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Electric machines

AC electrical machines have mostly been limited to 2D magnetic circuits due to the use of electrical-steel lam-
inations, however, in recent years advances in non-traditional motor architectures such as axial flux show
promise for increased torque and power densities. 3D magnetic circuits as required by axial flux motors are
difficult to manufacture using laminations, and for other architectures impossible. Soft magnetic composites
enable 3D flux pathways but at the expense of magnetic properties. In this study, an axial flux stator is fabricated
from high-silicon electrical steel (Fe-6.5 wt%Si) using additive manufacturing with Hilbert cross-sectional ge-
ometry to limit eddy current losses and compared with electrical steel laminations of 0.127 mm and 0.35 mm.
This shows comparable performance between the additively manufactured Hilbert stator and 0.35 mm lami-
nations below 500 Hz. A torque loss of approximately 20% was observed due to 34% less magnetic material in
the Hilbert stator than 0.127 mm laminations, but improved torque density for the stator by 13%. By designing
for additive manufacturing, tooth area could be scaled up providing an electrical machine with 3D magnetic flux
pathways with acceptable loss behaviour and good magnetic circuit properties, enabling further flexibility to

electrical engineers in their pursuit of higher torque and power density.

1. Introduction

For decades, electrical steel laminations have been used to reduce
eddy current losses in electrical machines (EMs) [1]. By limiting the
generated eddy currents to a thin sheet of material the generated cur-
rents are smaller and hence losses via joule heating are also reduced.
However, laminations restrict the magnetic flux circuit to two di-
mensions as the magnetic flux must run in the plane of the lamination.
This has made 3D magnetic flux circuits rare, and when implemented
alternatives such as soft magnetic composites (SMCs) are often used for
the stator to reduce the core loss, especially at high frequencies [2],
however, this comes at the cost of magnetic properties such as perme-
ability. Axial flux machines have shown potential for achieving high
torque density [3], however, these machines require a 3D magnetic
circuit. Techniques available to manufacture the stator cores of axial
flux machines and axial flux topologies are reviewed in [3]. It is possible
to achieve this by using coil wound electrical steel laminations [4-6],
however, any advances in this design to enable things such as magnet-
ically levitating bearings [7,8] or more complex flux pathways will not
be possible to be fabricated in this way as the radial dimensions will not
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be constant. SMCs have also been used for axial flux stators [9-11],
demonstrating lower core loss than electrical steel laminations at high
frequencies, but again have limitations on shape due to the uniaxial
pressing operation. As the capacity to create 3D magnetic circuits with
acceptable loss behaviour has not yet been possible, machines using this
configuration have rarely been investigated.

Further to this, high silicon electrical steel is shown to be a promising
soft-magnetic material for future electrical machines [12] with a higher
resistivity yielding lower core loss, however, the brittle nature of this
alloy has posed difficulties with processing meaning that rolling into
thin sheets is not a commercially viable option. Alternative methods
such as diffusion of Si into Fe-3 wt%Si sheets have been used with some
success [13], but not yet widely adopted, and as a result, Fe-3 wt%Si is
more commonly used [14].

Additive manufacturing (AM) has the ability to combat both of these
issues, having successfully been used to process high silicon electrical
steel [15,16], near fully dense, and with good magnetic properties such
as permeability up to 30,000 [17]. This is enabled by the high cooling
rates of the AM process avoiding the ordered phases that cause
embrittlement in the high silicon alloy. Therefore, soft magnetic
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components can be processed via AM, however, the process cannot
mimic the small material thickness and surface quality of electrical steel
laminations, therefore alternative methods to avoid large eddy currents
in bulk sections must be investigated. Cross-sectional geometries have
been shown to reduce the eddy current losses such as slotted geometries
similar to laminations [18-21], topologically optimised parts [22] and
complex geometries such as the Hilbert pattern [23] demonstrated first
by Plotkowski et al. [16]. These methods are reviewed in [24]. The
Hilbert pattern used by Plotkowski et al. was built with the
cross-sectional geometry being resolved perpendicular to the build
platform, which is the easiest orientation to achieve high resolution in
laser powder bed fusion (L-PBF), however, this restricted Plotkowski
et al. from building 3D flux pathways. As such testing of these materials
required a mini-Epstein frame style fixture to join together 4 legs of
material to enable a magnetic circuit to be created. For characterising
the losses of this geometry this is an effective method, however for AM to
be useful in electrical machines it must be able to achieve continuous 3D
flux pathways, otherwise electrical steel laminations are likely to
outperform electrical steel produced by AM. Plotkowski et al. have also
demonstrated this pattern in a real world application by building a
transformer [25], however, this again has 2D flux pathways and mul-
tiple locations where the magnetic circuit is not continuous.

