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Materials

AbstrAct

Purpose: The aim of this paper was to develop a various nanocrystalline powder cores with different polymers 
as a binder and investigate their magnetic properties (especially permeability and power losses) at high 
frequency range.
Design/methodology/approach: Numerous experimental techniques were used to characterize starting 
powders: laser particles analysis, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), X-ray diffraction (XRD) and Mössbauer spectrometry (MS). The dynamic magnetic properties at the 
frequency range from 50 Hz up to 100 kHz of nanocrystalline iron based powder cores were measured using 
computerized hysteresis loop tracer Remacomp C-100 and Ferrometr device.
Findings: It was found from the experimental studies, that nanocrystalline powder cores proved to be suitable 
for high frequency applications. Their frequency dependences are comparable to that of permalloy or carbonyl 
iron powder cores but shows smaller power losses.
Research limitations/implications: Further studies should be undertaken in order to produce high density 
composites with good soft magnetic properties and to find a good compromise between mechanical and 
magnetic properties for power electronics applications.
Practical implications: Developed nanocrystalline powder cores with permeability’s below 100 are potential 
candidates for a variety of industrial applications, such as electromagnetic interference filters, radio frequency 
coupling devices, filter inductors and radio frequency tuning cores.
Originality/value: Soft magnetic materials have recently regained interest as inductive component which 
is a result of better raw materials, more developed technologies and a need for the materials from electrical 
micromotors and low power motors for automation, robotics and other equipments. The present study 
complements and extends earlier investigations of polymer bonded powders.
Keywords: Composites; Nanocrystalline materials; Soft magnetic properties; Frequency spectrum 

1. Introduction 
Soft magnetic materials with various properties are 

fundamental elements in today’s electronic and electrical 
engineering industry. Recently, increasing the operating 
frequency in electronic devices and increasing demand to save 

energy and reduce manufacturing costs has become more and 
more important. This led to replace, in some cases, the 
conventional materials with the newly developed amorphous and 
nanocrystalline based materials [1÷4]. Ferromagnetic amorphous 
and nanocrystalline alloys show very good soft magnetic 
properties, such as high permeability, high saturation magnetic 
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induction, low coercivity, low power losses, and have been 
extensively studied over the past few decades [5÷7]. They are used 
in various applications such as power devices, magnetic sensors and 
information handling technology. The most widely investigated 
alloy Fe73.5Cu1Nb3Si13.5B9 is derived from the conventional Fe-Si-B 
system with minor additions of copper (Cu) and niobium (Nb). In 
this case, Cu acts as a nucleating agent whereas Nb inhibits the 
grain growth of the FeSi phase that crystallises from the amorphous 
matrix during thermal annealing [5÷8]. However, amorphous and 
nanocrystalline ribbons are frequency limited because of their high 
electrical conductivity. They are very efficient in the audio 
frequency range (up to 100 kHz) only. Also, their brittleness limits 
the size and shape of the core needed for the final component 
[1,9,10].  

For high frequency applications, especially for large induction 
levels, resin coated metallic powder cores are used. The air gap, 
induced by resin layer, reduces the permeability due to localized 
stray fields. This powder cores, often termed soft magnetic 
composites (SMC) or ferromagnetic composite iron (FCI), are 
characterized by high electrical resistivity and very small power 
losses, being from this point of view useful for high frequency 
applications. Soft magnetic composites are made of compacted 
ferromagnetic particles surrounded by an isolating layer. In many 
experiments as ferromagnetic powders Fe, Fe-Ni, Fe-Si, Fe3P, Fe-
Si-Al, Mo-Permalloy, Ni3Fe were used [3,4,11÷13]. As dielectric 
binder one can use organic dielectric (epoxy resin, elastomers, etc.) 
or inorganic binder (phosphates, oxides, glass, etc.) [3,4,7,10÷15]. 
Such materials can easily be produced in various shapes with low 
technological losses at low prices.  

Powder cores are used in a wide array of applications from low 
cost electromagnetic interference filters, radio frequency coupling 
devices, smoothing chokes in switchmode power supplies to filter 
inductors and radio frequency tuning cores. Soft magnetic 
composites have yet greater potential to be used as magnetic cores 
for electrical convertors or in an electrical micromotors and low 
power motors for automation, robotics and other equipment [16].  

The purposes of the present work are to develop a various 
nanocrystalline powder cores with different polymers as a binder 
and investigate their magnetic properties (especially permeability 
and power losses) at high frequency range. The results of 
morphology and structure studies of powder are also presented. 

