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ABSTRACT Axial flux offer a promising and reliable solution for various applications. The use of soft
magnetic composite (SMC) materials allows to resolve some of the challenges associated with these motors.
Two axial flux motors with identical designs are devolved, with the only variation being in the preparation
of the SMC stators. The effect of magnetization during the stator manufacturing process has been assessed.
Various tests are conducted in order to compare the performance of the magnetized and non-magnetized
stators. Distinct differences have been noted, showing some advantages for the prototype with aligned SMC
material. These results are further explained through microstructural analyses.

INDEX TERMS Axial flux motor, soft magnetic composite, magnetization, hysteresis torque, cogging, iron
losses, efficiency, microstructural analyses.

I. INTRODUCTION
Axial flux motors are brushless devices that feature unique
magnetic orientations in contrast to radial motors [1]. These
machines are notable for their compact form and low
weight-to-volume ratio. Their high efficiency and simple
rotor construction make them ideal for various industrial
applications, particularly in the automotive, aerospace, and
domestic fields [2], [3], [4], [5], [6], [7]. Furthermore,
axial machines can be designed with multiple stator-rotor
stages [8], [9]. However, using a single rotor-stator setup can
lead to mechanical imbalances, while employing multiple
stages can help mitigate this problem. Another drawback
is the axial force produced by permanent magnets [10],
[11], which requires specialized bearings and makes it more
difficult to achieve a very narrow air gap.

The associate editor coordinating the review of this manuscript and

approving it for publication was Qinfen Lu .

A proper choice of the magnetic materials plays a
fundamental role in the design of axial flux machines,
particularly for what concerns their final efficiency [12], [13].
In the selection of permanent magnets, a common solution

is represented by sintered NdFeB, due to their high energy
density, while sintered ferrites represent a valid alternative,
especially for their reduced cost. It must be pointed out
that sintered magnets, in particular ferrites, are brittle, and
it should become difficult to obtain designs with significant
curvature [14]; on the other hand, bonded magnets should
be realized in customized shapes thanks to their high
machinability [15].

The choice of soft materials to realize the magnetic circuit
follows different ways and difficulties to be faced [16],
[17]. In traditional machines the choice normally falls on
magnetic steels, as they present high magnetic and energetic
characteristics up to medium supply frequency, together
with high mechanical performance. When dealing with the
design of an axial flux machine, the particular shape of the
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motor stator should represent a significative obstacle if the
realization has to be done with laminated steel; an exception
should be represented in those cases where the stator poles
are realized with U-shaped laminated steel cores [18], with a
reduction of the manufacturing cost. Anyway, the realization
of such stator cores, in particular the complex punching,
is expensive and adopted just for some particular applications,
such as sport vehicles and aerospace [19], [20], [21], [22].
An alternative always more frequently adopted is repre-

sented by Soft Magnetic Composite (SMC) materials [23],
[24], made by ferromagnetic grain powders insulated with
organic or inorganic layers, providing significant improve-
ments in terms of material properties, particularly under the
thermal and mechanical point of view [25]. The possibility
to directly start from the powder makes evident the main
advantage of adopting such solution: the realization of
complex magnetic geometries is obtained by punching the
powder in proper molds. Moreover, as almost each grain
is insulated, SMCs present reduced eddy current losses
when operating at medium-high frequency compared to
traditional laminated steels. They also present isotropic
magnetic behavior, making possible to drive the flux in any
direction thus simplifying the production of axial flux stators
avoiding those magnetic short circuits which typically affect
stators realized with laminations.

On the other side SMCs can be criticized for the relatively
weak mechanical properties, but under this point of view a
significant research activity is being carried out to improve
such properties and make these materials capable to be
adopted in the challenging realization of axial flux machines
stators [26], [27], [28].

The paper deals with the opportunity of applying an
external magnetic field to the SMC powder while it is
being pressed in the mold and assess the effectiveness of
such process. The already underlined isotropic behavior
of the SMCs (3D magnetic lines) allows to consider the
magnetization to be applied in different directions while
punching: axial, radial and orthogonal.