This study will characterise the Hilbert cross-sectional geometry
when built parallel to the build platform, the most difficult orientation
for this pattern due to horizontal overhung surfaces. A design rule will
be established to reduce electrical shorting across areas that should not
be connected. Once enabled in this direction the Hilbert cross-sectional
geometry could be implemented into any orientation in the build
chamber, and therefore the stator of an axial flux permanent magnet
(AFPM) machine is designed and built using AM, which has 3D magnetic
flux pathways. The performance of this stator is compared to that of a
prototype stator built using electrical steel laminations but is not suit-
able for volume production.

2. Materials and methods
2.1. Additive manufacturing and heat treatment

All AM samples were manufactured using L-PBF. AM of toroidal ring
samples for magnetic characterisation and samples for determining
minimum gap sizes were built using an AconityMINI from Aconity3D
GmbH with a build platform of 140 mm diameter. This machine uses a
200 ytterbium-doped continuous laser with a spot size of 70 ym. The AM
Hilbert stator was manufactured using an AconityLAB from Aconity3D
GmbH, with a larger build platform of 170 mm diameter, equipped with
a 400 W ytterbium-doped continuous laser with a spot size of 70 um. The
vertical direction normal to the build platform, also known as the build
direction is referred to throughout this work as the Z axis, whereas the
orthogonal directions parallel to the build platform are referred to as X
and Y.

All samples were built using high silicon electrical steel powder (Fe-
6.5 wt%Si) supplied by Hoganas AB, with a powder size of 15-45 pm.
The layer thickness was kept constant at 30 um, with a 67° layer rota-
tion. The process is completed under an argon atmosphere, with oxygen
content kept below 400 ppm. All samples were built onto stainless steel
baseplates. Laser power and laser speed were kept constant at 170 W and
0.7 m/s respectively. Wire electrode discharge machining (EDM) is used
to remove all samples from the build platform. All samples are removed
before heat treatment except for the AM Hilbert stator, which was
removed after heat treatment.

All samples were designed using Creo 8 provided by PTC. After
exporting to.STL files, Netfabb premium 2021 (Autodesk) was used to
arrange parts on the build platform and assign parameters, before
creating.ILT files which can be used directly by the Aconity machines.
Hatch offset and fill offset were 0.1 mm and 0.15 mm respectively, with
a hatch spacing of 70 ym.
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Heat treatment was done in-house using a tube furnace for the
toroidal ring samples and externally by MSL heat treatment LTD for the
AM Hilbert stator. All heat treatments used a heating rate of 5 °C per
minute, then held at a temperature of 1150 °C for 1 h, followed by
furnace cooling, as demonstrated by Garibaldi et al. [26]. All heat
treatments were completed in an argon atmosphere.

2.2. Metallographic preparation and microscopy

Samples were cross-sectioned using a Secotom 50 (Struers), then hot
mounted using a Simplimet mounting press (Buehler). Grinding and
polishing were completed using a Tegramin 20 (Struers) with several
steps which were; Grinding using P1200 grit paper, grinding using
P2400 grit paper, polishing using 9 um diamond suspension, polishing
using 1 pm diamond suspension, polishing using 0.25 pm diamond
suspension and finally polishing using Masterpolish, all supplied by
Buehler.

Optical microscopy was captured using an Olympus BX51 micro-
scope in conjunction with the Clemex Vision PE system, using a 50x
magnification lens. Measurements for gaps were taken directly from the
micrographs in the Clemex software.

2.3. Magnetic characterisation — ring samples

Toroidal ring samples were used to characterise the material using an
AMH-1K permeameter by Laboratorio Elettrofisico. These samples had a
rectangular cross-sectional area of approximately 4 x 4 mm, however,
this was measured accurately for each sample. The toroid had an outer
diameter of 38 mm, hence the samples respect the dimensions in BS
60404-6:2018 [27]. Samples were wound with a search coil using 0.35
mm diameter, single core copper wire with 45 turns, and a driving coil of
40 turns using 1.5 mm diameter multi-strand copper wire with PVC
insulation. BH loops were measured at several frequencies from 5 Hz to
1000 Hz, which is the maximum the machine can provide, allowing for
the core loss to be measured. For each toroid, a secondary sample of only
Y4 of a ring was built, sectioned, and imaged to provide a stacking factor,
defined as the percentage area of magnetic material / the total area
including air gaps. This stacking factor was implemented into the
measurements in the Neon software (Laboratorio Elettrofisico), used to
control the permeameter in order to take account of the air gaps within
the material.

