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Abstract

Additive manufacturing has been revolutionary in enabling complex structural components
such as lattice structures and topologically optimised parts, however the utilisation of functional
materials such as soft magnetic materials is only just being realised. 3D magnetic flux pathways in
electrical machines have been illusive due to the high eddy current losses caused by thick cross-
sections, and the inability to process electrical steel laminations into 3D structures. By processing
soft magnetic materials with additive manufacturing, geometry can be tailored to avoid large bulk
cross sections and reduce eddy currents whilst maintaining a 3D flux pathway, enabling the creation
of new electrical machine architectures in the pursuit of higher power density and efficiency, which
may enable the decarbonisation of the transport sectors including commercial aircraft.

This thesis demonstrates the processing of high silicon electrical steel (Fe-6.5 wt%Si) using laser
powder bed fusion and characterises the magnetic properties of this material. The importance of
surface roughness on the magnetic susceptibility is investigated, showing that contours may be used
to improve the as-built surface finish, but post-processing methods such as polishing are required to
obtain the best magnetic properties. The samples in this study exhibited a weak crystallographic
texture and the orientation of the samples in the build chamber displayed little impact on the
magnetic susceptibility.

Two methods are used in this study to reduce eddy currents and enable components with 3D
magnetic flux pathways to be manufactured. The first is by designing thin-walled cross-sections,
which use air as an insulating medium to reduce the thick cross section of the material. This method
is demonstrated in lab experiments showing a reduction of the eddy current loss coefficient to
0.0005 using a novel hexagonal cross section. A Hilbert pattern was implemented into an axial flux
electrical machine, demonstrating loss performance comparable to thick electrical steel laminations
below 500 Hz, increasing torque density by 13% by achieving a reduction in volume of magnetic
material of 33%. The second method uses process control to create stochastic cracking within the
material, demonstrating excellent loss behaviour of 2.2 W/kg (50 Hz, 1T) with stacking factors >97%.
The mechanical integrity was confirmed to be adequate for implementation into the axial flux
machine tested with a UTS of 25 MPa when embedded with epoxy resin. These methods can be
implemented into electrical machines enabling the creation of new architectures, with the hope to
increase power density and efficiency.

This is the first time that additively manufactured soft magnetic material has been characterised in
an electrical machine, overcoming the issues of large cross sections. Although the soft magnetic
material has not displayed loss behaviour as good as electrical steel laminations, it does enable 3D
magnetic circuits within electrical machines which may be exploited to improve the performance of
the machine. Further optimisation of the stochastic cracking method of eddy current management
by aligning the cracks with the flux direction will yield further improvements, and may compete with
the thinnest laminations. Due to the current cost and limitations of additive manufacturing, this
technology is only likely to be implemented into the highest value electrical machines, such as those
in top end automotive and aerospace, where benefits in performance are of upmost importance.
This development in processing of soft magnetic material is the missing piece to enable fully
additively manufactured motors, which could revolutionise electrical machine architecture.



“The future belongs to those who believe in the beauty of their dreams”

E. Roosevelt
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1 Introduction

With climate change and energy scarcity looming ahead, many sectors are turning to electrical
power to reduce demands on fossil fuels and reduce harmful emissions. Electrical machines (EMs)
are a key enabling technology in this transition, currently consuming over 50% of industrial energy
consumption (1). To electrify our transport sectors including commercial aircraft (2), improvements
in power density and fault tolerance will be required. The architecture of EMs has remained mostly
unchanged since the early 1900s, due in part, to the restriction to a 2D magnetic circuit caused by
the use of electrical steel laminations as a loss management method.

Additive manufacturing (AM) is a transformative technology enabling the next industrial revolution,
Industry 4.0 (3), with an unprecedented freedom over geometrical design, spatial grading and
control of microstructure. The AM of soft magnetic materials is still in its infancy, with the first
studies published in 2012/13 by Zhang et al (4—6), however there is high promise for AM to process
soft magnetic materials with excellent magnetic properties (7), enabling a 3D magnetic circuit. Eddy
current loss management is a key challenge to the implementation of 3D magnetic circuits, materials
such as soft magnetic composites (SMCs) have been investigated but lack the magnetic properties
required for high power density EMs.

This study sets out to enable the use of electrical steel (Fe-Si), the most commonly used soft
magnetic material (8), in a 3D magnetic circuit of an EM with performance comparable to that of
electrical steel laminations. There are several challenges present to overcome to achieve this
objective. Firstly, the processing of the material must be understood in order to create high quality
components with material properties rivalling that of electrical steel laminations. Secondly, and
more challenging, is avoidance of large cross-sections of bulk material which cause large eddy
current losses. AM does not have the ability to process material as thin as rolling, and also has a
much larger surface roughness, both which are known to limit the magnetic performance in Fe-Si.
To work towards the overall objective, a number of smaller objectives are identified.

e Understand the processing of high silicon electrical steel (Fe-6.5 wt%Si) using L-PBF, and the
resulting magnetic properties of the bulk material, including how characteristics such as
crystalline anisotropy and surface roughness affect these properties. Create processing
methods to control the intensity of the <100> texture, and use this to improve magnetic
performance by creating components with spatially varied microstructure.

e |dentify methods for reducing the eddy current loss in additively manufactured soft
magnetic material, to achieve performance comparable to electrical steel. It may be difficult
to build the complex shapes required to manage eddy current losses without using supports
which would short across the insulating air gaps, therefore post processing methods to
remove supports will also be investigated. Understand whether the mechanical properties of
this material would survive the duty cycle of an electric machine.

e Demonstrate the use of additive manufacturing in the context of electrical machines.
Implement a soft magnetic core manufactured with AM quantifying the performance and
comparing to a comparable machine using electrical steel laminations.

This thesis is submitted as a series of papers either submitted to, or prepared ready for submission
to peer reviewed journals. The author contributions are covered in full in each chapter. The author
of this thesis is primarily responsible for most aspects including conceptualisation, methodology,



data collection and analysis and is the first author of all of these papers. Figures and references have
been renumbered to be consistent throughout the thesis. As such the reference list has been
removed from each paper in preference of one reference list at the end of the thesis.

Chapter 2 covers a high-level review of the relevant literature, with a more detailed interrogation of
the most relevant papers. A detailed introduction is available in each chapter’s paper; hence it would
be unsuitable to repeat this in a comprehensive literature review.

Chapter 3 covers magnetic characterisation of high silicon electrical steel, focussing on the effects of
crystallographic texture, surface finish and heat treatment methods, using vibrating sample
magnetometry (VSM) as the method for magnetic characterisation and electron backscatter
diffraction (EBSD) to observe the microstructure and crystallographic texture.

With the some of the materials magnetic properties characterised, Chapter 4 further characterises
magnetic properties using ring samples tested with a permeameter to fully understand bulk material
magnetic properties. Following this, multi-physics electromagnetic simulations are used to design a
number of cross-sectional geometries aimed at reducing eddy current losses. These designs are then
manufactured and tested experimentally to quantify their performance.

Chapter 5 the implements one of these cross-sectional designs into the stator of an axial flux EM,
covering the technical design and manufacturing of the stator. The losses of this component are
then characterised by rig testing using a CNC mill bed.

Chapter 6 investigates a different method of eddy current loss reduction by using control of process
parameters during AM to cause stochastic cracking within the brittle high silicon electrical steel.
Methods for controlling the orientation and density of these cracks are investigated, and these
cracks are shown to artificially increase electrical resistivity. This chapter is closed by magnetic
characterisation of the stochastically cracked material in the form of a ring sample, quantifying the
loss behaviour and magnetic properties.

As concerns with mechanical integrity exist when using the stochastic cracking method, Chapter 7
characterises the mechanical properties by utilizing uniaxial tensile testing with digital image
correlation (DIC), to show whether this material can withstand the loading requirements of an axial
flux motor.

Finally, chapter 8 brings together the conclusion of these studies, commenting on their applicability
to EMs and highlighting future work that can be completed to further that reported in this thesis.



2 Research context

2.1 Additive manufacturing methods

Additive manufacturing has developed enormously in the last few decades from a rapid
prototyping process mostly for polymers, to full production systems capable of processing metallic
(9)and ceramic components (10). AM is now a broad term encompassing a number of manufacturing
techniques including fused deposition modelling (FDM), binder jetting, directed energy deposition
(DED), powder bed fusion (PBF) and vat polymerisation (11). Although some research has
demonstrated the processing of soft magnetic materials using polymer based techniques (12-15),
this work focuses on the processing of soft magnetic materials which are generally metallic to obtain
the best properties for electric machines. The main techniques applicable to processing metallic
materials are:

e Directed energy deposition — “additive manufacturing process in which focused thermal
energy is used to fuse materials by melting as they are being deposited” (11). DED normally
uses a high-power laser (>1 kW) to melt feedstock, as it is deposited onto the workpiece.
DED has a large spot size and melt pool size, limiting the resolution of features to
approximately 0.5-1 mm. This is generally used as a near net shaping technique, whereby
parts in the as-built condition will be post processed using manufacturing techniques such as
machining.

o Wire DED — the feedstock material is metallic wire

o Powder DED - the feedstock material is metallic powder

e Binder jetting — “additive manufacturing process in which a liquid bonding agent is
selectively deposited to join powder materials” (11). Binder jetting can process metallic
materials by suspending them in a binder, then producing a ‘green part’, which is then
placed in a furnace to remove the binder and bond the powder. This creates large shrinkages
from the green state, and hence dimensional accuracy and full density can be difficult to
obtain.

e Powder bed fusion — “additive manufacturing process in which thermal energy selectively
fuses regions of a powder bed” (11). Powder bed fusion generally has a higher dimensional
accuracy than DED and can process parts with complex geometries owing to the support of
either the powder bed or manufactured supports.

o Laser powder-bed-fusion (L-PBF) — using a medium power laser (100-500 W) with a
small spot size, typically 50 — 100 um. Dimensional accuracy is very high, but build
rates can be slow

o Electron beam powder-bed-fusion (EB-PBF) — uses an electron beam to melt the
material in the powder bed, typically with very fast scan rates (>2 m/s). Requires
larger amounts of powder as the powder bed often sinters during the build

This work exclusively uses L-PBF, which was identified to be the most suitable system for processing
metallic soft magnetic materials. The high resolution and dimensional accuracy enable the creation
of fine features which may be used to manage eddy currents, and laser processing parameters can
be used to spatially grade the microstructure. EB-PBF was unsuitable as it cannot be used with
magnetic powders due to the high fields used to direct the electron beam. Binder jetting may have
been an equal alternative, but L-PBF was chosen based on availability at the institution.