The present work has been organized to compare two
different fractional power axial flux machines, where the
only difference is represented by the procedure of the stator
SMC realization. One stator has been manufactured with a
traditional compression molding procedure, while the other
one has been realized with the application of a magnetic field
during the molding phase. The applied magnetic field has
been axially oriented with respect to the punching process
direction. The expected results regard an improvement of
the stator general properties, both magnetic and energetic,
and the validation will be made by means of several electric
and mechanical tests on the two prototypes of axial flux
machines [29], together with a metallographic analysis of the
material.

II. MATERIALS SELECTION
As well known, the first stage in order to select a
suitable magnetic material for a specific application is

the material selection, whether soft or hard magnets.
In this work, permanent magnet samples and SMC samples
are produced through laboratory facilities by compression
molding.

Concerning the machine rotor, permanent bonded magnets
NdFeB have been manufactured and then utilized. In the
stator core, a novel specific SMC material was utilized. Such
a SMCmaterial was specifically designed for this application
that is made up of a hybrid layer consisting of organic
and inorganic materials. Mainly, the NdFeB specimens
were produced through compression molding at a pressure
of 600MPa. TheMQP 14-12 magnetic powder has been used
to produce bonded magnets: such powder is currently utilized
in applications that requires high temperatures, up to 150 ◦C.
More specifically, a selected epoxy resin has been chosen as
the polymeric binder, with a weight content equal to 1% wt.
After the blending phase and compacting, the curing process
was conducted in a laboratory furnace at 150 ◦C for 6 hours.
The magnet fabricated is featured by the demagnetization
curve displayed in Fig. 1: J value represents the magnetic
polarization (the typical intrinsic value of the magnet), while
B, the magnetic induction, shows magnetic behavior in the
presence of the air gap.

FIGURE 1. Demagnetization curve of bonded magnets prepared by
1 wt.% of epoxy resin.

The production process for the SMC materials was con-
ducted through laboratory facilities thanks to an innovative
coating method studied and designed by the Authors [30],
[31].With this method, it is possible to obtain multifunctional
nanometric layers by combining diverse materials. The
SMC layers here suggested, are obtained by combining
polymer and clay, attaining a better producible Soft Magnetic
Composite.

The layer-by-layer process (LbL) was here utilized to
produce such hybrid layers, utilizing organic and/ or
inorganic components in solution baths. Positively charged
baths and negatively charged baths are used alternately
on the ferromagnetic powder selected up to obtain an
adhesion of components on the powders’ surface. Each
deposition process is followed by a wash-step performed
through deionized water. The excess of solution, or the
deionized water, is removed by separating the powder
from the solution using centrifugal forces and/ or magnetic
separation.
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Overall, those steps are in the same number as the layers to
be realized, while after the last deposition step, the coated
powder undergoes a drying process in a vacuum oven at
80 ◦C [30], [31]. The sketch Fig. 2 highlights the main steps
included in the deposition process.

The SMC produced for this work consists of a three-
step deposition. Two deposition steps are based on the
branched polyethyleneimine polymer applied in water solu-
tion, 0.5% in weight of organic material, while the third
is based on the montmorillonite clay used in solution
1 wt.%. Notably, mechanical properties for such SMC were
measured, obtaining a mechanical strength after the TRS test
of about 100 MPa, while as thermal resistance regard, the
layers permit a maximum operative temperature of about
300 ◦C. Magnetic properties of the produced SMC will be
discussed later in Section IV.

FIGURE 2. Description of the proposed LbL deposition process, from
ferromagnetic powder to the final coating magnetic product.

III. PROTOTYPES PREPARATION
Table 1 reports the main axial flux motor data selected
through an analytical model based on cyclic interaction,
starting from the main parameters, which are the external
diameter, the rated torque, the bus voltage and the properties
of the designed material, as previously exposed in [10]. Two
prototypes of Axial Flux Motor (AFM) were realized using
the proposed design of Fig. 3, starting from the same rated
conditions and dimensions. Such constraints of the same rated

FIGURE 3. Main motor components design.

