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ABSTRACT

Additive manufacturing has enabled the processing of high silicon electrical steels which have excellent
soft magnetic properties. In bulk form, core losses as a result of eddy currents would be too large to allow
their use in high-frequency electrical machines, therefore strategies are needed to reduce eddy currents.
Additive manufacturing affords high part complexity and provides the opportunity for cross sectional
patterns within the material to limit eddy current generation. This study investigates several designs,
including a novel hexagonal pattern which is shown to have the lowest eddy current loss coefficient of
0.0005, less than 25% of the bulk material which has an eddy current loss coefficient of 0.0021. Heat treat-
ment is shown to increase the eddy current losses, demonstrating that for high-frequency machines, it
may be beneficial to use the material in the as-built state. Physical samples were compared to their
intended geometries, showing there are defects in these complex cross sections causing increased eddy
currents when compared to simulations, but that geometrical accuracy can be improved by alternative
design methodology which experimentally experiences smaller losses. These novel cross sectional
designs may be implemented into an electric machine that has a 3D magnetic flux pathway enabled
by additive manufacturing, affording more flexibility for electrical engineers to design new motor archi-
tectures in the pursuit of higher power density machines.
Crown Copyright © 2023 Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Abbreviations: AB, as-built; HT, heat-treated; L-PBF, laser - powder bed fusion;

EM, electric machine; SF, stacking factor.
* Corresponding author.

E-mail address: adgoodall1@sheffield.ac.uk (A.D. Goodall).
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1. Introduction

Electric motors are one of the most widely used electric machi-
nes (EM), accounting for approximately 50% of energy consump-
tion in industry [1]. As part of a global drive to improve
efficiency and reduce energy consumption, research efforts are

0264-1275/Crown Copyright © 2023 Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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being made to improve the performance of EMs, with high power
density, fault-tolerant and efficient machines for aerospace being
a major research focus [2].

Additive manufacturing (AM) has the ability to manufacture
parts with complex 3D geometry due to the layer-by-layer process.
This technology could enable novel architectures for electric
motors to give higher torque density, lighter mass, and other ben-
efits [3,4]. AM has been used to process both soft magnetic mate-
rials [5] and copper [6], which are key materials to enable the
effective design of electric motors. However, to fully exploit the
advantages afforded by AM, these materials must first be charac-
terised and then implemented using design strategies that capi-
talise on the advantages of AM.

Electrical steels (Fe-Si) are used extensively in soft magnetic
applications due to their high saturation, permeability, and rela-
tively high electrical resistance. Fe-6.5 %wt Si has been shown to
exhibit some of the best properties for soft magnets [7,8], however
Fe-3 %wt Si is more frequently used due to its workability with
conventional processes [9]. Stacked laminate sheets with a thin
layer of insulation between layers are the most common approach
to creating soft magnetic cores. By electrically isolating the layers,
eddy current losses are greatly reduced, but this limits design free-
dom to two-dimensional systems due to the difficulty of building
3D shapes from thin sheets. AM and specifically laser powder
bed fusion (L-PBF) is capable of building complex 3D shapes from
high silicon steels [10,11] and other soft magnetic materials
[12,13], offering the geometrical freedom to manipulate both mag-
netic flux pathways and eddy current flows. Just as electrical steel
laminations are used over bulk electrical steel, when utilising soft
magnetic materials in AM, strategies must be used to limit the
eddy current generation. As shown by Goll [10], Plotkowski [11],
and Tiismus [14], features may be designed into the cross section
of the material to reduce the generated eddy currents by forcing
them to experience a longer, more resistive path. The most com-
plex of these is the Hilbert pattern [11], which has been demon-
strated in 2.5D, with a constant cross section in the build plane.
To capitalise on the geometrical freedom of AM, flux pathways
must be able to run in three-dimensional space, otherwise, electri-
cal steel laminations would likely experience lower losses at a
lower cost. This study will only focus on complex cross sections
which could be produced at any angle in the build chamber. The
ability to improve upon one or more properties of EMs by using
AM has been demonstrated [15]. Attempts have been made to
characterise soft magnetic materials built using L-PBF [10,11,16-
22], however, in AM, the processing parameters can affect the mag-
netic properties important for EM design.

