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Abstract: Electrical machines cover a very wide range
of applications in many industrials sectors and the re-
search to improve the performance of those applications
is recently leading to the development of new solutions.
Those devices are generally equipped with magnetic cir-
cuitsmade of laminated ferromagnetic steel, but in the last
decade, new magnetic materials have been developed to
realisemagnetic circuits: SoftMagnetic Composites (SMC).
The Authors have investigated SMCswith organic layer ob-
tained through the adoption of phenolic and epoxy resins;
in previous research activities several mixture composi-
tions have been produced and analysed with different per-
centages of binder and compacting pressures. Promising
results regarding magnetic and mechanical performances
have been obtained using a very low binder content. The
paper aims to investigate the lower limit of the binder to be
used, still keeping good mechanical properties. Appropri-
ate magnetic tests have been performed on toroidal speci-
mens: good magnetic characteristics have been obtained,
maintaining on the other side propermechanical strength.

Keywords: Soft Magnetic Composites (SMC), powder
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1 Introduction
The growing demand for higher efficiencies in several in-
dustrial sectors focuses the research to find new solutions
in many application fields. The electrical machines repre-
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sent a predominant part of such applications, and the use
of newmagnetic materials improving the performances [1]
and leading to a better power/weight ratio is a proposed
investigation. The idea to propose newmaterials in substi-
tution of traditional ones applies to:

– NdFeB bonded magnets are generally used replac-
ing ferrites [2], and in some case, even NdFeB sin-
tered magnets [3];

– SMC (Soft Magnetic Composites) may replace lami-
nated steels [4–7].

In the recent past, the Authors studied and exam-
ined the aforementioned typologies of magnetic materi-
als [2, 8–10]. Different tests and prototypes [11] have been
realisedobtainingpromising results for bothmagnetic and
mechanical properties [10].

The present work is focused on SMC materials: pure
iron grains are coated and insulated with a layer, which
can be of organic or inorganic nature. The advantages of
such materials with respect to traditional laminated steel
lie in different features: the capability to lead themagnetic
flux in all directions, the reduction of the volumes, the pos-
sibility to produce components in new complex geome-
tries, and the lowering of iron losses, mainly with the re-
duction of eddy currents, at medium and high frequency.
Furthermore, the adoption of magnetic powder moulding
may lead to a strong simplification of the production pro-
cess: if the desired geometry presents a difficult construc-
tion with magnetic sheets, the use of moulded parts can
represent a satisfactory solution. New typologies of electri-
cal motors may be designed and produced with the adop-
tion of SMC materials [12]: for instance Axial Flux Motors
(AFM) [14–16], Transverse flux motors (TFM) [17, 18] and
Claw pole motors [19].

The research carried out in the Alessandria site of
Politecnico di Torino with the support of the polymeric
and metallurgic research groups, investigated the pheno-
lic and epoxy resins as a new particular layer to produce
the innovative SMCmaterials [9, 10]. The main goal of this
work is to evaluate the magnetic, and mechanical prop-
erties of SMC obtained using a very low content of poly-
meric binder. In previous activities, fractional contents in
theweight of phenolic and epoxy resins hadbeen adopted.
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The obtained results suggested that the binder content can
be further optimised; the attention has therefore been fo-
cused on investigating themagnetic andmechanical prop-
erties, further reducing the percentage of the polymer in
the mixture and having the commercial Insulated Iron
Powder Compounds (I.I.P.C.) considered as reference [10].

The main aim was to obtain improved mechanical
properties, still maintaining the magnetic characteristics
concerning the commercial Insulated Iron Powder Com-
pounds (I.I.P.C.), taken as reference [10].

2 Materials and experimental
procedures

The preliminary stage consists in the choice of ferromag-
netic powder: several powders have been considered and
tested and the choice focus on a high purity atomised iron
powder, with an average grain size of 150 µm. The grains
constitute the basematerial; however, they need to be cov-
eredwith an insulation layer to limit the eddy currents. The
adoption of a resin makes the correct mixture of powders
easy to manufacture [10].

Two moulds have been used to press the powders: a
cylindrical one, with a diameter of 40 mm, and a rectan-
gular one, 55mm × 10 mm (suitable for the production of
samples for the Charpy tests).

The preparation of the samples was according to what
described in [10]; four different percentages for each resin
have been investigated (0.2 - 0.1 - 0.075 and 0.05% in
weight). The compound realised with 0.2% was taken as
referencematerial [10] for both resins, which are identified
with letter E for Epoxy and with letter P for phenolic.