L-PBF is a digital manufacturing process that takes a CAD model and slices it into a number of finite
layers. For each of the layers, the laser scans the powder bed inside the cross-sectional area of the
desired shape, causing the metallic powder to melt and resolidify as a single entity. The build



platform (fabrication piston Figure 2-1) then steps down by the layer thickness, usually 30-60 um,
and a new layer of powder is spread on top. The method of spreading the powder varies between
systems, but is normally a mechanical roller or wiper blade, that takes powder from some kind of
powder reservoir and deposits it over the build area. To scan the cross-sectional area, the laser
completes a number of hatches, which are usually straight lines. These hatches are separated by the
hatch spacing and are repeated until the whole area has been melted. The laser penetrates through
multiple layers in order to ensure the latest layer is fully bonded to the material below (Figure 2-2).
Multiple process parameters are available for control, and this study uses the parameters below to
influence the amount of energy entering the power bed. These parameters are combined using
Equation 1 to give a volumetric energy density (VED), which allows comparison between different
sets of parameters, representing the total energy into for a given volume of powder. Different values
of VED are required for different materials and geometries, with lack of fusion often the result of
insufficient VED, while cracking and keyhole porosity are the result of excessive VED.

e laser power (Q) -the power of the laser incident on the powder bed
e Llaser speed (v) — the speed the laser traverses a single hatch

e Hatch spacing (h) — spacing between adjacent hatches

e Layer thickness (I) — the thickness between sequential layers

Q
ED = —
4 vlh

Equation 1
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Figure 2-1 Schematic of L-PBF process chamber. Adapted from
https://upload.wikimedia.org/wikipedia/commons/3/33/Selective laser melting system schematic.jpg
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Figure 2-2 Schematic showing laser scanning of a powder bed, highlighting the melt penetration of previous layers.
Reproduced from (9) (fig.8.3).

2.2 Magnetism

This project focuses on the additive manufacturing of soft magnetic materials, hence a short
background into magnetism is necessary. Magnetic materials can be broadly classified into four main
categories based on their magnetic behaviour: ferromagnetic, ferrimagnetic, paramagnetic, and
diamagnetic and exhibit magnetic responses to an applied field as shown in Figure 2-3.
Ferromagnetic materials, such as iron, nickel, and cobalt, exhibit spontaneous magnetization due to
the alignment of their atomic magnetic moments in a parallel manner (Figure 2-4). When excited by
an external magnetic field H they give a large magnetic response, where the magnetisation M is in
the same direction as the external field, and they also display some hysteresis. Ferrimagnetic
materials exhibit a similar behaviour, but instead of having aligned magnetic moments, they have
magnetic moments of uneven amplitude, ordered antiparallel causing a net magnetic moment
(Figure 2-4). Paramagnetic materials, such as aluminium, possess weak magnetic properties and
exhibit a small temporary magnetization when subjected to an external magnetic field. No ordering
of the magnetic moments within the material occurs without an applied field (Figure 2-4).
Diamagnetic materials, such as copper, give a small magnetic response in the opposite direction to
the applied field.
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Figure 2-3 — Magnetic behaviour of ferromagnetic, ferrrimagnetic, paramagnetic and diamagnetic materials (16)
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Figure 2-4 — Ordering of magnetic moments in magnetic materials (16)

Ferromagnetic materials are of the most significance to this study and will be the focus of
the rest of this section. Magnetic materials are often characterised by the BH loop, also known as
the hysteresis loop, which is the relationship between the magnetic field strength H and the
resulting magnetic induction B in a magnetic material. It provides valuable insights into the
material's magnetic behaviour and properties. A typical BH loop is shown in Figure 2-5, where the
height of the loop is the saturation magnetisation, the gradient at B= 0 T is the maximum relative
permeability and the difference between the x axis intercepts is the coercive force. The dashed line
in this figure shows the initial magnetisation from a demagnetised state. Losses are given by the area
of the loop, which includes both eddy current losses and hysteresis losses.

The crystallographic texture of a magnetic material plays a vital role in determining its magnetic
properties. In ferromagnetic materials, favourable crystallographic textures can enhance magnetic
properties such as coercivity. For example, in electrical steel, a strong <100> texture is desirable and
results in an increase in permeability and a reduction in losses. Texture control techniques, such as
rolling and annealing processes, can be employed to manipulate the crystallographic orientation and
improve magnetic properties, and material with this strong <100> texture, also known as Goss
texture, are known as grain orientated (GO) electrical steel.
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Figure 2-5 - Typical BH loop of a soft magnetic material, reproduced from (17)



In ferromagnetic materials, the magnetic domains are regions where atomic magnetic moments are
aligned in the same direction. Domains are formed as it is energetically favourable for the domains
not to be perpendicular to external surfaces as displayed in Figure 2-6 (16). Domain walls are the
boundaries between these domains, and their motion significantly affects the material's magnetic
properties. When subjected to an external magnetic field, domain walls first move to allow the
domains in the closest direction to the applied field to grow. Following this, domains in unfavourable
directions are annihilated by the growth of those in more favourable orientations. The last stage of
magnetisation is for these domains to rotate to match the direction of the applied field. The ability
of domain walls to move easily affects both permeability, and coercivity, with a higher permeability
if the domain wall motion is easier. Permeability u is a measure of a material's ability to conduct
magnetic flux, and it determines the ease with which a material can be magnetized. Coercivity H. on
the other hand, represents the resistance of a material to changes in magnetization and is crucial for
applications involving magnetic switching and storage. These two properties are intrinsically linked.
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Figure 2-6 — Magnetic domains in ferromagnetic material (16)

2.3 Soft magnetic materials

Soft magnetic materials are an important class of materials for use in electronic and electrical
engineering, where electrical energy is converted to or from kinetic energy using magnetism. Soft
magnetic materials are characterised by having high relative permeability(u:) up to 30,000, high
saturation magnetisation (Msat) of 1.5 —2.5 T, and coercive force (Hc) less than 1000 A/m. These
ferromagetic materials magnetise easily but cannot sustain the high magnetic field without an
external field, and hence also de-magnetise easily. This is advantageous for alternating current (AC)
devices, whereby the direction of the magnetising field changes direction quickly. The three most
common soft-magnetic materials are FeSi (electrical steel), FeNi and FeCo. These materials each
have their own advantages, with FeCo having the highest known saturation magnetisation and FeNi
having the highest known permeability (17). However, FeSi is the most commonly used (18) due to
its excellent loss behaviour, combined with relatively high permeability and saturation
magnetisation. An overview of common materials and their properties is available in Table 1.



Table 1 — Overview of magnetic properties of common soft magnetic materials

Material Composition Saturation Initial Coercive force,
Name magnetisation, M, (T) Permeability w; H: (A/m)
Electrical FeSi
steel Si 1-4% 2.0 (19) 4,000 (19) 10-200 (19)
High silicon
electrical | Fe-6.5 wt%Si 1.8 (20) 29,000 (20) 10-100 (20)
steel
Permendur | Fe-50 wt%Co 2.4 (19) 2,000 (19) 50-200 (19)
Permalloy | Fe-80 wt%Ni 0.75-1.0(19) 100,000 (19) <10 (19)
Pure Iron Fe 2.16 (19) 1000 (19) 10 (19)
Pure Cobalt Co 1.8 (19) 70 (19) 100 (19)
Pure Nickel Ni 0.61 (19) 250 (19) 15 (19)

FeCo is mostly used with a 50/50 blend, also known as Permendur, whilst it often has small

amounts of vanadium added to improve ductility. FeNi can be used with many compositions but it’s
often Fe-80 wt%Ni (permalloy) that is used when high permeability is required. FeSi is normally used
with low silicon content of approximately 3%. Fe-6.5 wt%Si has been shown to have promising
magnetic properties for future applications (20), however it is rarely used currently due to difficulties
in processing due to brittle ordered phases B2 and D03 that form with the increased silicon content.
Fe-3 wt%Si avoids these ordered phases and is single phase BCC a-iron, irrespective of cooling rates
(20). One of the key properties of a soft magnetic material is the BH loop, characterisation of which
can give access to the most important magnetic properties of permeability, saturation
magnetisation, coercive force and core loss (hysteresis and eddy current). The BH loop changes
based on both frequency and amplitude of flux density (B), meaning characterisation can become
quite complex and should be done for an appropriate range for the intended use.

Hysteresis losses are due to the energy lost through domain wall motion, especially past
features such as inclusions and dislocations which cause domain wall pinning. These losses are
proportional to the frequency, and hence scale linearly with frequency. The hysteresis losses can be
classified by measuring a BH loop with a quasi-static magnetisation, normally <<1 Hz.

Eddy currents are induced in a conductive material when they experience a changing
magnetic field, such as that in an AC machine due to Faradays law of induction. The induced eddy
currents cause losses in the form of joule heating of the material and are proportional to the square
of the frequency. Eddy current losses can be reduced by increasing the resistance of the eddy
current path or medium, or by allowing the eddy current to form over smaller cross-sectional areas
(17). Hence, it is possible to measure and separate eddy current and hysteresis losses by taking
measurements of the BH loop at several frequencies, the calculation of which is demonstrated in
section 2.3 of chapter 4.



Figure 2-7 Generated eddy currents are larger in a solid cross-section (left) than a laminated structure (right).
https.//en.wikipedia.org/wiki/Eddy_current#/media/File:Laminated_core_eddy currents_2.svg

When using soft magnetic materials in AC machines, it is common to use thin sheets of material,
0.1-0.5 mm thick called electrical steel laminations. These are electrically insulated, in order to
reduce the eddy current losses, which depend on the geometry of the material. This has been
practiced for many decades and lots of research has been completed to improve the processing,
therefore the performance of electrical steel laminations is very good. However, there are
limitations with this methodology, namely the restricting of magnetic circuits to two dimensions due
to the planar nature of the laminations. In order to allow 3D magnetic flux pathways, other avenues
have been investigated such as soft magnetic composites (SMC). SMCs are magnetic particles that
have been coated with an insulating layer, therefore show very little eddy current loss due to a very
high electrical resistivity. SMCs do not have the same magnetic properties as other soft magnetic
materials though, with a much lower permeability than electrical steel laminations. It is for this
reason that AM has been investigated for the processing of soft-magnetic materials. The ability to
allow for 3D flux pathways whilst using the complexity and control afforded by AM to create
geometry which may limit eddy currents, could provide an excellent route to enable new electric
machine architectures with improved performance.

2.4 Characterisation of soft magnetic materials manufactured by AM

AM of soft magnetic materials is still in its infancy, with the first published research appearing
in 2012 where Zhang et al. studied the microstructure and magnetic properties of Fe-30 wt%Ni
produced by L-PBF (4). This research paved the way for an increasingly popular area of research that
is AM of soft magnetic materials, which has been steadily growing over the last decade as shown in
Figure 2-8.
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Figure 2-8 - Number of publications per year found using Scopus search terms, additive AND manufacturing AND soft AND
magnet*, and also including Fe*Si*.

Zhang et al. published a trio of papers that characterises Fe-30 wt%Ni (4), Fe-80 wt%Ni (6) and
different blends of Fe-30 wt%Ni (5). Due to the age of this work, these materials were processed
with relatively low laser power = 100 W for L-PBF, though the materials still exhibited some good
magnetic properties. The saturation magnetisation and coercive force were shown to be dependent
upon laser velocity, which impacted the phases present with FesNi,, Fe and Ni peaks all present in
the XRD traces (4). Zhang et al. also demonstrated the first in-situ alloying of a soft magnetic
material when blending elemental powders of Fe and Ni to give Fe-80 wt%Ni, showing a higher
fraction of FeNis yielding a higher saturation magnetisation (6), although it seems there were
difficulties obtaining samples without porosity, most likely due to the low laser power available, as
laser power in excess of 100 W is normally used now to avoid lack of fusion defects caused by
insufficient energy input.