This paper gives an overview of the magnetic properties of L-
PBF built Fe-6.5 %wt Si in the as-built (AB) and heat treated (HT)
conditions. Simulations assess the eddy current losses in several
cross sections, designed to capitalise on the geometrical freedom
of AM to reduce eddy current losses. These cross sections are tested
experimentally at a range of frequencies between 5 and 1000 Hz,
identifying the eddy current coefficient and quantifying the
improvement that can be gained over the bulk. The cross sections
are critically analysed to investigate physical geometry compared
to modelled geometry. This paper demonstrates how the losses
in an additively manufactured EM core could be managed to enable
three-dimensional magnetic circuits.

2. Experimental methods

2.1. Sample processing

Spherical high silicon steel powder (Fe-6.5 %wt Si) supplied by
Hogands AB was used for all samples in this paper. The particle size
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and chemical composition as stated by the supplier are in Table 1,
demonstrating a lower silicon content at 6.2 wt%. Powder compo-
sition can vary between batches and therefore this lower silicon
content will still be referred to as Fe-6.5 wt% Si to allow easy com-
parison with other works in literature, as 6.5 wt% Si is the most
commonly used high silicon electrical steel.

This powder was processed using an AconityMINI from Aconi-
ty3D GmbH. This is a L-PBF machine that uses a 200 W
ytterbium-doped continuous laser with a spot size of 70 pm. Dur-
ing each layer, the laser scans over the cross sectional area, melting
the material which solidifies creating the desired object (Fig. 1).
The layer rotation angle (6) was 67° between each layer. This pro-
cess is completed under an argon atmosphere with an oxygen con-
tent of less than 100 ppm. The samples were built onto a stainless-
steel build platform of 140 mm diameter with a constant layer
thickness (1) of 30 wm. Hatch spacing (h), laser power (Q), and laser
velocity (v) were all manipulated during this study. The samples
with complex cross sections were built using Q = 140 W,
v = 0.7 m/s, and h = 70 pum. All samples were removed from the
build platform by wire electrical discharge machining.

5 mm cubic samples were initially built to understand how the
laser parameters affect density, cracking, and microstructure. The
volumetric energy density (VED), shown in Equation (1), was var-
ied between 37 and 115 J/mm? by using a two-level central com-
posite design of experiments, varying the values of 1/h and Q/vl.
Where Q = laser power, v = scan speed, | = layer height, and
h = hatch spacing. These values centred around successful param-
eters reported in literature shown to produce high density parts
from additively manufactured high silicon steel [10,16]. The
parameters used are given in Table 2.

Q

VED =" (1)

2.2. Metallographic and magnetic characterisation

Cubes were sectioned along the build plane and build direction
(Fig. 1) and prepared for microscopy using standard metallurgical
techniques. An Olympus BX51 microscope was used in conjunction
with the Clemex Vision PE system to obtain optical micrographs,
followed by analysis using Image] [23] to determine the density.
The density measurement was repeated 5 times by cropping the
image into 5 separate areas, and standard error was calculated
using Equation (2), where SE is standard error, ¢ is the standard
deviation and n is the number of samples.

o

SE = 7 (2)

Magnetic properties were characterised by testing a toroidal
sample with a rectangular cross section, using an AMH-1 K Per-
meameter by Laboratorio Elettrofisico. The dimensions of the tor-
oid were approximately 30/38 mm inner/outer diameter and
4.5 mm thickness, with each sample being measured accurately
with a digital caliper. This was chosen to respect the sample
dimensions in BS 60404-6:2018 [24]. The secondary search coil
used 0.35 mm single-core insulated copper wire with 45 turns,
whereas the primary driving coil used 1.5 mm multi-core insulated
copper wire with 40 turns. DC normal magnetisation curves were
used to obtain the maximum relative permeability ([Lmax). Coercive
force (Hc.) was measured using a quasi-static B-H loop to allow
direct comparison with the literature. AC power losses were
obtained from B-H loops measured at various frequencies between
5 and 1000 Hz. For the complex cross section samples, a full ring
was used for magnetic characterisation, and one quarter of a ring
was used to analyse the cross section and stacking factor (SF) with
optical microscopy. SF is the volume of material/ total volume
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Table 1
Fe-6.5 %wt Si powder details.
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Chemical Composition (wt%) Size Distribution (pum)