TABLE 1. Axial flux motor data.

conditions and dimensions are functional to the evaluation of
the magnetization effects in SMC materials.

FIGURE 4. The assembly phases of magnetization coil: non-magnetic
mold with the turns.

Anon-magnetic mold, purposelymade for this application,
was designed and produced to perform the compression
molding process. Conversely, the punches are realized in a
magnetic alloy and coated to increase their surface hardness.
Stator cores are produced using a pressure of about 500 MPa
to obtain compacted cylinders with the design height. During
the compression molding, a dedicated magnetization coil
built-in into the mold was used to magnetize the powders,
as depicted in Fig 4. Fig. 5 shows the compaction phase and
the punch.

VOLUME 13, 2025 18985



E. Pošković et al.: Effect of Magnetization on the Production Process of SMC Stators of AFMs

FIGURE 5. The compaction phase: dedicated punch and mold with
magnetization coil.

FIGURE 6. Model of compression molding system with the applied
magnetization: the punches are ferromagnetic, and the mold size
represents the filling level of SMC powder corresponding to the initial
chamber height.

A simulation model of such system made possible to
predict a flux density over 1 Tesla (for a current pulse of 75 A)
where the material to be compacted is placed. On the other
hand, the DC supply system at disposal can guarantee a
maximum pulsed current of 50 A; anyway, for safety reasons,
the applied current is 27 A at 50 V.

The magnetic induction values in the mold can be
estimated only with finite element analysis. In fact, the use
of a gaussmeter can be considered; on the other hand, it can
only provide information about the magnetic flux density
into the air gap. Therefore, gaussmeter values can only be
used to validate the finite element method. The model for
the compaction and magnetization phase is summarized in
Fig. 6. By the finite element analyses were performed three
simulations, to evaluate the key parameters:

FIGURE 7. Model at the maximum current for magnetization coil cooled
in the air (75 A).

• maximum current for magnetization coil cooled in the
air, 75 A;

• maximum current for the supply device, 50 A;
• current at safe operation, 27 A.
Finite element simulation permits the assessment of the

operative condition related to the magnetization during the
production of the SMC stator. Particularly, the simulation in
Fig. 7 clearly shows that if the applied current is 75 A, the
mold filled with powder is characterized by a flux density of
1.22 T. From the figure, it can be noticed that the magnetic
zones extend far beyond the punches area. Similarly, if the
applied current is 50 A, as shown in Fig. 8, the flux density
in the middle of the mold reaches 0.82 T. Instead, applying
a current of 27 A leads to a uniform flux density state inside
the mold and a satisfying flux density that can reach 0.44 T,
as simulated in Fig. 9. This last analysis corresponds to the
selected configuration used to prepare the SMC stator and the
experimental tests.

Once the discoidal samples are compacted, the manufac-
turing of the stators begins. Fig. 10 depicts the production
steps. Stators were milled to obtain the final required shape,
while the windings of the stator poles are manufactured with
40 turns. The stator windings are wrapped on the stator
poles, owing to particular support to facilitate and repeat
the winding process similarly. The air gap can be regulated
by acting on the bearing positioning using a crew locking
system, while the rotor yoke has been realized with an iron
plate equipped with bonded magnets. Fig. 11 shows the
assembled final motor.

While the rotor is the same for both prototypes, the stator
changes as a function of the adoption of the magnetiza-
tion during the compaction. One stator was manufactured
using a discoidal sample compacted with the application
of a magnetic field produced by the magnetization coil
(configuration Mag-SMC Stator). A second stator was
instead manufactured using a compacted sample without
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FIGURE 8. Model at maximum current for the supply device (50 A).

FIGURE 9. Model work at the safe operation (27 A).

the application of the magnetization (configuration No-Mag
SMC Stator).

