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Abstract—The performance of additively manufactured elec-
trical machines could see improvement through the utilization
of iron-based amorphous materials. These materials exhibit a
notable combination of high magnetic permeability and increased
specific electrical resistance, albeit with a lower saturation
flux density compared to conventional electrical steel. In this
study, two identical permanent magnet synchronous machines
(PMSMs) are compared, differing only in their soft-magnetic
components (SMCs). While one PMSM incorporates electrical
steel, the other utilizes bulk metallic glass (BMG) fabricated
via selective laser melting (SLM). The BMG-based machine
demonstrates a noteworthy reduction in torque output at equal
current levels, yet it exhibits superior efficiency under certain
operating conditions compared to its electrical steel counterpart.
Moreover, the temperature of the BMG-based machine tends to
be higher than that of the sheet-based machine.

Index Terms—Additive Manufacturing, Bulk Metallic Glass,
PMSM, Electrical Machine

I. INTRODUCTION

Electrical machine manufacturing is currently being ex-
tended with the integration of additive manufacturing (AM)
techniques. In particular, soft-magnetic components (SMCs)
used to guide the magnetic flux have been manufactured
using AM [1] and some research expands on this by even
manufacturing the electrical coils in this manner [2]. Although
a number of AM techniques exist for the applied iron-based
alloys, the main focus in research has been on laser powder
bed fusion (LPBF) with most research groups employing
selective laser melting (SLM) [3]-[5]. AM techniques in
general allow for an increased flexibility in design compared
to traditional techniques. Thus, novel machine designs based
on three dimensional flux guidance may become feasible in
the near future.

Another research topic of interest is the possibility of
using soft-magnetic amorphous metals in electrical machines.
Amorphous materials do not exhibit a long-range order and
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therefore do not have a crystalline structure which is otherwise
common for metals. In order to achieve this non-crystalline
state, a frequently used method is to cool the liquid metal
rapidly [6]. Methods such as melt spinning have been used
extensively to manufacture thin ribbons of amorphous metal
[7] with thicknesses around 10 to 40 um [8]. However, using
these strips to manufacture large components is tedious and
requires a lot of time and effort, which is why the only prac-
tical application is to wind these strips into simple structures
such as toroids. More complex structures such as electrical
machine components require additional manufacturing steps
performed on these simple wound parts [9]. Already in these
applications amorphous metals show benefits such as low
losses and high permeabilities while still achieving competitive
flux densities [10], [11]. Recent comparative studies such
as [12], [13] have found amorphous SMCs to be especially
efficient for medium frequencies while [14] has also shown
an increase in efficiency compared to electrical steel sheets
at ultra-high speed applications. In [15] it was shown that
amorphous SMCs even outperform nanocrystalline materials
concerning efficiency, although other aspects such as magnetic
permeability are lower. With the aim of widening the realm
of application, larger and more complex structures based on
amorphous metals have to become more feasible to manufac-
ture without requiring additional manufacturing steps.

In material science, alloys that due to their chemical com-
position have such good glass forming ability (GFA) that they
maintain an amorphous microstructure also when manufac-
tured in thicknesses larger than 1 mm are called bulk metallic
glasses (BMGs) [16]. Accomplishing larger and more complex
components that are solid and are not based on wound ribbons
hence require using a suitable alloy in combination with an
appropriate manufacturing technique.

SLM is a great candidate for this intent as it creates the
geometry of the component and its amorphous microstructure
simultaneously. The layerwise manufacturing where a fine-
focused laser beam rapidly scans powder layers in the realm



of 20 um thickness means that only a small volume of material
remains molten for a brief moment of time [17]. As the
laser beam continues its travel, the cooling rate of the melted
volume inherently reaches approximately 1 x 10* K /s or more
[5], which is sufficient for a BMG alloy to solidify into
the desired amorphous microstructure. Thus, the component
should be amorphous without the need of additional treatment.
Therefore, this manufacturing technique is able to combine the
benefits of both additive manufacturing as well as amorphous
soft-magnetic materials.

In reality, however, there are additional challenges to suc-
cessful manufacturing which have slowed down the industri-
alisation of the technique. First, the inherent brittleness that
especially iron-based BMGs show makes the alloys sensitive
to thermal and residual stresses that cannot be avoided during
SLM processing. This typically results in cracking of the
material, with crack patterns on both micro- and macrolevel,
which has been reported by several research groups [5], [17],
[18]. While it can be understood that cracks impair mechanical
strength and change electromagnetic properties compared to
theoretical values, their formation is still a novel topic of
research [19]. This generally unpredictable nature of cracking
poses a significant challenge to producing sound components
and performing dependable simulations.