Iron Silicon Oxygen

Nitrogen
93.735 6.200 0.036 0.016

Carbon Sulphur X10 X50 X90 X99
0.01 0.003 15.67 25.72 42.07 57.23

Laser Scan Direction S
Build Direction BD

~" Build Plane B,
X _
Hatch Spacing h

1
1
1
1
1
1
B e o
1
1
1
1
)
T

Y
Layer Rotation Angle 6

Fig. 1. Parameters relating to L-PBF sample processing showing build plane and
build direction, laser scan direction, hatch spacing, and layer rotation angle.

including insulation, which in this study is air gaps. Power losses
during magnetic cycling can be described by Equation (3) [25].
Where Py is the total power loss, f is the frequency, B;, is the flux
density which is 1 T for this study, p is the resistivity of the mate-
rial, t is the thickness of the material, Co&C; are constants,
Pp, Pec&Pg, are hysteresis power loss, eddy current power loss
and excess power loss respectively. This equation only applies to
solid material and hence the %2 term can be replaced with a con-

stant for this study, Ceqqy, which will express the benefit of the cross
sectional designs. The inclusion of C; did not improve the fitting of
the data and was set to O for this study. Hence the power losses in
this study are described by Equation (4), with energy loss per cycle
(E¢yce) described in Equation (5).

t?
Ploss = COB,an‘FW(Bmf)Z + C1Buf ™ = Py + Prc + Pis (3)
Ploss = Ph + PEC = Chysteresisf + Cet,‘ldyf2 (4)
Ecycle = Chysteresis + Ceddyf (5 )

AC measurements were taken at several frequencies. By plot-
ting energy loss per cycle vs frequency, and using a linear fit, the
hysteresis (Cpyseeresis) and eddy current loss coefficients (Ceqqy) can
be obtained, as demonstrated in Fig. 8.

HT (heat treatment) of toroidal samples was performed in a
tube furnace under an inert argon atmosphere using the best HT

Table 2
Laser parameters selected using two level central composite DoE.

regime identified by Garibaldi [26], 1150 °C for one hour, followed
by furnace cooling to room temperature.

Toroidal samples with a complex cross section such as the
hexagonal section are built with the cross section running circum-
ferentially around the toroid. The Hilbert and slotted toroid’s were
built without supporting structures, however the hexagonal cross
section toroid had periodic support structures built as per Fig. 2,
which enables the hexagons to be connected without having more
than two connected at any one point, keeping the cross sectional
area low.

2.3. Electromagnetic simulation

To observe and compare eddy current generation and flow
inside the complex cross sections and bulk material, multi-
physics electromagnetic simulations were performed using a
steady-state AC model in Altair Flux. A model was set up to mimic
the physical toroid using the same geometrical dimensions and
number of turns in the primary coil. 1/40th (1 turn on the primary
coil) of the system was simulated due to the symmetry of the sys-
tem and to reduce the computational demand. Non-meshed coils
were used, whilst the mesh was created with the aided mesh gen-
erator. The modelled electric circuit consists of the magnetisation
winding connected to a sinusoidally driven current source of fre-
quency 50 Hz. The amplitude of the current was varied to reach
an average flux density value of 1 T, as measured by a radial-
section cut-plane through the material. The measured joule losses
(P.c) were then divided by f2 to give Cedday (Equation (2)). It was
confirmed that Ceqqy Was independent of frequency in the simula-
tions by running the bulk cross section at several frequencies
between 5 and 1000 Hz. The material properties used are taken
from the measurements of the bulk sample, and were inputted
as type - “isotropic analytic saturation” (arctg, 2coef), with an ini-
tial relative permeability of 10,000, saturation magnetisation of
1.5 T, with electrical resistivity set as “spatial isotropic resistivity”
of 8.2 x 10”7 Ohm.m. An example of the model for the bulk cross
section is shown in Fig. 3.