High silicon electrical steel (Fe-6.5 wt%) was first reported by Garibaldi et al. (21) who studied the
metallurgy of the alloy when processed using L-PBF, demonstrating the ability of AM to process high
silicon electrical steel into a single phase material, avoiding the brittle ordered phases of B2 and D03,
meaning the as-built material may be machinable whereas traditionally this alloy cannot be
machined or rolled due to its lack of ductility. The processing of this alloy showed near-fully dense
samples, however, it was shown that the processing window for this alloy may be very small.
Normally too low energies produce lack of fusion and porosity, and too much energy creates cracks
and keyhole porosity. This study showed that the samples with the lowest porosity already had
some cracking, and no samples without cracks or porosity were presented (Figure 2-9). The samples
were displayed to have a strong <001> texture in the build direction (Z axis of machine) with
columnar grains oriented in the same direction. The study found a single ferritic phase using XRD
traces, suggesting that the fast-cooling rates of AM can inhibit the ordered phases. This was proven
by Lemke and Garibaldi et al. using differential scanning calorimetry (DSC) (22).
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Figure 2-9 - Metallurgy of high silicon electrical steel showing porosity and cumulative crack length c.c.l. at different line
energy densities (Laser power/Laser speed) of 70, 140, 280 and 420 J/m. Reproduced from (21)

Garibaldi et al. followed up this study with further work assessing the magnetic properties when the
samples experience annealing at different temperatures from 400 — 1150°C (23). This study
demonstrated an increase in maximum permeability from 2000 in the as-built condition, to
approximately 9000 for the 900°C anneal after stress relief has occurred, but no grain growth. The
final annealing temperature of 1150°C demonstrated a disproportionate increase in permeability as
grain growth was demonstrated to have occurred. This change was attributed to grain growth,
however it is possible that the heat treatment caused a phase change to include some ordered
phases such as B2 and D03, which would naturally form during the slow furnace cooling at this
silicon content (Fe-6.5wt%). XRD traces in this study did show an increase in D03, however this was
not commented on with respect to magnetic properties. DC hysteresis loops were shown to have
similar performance to the commercially available JNEX super core (24), though with much higher AC
losses due to the eddy currents in the 2 mm thick samples, when compared to the 0.1 mm thickness
of the JNEX laminations. This study did show that the <001> texture did persist through the heat
treatment even after grain growth. This is important for FeSi as the <001> direction is magnetically
soft and therefore has superior magnetic properties to the other crystallographic directions.

The next study from Garibaldi et al. focusses on assessing the effect of laser processing
parameters on both the microstructure and magnetic properties of the as-built samples (25), though
a stress relieving heat-treatment of 700°C was used as shown in the previous paper to not affect
microstructure (23). This demonstrates small differences to occur with varying laser parameters,
however, concludes that for use in practical applications a heat-treatment which incorporates grain
growth is indispensable, and hence the as-built microstructure is not as crucial. This paper states
that the differences in magnetic properties are caused mostly by porosity and differences in texture
between the samples though no textural characterisation is completed for the different samples,
and the porosity is not shown either. Hence this conclusion requires more evidence to be
understood fully.

Further understanding of the effect of processing parameters on magnetic properties of
Fe-6.5 wt%Si was developed by Goll et al. (26), showing an improvement in maximum permeability
and coercive force of pmax = 31,000 and Hc = 16 A/m respectively (Figure 2-10), with hysteresis losses
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of 0.7 W/kg at 1 T. Significant improvement over the properties shown by Garibaldi et al. were
achieved by utilising build platform pre-heating of temperatures between 200 — 600°C. Heat
treatment was still required to achieve the excellent reported magnetic properties, but a large
improvement in the as-built samples was demonstrated with the pre-heating. Grain size was larger
with a higher pre-heat temperature in both the as-built and heat treated condition with a maximum
grain size Dsg of >1 mm after heat treatment with a build platform pre-heating of 600°C. Goll et al.
also started to investigate methods to reduce eddy currents but this will be re-visited in the next
section.
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Figure 2-10 — Coercive force and permeability for as-built samples (left) and heat-treated samples (right). Reproduced from
(26)

Plotkowski et al. also investigated electrical steel, but used a lower silicon content (27), showing
that the strength of the <001> texture in the build direction can be increased from 2.5 multiple of
uniform density (mud) to almost 8 mud in the XY plane, by using a double scan laser strategy,
scanning each layer twice. Plotkowski et al. also show an improved surface roughness based on a
laser scan tracks that follow the direction of the outer surface, similar to building a part using only
contours. This paper also draws the conclusion that more research is required to identify heat-
treatments for FeSi manufactured by AM, as the increase in grain size was dependant on the laser
scan tracks used to create parts which had identical CAD geometry. This is similar to the findings of
Goll et al. (26) who showed differing grain sizes post heat-treatment based on the build platform
pre-heat temperature. Plotkowski et al. are the first authors who have separated the eddy current
and hysteresis losses (27), calculating the eddy current and hysteresis loss coefficients, however this
was measured with a “picture frame”, akin to a miniature Epstein frame. Whilst testing with this the
magnetic circuit was not continuous as there are discrete joints in the corners. Due to this no
permeability was measured, presumably as the discontinuities caused a large reduction in the
measured permeability due to the reluctance of these gaps. As a positive, Plotkowski et al. are able
to isolate one direction for their measurements, for which they choose to align the legs of the
“picture frame” with the build direction, allowing the <001> direction to be aligned with the
magnetic test direction. The authors suggest that this gives an improvement in properties similar to
grain orientated electrical steel, however there is no experimental data to confirm this.

Tiismus et al. then also separated the hysteresis and eddy current losses (28), demonstrating a
large improvement in the majority of properties with heat treatment, including coercive force and
permeability. Tiismus et al. did use toroidal test samples and therefore didn’t have any
discontinuities in the magnetic circuit allowing for measurements of permeability. For the first time
as-built and heat-treated samples are compared directly, at several frequencies and a number of flux
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densities ranging from 1-1.5 T. Interestingly the difference in performance between the as-built and
heat-treated samples reduces as higher frequencies and flux densities are reached. It becomes
apparent that the behaviour of the samples is dominated by their geometry, as eddy currents are
increased with the square of the frequency and the performance of as-built and heat-treated
samples gradually gets closer until they are not discernible at a flux density about 1.35 T and
frequency of 50 Hz (Figure 2-11). 50 Hz was the highest measured frequency, though it is worth
noting many electrical machines run at frequencies of 1 kHz or more, therefore a wider frequency
range should be investigated. Tiismus et al. were also the first authors to report the electrical
resistance of FeSi manufactured by AM (29), showing resistance ranging from 75-85 uQ.cm for
Fe-3 wt%Si and 120-140 pQ.cm for Fe-6.5 wt%Si. The resistance values varied based on the
orientation of the samples in the build chamber. These values for Fe-6.5 wt%Si are above the
expected value of 82 uQ.cm (20), though it is possible to observe cracks within the micrographs for
these samples in the study, hence the resistivity measured is likely to be overestimated as defects
such as cracks and porosity can cause an increase in resistance.
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Figure 2-11 - Permeability and coercivity in the as-built and heat-treated condition, at a number of flux densities at 1, 10
and 50 Hz. Reproduced from (28).

Little investigation into the effect of build angle on the magnetic properties. It is well known
that there is anisotropy in structural parts (30), and has been suggested by many authors with
regards to magnetic anisotropy of FeSi built by AM (23,26,31-33) but the only literature exploring
this is from Urban et al. (34), who built toroidal magnetic test samples at angles of 0°, 45° and 90° to
the base plate. Using a t-test, no statistical difference was found in the magnetic properties between
the samples, though the variance in this study was quite high. Heat-treatment was again found to be
beneficial. This is also currently the only study that shows mechanical properties, showing a tensile
strength of 100-500 MPa, and elongation to break at 5-12%. The samples built parallel to the build
platform showed better mechanical properties than those at either 45° or 90°. Urban et al. also
investigated the processing window of Fe-6.5 wt%Si (35), which Stornelli et al. also reported to be
narrow (33).

Babuska et al. showed that the mechanical properties of Fe-50 wt%Co samples produced by AM
avoided the brittle intermetallic phases and showed ductile behaviour in the as-built condition due
to the high cooling rates of AM (36). Although FeSi components were also manufactured in this
study, the mechanical properties of these were not analysed, therefore the same can be suspected
about FeSi but has not been evidenced.

13



o
L
c

700 700 ¢
600+ AM processed = 600 - AM processed f0)
O OO O ') (o)

S(X)i (@) o O o %500- (@)

=T
= 400 -
7}
f =
L 3001
| =]
conventional Conventional Fe-Co 8 E) conventional Conventional Fe-Co 8

}
200 + AM-processed Fe-Co (ductile) AM-processed Fe-Co (ductile)
AM-processed Fe-Co (brittle) O AM-processed Fe-Co (brittle) O

Yield Strength (MPa)
g =

100 ¢ 1 1 1 1 L 1 1 100 L 1 1 1 1 1 L 1 3
0 2 4 6 8 10 12 0 5 10 15 20 25 30 35 40

Uniform Strain (%) Total Strain (%)

Figure 2-12 - Yield strength of binary FeCo showing both conventionally processed and AM processed data, showing a 300%
increase in yield strength and large increase in ductility. Reproduced from (36).

This section has covered the key papers from literature relevant to this thesis, but for a
comprehensive overview of the properties of soft magnetic materials processed by AM, review
papers are available first from Périgo et al. (37), and then from Chaudhary et al. (7). This includes
further studies on FeNi and using FeCo, which all show further successful case studies of using AM to
process soft magnetic materials with properties close to that of the traditionally processed material,
furthering the evidence of AM being a viable channel to process this material. All these studies suffer
with high eddy currents due to the toroidal test rings having a large cross-sectional thickness

(> 2 mm), when compared to electrical steel laminations (0.1-0.5 mm), however hysteresis losses,
saturation magnetisation and DC permeability have all been shown to be competitive with non-AM
processed material.

2.5 Use of soft magnetic materials manufactured by AM in electrical machines

To enable the use of soft magnetic materials in electrical machines, strategies to manage the
eddy current losses need to be developed. Just as electrical steel was first processed into thin sheet,
or laminations, soft magnetic material manufactured by AM and intended for use in AC machines
cannot be processed as a bulk material with thick cross-sectional areas. Multiple authors have
attempted such works with a variety of techniques, from trying to mimic laminations (26) to
topological optimisation of the soft magnetic material to reduce eddy currents, whilst increasing flux
linkage (38).

The first application of soft magnetic material manufactured by AM was for the soft magnetic
core of surface-mounted permanent magnet motor (PMM) which was designed and developed by
Garibaldi et al. (39). The authors developed a topological optimisation based on a finite element (FE)
mesh, which attempted to improve torque density whilst maintaining structural integrity. The
outcome of this study was the rotor of the machine with an organic three-dimensional geometry.
Although this study did not attempt to quantify or reduce the eddy current losses, it displays a
methodology that could be used based on a different set of equations that could be used to optimise
for eddy current losses, whilst maintaining structural performance. It is noteworthy that
manufacturing constraints were not taken into account during the analysis, and although the
resulting part did not require supports and was easily manufacturable using L-PBF, this is likely down
to the electrical machine geometry being a radial flux motor with a cylindrical shape. Other motor
types such as axial flux motors may not be optimised into a manufacturable shape, and hence future
topological optimisation studies for soft magnetic material should aim to reduce eddy currents,

14



increase a performance parameter such as torque density but have built in manufacturing and
structural constraints. This adds another dimension of difficulty to the problem, and but whilst this
methodology is still embryonic, structural topology optimisation shows the capacity to allow for this.

