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Abstract Iron-borosilicate magnetic composites could be
applied as a soft magnetic material in high temperature and
high frequency applications. In this research, the magnetic
properties of soft magnetic composites with different iron
particle sizes made by spark plasma sintering have been
investigated. Different magnetic properties such as perme-
ability, loss factor, and quality factor were examined up
to frequencies in the order of kilohertz. The microstruc-
tural observations indicated the distribution of borosilicate
on the iron grain boundaries. The results revealed that the
loss factor is smaller for composites with fine particles at
high frequencies. In addition, the magnetic impedance for
smaller particles was greater. It was also found that the
permeability and quality factor of composites with coarse
particles are larger than those of fine particles. Indeed,
when the particles become coarse, the density of porosities
and consequently, the demagnetizing fields decrease which
result in the increase of permeability. Furthermore, when
the size of particles reduces, the density of grain bound-
aries enhances which is the main reason of lower loss factor
achieved in the composites with fine particles.
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1 Introduction

Soft magnetic composites (SMC) are superior to the
silicone-laminated steels owing to their isotropic magnetic
properties, ease of production, and very low eddy current
loss at high frequencies (in the order of MHz). Although
the saturation flux density of laminated steels are around
2 T, their low permeability (∼ 103) causes a serious energy
concern [1, 2]. SMCs are used in the transformers, alter-
nating current (AC) motors and generators, switch reluc-
tance power supplies, antilock braking sensors, magnetic
field shielding, electromagnetic actuation devices, reso-
nant inductors, frequency filters, DC output chokes, and in
high-temperature applications like aircraft engine electric
components [3].

The basis of SMCs is coating the iron powder particles
with an insulating material which causes a barrier for eddy
current flow at high frequencies [1]. Borosilicate with the
trade name of Pyrex could decrease the eddy current loss at
high temperatures as well as the high frequencies [2].

Actually, by modifying the particles size, it is possible
to design the SMCs for specific magnetic performance [4].
Different powder metallurgy processes have been applied
to produce SMCs up to now [1, 3, 5]. The best technique
under which the highest density has been obtained so far
is the spark plasma sintering (SPS) [2]. In this technique,
heating is carried out simultaneously from both inside and
outside of the sample allowing the material to be heated
homogenously [6, 7]. Since the softening point of Pyrex is
∼ 820 ◦C, the temperature of sintering could be raised up to
this temperature, hence, the annealing could be carried out
simultaneously to reduce the residual stress [2, 8, 9].

In this study, soft magnetic composites with different ini-
tial particles sizes of iron and also with addition of 2 wt%
of borosilicate have been fabricated using spark plasma
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sintering. The effect of iron particles size on the magnetic
properties at high frequencies (such as permeability, mag-
netic impedance, quality factor, and loss factor) has been
investigated.

2 Experimental Procedure

The initial powders were iron and borosilicate. The iron
powders were screened into the three different particles
sizes of d < 45, 45 < d < 125, and d > 125 μm. Borosili-
cate powder was attained by milling of Pyrex glass; particles
smaller than 63 μm were employed. Iron powders were
mixed with 2 wt% of borosilicate in a Turbula mixer; they
were then consolidated using spark plasma sintering tech-
nique under the pressure of 40 MPa at ∼800 ◦C for 20 min.
To remove the carburized layer and graphite paper from
the surface, the samples were sanded and polished with
the solution containing Al2o3 particles. The results of den-
sity measurements and some electrical and magnetic studies
have been given in full detail in our previous publication [2].

The microstructure observation of samples has been per-
formed using a field emission scanning electron microscope
(MIRA3-TESCAN). To determine the magnetic properties
at high frequencies, the samples were twined with copper
wire. The permeability, loss factor, magnetic impedance,
and quality factor of samples were measured by means of
an inductance/capacitance/resistance, LCR, meter (8110G,
Instech). To determine the permeability, the real and imag-
inary parts of permeability were calculated using the mea-
sured values of inductance and AC resistance according to
the following relationships:

μ′ = Ls

L0
= Lsle

μ0N2Ae

(1)

μ′′ = Rac

ωL0
= Racle

ωμ0N2Ae

(2)

μ = μ′ + iμ′′ (3)

where Ls and L0 represent the inductance of the solenoid
with and without a soft magnetic core, Rac is indicative of
AC resistance of the magnetic core, N stands for the number
of turns of the cupper coil, ω (2π f) is the angular frequency,
Ae is the cross section’s area, and le is the path of mean flux
density of the sample. It should be noted that L0 could be
estimated from the geometrical relations of sample as well
[5, 10].