2.4. X-ray computed tomography (XCT) and analysis

A toroidal sample was mounted on a sample holder and
scanned using a Zeiss Xradia 620 Versa X-ray microscope (XRM).
X-rays were generated from a tungsten transmission target and

Laser Power Q (W) Laser speed v (mm/s) Hatch spacing h (pum) Q/vl (Ws/mm?) 1/h (mm 1) VED (J/mm?)
145.00 1200.00 100.00 4.03 10.00 40.28
170.00 700.00 100.00 8.10 10.00 80.95
145.00 1200.00 70.00 4.03 14.29 57.54
170.00 700.00 70.00 8.10 14.29 115.65
80.00 850.00 85.00 3.14 11.76 36.91
175.00 650.00 85.00 8.97 11.76 105.58
160.00 900.00 110.00 5.93 9.09 53.87
160.00 900.00 65.00 5.93 15.38 91.17
160.00 900.00 85.00 5.93 11.76 69.72
180.00 1000.00 85.00 6.00 11.76 70.59
140.00 780.00 85.00 5.98 11.76 70.39
100.00 550.00 85.00 6.06 11.76 71.30
60.00 300.00 85.00 6.67 11.76 78.43
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Fig. 2. Hexagonal cross section support structures which are periodically placed
every 30° around the ring. At each of these locations two of the hexagons are
connected as per the diagram cross section schematic (left).

Core region

Airregion —*

Non-meshed
coils

==
o)

P

Infinite box

Fig. 3. Altair flux 3D model used to simulate eddy current losses in toroidal
samples, showing the different volume regions and the coils and symmetry used.

collected on a CCD (charge-coupled device) 16-bit 2000 x 2000
pixel detector. Approximately ' of the ring was scanned, achieving
a voxel (isotropic 3D pixel) resolution of 16.7 um. A filter (HE6)
was inserted to reduce unwanted lower energy X-rays. 1601 pro-
jection images were collected per sample, and a 2-second exposure
time was applied to improve the signal-to-noise ratio. A filtered
back projection method was used to reconstruct the data, and
reconstructed.txm volumes were converted to 8-bit greyscale
image stacks (.tiff) using Zeiss Reconstructor software.

Tiff images were orientated to view the build plane (XY) to give
a consistent cross sectional pattern for the slotted sample. Using
Image] [23], an area of 7 x 5 mm was cropped for analysis, and
the image was binarised by thresholding. By summing the width
of all the short circuit connections in each air gap and dividing

" ——

Interval

‘

L )

. {8 §

Not to scale
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by the total length of the air gap in the image, a % of electrical
shorting can be measured (Fig. 4) which represents the percentage
of area connected through the air gap. Through the sample, ten
images with 160 pum interval between them were analysed for
short-circuiting and the results averaged. For the hexagonal sam-
ples, nine images were used, three from each of the vertical sides
of the hexagons from each row, with an interval of 100 pm.

3. Results and discussion
3.1. Bulk processing and magnetic characterisation

5 mm cubes were used to assess the processing window for Fe-
6.5 %wt Si. For all samples, the density in the build plane was
higher than the build direction, therefore the results shown are
from the build direction to give a conservative approach. Lower
energy density led to a lack of fusion defects and low density
(Fig. 5b), whilst high energy density introduces cracking and key-
hole porosity (Fig. 5d). The best parameters found to give a density
of over 99.5% were Q = 170 W, v = 0.7 m/s, and h = 70 pum. This set
of parameters has been used for all subsequent samples.

The thermal conditions during the build process for the toroidal
samples are different from that of the cube despite the cross sec-
tional area being similar. The inter-layer time will be increased
in the complex cross sections, and the heat transfer out of the com-
ponent will be changed due to the thinner walls, surrounded by
powder which will act as an insulator when compared with bulk
material. These differing thermal conditions may impact the
microstructure and density of the toroidal samples compared to
that of the cubes.

The magnetic properties of the bulk material were measured in
both AB and HT conditions. The coercive force was 143 A/m in the
AB condition, which was reduced to 26 A/m for the HT sample. The
maximum permeability achieved in this paper is 9,800 for the HT
sample, significantly lower than Tiismus et al. who achieved
28,900 [14], and Goll et al. who achieved 31,000 [10]. Conse-
quently, there could be an improvement of the material properties
in the bulk condition from those obtained in this study, as factors
such as density, grain size, and surface finish could be optimised to
yield an improvement, but are outside the scope of this work.