Second, while SLM is known to give repetitive quality
regarding microstructure for crystalline metals, an added chal-
lenge for amorphous alloys is the importance of controlling the
thermal history for a part through the full process chain. If the
amorphous material becomes too hot for too long at any point,
it might crystallize to some degree. Hence, for a certain alloy,
an SLM process that produces fully amorphous samples of
small size might result in a more crystallised material when
a larger and more complex component with varying cross-
sections is manufactured. Adjusting and documenting the SLM
process for components of various sizes costs time and effort
for application developers. Also, care has to be taken so that
sufficient cooling is used for any heat-inducing post-processing
steps such as cutting.

The present study provides a comparison of a Permanent
Magnet Synchronous Machine (PMSM) made of laminated
electrical steel sheets (Sheet-Machine) and one made of soft-
magnetic BMG components manufactured using SLM (BMG-
Machine). Chapter II introduces the soft-magnetic materials
used for both machines and provides an overview of the
manufacturing process as well as the PMSM design. After
describing the test bench and applied test sequence, exper-
imental results are presented and discussed in Chapter III.
Finally, Chapter IV provides concluding remarks.

II. PMSM AND MANUFACTURING

The electrical machine used for the experimental inves-
tigation is a 16 pole, 18 slot PMSM with a single layer
concentrated winding. A cross section of the CAD model is
shown in Figure 1 while the resulting prototypes are shown
in Figure 2. The data of the PMSM, which was designed for
research on sensorless control, is summarized in Table I.

Bearings

Magnetic
Stator

Magnetic
Rotor

Fig. 1. Cross section of the CAD model of the PMSM used for the present
experimental investigation.

Fig. 2. PMSMs used in the experimental investigation. 1: BMG-Machine. 2:

Winding Details
Turns per Slot
Permanent Magnets
Stack Length
Outer Diameter
Nominal Voltage
Maximum Current

Sheet-Machine.
TABLE I
DATA OF THE PMSM USED IN THIS STUDY.
Name Value
Number of poles 16
Number of slots 18
Winding Pattern AbbCaaBcc

Concentrated Winding, Single Layer
12

BMN-46SH/ST

15mm

42 mm

24V

12A

Mounting
Plate



Both PMSMs are manufactured to be as identical as possible
apart from the SMCs. These components have a nominal
height of 15 mm, although due to the necessity to use a natural
number of sheets, tolerances and insulation, their true height
is 14.8 mm. The SMCs of the Sheet-Machine are made from
electrical steel of type M 270-50 A, which is the material this
PMSM was initially designed for. The individual sheets were
cut using a laser cutting process. Their thickness is 0.5 mm
such that 29 of them result in the rotor and stator, respectively.
A bonding varnish was used to package the sheets to form the
finished SMCs.

The BMG equivalents of both the rotor and the stator were
manufactured using an SLM process and the commercially
available powder Kuamet. The Kuamet powder is an iron-
based soft-magnetic amorphous alloy that is marketed for elec-
tromagnetic applications. However, the alloy was developed
for other manufacturing techniques than AM according to the
supplier, and therefore some properties, such as GFA, are less
than optimal for SLM. The BMG components were manu-
factured using a Trumpf TP1000 machine using previously
developed parameters [5]. An example of the microstructure
is shown in Figure 3. As the figure shows, the vertical mi-
crocracks are homogeneously distributed. Most cracks appear
100 um to 200 um in length in the 2D cross-cut while just
a few micrometers in width. Also visible are process-related
pores with rounded, organic shapes.

|
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Fig. 3. Micrograph of the polished cross-cut of an SLM-processed BMG-
sample. Building direction and microcracking direction are both vertical in
the figure and hence parallel.

The BMG-based components were manufactured slightly
higher than the nominal height and subsequently cut using wire
electrical discharge machining to 14.8 mm in order to match
the height of the sheet-based SMCs. The final components
are shown in Figure 4 with the coils and permanent magnets
already mounted. As can be seen on the outer diameter of the
rotor, the surface of the components are quite rough, which
may promote mechanical faults and likely deteriorates the
magnetic performance slightly. The scraps from the cutting
process were investigated using differential scanning calorime-
try (DSC) with the aim of determining the amorphic fraction.
The reference for the amorphic fraction is a fully amorphous
ribbon of the same material which was additionally checked by

means of X-ray diffraction. The rotor was measured to have an
amorphic fraction of 68.0% while that of the stator is 70.5%.
Thus, while not fully amorphous, the overall effect of using
amorphous instead of crystalline SMCs should be significant.

Fig. 4. Partially amorphous soft-magnetic components manufactured using
SLM. The coils and permanent magnets are already mounted to the stator
(left) and rotor (right) respectively.
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Fig. 5. Magnetic field strength H to polarization J characteristic of the fully
amorphous Kuamet ribbon and the electrical steel of type M 270-50A used
in the experimental investigation.