2.4. FEA simulations and lamination loss calculations

The stator of the axial flux machine designed and optimized in [28]
was selected for prototyping using AM. Two electrical steel laminates of
thickness 0.127 mm and 0.35 mm were considered for comparison with
the AM stator. The B-H data and the loss coefficient terms in the Stein-
metz equation (Eq. 1) for the 0.127 mm and 0.35 mm laminations were
obtained from the library material models from the manufacturer in
Simcenter MAGNET [29]. The material model used for the 0.127 mm
lamination was that of Arnon 5, while the model of M-19 29Ga was used
for the 0.35 mm lamination. Two sets of 3D transient electromagnetic
simulations were performed to compute the stator iron losses by
assigning i) the 0.127 mm steel material and ii) the 0.35 mm steel ma-
terial for the stator core. The 3D FEA model is shown in Fig. 1. The rotor
yoke and permanent magnets were set up as a motion component and
configured to the rated speed. Sinusoidal 3 phase current excitation,
with a peak value of 140 A (rated current) was applied to the stator
windings. The frequency of the current excitation was 800 Hz for the
rated speed. A fixed time step of 1/20th of the fundamental time period
(1.25 ms) was used for the transient FEA. Full details of the FEA model
can be found in [28].
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Rotor yoke

Stator winding

Stator core
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magnets

Fig. 1. 3D FEA model showing stator, rotor, permanent magnets and sta-
tor windings.

2.5. Stator winding and testing

The laminated stator was fabricated by machining slots into a tape
wound core. A strip of 0.127 mm thick laminations was wound into a
ring-shaped core with the same dimensions as the stator of the electric
machine. The tape wound core was then bonded using an inorganic
insulating adhesive to improve structural strength and prevent the
layers from splaying. Next, slots were machined into the tape wound
core. Finally, a layer of insulating material was coated on the machined
stator core.

Rectangular 12AWG equivalent copper wire was used to make the
stator coils for the conventional and additive stators to achieve high
copper fill factors. Each coil had 7 turns and the stator had 24 coils. The
finished stator was glued to an aluminium baseplate using a structural
adhesive.

A CNC mill configured as a contact-free dynamometer was used to
characterize the conventional and additive stators. A 16-pole rotor was
mounted in the spindle collet while the stator was mounted on a 6-axis
load cell fixed to the mill bed. The load cell was used to measure the
axial forces and the reaction torque on the stator. Static torque mea-
surement tests described in [28] were performed at different stator
currents up to the rated current to validate the torque capability of the
machine.

To compare the iron losses, a no-load test was performed. The stator
terminals were open-circuited, and the rotor was rotated at different
speeds up to 6000 RPM (corresponds to an electrical frequency of
800 Hz), using the mill spindle speed control function. The reaction
torque on the stator was measured using the load cell at each speed. The
product of the reaction torque T in Nm on the stator and the speed » in
rad/s was computed to obtain the stator iron losses Psgor = Tw.

3. Results
3.1. Loss performance of Hilbert-shaped magnetic circuit

The Hilbert space-filling curve pattern has been shown to be effective
at managing eddy current losses in additively manufactured Fe-Si [16,
25]. These have always been built with the cross-sectional geometry
being resolved in the XY plane of the L-PBF machine. The major
advantage of using AM to build soft-magnetic material is to enable 3D
flux pathways. Restraining the cross-sectional geometry to one plane
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also limits the magnetic circuit to a 2D path, therefore in this study, the
Hilbert cross-section is built in the XZ plane, as this will be the most
difficult to successfully resolve the intended geometry due to burn
through of horizontal gaps from the layers above. To find out the
minimum-sized gap in the XY plane a test sample was made with
nominal gaps ranging from 50 to 500 um, showing that in this plane a
50 um gap was successfully maintained (Fig. 2a). Demonstrating this on
a 4 x 4 mm cross-section, it is shown that this cross-sectional geometry
will resolve correctly in the XY plane (Fig. 2b), with gaps this small, but
when attempted in the XZ plane the horizontal gaps suffer from burn
through, rendering the geometry unrecognisable (Fig. 2c).