The BH loops at 1 T for frequencies of 5 Hz and 1000 Hz are
shown in Fig. 6, demonstrating a large reduction in losses (BH loop
area) with HT at 5 Hz, but an increase at 1000 Hz. Losses were mea-
sured at a variety of frequencies as illustrated in Fig. 7, showing
that at low frequencies the HT sample outperforms the AB sample,
whereas, at high frequencies this is reversed. The losses cannot
demonstrate the full picture however as the shape of the BH loops
in Fig. 6 show, the knee point is lower, and a higher field is required
to obtain the same flux density within the AB toroid, especially at
low frequencies.

%‘» Example of short-circuit
- v

Y B Short-circuit width S
PN

“_._‘,-—:‘"""V\ Total air gap length L

il

Fig. 4. Example of XCT short-circuiting analysis showing the XCT data (left) with the binarized image (right) with an example short-circuit width and total length highlighted.

The voxel size attained is 16.72 pm due to the relatively thick sample.
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40 60

T

T 1
80 100 120

Volumetric Energy Density E (J/im®)

c)

1mm

S

1 mm

e T [

Fig. 5. Results showing the effect of changing laser parameters on the density of Fe-Si samples. Error bars show standard error. The samples increase in density up to 70 ]/
mm?, whereby increasing energy density does not improve density. There are two outliers with a density below 92% and an energy density of above 70 J/mm? due to melt
pools which have been modelled to be thinner than the hatch spacing. High density was obtained with an energy density of 81 J/mm? (c). Lack of fusion (b) results from a low
energy density of 37 J/mm?, whereas cracking (d) occurs from a too high energy density of 120 J/mm?>.

a)
1.0 AB losses = 0.44 W/kg e
HT losses = 0.19 W/kg
0.5
= 0.0 4
o
-0.54
——5HzAB
104 ----5Hz HT
T T T T T 1
-3000 -2000 -1000 0 1000 2000 3000

H (A/m)

b)

1.04 AB losses = 1486 W/kg
HT losses = 1833 W/kg .

0.5+

-0.54

—— 1000 Hz AB
- - - 1000 Hz HT

-4000 -2000 0 2000 4000
H (A/m)

Fig. 6. BH loops of the AB and HT condition at 1 T 5 Hz, and 0.9 T 1000 Hz, showing the specific losses (W/kg) demonstrating that HT gives an improvement at 5 Hz but
performs worse at 1000 Hz. As this setup can only use a field of 5000 A/m, the 1000 Hz samples were measured at a lower flux density of 0.9 T.

Further work is required to understand the lower losses of the
AB sample at high frequency, but it is suspected that the larger
grain size of the HT sample is causing an increase in eddy current
losses [27]. The losses at higher frequencies are dominated by eddy
currents rather than hysteresis losses. Hence, the increased hys-
teresis losses of the smaller grains in the AB sample, with higher
grain boundary density are less impactful than the increased eddy

currents given by the larger grains in the HT sample. As a result of
this, the smaller grain size of the AB condition [26], could give a
benefit in high-frequency machines.

Fig. 8 shows the data for the linear fit of Equation 5, with an R?
value of 0.998, demonstrating that it is possible to effectively cal-
culate both Cpysteresis and Ceqay. 1000 Hz measurements were
excluded from this data set as the eddy currents get very large
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1000 —m— Bulk - AB
—e— Bulk - HT

-
o
o

Total losses (W/kg)
>

0.1

T T T T T
10 100 1000

Frequency (Hz)
Fig. 7. Loss behaviour at a flux density of 1 T for various frequencies, showing that
the HT gives an improvement in losses at low frequencies but above 400 Hz, the AB

condition demonstrates lower losses. Note: 1000 Hz losses are determined at 0.9 T
due to limitations on the maximum field of 5000 A/m.

1.0

®  As-Built
® Heat-Treated

y=0.0021x + 0.0419/

e R? =0.998
= y=0.0019x + 0.0792
P R? = 0.999
53
8) 0.5 4
oy
[oN
a
(]
|
0.0 4 1
0 500

Frequency (Hz)

Fig. 8. Energy loss per cycle showing that the linear fit can successfully obtain Cedqy
and Cpysteresis- Note: 1000 Hz data excluded as loss measurement taken at 0.9 T.

a) Solid b) Hexagonal

4mm

c) Slotted
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causing a non-linear relationship between frequency and loss per
cycle.