Figure 2-13 - Topology optimised PMM rotor showing optimisation results (a), post smoothing (b) and manufactured
component (c). Reproduced from (39).

The only other reported use of topology optimisation of soft magnetic material was published in
2022 by Manninen et al. (38) who did optimise for minimum eddy current losses and maximum
secondary flux linkage. The chosen sample was a toroidal ring sample, allowing for easy
characterisation of the sample when manufactured. This study is also one of the few to directly
compared to a laminated structure, although this time using FeCo rather than FeSi. The
methodology, however, is material agnostic. In this study Manninen et al. demonstrated that the
topology optimised sample demonstrated lower losses than the alternative tested which was
manual designs of a grooved sample. The topology optimised sample showed slightly higher losses
than that of the 0.35 mm thick laminations, although this is the closest reported in literature. The
study also reports a reduction in flux linkage for the topology optimised samples, due to the
reduction in volume of magnetic material inside the cross-section. The stacking factor is reduced to
approximately 70% (calculated from the manuscript images using Imagel). Further to this, the results
of the topology optimisation were not implemented directly, but rather used for inspiration for a
manually designed geometry, due to the manufacturing constraints of the AM process. Figure 2-14
displays the results of the topology optimisation, with areas circled in red that are typically not
manufacturable in L-PBF due to overhanging surfaces, along with the actual geometry used to build
the samples. It’s also worth noting that the mesh used for the topology optimisation is fairly coarse
as can observed by the pixelation in Figure 2-14, most likely due to the computational intensity of
multi-physics simulations. This does however offer a benefit in that with a finer mesh, one may
obtain features of a size below which the L-PBF process cannot maintain.

Figure 2-14 - Topology optimisation results (left) and implemented cross-sectional geometry (right) of a toroidal ring
sample. Reproduced from (38).
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Although topology optimisation of soft magnetic materials has shown promise, the majority of the
research in this area is based on manually created designs. This can be quite a laborious task with a
trial-and-error approach to what the cross-sectional geometry should be to reduce eddy currents.
Goll et al. showed FE models of a slotted geometry along with experimentally built samples. It can be
seen from the micrographs that issues with resolving this geometry were faced, as the structure has
multiple horizontal overhanging surfaces with particles short circuiting the air gap. No optimisation
of the size of this gap was undertaken to ensure no short circuiting between areas which should be
electrically isolated (Figure 2-15). The other strategy employed by Goll et al. is to build with a multi-
material layered structure, using alternating layers of pure Fe, with its good magnetic properties,
with a relatively higher resistivity FeAl16 layer, though the resistivity of this layer is still similar to
Fe-6.5 wt%Si. Therefore, in this configuration is not likely to offer low enough losses, however if a
higher resistivity material was able to be used, such as a ceramic this may provide a good solution.
Multi-material with metals is only just developing, and as such a metal-ceramic multi-material
structure has still not yet been created using L-PBF, but other methods such as binder jet printing
may offer a quicker route to a material like this.

SO0 pm

Figure 2-15 - The slotted structure shown by Goll et al., showing the micrograph of the printed sample (a) and the simulated
eddy current behaviour of the ideal cross-section (b). Reproduced from (26).

Plotkowski et al. (27) also demonstrated geometrical control of eddy currents with several samples
built using a laminated style pattern called ‘parallel plates’ with differing air gaps and stacking
factors, along with a Hilbert pattern and Mesh pattern (Figure 2-16). This showed that for the
thinnest plates, the highest eddy current losses occurred, the opposite of what would be expected
with laminations. This is due to short circuiting between the plates, as the thickness of the plates
were reduced to fit more plates into the same area, the gaps between the plates were also reduced
below the accuracy of the machine causing the short circuiting between plates. Therefore, in AM it
appears to be a trade-off between reducing the size of the gaps to as small as possible to increase
the volume of magnetic material, whilst still maintaining electrical isolation. During this study,
Plotkowski et al. demonstrated the Hilbert pattern to have the best performance with a loss density
of approximately 4.5 W/kg for a BH loop with an applied field of 3000 A/m. It is difficult to compare
the results in this study to others, as mentioned earlier there are discontinuities in the magnetic
circuit. Therefore, the authors have not stated flux density in the samples, instead quoting losses at
a given applied field value which is atypical. Most other papers report losses for a flux density of 1 T
at a frequency of 50 Hz. Data sheets for electrical steel laminations show several frequencies and
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flux densities, however as AM of these materials is still a recent development, it is useful for all
investigators to report the same test conditions as these will likely scale predictably with frequency.

Plotkowski et al. used Fe-3 wt%Si in this first study (27), however followed up with a study using
Fe-6.5 wt%Si as well, implementing the Hilbert pattern into a transformer (31) which showed
performance comparable to non-orientated electrical steel laminations, though the thickness of
these was not specified. Two other patterns were introduced in this study of radial and clock spring,
though both of these sections showed higher losses than the Hilbert pattern. Again, all of these
samples were built in the XY plane of the machine, which is the easiest direction to resolve complex
shapes as the accuracy is dependent on the laser spot size and scan strategy, whereas resolution in
the XZ plane is also dependant on laser burn through. Therefore, these samples are only capable of
carrying magnetic flux in 2D, and it’s unlikely that they will outperform laminations which are also
capable of carrying magnetic flux in 2D. Some of these patterns may be suitable for 3D magnetic flux
pathways with some development, though this isn’t shown in the study. Urban et al. also
investigated Hilbert type fill patterns showing both simulation and experimental validation (40),
however the loss behaviour of these performed worse than those of Plotkowski et al.
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Figure 2-16 - Different strategies for geometrical control of eddy currents including parallel plates, Mesh, and Hilbert
patterns. The Hilbert pattern showed the lowest eddy current coefficient. Reproduced from (27).

The best loss behaviour observed by AM soft magnetic materials is demonstrated by Koo et al. (41)
with a “structurally-layered” material, which has a shape similar to electrical steel laminations with
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alternating ends connected. This study shows the building of the sample in an expanded state, which
reduces the probability of the electrical shorting across the air gaps. Following this, an insulating SiO;
coating is crated using a sol-gel-based process. Following this the sample may be compressed easily
due to its topology. This author was also able to successfully process walls as thin as 0.2 mm, due to
an excellent as-built surface roughness, which is thinner than any other author has successfully
reported. The measured core loss was extremely low, approximately 1 W/kg at 50 Hz and 1 T, but
even more remarkably 52.5 W/kg at 1 kHz and 1T. This was then demonstrated in the stator of an
axial flux machine though this was created from stainless steel rather than Fe-6.5 wt%Si, unlike the
other samples in the study.

Optimisation of the horizontal gaps was first undertaken by Andreiev et al. (42) who also
demonstrated a slits in the structure akin to electrical steel laminations, showing that the minimum
gap is affected by the laser parameters and hence optimising the laser parameters to ensure these
gaps existed without short-circuiting. The magnetic properties were also characterised showing
losses of 11.2 W/kg at 50 Hz 1T, higher than most other authors though it is worth noting that
Fe-2.7 wt%Si was used for this study which is less resistive.

Lindross et al. (43) also demonstrated a reduction of losses using geometrical features such as
grooved structures when building with FeCo alloys. Topology optimisation is also touched upon and
Manninen is one of the co-authors of this paper, who's work was described earlier.

Comprehensive review papers covering further details on soft magnetic materials and their use in
electrical machines are available from Lamichhane et al. (44), Pham et al. (45), Naseer et al. (46) and
Tiismus et al.(47,48).

Further to the work characterising these soft magnetic materials and coming up with design
strategies to reduce eddy current losses, researchers have started to demonstrate these materials in
applications. Transformers created by Plotkowski et al. (31) and Tiismus et al. (32) have already been
discussed in this section. Electric motors have also been investigated such as the PMM (49)
described by Urbanek et al. which uses extra slots in the soft magnetic rotor to insert copper wires,
short circuiting the rotor coils. Urbanek et al. also demonstrated an improvement in cogging torque
and reduction in in leakage flux (50). Kresse et al. (51) manufactured a transverse flux machine with
geometry for loss reduction, showing a type of motor ( that would be very difficult to manufacture
from electrical steel laminations.

Figure 2-17 Stator half shells of the transverse flux machine shown by Kresse et al. (51) that are additively manufactured.
Reproduced from (51).
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2.6 Summary

This research context section has shown the literature surrounding the additive manufacturing
of soft magnetic material, showing that authors have managed to successfully process near fully
dense samples from common soft magnetic materials, but also from high silicon steel (Fe-6.5 wt%Si)
(21) which is difficult to process traditionally. Materials processed with AM have typically shown
magnetic properties below that of electrical steel laminations (25), though a small number of studies
have managed to obtain properties which are comparable to electrical steel laminations (26,27). DC
magnetic properties are often comparable, but large eddy current losses show a decrease in
magnetic performance owing to the thicker cross-sections. This is somewhat combatted by using the
higher silicon content, but Fe-3 wt%Si electrical steel laminations are still better for AC losses despite
their lower resistivity, especially at high frequencies. A number of methods to reduce eddy currents
have been investigated, with a variety of geometries from slotted (26) and slitted parts (51), to the
Hilbert pattern (31,40). Topology optimisation has also been investigated but is far from maturity as
the only observed use of this (38) resulted in a manually adjusted design to account for
manufacturing constraints which were not factored in during the design phase.

Current gaps in the literature are apparent in the fundamental process-parameter
relationship of soft magnetic materials in AM. The as-built properties and grain structures have been
investigated however electrical steel is rarely used without a heat treatment, therefore further
detailed study needs to be undertaken to investigate the effect of heat treatments linking back to
the as-built geometry and grain structure. Further to this surface roughness has not yet been
investigated although it is known that it has a large impact on magnetic behaviour, especially losses.
Limited domain wall imaging has been used to observe the domain wall structure and propagation in
the AM material, and this is likely to attract further research. The effect of grain orientation in both
the as-built and heat treated states is also not well understood when compared to electrical steel
laminations. The loss behaviour and stacking factor of soft magnetic material manufactured by AM is
still not competitive with electrical steel laminations. To exploit the use of AM there must be some
tangible benefit to using the 3D magnetic circuit, which will require the design of new motor
architectures. Quantifying the possible increase in performance of these will become important to
understand the minimum target properties of the AM processed material.
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3.2 Background

Electrical steel laminations are available in two categories, (GO) and non-GO. Non-GO
electrical steel laminations have a random texture with no alignment of the crystallographic axes
with the direction of magnetisation giving uniform magnetic properties in all directions. GO electric
steel laminations use a series of rolling and annealing to create a Goss texture resulting in a strong
<001> texture in the direction of magnetisation (52). This results in the easy axis of magnetisation
being aligned with the magnetic flux, improving properties such as permeability and reducing
hysteresis losses (53).