3 Results and Discussion

Figure 1 displays the secondary and back-scattered images
from the microstructure of samples with different iron par-
ticle sizes which were consolidated by SPS technique. As

could be seen, the borosilicate phase has been distributed
on the boundaries of iron particles. The EDX analysis
taken from the regions with different contrasts in the back-
scattered images revealed that the dark contrast is attributed
to the borosilicate phase while the regions with light contrast
are ascribed to the iron. In the secondary image of sample
with particles smaller than 45 μm, Fig. 1a, some pores and
porosities could be observed. These porosities are distin-
guished with the dark contrast in the back-scattered image
(Fig. 1b) as well.

Moreover, it is observed that by increasing the particles
size, the amount of porosities decreases. The near full densi-
ties of 99.90 and 99.80 were obtained for samples with iron
particles size of 45 < d < 125 and d > 125, respectively
[2], which confirms this claim.

Figure 2 shows the change of permeability as a func-
tion of frequency for samples with different particles sizes.
As could be seen, the permeability of samples with coarse
particles is higher than that of samples with small parti-
cles. In fact, when the size of particles decreases the fraction
of defects, pore and grain boundaries in the same volume
of material enhances. Thus, the ratio of free surface to the
volume increases. Accordingly, based on the magnetostatic
effect, the demagnetizing fields which retard the magneti-
zation process enhance and consequently, the permeability
decreases.

Generally, in alternating current (AC) electromagnets,
the magnetic field is continuously changing. This causes
energy losses in their magnetic cores that are dissipated as
heat in the core. The dissipations are typically categorized
into the three different groups: (1) hysteresis loss, (2) eddy
current loss, and (3) residual loss [3]. If a circuit with a
magnetic core be considered, the total loss resistance (Rs)
is a combination of four different components: winding
(Rc), residual (Rr ), hysteresis (Rh), and eddy current (Re)
resistances. The total loss could be written as follows:

tan δt = μ′′

μ′ = Rac

ωLs

= Rc

ωLs

+ Rh

ωLs

+ Re

ωLs

+ Rr

ωLs

(4)

where ω is the angular frequency (2πf ) and L is the induc-
tance of solenoid [5, 11–13]. It should be mentioned that the
residual losses arise from the different sources depending
on the operational frequency. At high frequencies, they are
the result of domain wall resonance and ferromagnetic res-
onance. While at low frequencies, the micro eddy currents
developing across the domain walls are the main source for
residual losses [13].

The variation of total loss factor of samples with different
particle sizes has been depicted in Fig. 3. It is obviously seen
that the maximum value of loss factor is obtained at low
frequencies, thereafter, it decreases to the minimum value
and afterwards by increasing the frequency increases grad-
ually. In fact, the winding loss is the dominant factor at low
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Fig. 1 The secondary and
back-scattered images of
microstructure of composites
with initial iron particles size of
a, b d < 45, c, d 45 < d <

125, and e, f d > 125 μm

(a) (b)

(c) (d)

(e) (f)

frequencies which determines the total loss. This factor is
proportional to the reciprocal of frequency; therefore, it is
expected that the maximum loss is attained at low frequen-
cies. At high frequencies, the contribution of winding loss
is very low that it could be neglected. Instead, the eddy cur-
rent losses which are proportional to the second power of
frequency [3, 8], become important.

As could be observed, the total loss factor of sample with
coarse particles is slightly greater than that of fine particles.
This result is due to the higher density of grain boundaries

existing in the sample with fine particles. The boundaries act
as a barrier for flow of eddy currents. Hence, they reduce the
eddy currents and consequently, the total loss. Furthermore,
it was indicated in our previous publication that the sample
with coarse particles has the greater DC electrical resistiv-
ity owing to the larger open pores filled by borosilicate flow
after sintering [2] , albeit the increment was rather insignif-
icant. It is known that the eddy current loss is inversely
proportional to the resistivity. Inasmuch as the loss factor
of sample with fine initial particles was smaller, it could be
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Fig. 2 Permeability for iron-borosilicate composites with different
iron particles sizes

concluded that the existence of the higher density of grain
boundaries are more effective on reducing the eddy cur-
rents than the larger pores filled by borosilicate flow which
increased the DC resistivity slightly.