3.2. Complex cross section eddy current losses

As the power losses at high frequencies are significantly above
that of currently available soft magnetic materials, AM of bulk soft
magnetic materials will be of little use in high-frequency machines
and hence complex cross sections must be implemented to manage
the eddy currents. In this study, toroid’s with complex cross sec-
tions are built using the same parameters as when processing bulk
sections, however, the cross sectional area has multiple thin sec-
tions (~1 mm). This change in thickness and hence thermal condi-
tions is suspected to have caused porosity in some samples (Fig. 9),
highlighting the importance of tailoring parameters for each com-
ponent or for process control to give a consistent outcome.

To compare several cross sections, electromagnetic simulations
were carried out and the eddy current losses were assessed (hys-
teresis losses are not included). The three best cross sections are
shown in this paper, these are the Hilbert pattern first shown in
this context by Plotkowski [11], the slotted pattern first shown
by Goll (inner slits) [10], and a novel hexagonal design, designed
to limit eddy currents to several separated segments. This hexago-
nal section has periodic (1 mm thick) supporting structures around
the toroid which have been omitted from these figures for clarity.
These cross sections are shown in Fig. 9. The simulations enable
observation of the current flow in the cross section, demonstrating
a difference in the method of loss reduction between the slotted
and Hilbert patterns, which direct the eddy currents over a longer
path when compared to the hexagonal pattern, which contains the
eddy currents within a smaller area as shown in Fig. 10 (and in
more detail in Appendix 1).

When compared to the bulk cross section throughout the fre-
quency range, the Hilbert and slotted cross sections showed only
4% of the eddy current losses, with the hexagonal cross section
showing 10% of the losses. The eddy current coefficients of both
the simulated and experimental studies are shown in Fig. 11,
demonstrating that the simulations for the bulk cross section have
a good correlation to the measured results. The simulations are
overly optimistic for the complex cross sections, as although all
of these patterns do show an improvement over the bulk material,
they do not perform as well as predicted in the simulation. For all
the samples it is shown that Ceqqy and hence eddy current losses,
increase with HT. This is likely due to microstructural changes such
as increased grain size and reduced residual stress etc. Hence for
high-frequency machines it may be beneficial to not heat treat
components, though further study is required to fully understand

d) Hilbert

4mm

Fig. 9. Solid (a,e), Hexagonal (b,f), slotted (c,g), and Hilbert (d,h) cross section showing a micrograph of the AB sample after removal from the baseplate (e,f,g,h), and the cross

section as per the design (a,b,c,d). Micrographs show the build direction (Fig. 1).
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Fig. 10. Display of eddy current density inside the bulk section and complex cross sections, demonstrating a clear reduction in eddy current density for all the complex cross
sections. This enables the current paths to be observed showing the difference between the hexagonal section which constrains the eddy currents to smaller areas, and the
slotted and Hilbert sections which force the currents over longer paths. Full images of each can be found in Appendix 1 including arrows indicating the current flow direction.

x10? B As-built
B Heat-treated
B Simulated
34
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Fig. 11. Eddy current losses during electromagnetic simulations of the complex
cross sections compared to the bulk cross section, performed at a flux density of 1 T
with varying frequencies. All the complex cross sections showed an improvement
over the bulk, with the hexagonal cross section showing the lowest losses at
approximately 6% of the losses of the bulk cross section.

this. To be used in an EM, there are other important material per-
formance parameters to inspect such as permeability, saturation,
and BH loop shape. Fig. 12 demonstrates a qualitative comparison
of the BH loops for the best performing cross section which is
hexagonal, the area of the BH loop is smaller, showing the decrease
in losses, however, the permeability is lower meaning that a
machine would require a higher field to obtain the same flux
density.

Simulations such as those above could allow for design optimi-
sation. By modifying the size of the hexagons based on their loca-

tion, with larger hexagons at the centre and smaller hexagons at
the edge where the eddy currents are higher, or differing hexagon
sizes based on the intended frequency of operation losses may be
reduced. The cross sections used in the simulation also assume that
the pattern is accurately resolved in the AM process, however,
Fig. 9 shows that in the experimental samples there are errors in
the resolution of the desired design, with shorting between areas
that should be electrically isolated, cracking and porosity.