During L-PBF, a <001> texture is normally created aligned with the build direction (machine Z axis),
due to the vertical growth of elongated grains throughout many layers (21). It has been suggested by
multiple authors (23,26,31,33,47) that this texture will provide improved magnetic properties in the
build direction, when compared to other orientations within the build chamber. This suggestion is
sensical as if aligning the texture provides improved properties in GO laminations, and we can obtain
this texture in AM components, it could be a fair assumption that this would provide an
improvement in the build direction. However, this has not yet been experimentally validated.

This paper initially sets out to understand how the magnetic properties, namely
susceptibility/permeability and a higher magnetisation at the knee point along the MH loop, also
yielding a higher magnetisation for a given field. The saturation magnetisation is not expected to
change as this is a single-phase material, hence at saturation the magnetic moment is dependent
only on the volume of material and not on the crystallographic orientation. It was hypothesised that
by building samples at an angle away from the build direction, the <001> texture would be
controlled to an angle away from the long edge of the sample, and hence the magnetisation
direction. As the sample passed 45° from the build direction, it would become closer to the <001>
texture again and magnetic properties should increase again up to the 90° sample. As the paper
shows the data did not show this to be the case.

After analysis of this data showed a trend of decreasing magnetic susceptibility with increasing angle
from the build direction, other factors were investigated. Surface roughness was found to be an
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important factor and further study was undertaken to understand this more, and improve the
performance based on surface roughness improvements.

The heat-treatment initially used in this study was laid out by Garibaldi et al. (23) to enable grain
growth and was shown to improve magnetic properties significantly. During our experimentation we
did not find this to be the case, the susceptibility did not appear to improve with heat-treatment.
This led to the suspicion that this heat-treatment did not allow the samples to fully recrystallise and
then encourage grain growth, as increased grain size has been shown to be beneficial especially with
respect to susceptibility. Hence a study was undertaken to investigate the effects of heat-treatment
on the samples used, to try and understand why an established heat-treatment method did not
work as intended for these components.
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Abstract

Thin-walled structures have been investigated for use in soft magnetic components manufactured
by additive manufacturing to limit eddy current losses in AC machines. Fe-6.5 wt%Si has been shown
to be a promising material in such components, however most characterisation has taken place
using thicker bulk material. Thermal conditions and microstructure have been shown to differ with
thin-walled structures, hence magnetic properties may differ also. This study characterises the
magnetic properties of thin-walled structures, showing that the <001> texture usually apparent in
laser powder-bed fusion does not persist in thin-walled samples built at an angle to the build
platform. Surface roughness is shown to increase with build angle from 28 Sa when perpendicular to
the build platform, to 80 Sa when parallel, causing a deterioration in magnetic properties such as
susceptibility which is reduced by up to 25%. Improvements in magnetic properties are
demonstrated for samples with lower surface roughness due to improved laser parameters, with
even larger improvements available when using polishing as a post-process finishing operation
which was shown to improve susceptibility by over 10%. This study enables the designers of soft
magnetic components made by additive manufacturing the freedom to design magnetic flux paths at
any angle in the build chamber and gives surface roughness as a key parameter to improve magnetic
properties.
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1. Introduction

Research interest in additive manufacturing (AM) of soft-magnetic materials started when Zhang
et al. processed permalloy (Fe-30 wt%Ni) (4), and has greatly increased in the last decade with many
authors contributing to the field (37,44,45) with studies focusing on the three most common soft-
magnetic alloys of FeSi (26,27,54), FeCo (36,55,56) and FeNi (57-59). Of these materials, FeSi is
commercially the most heavily used with a wide variety of applications. AM has been used to
demonstrate manufacturing of transformers (31,32), electric machine stator cores and rotors
(54,60). Throughout these applications, all of which operate using AC currents and magnetic fields,
thin walled structures are deployed to reduce eddy currents and their associated joule heating losses
(26,27,61), mimicking the behaviour of electrical steel laminations whereby eddy currents are
confined to smaller cross-sectional areas normal to the magnetic flux. Although the material is
normally used in a thin wall (<2 mm) structure, the properties have always been measured with
cross-sectional dimensions above 4 mm (25-27), for ease of handling and characterisation and to
abide by standards for characterisation such as BS 60404 (62).

Heat transfer in thin walls has been shown to behave differently than bulk material (> 4mm
thickness) during AM (63), yielding differing microstructure based upon the geometry. Assuming this
to be the case in AM of soft-magnetic materials, the microstructure and hence magnetic properties
of these thin wall structures cannot be directly implied from measurements of the bulk material.
Further to this, authors often refer to an improved performance in the build direction of
Fe-6.5 wt%Si during L-PBF due to a strong <001> texture in this direction whilst avoiding the <111>
direction (23,26,31-33). This texture has only been demonstrated in thicker samples, generally with
a cuboidal structure unlike those likely to be used in an electrical machine. There is no evidence yet
to suggest that the properties are different in different build orientations, however one study does
investigate rings built at different build orientations (34), but fails to draw conclusive differences
between the samples. In low silicon (Fe-3 wt%Si) electrical steel laminations grain orientation is
often used to obtain better properties by aligning a Goss texture ({011}<100>) (64) with the
magnetic flux direction, supported by measurements on single crystal materials (65) and polycrystal
steel sheets (66). However high silicon electrical steel (Fe-6.5 wt%Si) has a magnetocrystalline
anisotropy constant of ki=3.4 x10% J/m?3, 20% lower than Fe-3 wt%Si at ki=4.1 x10* J/m? (67). This
means that at the higher silicon content of 6.5%, there is less difference between the easy <001>
and hard <111> axes of magnetisation. There is a need for further understanding of the magnetic
properties of soft-magnetic materials processed by AM, especially thin-walled components. Without
this understanding it will not be possible for electrical engineers to simulate electrical machine
performance, or design improved machines using the material produced by AM.

This study will investigate the grain orientation and surface roughness of thin-walled samples
built at a variety of angles within the build chamber, characterising texture using electron
backscatter diffraction (EBSD), and magnetic properties using vibrating sample magnetometry
(VSM). By characterising samples at a variety of angles, it will be possible to test the magnetic
properties at an angle to the build platform in L-PBF manufactured components. The effect of
surface roughness on magnetic properties in thin-walled structures will also be investigated, and
optimised build parameters and post-processing attempted to give an improvement.
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2. Materials and Methods

2.1 Sample processing

All samples in this study were manufactured from high silicon steel powder (Fe-6.5 wt%Si)
with a size range of 15-45 um supplied by Héganas using an AconityMINI (Aconity3D GmbH) L-PBF
system, equipped with a 200 W ytterbium doped continuous wavelength laser (wavelength
1074 nm) which has a spot size of 70 um. All samples were built using a meander scan strategy for
the fill with laser power 170 W, laser speed 670 mm/s, and a hatch spacing of 70 um which was
previously found to give above 99.5% density in 5x5x5 mm cubes. The samples in this study were
processed with a variety of contour parameters, ranging from 0-2 contours with varying volumetric
energy density specified by using a full factor design of experiments, with laser speed using 4 levels
between 500-1100 mm/s, and laser power using 4 levels between 130-190 W resulting in a
volumetric energy density of 56-181 J/mm?3. Unless otherwise specified samples were built without
contours. Sample orientation in the build chamber was varied from an angle of 0° to the machine Z
axis, in increments of 15° about the Y axis until 90° as displayed in Figure 3-1, which also highlights
machine coordinates. The Z axis is also referred to as the build direction. Samples were removed
manually due to their size, by applying a small mechanical force at the base of the sample where it
joins the baseplate which was made from stainless steel.

6 0° 15° Machine z a)
30° Coordinate Y
11 V sysiamf(
; X

45°

%k@c

00°
Dimensions in mm

b)

Figure 3-1 — Sample orientation, machine coordinate system and labelling nomenclature(a) with a photo of the samples in
the as-built condition (b).

2.2 Sample preparation, optical microscopy and EBSD

Samples were prepared for both optical microscopy and EBSD by hot mounting then grind and
polish. Hot mounting in Bakelite was completed using a Simplimet 1000 from Buehler. Grinding and
polishing was completed using a Struers Tegramin 20 first with grinding papers of P1200 and P2400,
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followed by 9 um, 1 um, and 0.25 um diamond suspensions and a final polishing step using 0.05 um
MasterPolish all supplied by Buehler.

Optical microscopy was undertaken using an Olympus BX51 microscope paired with Clemex Vision
PE system. All optical micrographs were taken in the XZ plane of the machine coordinate system.
Density analysis was completed using the areal method by thresholding the image in Imagel.
Standard error (SE) was calculated for the density by taking 5 measurements of different cropped
areas within the sample micrograph, and using the formula SE = 0/\/n.

Samples remained in bakelite for EBSD analysis. EBSD analysis was conducted using a 7900F field
emission gun (FEG) scanning electron microscope (SEM) manufactured by JEOL, fitted with an Oxford
instruments symmetry EBSD detector. The accelerating voltage used was 20 kV with a step size of

1 um. The Bakelite was reduced in size using hand tools, then mounted onto the SEM stub using
silver paste. The software used to capture EBSD data was AZtec by Oxford Instruments, indexing
Fe-6.5 wt%Si by using the library parameters for a-iron, (BCC). Only a single phase was detected with
an index rate above 98%. Multiple frames were captured and aligned in the software before
exporting to .CRC format.

Analysis of the data was completed using MTEX toolbox plugin for MATLAB R 2020a. First the data
was aligned to the machine coordinate system in order to create consistency within the data. 10°
was used to identify high angle grain boundaries and grain orientations were calculated. All
orientation maps in this study are viewed on the XY plane. As per optical microscopy all EBSD maps
were captured on the machine XZ plane. Grain size (GS) was averaged using this data taking the
arithmetic mean of the grains identified in MTEX. Weighted grain size (WGS) was calculated using
Equation 2, where n is the total number of grains.
", GS?

WGS =252 ——

Equation 2

Magnetic polarisation was calculated as a function of angle using the methodology from MTEX (68),
based upon literature from several authors (69-72). This methodology calculates the value of the
magnetic anisotropy constant k1 (Equation 3) and magnetic saturation Js (Equation 4) based upon
the composition of the FeSi alloy (67). The angle between each of the magnetically soft directions
and the direction of magnetisation is calculated (Equation 5-7). Following this the magnetic
anisotropy energy, E,, is calculated based on the orientations of the grains within the EBSD map
(Equation 8) and averaged into angled bins between -90° and +90° from the samples long edge. Then
Jsois calculated based upon the mean magnetic anisotropy energies (Equation 9).