The minimum gap in the XZ direction was found to be 250 pym, hence
we can create a design rule for the minimum permissible gap to allow for
air gaps to be maintained. The gap will differ depending on the angle of
the surface being built, as shown in Fig. 2d, where the required gap to
allow for 250 um between surfaces in the Z direction is dependent on the
cosine angle of the surface. This is plotted graphically in Fig. 2e
demonstrating a sinusoidal reduction in the gap from horizontal surfaces
(build angle 0°), to a minimum of 50 um at approximately 80° which is
then maintained until 90°.

This experiment was completed using constant laser parameters. It is
possible that the parameters of the down facing surfaces may be opti-
mised for a lower roughness, meaning that a gap smaller than 250 ym
could be obtained. For these soft-magnetic material structures, it is very
important to have complete isolation between the surfaces. As additive
manufacturing is inherently stochastic at the scale of surface roughness,
due to differences in powder spreading, powder quality, laser interac-
tion with the powder bed, and thermal conditions, there could be some
events causing short-circuiting between areas that should be electrically
isolated.

The nominal gap in the CAD design is not the only factor affecting
this gap, other factors such as hatch spacing, melt pool width, surface
roughness, and hatch offset (distance from the edge of the CAD model to
laser hatch line) can all have an impact on this gap. By using constant
laser parameters during this study these parameters were kept uniform,
however when transferring between different machines or software it is
important to control all of these parameters.

Toroidal ring samples which used a Hilbert space filling curve based
cross-sectional geometry were built with the cross-sectional pattern in
the XZ plane in order to test the magnetic properties. BH loops were
measured at a variety of frequencies from 5 Hz up to 1 kHz, which was
the maximum permissible by the testing equipment used. Measurements
were taken manipulating the magnetic field, H, until a flux density of 1 T
was measured in the sample. BH loops for ideal soft-magnetic materials
are demonstrated by a high initial gradient, and hence relative perme-
ability (p,), followed by the knee point occurring at a high flux density,
giving a higher flux density for a given magnetic field (H). Other
desirable features are high magnetic saturation, low core losses repre-
sented by the area inside the loop, and low coercive force (H.). Samples
were tested in the as-built condition, then heat-treated at 1150 °Cfor1 h
using the procedure from Garibaldi et al. [26] and characterized again.
Resulting BH loops are shown in Fig. 3, demonstrating a reducing
permeability and increasing core losses with an increase in frequency. In
the heat treated condition at 50 Hz and 1 T the coercive force (H,) is
250 A/m and the maximum relative permeability is approximately
6000.

Heat treatment of the samples yields an improvement in magnetic
properties, especially permeability as the BH loops have a steeper
gradient prior to the knee point, which is also evidently higher. At
higher frequencies such as 1 kHz, there is less difference in the BH loop
shape as the eddy currents start to dominate the loss behaviour due to
proportionality with the square of the frequency. This behaviour is more
heavily dependent on the shape of the samples rather than the micro-
structural properties and therefore to be expected. Even in the heat-
treated samples, the knee point is lower than would be expected from
Fe-Si, where it would normally occur at approximately 1.5 T.
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Fig. 2. Hilbert shape filling curve used to manage eddy currents, showing a test to check for the minimum sized gap in the XY plane (a), the resultant Hilbert cross-
sectional geometry when the pattern is built in the XY plane (b) and XZ plane (c), along with the schematic showing the minimum gap design rule (d) and the
graphical representation of the minimum gap design rule (e).
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Fig. 3. BH loops of toroid samples with Hilbert cross-sectional geometry, for the as-built state (a) and heat-treated state (b). BH loops were measured at several
frequencies 5-1000 Hz at a flux density of 1 T.

The core losses are plotted in Fig. 4 showing a small improvement in are plotted against core losses calculated using the Steinmetz equation
loss behaviour with heat treatment for the additively manufactured [30] for electrical steel laminations of 0.127 mm and 0.35 mm. The
Hilbert samples, with core losses at 1 kHz being 1727 W/kg and Steinmetz equation is shown in Eq. (1), where P is the total core loss, Ky
1065 W/kg for the as-built and heat-treated samples respectively. These and K. are the hysteresis and eddy current loss coefficients respectively, f
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Fig. 4. Experimentally measured loss behaviour of the Hilbert ring manufac-
tured by AM, in the as-built and heat-treated conditions, compared with data
calculated for two thicknesses of laminations.

is the frequency, B is the flux density and o and p are constants.

The core losses at frequencies of 50 Hz and above are lower in
electrical steel laminations than those in the additively manufactured
Hilbert samples, owing to their lower wall thicknesses that cannot be
reproduced using current AM technology. Eddy current losses are
increased with a larger wall thickness and the wall thickness in the
Hilbert structure is nominally 0.5 mm thick. At 1 kHz the core losses for
the 0.127 mm and 0.35 mm laminations are calculated at 50 W/kg and
106 W/kg respectively, an order of magnitude smaller than those from

a)

/ Tooth

\

Back lron

c)

X 10.80 mm
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the Hilbert samples. The trend also shows the difference increasing with
frequency.