IV. EXPERIMENTAL RESULTS
Prototypes were tested to assess the effect of applying
magnetization on SMC during compaction. Prototypes’
responses in terms of the function of the stator material
and motor performance were studied, and the results were
compared to define the appropriate solution.

A. EFFECT OF MANUFACTURING MAGNETIZATION ON
MAGNETIC CHARATERIZATION OF SMC MATERIALS
The obtained SMC materials have been characterized, for
what concerns their magnetic properties, on toroidal samples.
The characterization method is based on the well-known
‘‘transformer approach’’; two windings are wounded around
the toroidal magnetic core: the first provides magnetization to
the core with a magnetic field H proportional to the current,

FIGURE 10. Different steps of SMC stator and motor preparation: stator
winding, rotor with bonded magnets, and bearings.

FIGURE 11. The final motor geometry.

FIGURE 12. BH curves for magnetized and no magnetized SMC materials
during the compacted process.

and the second winding, designed with a very thin copper
wire correctly wrapped very close to the magnetic core,
detects the induced voltage, proportional to the magnetic flux
density B.
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FIGURE 13. Magnetic permeability for magnetized and no magnetized
SMC materials during the compacted process.

FIGURE 14. Hysteresis loops at 1 T for magnetized and no magnetized
SMC materials during the compacted process.

Fig. 12 highlights the resulting characteristics of the B(H)
curves in the interval from 10 Hz to 1 kHz as frequency
values for both types of SMC compacted samples. Primarily,
an important consideration must be done: the B(H) curves
in the present work resulted in lower values with respect to
typical B(H) curves. This behavior is simply caused by the
compaction pressure exerted by the punch, which normally is
set to 700÷800 MPa, while for these specific SMC samples,
results of about 500 MPa.

From the B(H) curves analysis, one can argue that there is
a clear effect of the application of magnetization during the
compaction step. Notably, configuration Mag-SMC Stator,
namely the configuration with the applied magnetization, led
to realize SMC having B(H) curves with large values. In this
context, for the same magnetic field, the magnetic induction
resulted in higher values in magnetized SMC: at 5000 A/m,
1.05 T was measured in magnetized SMC and 0.9 T in non-
magnetized SMC.

SMC specimens magnetized and non-magnetized were
even analyzed in terms of magnetic permeability, as in
Fig. 13, and also in terms of hysteresis loops, showed in
Fig. 14. As magnetic permeability regards, one can analyze

curves in Fig. 13 highlighting that the SMC produced
with magnetization coil reached a value of about 253, that
surprisingly resulted in 40 % higher than SMC produced
without magnetization coil (non-magnetized sample). The
same results were additionally noticed in hysteresis loops,
where the dotted loops highlight the non-magnetized SMC
behavior. From observing the cycles, it is evident that SMC
non-magnetized has slightly larger cycles than magnetized
SMC, resulting in better performances and lower hysteresis
losses of the latter.

FIGURE 15. Specific iron losses at 1 T for magnetized and no magnetized
SMC materials during the compacted process.

Indeed, Fig. 15 shows details about the iron losses in
the two SMCs at 1 T. These results permit to assess
a clear tendency in terms of iron losses at specific
frequencies, confirming a higher value of iron losses in
non-magnetized SMC, depicted by the dotted lines in the
figure. In other words, one can assess the better perfor-
mances of the magnetized SMC, even in terms of specific
iron losses.

To summarize, all the information obtained from the
magnetic characterizations demonstrated clear benefits in
applying magnetization during the SMC compaction. The
subsequent tests on the prototype were made using the
machine with a stator produced without the SMC magneti-
zation during compaction or with the magnetization, aiming
to highlight the same trend observed during the materials
testing.