K; = 4.77 — 0.21256 X Si content (wt%) — 0.03816 X Al content (wt%)

Equation 3
Js =2.162 — 0.043 X Si content (Wt%) — 0.0625 X Al content (Wt%)
Equation 4
Cosp1o0) = cos(angle between Miller [100] and grain [100])
Equation 5
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Cosjo10) = cos(angle between Miller [010] and grain [010])

Equation 6
Cospo1] = cos(angle between Miller [100]and grain [001])

Equation 7

Ea = Kl X (COS[loo]z.COS[Olo]z + COS[loo]z. COS[OOl]Z + COS[Olo]Z. COS[OOl]Z)
Equation 8

Js0 =Js(1 —0.19 X average E,)

Equation 9

2.3 Magnetic characterisation using VSM

Magnetic characterisation was completed using an MPMS 3 magnetometer from quantum
design. Samples were mounted on a quartz rod using GE varnish with the long edge of the sample
aligned parallel to the magnetisation direction. Sample offset was measured at a field of 1.5 kA/m
and the sample was centred from this. All measurements were taken at 300 K in VSM mode. 6
guadrants of a MH loop (magnetic moment vs field) were measured to allow the sample to saturate
before data was taken and avoid demagnetisation cycles, which went from a field of 0 kA/m, up to
1200 kA/m, returning back to -1200 kA/m before again going to 1200 kA/m and then back to 0 kA/m.
Results reported are from the 5™ Quadrant giving the magnetisation during a field change of 0 kA/m
to 1200 kA/m, which was previously found to saturate the sample fully. 100 measurements were
taken between 0-1200 kA/m using the uniform spacing®® function, which gives a finer field spacing in
lower values and a coarser spacing at higher values. The sample was held stable at each field, where
a VSM measurement of amplitude 1 mm, averaging time 2 s was taken. All MH data plotted in this
study uses normalised magnetic moment of M/M;s, which will allow for direct comparison of the
shape of the loops whilst avoiding the requirement to correct for any radial offset or shape effects. It
is possible to normalise this data in such a way as the sample is a single phase material and therefore
the saturation magnetisation depends only on the volume of material. Heat-treatment may cause
the introduction of B2 and D03 phases as the samples were furnace cooled, however should not
impact on the saturation of the material (73). To ensure this is correct, several samples were tested
before and after heat-treatment, and were found to have the same M.t during VSM measures.

Normalised susceptibility is calculated by finding the gradient between measured points at 3 kA/m
and 35 kA/m. This was then normalised to the 0° as-built sample to allow easier comparison
between samples.

2.4 Heat Treatment

Heat treatment of samples, unless otherwise specified, was completed at 1150°C for 1 hour,
with a heating rate of 5°C/min and furnace cooling as reported by Garibaldi et al. (23). This was
undertaken in a tube furnace under argon. For other samples used different durations, the samples
were removed from the furnace sequentially meaning that furnace cooling was not possible. Hence,
the samples were removed from the furnace, kept in the ceramic boat, and placed in an insulating
ITM-Fibermax 72 (Schupp) blanket to simulate furnace cooling. Samples were still not fully cooled
after over an hour from removal; therefore, this was judged as an acceptable method.
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2.5 Surface roughness measurements

Surface roughness measurements were carried out using an Alicona InfiniteFocusSl using the
optical focus-variation technique. Objective magnification of 5x was used and an area of
approximately 2x1 mm was measured for each sample. The surface arithmetic average roughness
(Sa) was obtained from a smaller section of approximately 1x0.5 mm, to avoid including edges and
corners in the measurement. Polishing of samples for improved magnetic performance used P1200
and P2400 grit paper grinding to improve the surface roughness by hand until an even finish was
obtained. Error was measured by repeating this measurement 5 times for each sample, then using
the standard error calculation as per Equation 10, where SE is standard error, o is standard deviation
and n is the number of samples, 5 for this study.

SE = —
~Vn

Equation 10

3. Results

3.1 Effect of build angle on microstructure

FeSi built by AM has been reported to have an <001> texture in the build direction, Z, (21).
To confirm if this <001> texture remains in the same direction, even when thin rods are built at an
angle to the build direction, Z, samples were built at 15° intervals from Z (0°), to horizontal in the
build chamber in the X direction (90°). As the removal of heat from the sample may flow through the
component as the powder bed acts as an insulator relative to the solidified component, it was
prudent to confirm that the <001> texture remained with the machine co-ordinate system or with
the sample co-ordinate system, if it persisted at all.

Figure 3-2a shows the density of the samples as they move away from 0°, demonstrating near fully
dense (>99.5%) for the 0° sample, and with some of the angled samples having a lower density.
There does not appear to be a trend as the 15° and 60° samples have >99.5% density, whereas some
of the other samples have lower density highlighting the need for either more detailed parameter
optimisation based on build angle in thin-walled samples, or in-situ process control to allow fully
dense samples at any build angle.

EBSD was captured for the XZ plane for all samples between 0-90°. The EBSD maps were used to plot
orientations in the XY plane to confirm if the <001> texture remained with the machine co-ordinate
system. EBSD maps for all samples are shown in Figure 3-3, demonstrating that the <001> texture
remained for the 0° sample with a measure of at least 5 multiples of uniform density (MUD). The
other samples all exhibited a weak texture with no apparent alignment to the machine coordinate
system. The strength of the texture varied between samples, with all samples showing less than 2
multiple of uniform density (MUD), except the 0° and 30° sample. The 30° sample appears to have a
small texture close to <100>, but much weaker than the 0° sample. Hence these results confirm that
there is no <100> texture along the build direction for this sample geometry, when the samples
move away from vertical (0°). The loss of the texture may be a result of the material being built
above the powder bed, rather than above solid material when leaning at an angle. The first

0.5-1.0 mm above the powder bed is frequently small equiaxed grains, before a preferred growth

27



direction is selected. In these samples it is apparent that this preferred growth direction has not yet
been selected. As these samples are only 1 mm thick the whole sample is left with little texture.
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Figure 3-2 - Density vs build angle (a) with micrographs of 0° sample (b) and 15° sample (c) showing high density with a
small amount of porosity present.
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Figure 3-3 - EBSD data of 0° (a), 15° (b), 30° (c), 45° (d), 60° (e), 75° (f) and 90° (g). Showing maps of the XZ plane with grain
orientation in the XY plane, demonstrating a strong <001> texture in the 0° sample but there is weak texture in the other
samples.
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With the EBSD data it is possible to estimate how the average magnetocrystalline anisotropy energy
(Ea) will change when the samples are magnetised at different angles (68). From this it’s possible to
calculate the magnetic polarisation Jso (at a field, H, of 5000 A/m) which is shown in Figure 3-4. This
demonstrates a small range of magnetic polarisations, which varies by only 3% when the
magnetisation axis is rotated about the Y axis of the sample. Hence, from EBSD data we can predict
little difference in magnetic performance between samples built at different angles. The data does
show small variations with magnetisation angle that are present due to the weak texture of the
samples. The peaks are not all centralised to a 0° magnetisation angle, showing that the weak
texture does not always align with the long edge of the sample. It is not possible to obtain
experimental data at different magnetisation angles due to the shape effects that would be caused
by the cuboidal samples in this study. Therefore all the experimental data is from a 0° magnetisation
angle.
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Figure 3-4 — Calculated changes in Jso (magnetic polarisation at 5000 A/m) with magnetisation angle (angle between the
long edge of the sample and the magnetisation direction) using EBSD data, demonstrating a small change of less than 3%
between all samples and orientations.

3.2 VSM measurements

MH loops were measured using VSM by magnetising the sample along its long edge. All
samples had the same geometry and are single phase with the same material composition, therefore
magnetic moments were plotted normalised to the magnetic saturation Mg, of the sample, which
was taken as the magnetisation at 1200 kA/m, allowing more accurate comparison between the
data and avoiding shape corrections necessary when using VSM (74). Figure 3-5 shows the first
guadrant of the MH loops for all samples 0-90°, with the rest of the MH loop excluded for clarity.
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When investigating the knee point there is a clear trend of decreasing performance with increasing
build angle from sample 0° through to sample 75°, with the 90° sample being an anomaly to this
pattern. This performance decrease is demonstrated by a lower magnetisation at a given field, hence
a lower susceptibility (Xm), and a higher field required to saturate.
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Figure 3-5 — First quadrant of the MH loop for as-built samples with varying build angle, 0-90°, demonstrating a reducing
magnetic performance from 0° to 75°, with the 90° sample being an anomaly. Decreasing performance is indicated by a
lower magnetisation at the knee point, and a reduced gradient before the knee point.

Observations from the EBSD data show that the samples had a weak texture therefore are not able
to explain the differences in the magnetic properties, supported by the calculations of Js in the
previous section. With crystallographic texture not responsible for the change in properties, other
factors which could impact the magnetic properties must be investigated such as residual stress,
grain size and surface roughness.

To reduce residual stress and aim to increase the grain size and susceptibility, a heat-treatment (HT)
can be used. Annealing 1150 °C for 1 hour has been shown to have a large positive effect on the
permeability and hence susceptibility whilst increasing grain size (23,26) and therefore was used in
this study. Figure 3-6 demonstrates that the HT has a negligible positive increase of around 1% in
contrast to the other published studies which show order of magnitude improvements. Following HT
to investigate if surface roughness may be having a significant impact on performance, all samples
were ground and polished to a 2 Sa (2-dimensional Ra) roughness and re-tested. Results shown in
Figure 3-6 demonstrate an increase in normalised susceptibility of at least 10% for all samples with
polishing. Figure 3-7 shows the first quadrant of the MH loop for the 0° sample in the as-built, heat-
treated, and polished with heat-treatment condition.
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Figure 3-6 — Normalised susceptibility of as-built (AB), heat treated — 1hr @ 1150°C (HT), and heat treated with polishing
(HT + P), demonstrating a small increase in susceptibility with heat treatment and a large increase with polishing. There is
also a decrease in performance with increasing build angle away from vertical (0°). Results are normalised to 0° as-built
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Figure 3-7 — First quadrant of the MH loop for the as-built, heat-treated, and heat-treated + polishing samples all built at an
angle of 0°, showing that heat-treatment has a small positive effect but polishing gives a large improvement with a higher
susceptibility and saturation knee point.
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3.3 Surface roughness improvements

As polishing showed a significant increase in susceptibility, further investigation into the as-
built surface roughness was undertaken. Surface roughness measurements from the as-built, 0-90°
samples show an increasing surface roughness with build angle (Figure 3-8c) from 31 Sa at 0° to
136 Sa at 90°. To test if improving surface finish in the as-built condition improved magnetic
properties, samples were manufactured with a build angle of 0°, with contours at a range of
volumetric energy densities (VED) ranging from 50-180 J/mm?3 with either 0, 1, or 2 contours. By
introducing contours the average surface roughness can be reduced from 27 Sa with no contours, to
8 Sa with one or two contours (Figure 3-8d), giving a visibly improved surface roughness, which is
even more evident from optical 3D surface imaging (Figure 3-8a/b). Little difference was observed in
the surface roughness by varying the VED used for the contours. Average values are calculated by
measuring the roughness of all four of the long faces, whereas the highest roughness surface was
the down skin surface in the build chamber, most likely due to building on top of the powder bed
rather than on top of solid material.

Magnetic characterisation was completed for the samples with the highest and lowest surface
roughness, of 44 Sa and 5 Sa respectively. These samples were tested in both the as-built and heat-
treated condition and the first quadrant of the MH loop is shown in Figure 3-9. The results show a
clear improvement of magnetic properties with a lower surface roughness, demonstrating a higher
susceptibility, higher knee point, lower field for saturation. Again heat-treatment had a small
positive impact, but this was small in comparison to the improvement gained with an improved
surface roughness.
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Figure 3-8 — Surface roughness study showing a sample without contours (a), a sample with 2 contours (b), surface
roughness vs build angle (c) demonstrating an increasing roughness with build angle for the as-built samples, and surface
roughness vs contour volumetric energy density (d), demonstrating a significant improvement in surface roughness with
contouring but little difference between 1 or 2 contours.
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3.4 Heat-treatment improvements

By utilising the heat-treatment demonstrated by Garibaldi et al. (23) of 1150 °C for 1 hr,
followed by furnace cooling, this study showed a limited improvement in magnetic properties.
Garibaldi et al. demonstrated the recrystallization and grain growth had occurred during this time
window. The lack of improvement of magnetic properties suggest that grain growth had not
occurred during the heat-treatment of the samples in this study, and to investigate this, EBSD was
carried out for the heat-treated samples (1 hour) and the microstructure compared to the as-built
samples for all angles. Figure 3-10d shows that for all the samples, the weighted average grain size
reduced with the 1 hr heat treatment, demonstrating that partial recrystallisation had occurred but
that there had not been sufficient time for grain growth.