As there is such a disparity between the simulated values and
the measured values of Ceqqy for the complex cross sections, further
investigation into the slotted sample was undertaken as this was
the simplest geometry. Fig. 13 shows a micrograph of the slotted
cross section, demonstrating some issues in the resolution of the
desired geometry. Firstly, there are large pores that have the mor-
phology of lack of fusion defects. This could be caused by using the
same parameters for a 5 mm thick cross section and a 0.5 mm thick
cross section which will have different thermal conditions. There is
also some cracking apparent, which could be caused by the sharp
changes in geometry giving rise to stress concentrations whilst
cooling. There is also a possibility that this cracking occurred dur-
ing hot mounting. However, the most important issue is surface
roughness, which causes unwanted electrical contact between
areas that should be isolated, termed shorting. This gives pathways
for eddy currents to circulate which are not intended in the design
of the geometry.

To quantify the amount of shorting between areas that should
be separated, XCT was used to give a three-dimensional represen-
tation of the component (Fig. 4). The XCT data achieved a voxel size
of 16.72 pm, due to the sample thickness. This gives sufficient res-
olution to see defects that are causing connections. It was found
that throughout the slotted sample, 10 * 2% of the area was electri-
cally connected. This equated to an increase of Ceqqy from the sim-
ulated value of 7.8 x10™ to 110 x10™, over an order of magnitude
larger. Therefore, to improve the performance of these cross sec-
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Fig. 12. BH loops of bulk and hexagonal cross sections at 50 Hz, showing that
although the hexagonal section has significantly lower losses, it requires a larger
field to obtain the same flux density. The initial permeability is better for the
hexagonal sample however the knee point of the BH loop is at a lower flux density,
approximately 0.5-0.6 T rather than 0.7-0.8 T for the bulk cross section.

tions, an improved surface finish would be required, which would
reduce electrical shorting, providing large gains as shown by the
disparity between simulated and experimental results. There are
multiple ways of doing this, such as optimising contour parameters
during the process or post processing operations such as electro-
polishing.

3.3. Cross section design and stacking factor
Further to the surface roughness, improvements in cross sec-

tional resolution can be obtained by the design of the cross section.
Although it can be possible to build unsupported horizontal sur-
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faces for short distances, in general this is avoided in AM. Hence,
the Hilbert cross section used throughout this study is unsuitable
for use in any other plane than the build plane (XY plane), as
demonstrated by how poorly the physical sample (Fig. 14c) resem-
bles the intended design (Fig. 14a). To ensure 3D flux pathway
capability, other designs are necessary which can be built in any
orientation. Fig. 14b shows a modified Hilbert cross section,
designed to enable building in any orientation in L-PBF by reducing
overhanging surfaces to less than 45° overhang, which has been
built in the build direction (Fig. 14d). This section shows an
improvement and demonstrates the cross section is almost as per
the design but would require need further optimisation to be iden-
tical. The modified Hilbert cross section shows a higher Ceqqy in
simulations, however, the physical sample demonstrates an
improvement with a lower Ceqqy than the original Hilbert cross sec-
tion (Fig. 14e). To further improve these cross sections, a tool to
optimise the topography based upon electromagnetic simulations
with manufacturing constraints considered is needed. This would
enable the optimum design to be found which would likely be both
machine and location (within the machine) specific. Garibaldi et al.
[28] attempted topology optimisation for soft magnetics, consider-
ing both mechanical stress and magnetics to reduce the weight of a
rotor, however, this does not take into account eddy current beha-
viour. In a stator where the mechanical stresses are low, this opti-
misation would likely be able to ignore mechanical stress whilst
optimising for magnetic performance (including losses). By ensur-
ing the printability of the cross section, air gaps can be minimised,
therefore increasing the SF.

The SF is an important material selection parameter for soft
magnetic cores, with a higher SF meaning there is more magnetic
material to give a higher total flux with the same field. Modern
electrical steel laminations can obtain SFs upwards of 95%, whereas
the complex cross sections shown so far in this paper have SFs of
90%, 86%, and 91% for the hexagonal, slotted, and Hilbert sections
respectively. However, all these cross sections show errors in the
resolution of the intended design (Fig. 13).