P=Kf*B’ + K f*B M

3.2. Design and manufacture of electrical machine stator

Having established a design rule for the minimum gaps to give
electrical isolation, the design for an electrical machine stator was
created using the Hilbert cross-sectional geometry. This was developed
for the axial flux permanent magnet (AFPM) motor demonstrated by
Nishanth et al. [28], which was designed to use a stator consisting of ring
wound electrical steel laminations, 0.127 mm thick. The stator has an
outside diameter of 164.5 mm and has an axial length of 35 mm. By
building the Hilbert stator using AM, it is possible to obtain a direct
comparison with the electrical steel laminations used in the original
design.

The design of the Hilbert stator is shown in Fig. 5. There are two main
regions which are the tooth and back iron of the stator. As the majority
of the flux pathway within the stator is in the tooth, this region is kept in
the XY plane of the AM machine in order to obtain the smallest possible
air gaps within the cross-section. This allows for a higher stacking factor,
which is the volumetric ratio of magnetic material to insulation, which
in this case is air. The other main region is the back iron which runs
circumferentially around the bottom of the stator. This must have non-
uniform air gaps as the horizontal surfaces require a gap of > 250 pm,
whereas the vertical surfaces require a gap of only 50 pm.

This back iron region has an approximately square cross-sectional
area therefore implementing the Hilbert space filling curve is done
with relative ease (Fig. 5¢). However, the tooth has a non-regular shape
owing to its outer and inner surfaces falling on the outer and inner

b)

Y 10.72 mm

Fig. 5. Hilbert stator for AXPM machine designed to be manufactured using AM. The stator has a toothed region which has a uniform air gap size for the XY plane of
the AM machine, with a back iron region with non-uniform air gaps showing more clearance in the Z direction than the X direction.
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diameters of the stator. The central region of this is filled with the Hil-
bert space filling curve, whilst the edges are modified in a way so as to
keep the intent of the shape, whilst attempting to reduce any large cross-
sectional areas of bulk material (Fig. 5d). The flux pathways in this
stator are axially along the tooth and circumferentially around the back
iron, hence this is the direction the Hilbert cross-section is implemented.
In the region where the tooth and back iron meet, the flux may run in
several directions, either skipping the tooth and running circum-
ferentially, or by leaving the tooth and running through the back iron in
either direction. Due to this, the magnetic flux can be running in one of
three directions in the region underneath the tooth. Therefore, the Hil-
bert cross-section has been implemented in these three directions.
Where the flux pathways interfere with each other a simple rule was
used to implement solid material or air gap. In any location, if at least
one of the flux pathways’ Hilbert cross-sectional pattern required solid
material, then solid material is selected. The outcome of this is that in
some areas where there is supposed to be an air gap, this air gap is filled
with solid material from the cross-section of a different flux pathway.
The full stator is shown in Fig. 5b.

This stator was designed in 3 days and successfully built in approx-
imately 80 h. The stator was then heat-treated at 1150 °C for 1 h, to
relieve residual stress, drive recrystallisation and encourage grain
growth, shown to improve the properties of Fe-6.5 wt%Si built by AM
[26]. The component was left attached to the baseplate during heat
treatment to allow a flatness tolerance of 0.03 mm for the lower face,
and a parallel tolerance of 0.03 mm for the upper face, to be achieved
upon removal of the component using EDM. If the removal of the
component was completed before heat treatment, there were concerns
that the part may distort and be unable to achieve the required
tolerance.
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Images of the stator are shown in Fig. 6 demonstrating the successful
resolution of the tooth profile. It has not yet been possible to check the
cross-sectional profile of the back iron as sectioning and polishing would
render it unusable. Following EDM removal from the baseplate, the
component shows oxidisation throughout due to the sensitive nature of
this alloy and the contact with water during the EDM process. The
oxidisation is not suspected to have a significant impact on the perfor-
mance of the component, however in the future methods to prevent this
such as coating before EDM could be implemented by dipping the
component, whilst allowing the baseplate and bottom 0.5 mm clear of
insulation to allow for EDM. The lower surface could then be coated
following EDM. EDM could also be performed in oil instead of water
circumventing the issue, then coated. The stator mass is 0.66 kg, giving a
stacking factor of 65-70%. The original electrical steel lamination stator
has a mass of 0.97 kg with a stacking factor of approximately 91%. A
comparison of time and cost to manufacture both prototype stators are
shown in Table 1. The processing cost for the AM stator includes ma-
chine time ($1200), heat treatment ($350), and EDM removal ($100),
whereas for the laminations this includes winding, bonding, welding,
milling, and insulating.