To investigate when grain growth would occur in these samples, several samples were built at 0° and
heat-treated for 1 hr, 3 hrs, 9 hrs, and 30 hrs. Figure 3-10e shows that grain growth is still happening
up to 30 hrs, where grains of 1-2 mm were found in the sample (Figure 3-10b). At 30 hrs significant
grain growth has occurred and the magnetic properties of the sample were characterised, as shown
in Figure 3-10c. Interestingly the magnetic properties of this sample performed below that of the as-
built sample demonstrating a lower normalised susceptibility of 92% (compared to as-built sample).
There are multiple factors that could be impacting this, firstly a large amount of porosity was found
in the sample after the heat treatment. Secondly, as the grains are now very large in relation to the
sample, the texture of a small number of grains could have a significant impact on the magnetic
properties. As shown in Figure 3-10b, the texture of the 30 hrs sample is much closer to the <111>
direction, or the hard axis of magnetisation of the material. The last explanation could be due to
oxidisation changing the phase from Fe-6.5 wt%Si to an Iron oxide, with significantly poorer
magnetic properties. The heat-treatment was supposed to take place under argon; however, an
oxide layer was found on the samples during EBSD. Oxygen may have entered into the furnace
chamber whilst removing samples with a shorter heat-treatment duration.
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average grain size vs build angle (d) and annealing time (e).
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4. Discussion

This study has shown that in this study, for the thin-walled samples of high silicon electrical
steel, Fe-6.5 wt%Si, the crystallographic texture is not causing a significant difference in magnetic
performance, contrary to the assumptions of multiple authors. EBSD data has shown the
crystallographic texture does not persist with build angle, and the high silicon content already
reduces the magnetocrystalline anisotropy making grain orientation less important. In this study the
performance of thin-walled samples is currently limited mainly by surface roughness, possibly due to
a larger surface to volume ratio inherent in thin-walled samples.

This study highlights the need for different parameters when building at different angles,
which could be achieved either by a suite of parameters selectively chosen based upon local
geometry, or more like in-situ control algorithms to ensure high density and consistent
microstructure. The reduction in density of samples such as 45° did not appear to correlate with the
decrease in magnetic properties, especially as the sample built at 90° had the lowest density but
demonstrated third best performance as judged by the MH loops. However, it is likely that any
porosity could act as a pinning site. The porosity was based on micrographs of the cross-section of
the samples; however, a more accurate value may be obtained by X-ray computed tomography
(XCT).

Surface roughness is shown to be heavily dependent on build angle, which has previously
been reported in the literature (75). Improvements to surface roughness in the as-built condition are
possible and have shown improvements in magnetic properties, however these are still not as good
as when a post-process polishing operation was carried out giving a surface roughness of 2 Sa. This
low roughness value is unlikely to be achievable with L-PBF in the near future, and hence other post-
processing operations should be investigated such as chemical polishing or electro-polishing. Soft-
magnetic materials are likely to require thin wall structures with internal features, making manual
polishing difficult. The impact of surface roughness on the magnetic properties such as susceptibility
could be due to the pinning of magnetic domains, which may be caused by factors such as excessive
roughness or surface features such as partially melted powder particles and spatter.

For soft-magnetic materials increased pinning of magnetic domains causes a decrease in
susceptibility, however for hard-magnetic materials the increased pinning caused by the rough
surfaces will increase the coercive force and provide an improvement, as they would be harder to
de-magnetise (76).

During this study the heat-treatment as specified by Garibaldi et al. (23) did not cause full
recrystallisation and grain growth. The samples in this study had a small cross-sectional area of
1 mm?, compared to the larger samples >15 mm? for Garibaldi et al. The reduction in cross-sectional
area has also reduced the hatch length during the build, which has been positively correlated with
residual stress in L-PBF (77), therefore shorter hatches would reduce the residual stress. Higher
residual stress is known to lower the temperature of recrystallisation as the sample would have
more internal energy and a larger driving factor for nucleation of new grains (78). The short duration
of 1 hr may provide enough time in a larger bulk sample, but for thin-walled samples in this study it
proved insufficient and a time of 3 hrs was required for some grain growth, and even after 9 hrs
further grain growth was shown. Therefore, in the AM of soft-magnetic components which are likely
to require thin wall structures to reduce eddy currents, optimum heat-treatment time may be
related to component geometry. Hence, investigation will be required on a case-by-case basis, to
reduce the heat-treatment time to the minimum required for recrystallisation and the desired level
of grain growth and magnetic properties whilst remaining economical.

In this study the increased grain growth did not show improved magnetic properties,
however this is more likely to other factors apparent with the 30 hrs heat treated sample such as
oxidisation, increased porosity and change of crystallographic texture towards the harder <111>
direction.
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Magnetic testing during this study was conducted by using VSM on cuboidal samples. VSM
testing does not have a flux closed state and hence the magnetostatic energy would be much higher
than the magnetocrystalline anisotropy energy. This means that any shape effects would dominate
any measurement of anisotropy if the shape was changed. For this study all the samples used are
cuboids of 6x1x1 mm, hence should have the same magnetostatic energy, however these were
removed from the baseplate by mechanical force and had the potential to leave the samples with
slight differences at one of the ends.

5. Conclusion

In this study, thin-walled samples were manufactured using L-PBF, showing a weak texture when
samples are not built perpendicular to the build platform. By building samples at incremental angles
to the build platform, it was possible to magnetically characterise the samples along orientations
within the build chamber, which showed a decreasing performance with angle. This decreasing
performance was correlated to an increase in surface roughness, which is well-known to decrease
with build angle during AM. The sample built at 90° (parallel to build platform) showed an exception
to this rule, likely due to the better surface roughness of the top surface which would have no
staircase effect. Improvements in performance were demonstrated by reduced surface roughness as
a result of both improved build parameters and post-process polishing. A heat-treatment at 1150°C
for 1 hr was shown to be insufficient to cause grain growth in these samples with a 1x1 mm cross-
section, and grains were shown to still keep growing even after 9 hrs of heat-treatment.

Declaration of competing interest

None.

Author contributions

AG: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Writing - original
draft. IT: Conceptualization; Data curation; Formal analysis; Methodology; Funding acquisition;
Supervision; Visualisation; Writing - review & editing. FL: Methodology; Data curation LC: Software;
Writing - review & editing. (MATLAB processing of EBSD)

Acknowledgements

We wish to acknowledge the Henry Royce Institute for Advanced Materials, funded through
EPSRC grants EP/R00661X/1, EP/S019367/1, EP/P02470X/1 and EP/P025285/1, for access to the
AconityMINI at The University of Sheffield.

38



4  Geometrical control of eddy currents in additively manufactured
Fe-Si

4.1 Journal details and author contributions:
Materials & Design,

Volume 230,
2023,

112002,

ISSN 0264-1275,

https://doi.org/10.1016/j.matdes.2023.112002.

Author contributions:

Alexander Goodall — Conceptualisation, Methodology, data capture of all magnetic characterisation
for samples with complex geometry, investigation, analysis of XCT data and magnetic
characterisation data, data curation and visualisation, writing original draft

Georgios Yiannakou — Methodology set up and testing of bulk test rings (AB & HT), writing review
and editing

Lova Chechik — support with analysis and interpretation, writing review and editing
Ria Mitchell — Methodology set up and testing of XCT samples, support with data analysis

Geraint Jewell — Support with simulation set up and analysis, support with analysis of BH loops and
data interpretation, supervision

lain Todd — Support with conceptualisation, formal analysis, visualisation, data interpretation,
writing review and editing, supervision.

4.2 Background

Soft magnetic components used in alternating current (AC) machines are usually required to
manage the eddy current losses, which are both geometry and material dependant. After
characterising thin-walled structures, it is possible to start to investigate the types of geometries
that may be used to reduce the eddy current losses in large bulk materials. Traditionally electrical
steel laminations are used to reduce eddy current losses, however this normally limits EM design to
2D magnetic circuits. Electrical steel laminations have been processed into 3D magnetic circuits
before (79), however there are many manufacturing constraints and difficulties and applying this to
scale production has rarely been managed. When it has been used this is normally with coil wound
laminations, again putting a significant constraint on the geometry.

AM has the ability to create geometrically complex forms, including internal cross-sectional patterns
without the same constraints as laminations. However, AM cannot currently process material into
sections as thin as laminations (=0.1 mm), and may never be able to. The surface roughness, as
shown in chapter 3, is also significantly worse than laminations. With these two factors, if a magnetic
circuit can be manufactured using electrical steel laminations it is likely better to use this method
than manufacturing by AM. Therefore, investigation into geometry to limit eddy currents is
constrained to shapes that could be processed in any direction within the build chamber, as this is
the only area that AM can provide a benefit. It is expected that components made by AM will have
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higher losses than thin electrical steel laminations, but that a system level benefit may be achieved
in an EM by a 3D magnetic circuit.

The other advantage AM can offer is the ability to process electrical steel with a high silicon content
of 6.5 wt%. This material is normally brittle due to ordered phases which form during cooling,
however, AM has the ability to process this material into net shape objects which do not require
further machining or rolling and can therefore benefit from the increased resistivity that the higher
silicon content provides.

This study quantifies the loss behaviour of complex cross-sections manufactured in high silicon steel
using AM, with the aim of demonstrating performance close to that of thicker (=0.5 mm) electrical
steel laminations and outperforming SMCs. The ability to successfully resolve these cross-sections in
3D is also investigated, along with methods of improvement that can be used to reduce the
likelihood of unwanted electrical shorting.

4.3 Further methodology

Due to the space restrictions in journal papers, the modelling techniques are not described in
adequate detail to allow replication, therefore this section will explain the modelling in full.
Geometry was created by modelling toroidal rings with dimensions; 30 mm ID, 38 mm OD, 4.5 mm
thick, in PTC Creo 7 and then exported to .stp files.

Altair Flux 3D 2022 was used for electromagnetic simulations. Geometry was imported from the .stp
files, which modelled 1/40™ of the ring. A steady state AC magnetic simulation was used. After
importing the geometry an infinite box area was set up using “infinite cylinder”, with inner radius of
22 mm, outer radius of 24 mm, inner half height of 6 mm and outer half height of 8 mm. The part
was centred within this infinite box. Periodicity was implemented as 40 repetitions about Y, with
even periodicity (cyclic boundary conditions).