Large pores -
Lack of fusion

Cracking

Excessive
surface
roughness

Electrical
shorting between
areas which
should be
isolated

Small round
pores -

Gas porosity or
keyhole porosity

Fig. 13. Errors in the resolution of cross section such as shorting, missing air gaps, or cracking/porosity.
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Fig. 14. Hilbert and the modified Hilbert cross sections, where the modified cross section has no surfaces which would overhang by more than 45°. Micrographs of these
sections demonstrate that the modified Hilbert section is more similar to the intended design. The Hilbert section shows lower losses in the simulation, whilst the modified
Hilbert section shows lower losses in the physical sample (e), due to a more accurate representation of the desired geometry.
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Fig. 15. Loss behaviour of hexagonal cross sections AB with differing air gaps and designs from Fig. 15. The lowest losses are for the HH section with 200 um gaps, as can be
seen in Figure 15 this has the best electrical isolation between the different sections. The VH sections show the losses reducing with an increasing air gap size, however, this

also reduces the SF from 87% to 74%.

Another method to reduce the likelihood of shorting between
areas that should be electrically isolated by an air gap, is to
increase the nominal width of the air gaps. By using a modified
hexagonal section with no overhanging surfaces above 45° to the
baseplate, the air gaps are modified in size as shown in Fig. 15.
Increasing these air gaps has a positive effect on the loss behaviour
as shown in Fig. 16, explained by reduced electrical shorting
between areas that are supposed to be isolated, from 27% for the
100 pm gap sample to only 0.5% for the 200 pm gap sample. This
does however have an undesirable effect on the SF. By increasing
the air gaps the SF is reduced from 87% for the 100um gap sample,
to only 74% for the 200 pm gap sample. It’s also worth noting that
for the 200 pum sample, other build defects were more prevalent
than the other samples, such as cracking or porosity. However,

there was very little electrical shorting observed. It appears that
the support structures between the hexagons were not sufficient
in the 200 pm sample as the hexagons at the top are not in the cor-
rect position and appear to be slumping onto the ones below.

To better resolve the cross sections and decrease the air gap, the
surface roughness of the builds could be improved. This would
reduce the electrical shorting between areas that are intended to
be insulated from each other by air but could also mean that the
air gaps could be reduced in width, resulting in a higher SF.
Improving the surface roughness may also improve the magnetic
properties as the rough surface could act as pinning sites for mag-
netic domains, reducing the permeability and increasing the coer-
cive force and losses. Post processing may also be used to improve
this such as chemical polishing or electro-polishing.
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4. Conclusion

This paper demonstrates the ability of AM to process fully dense
(greater than99.5%) high silicon steel using L-PBF, with magnetic
properties of Hc = 26 A/m, Lmax = 10,000, and Bsg = 1.3 T, sufficient
to be useable in an EM. A novel hexagonal cross section was shown
to significantly reduce the eddy current coefficient, Ceqqy, from the
bulk value of 0.0021 to 0.0005. Simulations were shown to corre-
late well with the bulk cross section, but physical samples with
complex cross sections underperformed when compared to the
simulations. The hexagonal section outperformed both the Hilbert
and slotted cross sections previously produced in literature. Diffi-
culties were found when trying to build the cross sections in three
dimensions, which were shown to improve with modified cross
sectional geometry to reduce horizontal overhanging surfaces.
Electrical shorting between areas that should be insulated from
each other was shown to be approximately 10 % for the slotted
cross section, yielding an order of magnitude decrease in perfor-
mance from that predicted by simulations. By increasing the air
gap the electrical shorting was improved from 27% to 0.5% in the
100 pm and 200 pm gap hexagonal samples respectively, with
the 200 pm gap sample being the closest to the simulated value
at just under double the eddy current coefficient. Improvements
in surface finish and accurate reproduction of the desired geometry
are likely to give further performance benefits, which could be
achieved with process parameter optimisation and/or post-
processing, which will also aid in improving SF to higher than
90%. The eddy current loss coefficient Ceqqy Was shown to increase
in all samples after HT, suggesting that the AB condition may give
lower losses for high-frequency machines.
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Fig. 16. Full size image showing solid cross section eddy current density with arrows to show current direction.
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Fig. 18. Full size image showing slotted cross section eddy current density with arrows to show current direction, using a more suitable scale than Fig. 8.
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Fig. 19. Full size image showing Hilbert cross section eddy current density with arrows to show current direction, using a more suitable scale than Fig. 8.
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