Table 1
Time and cost of manufacturing Hilbert AM and 0.127 mm electrical steel
lamination.

Raw material Processing cost Processing time

$) $ (weeks)
Hilbert AM 40 1650 3
0.127 mm 20 2500 12

Laminations

Fig. 6. Images of the Hilbert stator showing the as-built component still attached to the build plate (a), the part after removal from the build plate (d), and the
successfully resolved tooth profile (c), both showing severe oxidisation. The stator is also shown in the wound state ready for rig testing (b).
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3.3. Characterisation of Hilbert AM stator

A no-load test and a static test were performed to measure stator iron
losses and the torque capability of the machine respectively. Details of
the static test procedure and test setup can be found in [28]. The AM
Hilbert stator was experimentally tested and compared with a 0.127 mm
lamination stator, and the core loss behaviour was also calculated using
FEA for both a 0.127 mm lamination and a 0.35 mm lamination. The
static torque curves are shown in Fig. 7a, normalised to the rated torque
of 18 Nm and rated current of 140 A. The AM Hilbert stator shows a
decrease in torque throughout the full range of tested values, with a 17%
decrease at 20 A (14% of rated current) through to a 23% decrease at
140 A. This trend shows a higher difference between the laminations
and AM Hilbert stators with increasing current. This is unsurprising
considering the mass difference between the two stators, with less ma-
terial giving a lower magnetic flux in the machine. Gravimetric torque
density was calculated at 100% of the rated current (140 A) for the
stator only, showing 18.3 Nm/kg for the 0.127 mm lamination stator
and 20.7 Nm/kg for the AM Hilbert stator.

The core loss behaviour of two experimentally tested stators is dis-
played in Fig. 7b along with the FEA results from laminations of two
different thicknesses. The FEA of the 0.127 mm lamination shows a good
correlation with the experimental data for 0.127 mm laminations, dis-
playing that the FEA model is successful in its loss predictions. FEA data
for a 0.35 mm lamination stator was also created. The AM Hilbert stator
shows higher core loss than all the other samples at higher frequencies
above 500 Hz, with the core loss at 800 Hz being 543 W, 27% higher
than the 0.35 mm laminations and 210% higher than those of the
0.127 mm laminations. At lower frequencies, the performance of the AM
Hilbert stator is comparable to both the 0.127 mm and 0.35 mm
laminations.

4. Discussion

Resolving the Hilbert cross-sectional pattern is difficult in the XZ
plane of the machine as the laser melts through multiple layers for each
hatch, enabling a 3D component to be created. However, when trying to
resolve cross-sections that have gaps where no material should be, the
laser burns through and melts powder which should not be melted. In
this study we created a design rule to allow this to be managed through
the design of the component however other strategies are available.
Different parameters can be used for the upskin surfaces to reduce the
laser power or increase the speed, giving a shallower melt pool and
hence less burn-through. Optimisation studies into this method could
yield further improvements in the minimum gap distance and hence
increase the stacking factor of these components. Another possible

100

—@— 0.127mm Lamination (Exp)
AM Hilbert

80

60

40

Torque (% of rated torque)

0 T T T T 1
0 20 40 60 80 100

Current (% of rated current)

Materials Today Communications 35 (2023) 105978

improvement to the cross-sectional resolution and prevention of short-
circuiting could be in post-processing the components using a chemi-
cal or electro-polishing process. This would preferentially remove ma-
terial from things like partially melted particles or thin sections due to
their high surface area to volume ratio, enabling the reduction of un-
desirable short circuits from the component. Other methods to do this
could be abrasive flow machining (AFM) if the cross-section had a closed
shape or by using a fixture for this. As a secondary benefit from this, it is
possible that a component with a smoothed surface could demonstrate
softer magnetic performance as the rough surfaces may act as pinning
sites for magnetic domains. In this study, some cracking was evident in
the Hilbert section in Fig. 2¢ which could also impact the magnetic
performance.