The relation of magnetic field strength and polarization of
both materials is illustrated in Figure 5. The data for the
electrical steel was provided by the manufacturer while the
data for the BMG is based on magnetic measurements. The
measurement setup is limited concerning the range of the
applicable magnetic field strength which is why the data for
the amorphous material is cut off at about 100 A /m. It should
be noted that the measurements were not performed on the
rotor or stator material but rather on a fully amorphous ribbon



made using melt spinning. Thus, the magnetic properties of the
SMCs will likely deviate from the shown results. Due to the
nature of the available samples, an open-circuit measurement
had to be performed. The measurement setup itself is based
on an actuation coil and a measurement coil.

Figure 5 clearly shows the high magnetic permeability of the
amorphous material indicated by the increased slope compared
to the electrical steel. However, the drawback of the material
is also obvious as the bend in the H-J characteristic is already
significant at 0.5 T. This also results in a large difference in
the saturation flux density which is about 1.93 T in the case of
the electrical steel and only 1.33 T for the amorphous material.
Therefore, one can expect the air gap flux density of the BMG-
Machine to be lower as well. As saturation occurs at much
higher magnetic field strength, these values were not obtained
by the dual-coil setup but rather by means of a vibrating
sample magnetometer (VSM) and thus AC-measurements.
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Fig. 6. Specific losses depending on the actuation frequency for both materials
investigated. The peak polarization is fixed at 0.5 T.

A different aspect of interest are the specific losses as shown
in Figure 6, which were also obtained via VSM. This figure
shows the losses of both materials depending on the actuation
frequency and with a fixed peak polarization of 0.5T. As
mentioned in the introduction, the specific losses of the amor-
phous material is lower than that of the electrical steel. The
main causes of this are the higher specific electrical resistance
as well as the difference in sample thickness. For the used
electrical steel, the manufacturer states a specific electrical
resistance of 0.565um while the amorphous material has
a resistance of about 1.782uQ2m [5].

III. EXPERIMENTAL INVESTIGATION

A. Testing Environment

For testing purposes, a custom made test bench from the
company IMC Messtechnik is used as shown in Figure 7.
Figure 8 illustrates the same test bench abstracted as a block
diagram. The load or test bench motor is controlled using the

computer and its respective software while the test motor is
controlled by a custom driving electronics based on a STM
H7 microcontroller.

in it
O\ W\ &7

Fig. 7. Test bench used to perform the measurements. The load motor (black)
is on the left, the torque sensor (gray) is in the center and the encoder is to
the right of the torque sensor behind the cables. The device under test is on
the right.

Test bench

PC + | !
Software

Driving
Electronics

Speed and
Torque
Sensors

- — J

————— Information

Power >
Supply

- Test Motor

— [|cctrical Power Mechanical Connection

Fig. 8. Block diagram of the test bench used to perform the measurements.

With the aim of fully characterising the PMSMs, an auto-
mated measurement campaign was applied to both machines.
After an initial setup procedure, the load motor is controlled to
a constant speed of 100 rpm. Subsequently, the g-axis current
iq of the PMSM to be investigated is increased from 0A
to 12A in 0.25A steps. As the coils are identical for both
machines, this results in the same actuation current density.
Each parameter combination is applied for 5 s and the resulting
torque is measured and averaged. Afterwards, ¢, is reset to
0 A and the speed is increased by 100 rpm. This procedure is
repeated up to a speed of 5000 rpm. In addition to measuring
the torque, the phase currents and voltages of the test motor
are measured and transformed to d and g-axis values. These
are used to calculate the electrical power F,; by means of

Po = Vyiq + Vaia, ey

where V; and iy are the g-axis voltage and current while Vg
and iq are the d-axis voltage and current. The mechanical
power Pyeen of each driving state may be calculated using
the measured average torque 7" and speed n using

Preech = 27T @)



B. Results

Figure 9 shows the speed-torque characteristic of both
PMSMs tested for the maximum g-axis current of 12A.
Already from this figure it is obvious that there is a major
difference between the two machines as the torque of the
BMG-Machine is quite a bit lower than that of the Sheet-
Machine. This was to be expected from the material properties,
as the saturation polarization of the amorphous material is
significantly smaller. Consequently, the air gap flux density of
the BMG-Machine is lower as well as the resulting torque. As
the polarization of the BMG is higher than that of the electrical
steel at low magnetic field strengths, it is expected that the
torque output of the BMG-Machine is higher if driven in this
condition. However, finite element analysis has shown that the
operating point of the SMC:s is outside of this range due to the
offset caused by the permanent magnets. Thus, this PMSM,
and likely permanent magnet based machines in general, is
not ideal for the BMG.
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Fig. 9. Speed-Torque Characteristic of both PMSMs for iq = 12 A.