2. Experimental 
Amorphous Fe73.5Cu1Nb3Si13.5B9 metallic glasses ribbons were 

prepared by the melt spinning method. The ball milling process was 
performed in a high energy ball mill (8000 SPEX CertiPrep 
Mixer/Mill). The milling process reduced the starting material to 
powder form. The metallic powder was sieved to obtain particles 
between 300÷500 µm. The powder particles were annealed (at 823 
K for 1 hour) to generate the nanocrystalline state and to reduce 
stresses induced by the high energy ball milling process. X-ray 
examination of metallic ribbon and obtained powders was made 
using a XRD-7 diffractometer with a Co anode. TEM micrographs 
of the metallic ribbons and powders particles were obtained with a 
Joel Electron Microscope 200 CX. The Mössbauer spectra were 
measured at room temperature by means of a conventional constant 
acceleration spectrometer with 57Co in Rh source of 50mCi activity.  

Three different cores with the same ferromagnetic particles of 
nanocrystalline Fe73.5Cu1Nb3Si13.5B9 alloy and with diverse 
materials as a binder were prepared. The first sample (sample I) was 
made by mixing powder with 3 wt% silicone polymer (Dublisil 20) 
and cold compacted under applied pressure of 200 MPa, the second 
one (sample II) by hot pressing (350MPa, 443K/1h) powder with 3 
wt% epoxy resin (Epidian 100) and the third sample (sample III) by 
hot pressing (350MPa, 443K/1h) powder with 3 wt% high-density 
polyethylene (HDPE). Measurements of the density of the samples 
were conducted by means of hydrostatic weighing. Examination of 
powder cores magnetic properties within frequency range of 
50Hz÷100kHz were carried out on the FERROMETR and 
REMACOMP C-100 devices.

3. Results and discussion 

3.1. Structure of ribbon and milled powder 

To obtain information about the crystalline phases an X-ray 
diffraction study (Fig. 1) was carried out for the base sample 
(Fe73.5Cu1Nb3Si13.5B9 metallic glass) and for ball milled ribbon 
(previously annealed in Ar for 1h at temperature of 823 K). It was 
found for the rapidly quenched ribbon the occurrence of a wide 
diffraction spectrum within the range of 2  = 45 ÷ 58o, being that 
phenomenon characteristic for an amorphous structure of iron 
alloys. Fig 1 shows also the X-ray diffraction pattern for ball milled 
Fe73.5Cu1Nb3Si13.5B9 powder. There was a sharp peak with high 
intensity observed in the curve for the angle 2  = 52.8° being the 
characteristic angle for the -Fe(Si) (110) plane reflection. Also 
(200) and (211) diffraction peaks of -Fe(Si) were noticed. 

Fig. 1. X-ray diffraction patterns of Fe73.5Cu1Nb3Si13.5B9 ribbon 
and ball milled powder 

TEM observation of the ball milled Fe73.5Cu1Nb3Si13.5B9 sample 
confirmed that the microstructure of the sample is very uniform. 
The bright field image demonstrated nano-particles with a size 
around 30 nm embedded in an amorphous matrix. It was consistent 
with SAED pattern, which exhibited diffraction rings for the (110), 
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(200) and (211) of -Fe(Si) phase and a diffuse amorphous ring. It 
was also found from Mössbauer study, that the spectrum of the 
powder sample reveals a shape that is typical for a double-phase 
material’s structure and suggests nanocrystallites of Fe3Si 
embedded in a remaining amorphous matrix.

3.2. Magnetic properties of powder cores 

The average tests results of the Fe73.5Cu1Nb3Si13.5B9 powder 
cores density are presented in Fig. 2. The difference in the density 
results from the nature of the binder and core consolidation 
methods. The highest density (4.4 g/cm3) belongs to the core 
obtained by hot pressing particles with 3 wt% epoxy resin, and the 
lowest one (3,8 g/cm3) the core with 3 wt% silicone polymer as a 
binder. This can be attributed to the better filling by the polymer of 
the pores during hot pressing. 