Other cross-sectional geometries may offer an improvement over the
Hilbert space-filling curve design. Hilbert geometry has been shown to
provide an improvement over other sections such as a lamination style
design [16], however, with AM there is an enormous design space to
explore. Multi-physics simulations including the magnetic performance
and loss behaviour are computationally expensive for these geometri-
cally complex components. Further to this, these simulations must be
completed in 3D as any magnetic circuit in 2D would currently perform
better with laminations. The simulation of the Hilbert stator used in this
study was attempted but not possible to solve based on computational
demands. The Hilbert geometry has many overhanging horizontal sur-
faces which are known to be difficult to process via AM. Other geome-
tries may be more friendly to the AM process whereby overhanging
surfaces are limited to below angles of approximately 45°. To obtain the
optimal geometry for a given machine, new software capable of topol-
ogy optimisation based on magnetic performance would be required,
whilst respecting manufacturing constraints. This would allow the best
shape to be obtained for a given application, in the same way as struc-
tural parts are intelligently optimised with topology optimisation
currently.

The geometry of the final component depends not only on the CAD
file but also on the processing parameters such as hatch spacing, melt
pool width, and hatch offsets from the edge of the part. All of these
parameters can influence the position of the component’s surface in
relation to the CAD surface. Hence, optimisation of these parameters
could also reduce the minimum gap required to ensure electrical
isolation.

The stator in this study suffered from corrosion, and although it was
judged that this wouldn’t have a significant impact on the magnetic
performance of the component in characterisation tests, it would be
unlikely to be acceptable in the manufacture of an electrical machine for
use in an application as the oxidisation could deteriorate with time. It
would be possible to prevent this by either potting the stator as per
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Fig. 7. Torque performance of AM Hilbert stator and 0.127 mm laminations stator (a), demonstrating a reduction in torque of approximately 20% throughout the
whole operating range. Loss performance (b) measured at several frequencies shows that the AM Hilbert stator has higher core loss than the 0.127 mm laminations,

but is comparable to 0.35 mm laminations through a range of frequencies.
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traditional electrical machine manufacturing processes or infiltrating it
with some kind of surface coating before EDM removal from the
baseplate.

The reduction in torque when using the AM Hilbert stator can be
expected as there is a lower volume of magnetic material when
compared to the laminated stator. However, the gravimetric torque
density of 20.7 Nm/kg for the AM Hilbert stator, which is 13% higher
than that of the 0.127 mm laminated component, shows the AM Hilbert
stator outperforming that of the laminated stator for the same mass. To
allow for the same torque it would be possible to increase the cross-
sectional area of the tooth of the stator, whilst reducing the area of
the slot and therefore being able to manage the low stacking factor. By
using AM to also create the copper windings the same amount of
conductive material could be used even with a smaller slot, whilst
increasing the amount of soft-magnetic material in the core within the
same volumetric envelope. An example of these windings were created
(Fig. 8), showing that the slot fill factor could be doubled, as it was
possible to create windings with a cross-sectional area of 2.4 x 2.7 mm
with AM, whereas due to winding constraints, the original machine used
conductors with a cross-section area of 1.2 x 2.7 mm. By reducing the
slot size and increasing the tooth area, it would be possible to maintain
the same level of torque.

The core loss of the AM Hilbert stator was higher than that of the
laminations, reaffirming that if a 2D magnetic circuit is needed then
laminations are still the preferred method. The core loss is close to that
of the thicker lamination showing promise for enabling electrical ma-
chines with 3D flux paths. The 0.127 mm laminated stator shown in this
study had a large cost due to it being a low-volume prototype, however,
many issues were found with the manufacturing of this component
making it unsuitable for volume production. Winding and bonding the
laminations is a difficult process and machining the slots after this can
cause issues with delamination and show areas of insufficient bonding
(Fig. 9). If this component were possible to mass manufacture, the cost
would likely be significantly lower than the AM component. The AM
component was also manufactured more quickly in only a few weeks,
compared to the 12-week lead time for the prototype laminated stator.
This can enable a larger design space to be explored in the same amount
of time, allowing electrical engineers greater freedom to manipulate the
architecture of the machine. The AM stator also had some build defects
(Fig. 9). For prototypes this is likely to be an acceptable compromise,
however for production components improvements would be required
in the build to reduce or eliminate these defects.

The core loss of this part was measured with a heat-treated sample
which is likely to have recrystallized and experienced grain growth,
similar to the components reported by Garibaldi et al. [26]. Grain
growth up to a size of 5-7 mm has been shown to improve properties at a
frequency of 50-60 Hz, however, smaller grain size has been shown to
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have reduced losses at high frequencies [31]. Therefore, the as-built
condition with its smaller grain size of 10-100 pm may have lower
losses at higher frequencies. A sample was built to investigate this,
however, it was unfortunately broken during transit.