B. EFFECT OF MANUFACTURING MAGNETIZATION ON
PROTOTYPES: NO-LOAD TEST
The first test that must be performed on prototypes is the no-
load test. More in-depth, in this test, the machine is started up
without any load, to evaluate the no-load torque and the losses
of the machine. In particular, the prototype with magnetized
stator showed lower losses and torque, as noticeable from
Fig. 16 and Fig. 17; as the mechanical adopted system is
the same for both machines, the only difference is depending
on the iron losses, resulting lower in the magnetized stator.
At 4000 rpm, the prototype with magnetized stator behaved
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FIGURE 16. No-load test torque measurement for the proposed
prototypes.

FIGURE 17. No-load test losses measurement for the proposed
prototypes.

FIGURE 18. The cogging and hysteresis torque for the prototype with the
non-magnetized SMC stator.

better, showing losses and torque 24 % lower than the
prototype non-magnetized.

C. EFFECT OF MANUFACTURING MAGNETIZATION ON
PROTOTYPES: TORQUE RIPPLE TEST
A second test that must be performed on prototypes is the
evaluation of the cogging torque. In particular, contrary to
what is done in the literature, here, a novel method that

FIGURE 19. The cogging and hysteresis torque for the prototype with the
magnetized SMC stator.

FIGURE 20. Measured data for efficiency map of the prototype with No
Mag SMC Stator.

permits a fulfilling and accurate assessment of different con-
tributions, which means hysteresis contribution and cogging
torque contribution, was used, as previously described in [32].
Fig. 18 and Fig. 19 showed results in terms of cogging torque
and hysteresis in the two prototypes.

The high cogging torque value (Fig. 18 and Fig. 19)
is due to the absence of the polar expansions, and it is
not only a drawback: when operated at high speed, the
machine shows a cogging torque frequency well outside the
audio range. The torque ripple should also be negligible
due to the rotor inertia. An advantage of this topology
is a wide difference between the Ld and Lq inductance,
which facilitates the use in conjunction with a Field Oriented
Control.

Considering individual results on material behavior, espe-
cially on the permeability values, it was attended a high
value in cogging torque peak-peak value for the machine
having the stator with magnetized SMC. Conversely, a very
low difference between the two stators was measured. Also,
hysteresis torque was measured where the non-magnetized
prototype shows a value of about 12% higher, confirming the
higher iron losses.

VOLUME 13, 2025 18989
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FIGURE 21. Measured data for efficiency map of the prototype with Mag
SMC Stator.

FIGURE 22. Efficiency map of the prototype with No Mag SMC Stator
obtained by post-processing activity.

D. EFFECT OF MANUFACTURING MAGNETIZATION ON
PROTOTYPES: LOAD TEST
The third test that must be conducted on prototypes regards
evaluating the machine response if a load is applied. The load
tests are performed using the electronic conversion device.
The inverter’s control is adjusted to obtain several points
and works until the rated condition is reached. Repeating
the measurement at the same setup and similar intervals
is difficult. For these reasons, the obtained results for the
two stators are slightly different in measured intervals of
the efficiency map, as shown in Fig. 20 and Fig. 21. The
highest efficiency value, 67%, is obtained for the Mag SMC
stator prototype. On the other hand, the No Mag SMC stator
machine seems to show a larger area with efficiency values
higher than 60%. Considering the experimental data, the
difference between the two proposed prototypes is around
1%. For this context, a detailed and deep assessment is
adopted, using the post-processing activity based on the
interpolation model of all experimental results. In this way,

it is possible to get and improve results in the map following
the typical efficiency trend. Such trends are built from
experimental data for various speed intervals in order to fill
the missing points.

FIGURE 23. Efficiency map of the prototype with Mag SMC Stator
obtained by post-processing activity.

FIGURE 24. 5X magnification for for magnetized and no magnetized SMC
materials during the compacted process.

As the experimental data are obviously not distributed
along a ‘‘regular’’ matrix, it has been necessary to interpolate
themfirst vertically and then horizontally in order to elaborate
the detailed efficiency maps of Fig. 22 and Fig. 23 for
the two tested machines, without and with magnetized
SMC stator.