Figure 4 indicates the change of magnetic impedance as
a function of frequency for composites with different iron
particles sizes. The impedance is a dependence of frequency
according to the following relationship:

z = Rac + jXL = Rac + j2πf × Ls (5)

here, XL is called the inductance resistance (2πf ) [14].
Since both Rac and XL increase with increase of frequency,
the magnetic impedance increases as well. As it is clear in
Fig. 4, the impedance of sample with coarse iron particles

Fig. 3 Loss factor of iron-borosilicate composites with different
initial particles sizes

is higher than that of sample with fine particles. As it was
explained before, when the size of particles decreases, the
density of grain boundaries enhances. Thereby, more bar-
riers are developed which could avoid the flow of eddy
currents at high frequencies. Thus, the total resistivity of the
material, which is indicative of its opposition to the increase
of frequency enhances. This result was also obtained when
discussing on the effect of particles size on the loss factor.

In a number of applications such as narrow-band fil-
ters, the eliminating of unwanted frequencies and signals is
required. The quality (Q) factor is a parameter represent-
ing the ratio of inductive reactance to the resistance. This
parameter is expressed by the following equation [15, 16]:

Q = μ′

μ′′ = ωLs

Rac
(6)

The quality factor of samples with different particles sizes
has been exhibited in Fig. 5. As it is evident, by increas-
ing the particles size, the Q factor increases. Actually, the
greater the Q factor is, the narrower the band width will be.
Higher Q factor indicates a lower rate of energy loss rela-
tive to the stored energy of the resonator; in other words, the
oscillations die out more slowly. This implies that the sam-
ples with high Q factor oscillate within a smaller range of
frequencies and are certainly more stable.

As it was shown in our previous publication [2], the sam-
ples with coarser particles reach to the higher densities after
consolidation. This result is the consequence of existence of
larger open pores and porosities between the coarse particles
which could be filled by the flow of borosilicate after sin-
tering. Another reason for achieving the lower densities in
the samples with finer particles is the inter-particle friction
and bridging effects which occur more pronouncedly for

Fig. 4 Magnetic impedance for iron-borosilicate composites with
different iron particles sizes
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Fig. 5 Quality factor of iron-borosilicate composites with different
initial particles sizes

fine particles. Indeed, the higher density of samples means
that the higher amounts of borosilicate have filled the pores
and air gaps between iron particles; thus, more barriers have
been developed for the flow of eddy currents. Accordingly,
the DC electrical resistivity of samples with coarse particles
was a bit higher than that of composites with fine particles.
However, the results of loss factor measurements showed
that the existence of high density of grain boundaries is
more effective in increasing the electrical resistivity (Rac) at
high frequencies.

As a result, the total resistance of composites with coarse
particles at high frequencies is lower and Q factor which is
inversely proportional to resistivity is greater. It should be
mentioned that the reciprocal of Q factor is also called the
dissipation factor which represents the loss-rate of energy of
an oscillation.

4 Conclusion

In this work, the effect of initial particles size of iron on
the high frequency magnetic properties of iron-borosilicate
soft magnetic composites has been studied. The microstruc-
tural observation showed that the borosilicate is distributed
on the boundaries of iron particles. By increasing the ini-
tial size of iron particles, the permeability increased. This
result was a consequence of lower amount of porosities and
defects exists in the sample with coarse grains which leads
to the lower demagnetizing fields. Moreover, it was found
that the loss factor of composite with fine particles is smaller
than that of sample with coarse particles. The magnetic
impedance was also higher for fine particles. The quality

factor showed the inverse behavior, this means that it was
greater for composite with coarse particles. Actually, these
results are the consequence of greater AC electrical resistiv-
ity (Rac) of samples with fine particles at high frequencies
which is due to the high density of grain boundaries.
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