Build time was quite large at 80 h due to the complex scanning
pattern required. A large area in the centre of the build does not have
any material, meaning lots of time is spent with the laser traversing this
region without melting any material. It was possible to reduce this to
approximately 25 h by splitting the component into quarters, however,
this can create a weld line and it is not known the effect that this may
have on the magnetic properties of the component. The component that
broke in transit was suspected to fail because of these weld lines. The
joints were orientated vertically, meaning that any faults between the
segments were stacked on top of each other. In further work, this split
should be angled to allow the penetration of multiple layers by the laser,
to bridge the gap between the segments and create a better joint. The
impact on the magnetic properties of these joins should also be
investigated.

This study, to the author’s knowledge, is the first use of 3D magnetic
flux paths in an electrical machine stator made with eddy current
limiting geometry. This technology can enable different architectures of
electrical machine that require 3D flux paths, which has previously not
been possible. Hence, there has been little development of motors of this
type, however, some examples could be conical motors with magneti-
cally levitating bearings [7,8], or any motor where SMC has previously
been used. By using AM to process the functional materials required for
electrical machines, the limitations are now in the mind of the designer,
and it is possible to realise architectures never before possible.

A demonstrator motor was created to showcase the possibilities of
using AM for electrical machine design (Fig. 10). The housing can be
made from lightweight material and have additional functionality built
into it such as heat exchangers. The stator can be spatially graded to
have different structures depending on the flux pathway or direction,
and can possibility incorporate air or liquid cooling when using cross-
sectional geometries such as the Hilbert pattern. Conductive coils can
have spatially varied cross-sectional area [31] to reduce losses, have
better slot fill factors due to pre-shaping and also have higher temper-
ature insulators as there is little need to deform the part and hence brittle
ceramics can be used to insulate conductors for the first time.

5. Conclusion

Toroidal ring samples were built using AM from high silicon elec-
trical steel powder (Fe-6.5 wt%), with a Hilbert cross-sectional geome-
try implemented to reduce eddy current losses during AC excitation.
Heat treatment was found to improve the properties of these toroidal
rings by increasing permeability and reducing core losses, ‘squaring’ the

Fig. 8. Increasing the slot fill factor is demonstrated using L-PBF of pure copper, doubling the slot fill factor.
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Delamination possibly from
bonding fault ¢

Delamination caused by
machining

Small build
errors

Weld line from
joining quarters

Fig. 9. Delamination from bonding and machining showed for the 0.127 mm laminated stator, and build defects of the AM Hilbert stator showing a weld line from
splitting the component into four segments, and small errors where the geometry is not exactly as intended.

Aluminium housing
with integrated heat
exchanger

Hilbert stator

Aluminium rotor with
integrated forced air
coocling

Fig. 10. Demonstrator motor created mostly with AM, showing a soft magnetic FeSi stator core and rotor back iron, an aluminium housing and rotor. The bearings

and permanent magnets are not created using AM.

BH loop. This Hilbert cross-sectional geometry was then implemented
into the 3D magnetic flux pathways of an axial flux permanent magnet
electrical machine, which was compared experimentally to 0.127 mm
thickness electrical steel laminations (Fe-3 wt%Si) and by using FEA
with 0.35 mm thick electrical steel laminations (Fe-3 wt%Si). The AM
Hilbert stator was 34% lighter than the 0.127 mm laminations and
showed an average of 20% reduction in torque throughout the operating
range. The torque density of the AM Hilbert stator was 13% higher at
20.7 Nm/kg (stator only) than the 0.127 mm laminations. Core losses in
the AM Hilbert stator were higher than the 0.127 mm laminations, but
comparable to 0.35 mm laminations for frequencies below 500 Hz. At
1000 Hz the experimental core loss of the AM Hilbert stator was 543 W,
compared to 428 W for the 0.35 mm laminations calculated using FEA.
To the authors knowledge, this is the first time an additively manufac-
tured soft-magnetic component has been directly compared to electrical

steel laminations in an application using 3D magnetic flux pathways.
Improvements in the AM Hilbert stator could have been obtained by
reducing the undesired electrical shorting between areas of material that
should be electrically isolated, and by improving AM build parameters
to reduce the size of insulating air gaps, hence increasing the stacking
factor. Future work will address the loss of torque due to the reduction of
total magnetic material, and offsetting this by increasing the area of the
stator tooth, whilst reducing the size of the slots. The same amount of
conductive material could be used by utilising AM to manufacture the
windings, allowing the full torque to be obtained.
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