The magnetic characterisation has been performed at
room temperature through a magnetic toroidal test [20–
23], by exciting the sample with a regulatedmagnetic flux.
Themeasuring system is capable of providing a controlled
sinusoidal fluxwaveformwith very low harmonic content,
without an excessive sample heating – even at high ampli-
tudes – avoiding the need for a special cooling system. The
whole measurement and acquisition system has been de-
signed and implemented in our laboratories (Figure 1). The
distorted absorbed current, typical of magnetic circuits,
is compensated by subtracting harmonics, obtaining very
sinusoidal waveforms, with a Total Harmonic Distortion
lower than 1% for the voltage at the secondary winding
and a far below 1% for the flux waveform. The automatic
acquisition and process elaboration have been developed
in LabView environment.

For the mechanical characterisation, Transverse Rup-
ture Strength (or TRS) measurements were realised [9, 10,
24]; TRS is a three-point bending test, usually adopted for
brittlematerials; the test is basedon thedeformationof the
specimen by slowly increasing the force until the material
breaks.

Figure 1: Scheme of magnetic measurement system

3 Results
The magnetic characteristics, i.e. the B-H curves, are re-
ported in Figure 2 and Figure 3 for Epoxy and Phenolic
samples respectively.

Figure 2:Magnetic characteristics for Epoxy SMC pressed at 800
Mpa

For epoxy samples, it is evident that the variation of
binder does not particularly affect the magnetic charac-
teristic (Figure 2). On the other hand, the reduction of the
binder percentage improves the magnetic characteristics
of phenolic SMC. The Phenolic reference material “P-0.2”
shows the lowest magnetic behaviour (Figure 3).

To obtain quantitative information from magnetic
characteristics, the magnetic flux density B at 5000 A/m



370 | E. Pošković et al.

Figure 3:Magnetic characteristics of Phenolic SMC pressed at 800
MPa

has been detected for the different binder percentages
at 800 MPa. The results for Epoxy SMC have confirmed
that all values are fairly constant; this means that further
improvements for magnetic characteristics cannot be ob-
tained (Table 1). In the case of Phenolic SMC the magnetic
flux density B at 5000 A/m increases for lower contents of
binder (Table 1).

The maximummagnetic permeability has been deter-
mined from the data of B-H curves at 800 MPa and for dif-
ferent binder percentages (Table 1). For the Epoxy resin
specimens, the highest magnetic permeability is obtained
with the intermediate weight% of the binder (0.075%); fur-
ther reduction in the Epoxy weight content (0.05%) causes
a decrease in the permeability values.

Table 1:Magnetic induction B @ 5000 A/m and Maximum magnetic
permeability for both typologies of samples

Resins Samples B @ 5000 A/m µrMAX
[T] [-]

Epoxy E-0.2 1,426 533
E-0.1 1,417 542

E-0.075 1,427 567
E-0.05 1,416 546

Phenolic P-0.2 1,353 446
P-0.1 1,372 462

P-0.075 1,409 532
P-0.05 1,406 533

The results shown in Figure 4 and Figure 5 are referred
to the case of specific losses for 50Hz@ 1T. The lowest val-
ues have been obtained for binder percentage of 0.075, and
aspreviouslymentioned, for binder content of 0.05 the val-
ues worsen.

Figure 4: Specific iron losses for 50Hz @ 1T of epoxy samples

Figure 5: Specific iron losses for 50Hz @ 1T of phenolic samples

Mechanical properties have been determined for both
typologies of resins; the results show that the mechani-
cal performance decreaseswith the reduction of polymeric
binder (Figure 6 and Figure 7): TRS values remain satisfac-
tory up to 0.075% of binder content, and after that rapidly
drop.

Figure 6:Mechanical strength of epoxy SMC
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Figure 7:Mechanical strength of phenolic SMC

4 Conclusion
The proposed SMC materials have confirmed the possi-
bility to obtain characteristics suitable for their adoption
in the realisation on the magnetic circuits of electric ma-
chines.

The detected magnetic properties, particularly when
using Epoxy as a binder, are of significant interest; on the
other side, the obtained mechanical strength is slightly
higherwith respect to the values presented by similar com-
mercial products available on the market.

Another important consideration regards the produc-
tion process, which is easy for both resins; in particular,
the low temperature values requested in the post pressure
treatment allows to foresee a low production cost.

Particularly significant is the lower limit in the per-
centage of binder, 0.075%, adopted at the aim of max-
imising themagnetic characteristics, and stillmaintaining
suitable mechanical prerogatives.
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