Such results validate the previous measure on SMC
material, underlining that the machine having a magnetized
stator performs better than a non-magnetized SMC stator,
giving efficiencies of about 76 % and 67 %, respectively.
On the other hand, the high efficiency for non-magnetized
stator is preserved in a larger operative area torque-speed
than magnetized stator. Furthermore, both values settle on
the expected standard values for an Axial Flux Machine
of similar size (60-70%). Additionally, even AFM realized
using laminated steel can reach similar efficiency at equal
rated torque; therefore, magnetizing SMC during the process
permits the axial flux machine to be a good solution for
fractional motors.
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FIGURE 25. 10X magnification for for magnetized and no magnetized
SMC materials during the compacted process.

FIGURE 26. 20X magnification for for magnetized and no magnetized
SMC materials during the compacted process.

E. EFFECT OF MANUFACTURING MAGNETIZATION ON
PROTOTYPES: MICROSTRUCTURE ANALYSIS
Optical microscope MEF4, Leica (magnifications 20X→

marker 100 µm,10X→ marker 200 µm 5X→ marker
300 µm) has been used to observe the metallographic
behavior on the scarps of the toroidal samples. The metal-
lographic etching was performed using a Nital 2% solution
containing nitric acid in 2% and etilic alcool. Such etching is
commonly used to reveal microstructural features in iron base
alloys.

In Fig. 24, the lower magnifications are shown for No
Mag SMC and Mag SMC materials. The microstructure in
the case of No Mag SMC seems more porous, while the
Mag SMC show a more compacted structure and minor
numbers of macroporous. The oriented structure of particles
due to magnetization during the process is not possible
to observe at 5X; for this reason, Fig. 25 is shown. The
magnetization effect does not orient or align the particles but
improves the compaction and reduces the intergranular space
and distance, as observed for magnetized SMC materials.
A further magnification, reported in Fig. 26, confirms a better
consolidation and more dense structure for magnetized SMC
materials observing the intergranular lines that are barely
noticeable.

F. EFFECT OF MANUFACTURING MAGNETIZATION ON
PROTOTYPES: FINAL DISCUSSION
SMC materials, thanks to the magnetization during com-
paction, lead to a reduction in iron losses. Up to today, this
behaviour has still not been totally explained. Nevertheless,
the most widely accepted hypothesis suggested that:

• The attractive force between the ferromagnetic object
concurs, along with the pressure applied by the press,

in increasing the total pressure applied during the
compaction phase;

• A certain powder orientation can be reached thanks to
the tendency of the particles to dispose of themselves
in a minimum reluctance condition. This, in turn,
can lead to an increase in grain displacement and
orientation ordering, reducing the inner demagnetizing
fields;

Particularly, considering the metallographic analysis results,
seems that actually exists a pressure effect that affects the
microstructure. The observation of magnetic domains by
magneto-optical microscopy, based on the Kerr effect, can be
considered in future to confirm these hypotheses.

V. CONCLUSION
In this work, the effect of the usage of specifically
prepared SMC for a stator application in AFM was studied.
In particular, SMC stators were studied, considering the
effect of applying magnetization during the compaction.
Both magnetized and non-magnetized stators lead to very
promising results. Mainly, the higher permeability values
were obtained by the magnetized SMC; moreover, iron losses
can be reduced up to 15 % for 400 Hz@1T, increasing the
energetic aspects.

Conversely, cogging measurements lead to similar val-
ues in the two prototypes. Regarding efficiency, maps
showed a higher result for the magnetized stator, while
the stator non-magnetized permit to work in a higher effi-
ciency speed-torque range observing through post-processing
activity.

The main limitation lies in the maximum applied pressure
on the specifically produced mold of 500 MPa.

In the next future, an assessment of the relationship
between experimental results and FEM simulation will be
performed with the aim to enhance the AFM design.

Due to the limitations of the particular mold, the
used approach of 500 MPa instead of 800 MPa will be
reconsidered.
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