves in DC of the NisFe/ZnFe:Os composite compacts, SPS-ed at
temperatures: 500, 600, 650 and 700 °C. Holding time was 0 minutes.

Figure 8 presents the evolution of initial magnetic permeability versus frequency for toroidal-
shaped NisFe/ZnFe:O: and NiFeMo/ZnFe:Os composite compacts, SPS-ed at the sintering
temperature indicated on the graph. The induction level was seated at 0.01 T.

As it is known, the magnetic permeability strongly depends on the porosity, density, and non-
magnetic phases of the materials [34-36]. A descending permeability evolution is noticed for all the
compacts, evolution independent of the sintering temperature. The samples containing NisFe show
a more rapid decrease independent of sintering temperature than those containing NiFeMo. A
monotony decrease of the relative permeability versus frequency is observed for the
NiFeMo/ZnFe:0s compact sintered at 700 °C. The higher relative initial permeability was obtained
for the Supermalloy/ZnFe2O4 composite compacts sintered at 600 °C, which decreases linearly for the
entire frequency range studied, from around 95 to 50. The relative permeability values are larger than
those of the SPS-ed compacts obtained by us from Permalloy (Supermalloy)@MnosZnosFe204 pseudo-
core-shell particles [26]. The decrease is probably caused by the demagnetising field induced by the
development of some eddy currents during increasing frequency. Due to the large electrical
resistivity, it is assumed that some intra-particles eddy currents are developing since large particles
have been used. The formation of some eddy currents is also suggested by the evolution of the losses

upon increasing frequency.
160
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Figure 8. Evolution of initial magnetic permeability versus frequency for toroidal shaped
Ni3Fe/ZnFe204 and NiFeMo/ZnFe204 composite compacts, SPS-ed at the sintering temperature
indicated on the graph. The induction level was seated at 0.01 T.

The evolution of the specific power losses versus the frequency for toroidal-shaped
NisFe/ZnFe>O4 and NiFeMo/ZnFe2Os type composite compacts, SPS-ed at the sintering temperature
of 500 - 700 °C at an induction level of 0.01 T, are shown in Figure 9. A similar evolution of the specific
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power losses was obtained for all the compacts. Thus, the specific power losses increase exponentially
with the increase in the testing frequency. The NiFeMo/ZnFe:04 compact SPS-ed at 600 °C has the
lowest losses. This can be related to the larger intrinsic electrical resitivity of the Supermaloy as
compared to the one of NisFe.The results are promising; for the induction level of 0.01 T, until a
frequency of 2,000 Hz, the power losses are lower than 1.5 W/kg. At the frequency of 10 kHz the
power losses are larger, but still, they remain at a low level, lower than 15 W/Kg. In the case of
Supermalloy/ZnFe:04 composite compact SPS-ed at 600 °C, whitout holding time, the specific power
losses are even lower than 5 W/kg. To certain attribution of the main part of the losses to the eddy
current developed in the SPS-ed toroidal samples, mainly at intra-particles level a decomposition has
been performed. The losses deconvolution has been done using the Bertotti classical loss separation
model [37,38]. The total losses are composed of hysteresis losses and dynamic losses when the excess
losses are not considered, as in our case. The dynamic losses are divided in two, inter-particles and
intra-particles as it is well known.

124  [-m—NiFe+znFe,0, - SPS 500°C
114  |-®—NiFe+ZnFe,0, - SPS 600°C
104 | —A—NiFe+ZnFe,0, - SPS 700°C
—v— NiFeMo+ZnFe,0, - SPS 600°C

P (W/kg)
o

T T T T T
2000 4000 6000 8000 10000
Frequency (Hz)

Figure 9. Evolution of the specific power losses versus frequency for toroidal shaped Ni3Fe/ZnFe204
and NiFeMo/ZnFe204 composite compacts, SPS-ed at the sintering temperature indicated on the
graph. The induction level was seated at 0.01 T.

The evolution of the hysteresis losses versus frequency at 0.01 T are presented in Figure 10. It
can be noticed that the lower losses are given by the samples sintered at 600 °C. This is related to the
samples density and composite component phases. For this samples, the sintering temperature is
limiting the formation of multiple phases at the interface.