It is widely known, that nanocrystalline Fe73.5Cu1Nb3Si13.5B9
ribbon exhibit a very good soft magnetic properties. When milled 
particles are mixed with polymer and pressed, the soft magnetic 
properties of the powder core strongly decreases. Based on previous 
results presented in Ref. [10], this fact can be explained due to 
structural defects induced by the milling process, distributed air gap 
and demagnetization factor.  It was concluded, that hot pressed 
samples have similar magnetic properties measured at 50 Hz in 
spite of different preparing techniques. Fe73.5Cu1Nb3Si13.5B9 powder 
cores showed coercive field Hc in the range 210 ÷ 320 A/m, the 
values of magnetic induction Bmax between 0.5 ÷ 0.6 T and the 
remanence Br in the range 0.015 ÷ 0.04 T at applied field of H = 12 
kA/m. The sample I exhibit the coercive field Hc = 320 A/m, the 
magnetic induction Bmax =0.55 T and the remanence Br = 0.02 T at 
applied field of H = 12 kA/m. The obtained properties are better 
than those measured on Co68Fe4Mo1Si13.5B13.5 particles mixed with 
silicon binder [17] and Co70.3Fe4.7Si10B15 powder compacted at a 
pressure of 900 MPa at temperature 773 K [18]. By increasing 
magnetizing field frequency to 50 kHz the maximum magnetic 
induction and the remanence of nanocrystalline Fe73.5Cu1Nb3Si13.5B9
powder cores are decreased. Measurements at magnetizing field H = 
2 kA/m showed maximum induction Bmax = 0.13 T for sample II 
and Bmax = 0.14 T for sample III. 

Fig. 3 shows the magnetic permeability of nanocrystalline 
powder cores as a function of frequency. It is seen that the 
permeability have nearly not any changes when frequency is 
between 50 Hz and 100 kHz. This fact suggests that the frequency 
limit for these materials could be very high. This behaviour is 
interesting for technical use in high frequency inductive 
components of the power electronic. Similar results are obtained for 
a commercial Permite 55K powder core (pressed at 400 MPa) 
widely used as a choking coil (Fig. 3). It was also noticed, that cold 
pressed sample show worse magnetic permeability that hot pressed 
ones. The maximum permeability values of sample I and sample II 
(at H = 3 kA/m and f = 50 Hz) are µ = 40 and µ = 72 respectively. 
The reason can be found in a higher density of the cores combined 
with higher contact of the powder particles at hot pressing. 
Comparison of power losses versus frequency is presented in Fig. 4. 
It can be observed from this figure that the losses increase with 
frequency as expected. The total power losses (sample III) at the 
magnetic induction B = 0.6 T increased from 2.3 to 220 W/kg when 
the frequency was increased from 50 Hz to 10 kHz. Compared with 

a commercial Permite 55K, magnetic properties of sample III are 
much better. The total power losses in Permite 55K is 4 W/kg 
corresponding to a magnetic induction of B = 0.6 T at frequency of 
50 Hz. Total power losses in the same material are 489 W/kg, 
corresponding to a induction of 0,6 T and magnetization frequency 
of 10 kHz. 

Fig. 2. Density of the Fe73.5Cu1Nb3Si13.5B9 powder cores prepared 
using different techniques and binders 

Fig. 3. Frequency dependence of the magnetic permeability of 
powder cores compared with commercial Permite core  

Summarizing the results of magnetic examination it has been 
concluded that magnetic permeability of Fe73.5Cu1Nb3Si13.5B9
powder cores are comparable with those obtained on carbonyl 
iron or permalloy powder core and from this point of view, 
Finemet powder has no relevant advantage. On the other hand, 
nanocrystalline Fe73.5Cu1Nb3Si13.5B9 powder cores exhibits lower 
power losses at the frequency range from 50 Hz to 100 kHz than 
any other material.  

3.2.	 	Magnetic	properties	of	powder	cores
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Fig. 4. Comparison of power losses as a function of frequency 
for obtained samples and Permite core 

4. Conclusions 
Investigating the structure and magnetic properties of 

Fe73.5Cu1Nb3Si13.5B9 powder cores prepared using various kinds 
of polymers and different techniques we obtained that: 

High packing particles in powder cores can be obtained by 
applying epoxy resin or polyethylene and hot pressing. 
The nanocrystalline powder cores proved to be suitable for 
high frequency applications. Their frequency dependences are 
comparable to that of commercial Permite 55K powder core 
widely used as a choking coil but shows smaller losses. 
Developed nanocrystalline powder cores with permeability’s 
below 100 are potential candidates for a variety of industrial 
applications, such as electromagnetic interference filters, 
radio frequency coupling devices, filter inductors and radio 
frequency tuning cores. 
Further studies in pressing technologies should be undertaken 
in order to produce high density cores with good soft 
magnetic properties at high frequencies. 
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