Calculating the electrical power according to (1) leads to
Figure 10 for the Sheet-Machine, while Figure 11 shows
the electrical power of the BMG-Machine. An interesting
observation is that the maximum electrical power of the BMG-
Machine is lower than that of the Sheet-Machine. This can
be attributed to the lower phase inductances of the BMG-
Machine which were measured to be between 23.3 uH and
32.3 uH depending on the rotor position compared to 38.2 uH
to 50.3 uH in the case of the Sheet-Machine. Although initially
counter-intuitive as the permeability of the BMG was shown
to be higher, this is only true for low magnetic field strengths.
However, as mentioned earlier, this state is impossible to reach
in this specific machine due to the permanent magnets. This
difference in electrical power is correlated by the fact that
the mechanical power at the respective current is significantly
lower, too, due to the reduced torque output. As the mechanical
power is simply the multiplication of the speed and torque

axis, they are omitted for brevity. Dividing the respective
mechanical and electrical powers leads to the efficiency 7:

Pmech
= —. 3)
" Pel

These are illustrated in Figure 12 for the Sheet-Machine and
in Figure 13 for the BMG-Machine.
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Fig. 10. Interpolated electrical power of the Sheet-Machine calculated from
measured phase currents and voltages.
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Fig. 11. Interpolated electrical power of the BMG-Machine calculated from
measured phase currents and voltages.

Inspecting Figure 13 one can see that there is quite a
large area indicating an efficiency of more than 80 % while
the Sheet-Machine only reaches such high efficiencies at
two of the investigated driving conditions. Comparing these
efficiencies may be done by dividing their values at each point
of interest according to

Mratio = T]Sheet ) ( 4)
TIBMG

As the torque output is different for the two machines, the
efficiency of the Sheet-Machine has to be interpolated for each
data point. If the efficiency ratio 7,4, is larger than one, the
Sheet-Machine is more efficient while the BMG-Machine is
more efficient for all values smaller than one. The results of

(4) are shown in Figure 14.
This figure clearly shows that there is a significant range of
driving conditions where the BMG-Machine is more efficient.
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Although this implies that using BMG instead of laminated
sheets does not simply improve the machines efficiency, it
does prove that there are situations where switching to BMG
components could be considered.
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Fig. 14. Ratio of the Sheet-Machine efficiency to that of the BMG-Machine.

Another parameter that was recorded during the measure-
ment campaign was the coil temperature using a thermocouple
of type T. As the gap between a coil and the stator was
too small to insert the thermocouple, it was placed on a
winding head. The maximum temperature measured at each
speed is illustrated in Figure 15 for both machines. Clearly,

the BMG-Machine exhibits a higher temperature than the
Sheet-Machine. This is especially interesting because the
measurement campaign was automated and identical for both
machines. Thus, the BMG-Machine should be continuously
driven at lower currents than the Sheet-Machine in order to
e.g., not risk demagnetization of the permanent magnets. This
reduces the maximum torque output of the BMG-Machine
even further. The reason for this increased temperature is not
yet clear but may also indicate a lower heat capacity or a lower
heat transfer rate in combination with increased losses.
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Fig. 15. Maximum measured temperature of both PMSMs at each speed for
iq = 12A.

IV. CONCLUSION AND OUTLOOK

This research has investigated and compared two PMSMs
which are identical apart from the soft-magnetic material used.
One machine was manufactured using traditional laminated
sheets of electrical steel while the other machine implements
soft-magnetic components made of BMG using the additive
manufacturing technique SLM.

The Sheet-Machine showed a higher torque output due to
its higher saturation polarization and thus an increased air gap
flux density. However, the BMG-Machine was shown to have
a higher efficiency than the Sheet-Machine within a region of
driving conditions characterised by high speed and low torque.

In order to increase the viability of BMG in electrical
machines, new soft-magnetic alloys have to be designed and
investigated with the aim of increasing the saturation polar-
ization and therefore the torque per ampere of the machine.
Additionally, the alloy should exhibit a high GFA which
increases the processibility for SLM. Other research topics of
interest are the mechanical properties of the material as well
as reducing the temperature of the machine which was shown
to be significantly higher compared to the Sheet-Machine. The
latter point may be approached by reducing the eddy current
losses using appropriate structures instead of manufacturing
the component in bulk. The SLM process could benefit from
further development as well. Research could aim for higher



cooling rates that might be achieved by improved process
parameters, hardware and software upgrades of the equipment,
or combinations thereof.
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