—=— Ni,Fe+ZnFe,0, - SPS 500°C
—e— Ni,Fe+ZnFe,0, - SPS 600°C
—a— NiFe+ZnFe,0, - SPS 700°C
v NiFeMo+ZnFe,0, - SPS 600°C

P, (W/kg)

T T T T T T T T T T T
0 2000 4000 6000 8000 10000
Frequency (Hz)

Figure 10. Evolution of the hysteresis losses versus frequency for toroidal shaped NisFe/ZnFe:204 and
NiFeMo/ZnFe204+ composite compacts, SPS-ed at the sintering temperature indicated on the graph.
The induction level was seated at 0.01 T.
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The inter-particles losses evolution is given in Figure 11. A low value can be noticed for all the
SMCs, which confirms the good insulation of the ferromagnetic particles in the sintered compacts.
The evolution of the inter-particles losses is correlated with the sample’s density and electrical
resistivity. The inter-particles losses are lower compared to the hysteresis losses.

—=— Ni,Fe+ZnFe,0, - SPS 500°C
00025+ | e NiFe+ZnFe,0, - SPS 600°C
—a— Ni,Fe+ZnFe,0, - SPS 700°C
—v— NiFeMo+ZnFe,0, - SPS 600°C

0,0020

0,0015

Pin(er (W/kg )

0,0010

0,0005

T T T T T T T T T
2000 4000 6000 8000 10000
Frequency (Hz)

Figure 11. Evolution of the inter-particles losses versus frequency for toroidal shaped NisFe/ZnFe204
and NiFeMo/ZnFe20s composite compacts, SPS-ed at the sintering temperature indicated on the
graph. The induction level was seated at 0.01 T.

The intra-particles losses are depicted in Figure 12. It can be observed that these losses represent
the main part of the losses. The lower intra-particles losses are obtained for the samples containing
NiFeMo. This is related to the higher intrinsic electrical resistivity of this alloy compared to Ni3Fe.
The use of small particles is suggested and thus will lead to lower intra-particles losses. Also, it can
be noticed that the formation of FeO and ZnO in a higher amount has a positive effect on diminishing
the intra-particles losses. This is related to the reduction of effective particles size by the reaction on
their surface of the iron (provided by Permalloy and Supermalloy) with zinc ferrite. The amount of
FeO and ZnO are certainly at a relatively high amount, their maxima are easily visible in
diffractograms, and the intensity increases upon increasing the sintering temperature.

13

124 |-—m—NiFe+ZnFe,0, - SPS 500°C
1] |8 NiFe+znFe,0, - SPS 600°C
104 |~A—NiFe+ZnFe,0, - SPS 700°C

1 |~ NiFeMo+ZnFe,0, - SPS 600°C

(W/kg)

intra

P.

T T T T T T T T T
2000 4000 6000 8000 10000
Frequency (Hz)

Figure 12. Evolution of the intra-particles losses versus frequency for toroidal shaped NisFe/ZnFe204
and NiFeMo/ZnFe:0s composite compacts, SPS-ed at the sintering temperature indicated on the
graph. The induction level was seated at 0.01 T.
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5. Conclusions

Composite particles with pseudo-core-shell structure of NisFe@ZnFe20s and NiFeMo/ZnFe20O4
types have been successfully produced from large ferromagnetic particles (NisFe and NiFeMo)
covered by a layer of fine Zn ferrite by mixing and homogenising for 15 minutes in a Turbula-type
spatial homogeniser.

The pseudo-core shell structure of the powder has been highlighted by SEM and EDX studies.
The composite powder has been subjected to spark plasma sintering in the temperature range of 500
to 700 °C. By this technique have been obtained soft magnetic composites with Ni-based particles
embedded in an oxide matrix/network consisting mainly of ZnFe:0Os alongside the FeO and ZnO.
ZnO and FeO are formed upon sintering by the reaction of iron atoms provided by
Permalloy/Supermalloy and zinc ferrite at the interface of core-shell composite particles. The
formation of the zinc and iron oxides has a positive effect on the powder densification and also on
the compact’s electrical resistivity. The tests of the soft magnetic composite in the alternative field
confirmed that the compacts have a structure that has a high electrical resistivity that
limits/diminishes the development of eddy currents at an interparticle level. This was clearly
demonstrated by the power losses separation, which indicated that the main part of the losses is given
by intra-particles losses due to the use of large ferromagnetic particles. The use of ferromagnetic
particles with lower sizes will ensure the decrease of the intra-particles losses.
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