Volume regions were then set up within the model. The soft magnetic material was assigned to a
volume region defined as “core”, whilst the air surrounding the core was defined as “air”, and then
air in the infinite box defined as “infinite”. The two volume regions containing air were set as “air or
vacuum region”, whereas the core was given material properties as found in the section 3.1 within
the chapter. This was set up as isotropic analytic saturation (arctg, 2 coef) of type BH curve as a “sine
wave flux density”, with an initial relative permeability of 10,000 and a saturation magnetisation of
1.5 T. Electrical resistivity used was 82 uQ.cm, and mass density was 7480 kg/m?3. Iron losses were
calculated using the Bertotti method.

The model was meshed using the software’s built in aided mesh generator, using two aided
meshlines. The first aided meshline was used along the edges of the soft magnetic core, with an
absolute deviation of 80 um. The second meshline was used along the edges of the infinite box to
reduce the computational demands, with 20 segments per line and a ratio of progression R=1. The
check mesh function was used to ensure there were less than 2% poor quality elements.

Non-meshed coils were implemented as rectangular coils of dimensions 5 x 5 mm, with a wire radius
of 0.75 mm. By modelling one coil, and using duplication by the symmetries and periodicities the
rest of the 40 primary coils were taken into account. These coils were connected in series. The
electrical circuit consisted of a sinusoidal driven current source driven by a parameter controlled
within the solver, a resistor of 1 uQ, and the non-meshed coils all connected in series, with a
connection to ground.
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A post-processing support structure was implemented as a 2D grid, 4.5 x 4 mm (the whole cross-
section), with 300x300 elements to allow measurement of the average flux density across the cross-
section. Flux density was calculated using an operation type sensor, evaluating the average B on the
2D grid. The eddy current losses were also calculated using a sensor to evaluate the “losses by joule
effect”, a predefined quantity, on the volume region of the soft magnetic core.

A solver was set up with multiple values of current and frequency. For each value of frequency,
current was iterated by starting with two current steps of 0.5 A and 5 A. By interpolating the
resulting average flux density, the current was manually iterated until the average flux density was
1.0+ 0.01 T, at which point the joule losses were recorded. The default solver was used, which
converged successfully for all but a few of the models. When the solver did not converge, the mesh
was refined by reducing the value of the aided meshline on the core region to half the previous
value (40 um), and rerunning the solver. In this case all models converged correctly.
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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 treatment 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 which has a 3D magnetic flux pathway enabled by additive manufacturing, affording more
flexibility for electrical engineers to design new motor architectures in the pursuit of higher power
density machines.
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1. Introduction

Electric motors are one of the most widely used electric machine (EM), accounting for
approximately 50% of energy consumption in industry (1). With a global drive to improve efficiency
and reduce energy consumption, research efforts are being made to improve the performance of
EMs, with high power density, fault tolerant and efficient machines for aerospace being a major
research focus (80).

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 benefits (81,82). AM has been used to
process both soft magnetic materials (44) and copper (83), which are key materials to enable
effective design of electric motors. However, to fully exploit the advantages afforded by AM, these
materials must first be characterised, and then implemented using design strategies which capitalise
on the advantages of AM.

Electrical steels (Fe-Si) are used extensively in soft magnetic applications due to their high
saturation, permeability, and relatively high electrical resistance. Fe-6.5 wt%Si has been shown to
exhibit some of the best properties for soft magnets (20,84), however currently Fe-3 wt%Si is used
more frequently due to its workability with conventional processes (18). Stacked laminate sheets
with a thin layer of insulation between layers is the most common approach to creating soft
magnetic cores. By electrically isolating the layers, eddy current losses are greatly reduced, but this
limits design freedom 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 (27,85) and other soft magnetic materials (86,87), offering the
geometrical freedom to manipulate both magnetic flux pathways and eddy current flows. The ability
to improve upon one of more properties of EMs (88) has been demonstrated. Attempts have been
made to characterise soft magnetic materials built using L-PBF (6,21,22,25,27,47,85,89,90), however
in AM, the processing parameters can affect the magnetic 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 5-1000 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 demonstrates how the losses in an additively manufactured EM core could
be managed to enable three-dimensional magnetic circuits.
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2. Experimental Methods

2.1 Sample Processing

High silicon steel powder (Fe-6.5 wt%Si) supplied by Hoganads AB was used for all samples in this
paper. The particle size and chemical composition as stated by the supplier is in Table 4.

Table 2 - Fe-6.5 wt%Si Powder Details

Chemical Composition (wt%) Size Distribution (um)

Iron [Silicon|Oxygen |Nitrogen [ Carbon |Sulphur] X10 | X50 | X90 | X99

93.735| 6.200 | 0.036 | 0.016 0.01 | 0.003 }15.67(25.72({42.07(57.23

This powder was processed using an AconityMINI from Aconity3D GmbH. This is a L-PBF
machine which uses a 200 W ytterbium doped continuous laser with a spot size of 70 um. During
each layer the laser scans over the cross-sectional area, melting the material which solidifies creating
the desired object, see Figure 4-1. The layer rotation angle (6) was 67° between each layer. This
process is completed under an argon atmosphere with an oxygen content of less than 100 ppm. The
samples were built onto a stainless-steel build platform of 140 mm diameter with a constant layer
thickness (I) of 30 um. 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 um. All samples were removed from the build platform by wire electrical-discharge machining.

- Laser Scan Direction SD

Build Direction B /

(/

" Build Plane B,
X
Hatch Spacing h

<
X

\

Y
Layer Rotation Angle ©

Figure 4-1 - Parameters relating to L-PBF sample processing showing build plane and build direction, laser scan direction,
hatch spacing and layer rotation angle

5 mm cubic samples were initially built to understand how the laser parameters affect
density, cracking, and microstructure. Volumetric energy density, E=Q/vlh, was varied between
37 - 115 J/mm?3 by using a two-level central composite design of experiments, varying the values of
1/h and Q/vl. These values were chosen based upon data available in literature shown to produce
high density parts from additively manufactured high silicon steel (21,85).
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2.2 Metallographic and Magnetic Characterisation

Cubes were sectioned along the build plane and build direction, see Figure 4-1, and prepared for
microscopy using standard metallurgical techniques. An Olympus BX51 microscope was used in
conjunction with Clemex Vision PE system to obtain optical micrographs, followed by analysis using
Imagel (91) to determine the density.

Magnetic properties were characterised by testing a toroidal sample with a rectangular
section, using an AMH-1K Permeameter by Laboratorio Elettrofisico. The dimensions of the toroid
were approximately 30/38 mm inner/outer diameter and 4.5 mm thickness, with each sample being
measured accurately with a digital calliper. This was chosen to respect the sample dimensions in BS
60404-6:2018 (92). The secondary search coil used 0.35 mm single core insulated copper wire with
45 coils, whereas the primary driving coil used 1.5 mm multi core insulated copper wire with 40
turns in two layers. DC normal magnetisation curves were used to obtain the maximum relative
permeability (W..) and coercive force (H.) was measured using a quasi-static B-H loop to allow direct
comparison with literature. AC power losses were obtained from B-H loops measured at various
frequencies between 5-1000 Hz. For the complex cross-section samples, a full ring was used for
magnetic characterisation and one quarter of a ring used to analysis the cross-section and stacking
factor (SF) with optical microscopy. SF is the percentage volume of material/ total volume including
insulation (air gaps).

Power losses during magnetic cycling can be described by Equation 11 (93).

242

Pioss = COBrznf + (Bmf)z + Clefl'S = Pp + Pgc + Pgy

6p
Equation 11
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 material, t is the thickness of the material, Cy & C; are constants,
Py, Pgc & Py, are hysteresis power loss, eddy current power loss and excess power loss respectively.

. . . . . 2¢2 .
This equation only applies to solid material and hence the ”6—p term can be replaced with a constant

for this study Ceqqy, which will express the benefit of the cross-sectional designs. The inclusion of C;
did not improve fitting of the data and was set to 0 for this study. Hence the power losses in this
study are described by Equation 12, with energy loss per cycle (E¢y;) described in Equation 13. By,
has been removed dueto B,, = 1T.

— — 2
Ploss - Ph + PEC - Chysteresisf + Ceddyf
Equation 12
Ecycle = Chysteresis + Ceddyf
Equation 13

AC measurements were taken at a number of frequencies. By plotting energy loss per cycle vs
frequency, and using a linear fit, the hysteresis (Cpysteresis ) and eddy current loss coefficients
(Ceaay) can be obtained, as demonstrated in Figure 4-7. Errors for Ccq4, were calculated by using
the sum of squares error method.
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HT (heat treatment) of toroidal samples was performed in a tube furnace under an inert
argon atmosphere using the best HT regime identified by Garibaldi (23), 1150°C for one hour,
followed by furnace cooling to room temperature.

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. 1/40™" (1 turn on the primary coil) of the system
was simulated due to the symmetry of the system and to reduce the computational demand. Non-
meshed coils were used, whilst the mesh was created with the aided mesh generator. The modelled
electric circuit consists of the magnetisation winding connected to a sinusoidally driven current
source of frequency 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 (Pec) were then divided by 2 to give Ceqqy (Equation 2). It was confirmed that Ceqay was
independent of frequency in the simulations by running the bulk cross-section at several frequencies
between 5-1000 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 initial relative
permeability of 10,000, saturation magnetisation of 1.5 T, with electrical resistivity set as “spatial
isotropic resistivity” of 8.2 x 107 Ohm.m. An example of the model for the bulk cross-section is
shown in Figure 4-2.

Core region

Airregion +—*

=imva
«.j Infinite box

C

_| Non-meshed
coils

Figure 4-2 Altair flux 3D model used to simulate eddy current losses in toroidal samples, showing the different volume
regions and the coils and symmetry used.

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 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 projection images were collected per sample, anda 2 s
exposure time was applied to improve signal-to-noise ratio. A filtered back projection method was
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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) in order to give a consistent cross-
sectional pattern for the slotted sample. Using ImagelJ (91), an area of 7 x 5 mm was cropped for
analysis, and the image binarized by thresholding. By measuring the total width of the short circuit
connections and dividing by total width, a % of electrical shorting can be measured (Figure 4-3).
Through the sample, 10 images with 160 um vertical (Z) gap between them were analysed for short-
circuiting and the results averaged. For the hexagonal samples, 9 images were used, three from each
of the vertical sides of the hexagons, separated by 100 um.

Example of short-circuit
- v

“"-ﬁ".

H_-Mh Total width

—‘

Figure 4-3 - Example of XCT short-circuiting analysis showing the binarized image with an example short-circuit and total
length highlighted.

e B Short-circuit width

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 build direction, therefore the results shown are from the
build direction to give a conservative approach. Lower energy density led to lack of fusion defects
and low density, Figure 4-4b, whilst higher energy density introduces cracking and keyhole porosity,
as shown in Figure 4-4d. The best parameters found to give a density of over 99.5% were Q=170 W,
v=0.7 m/s and h=70 um. This set of parameters has been used for all subsequent samples.

The thermal conditions during the build process for the toroidal samples are different to that of
the cube despite the cross-sectional area being similar. The inter-layer time will be increased in the
complex cross-sections, and the heat transfer out of the component 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 of the toroidal samples
compared to that of the cubes.
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Figure 4-4 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 J/mm?3, whereby increasing energy density does not improve
density. There are two outliers with density below 92% with an energy density of above 70 J/mm?3 due to melt pools which
have been modelled to be thinner than the hatch spacing. Lack of fusion (b) results from low energy density whereas
cracking (d) occurs from too high energy density.

The magnetic properties of the bulk material were measured in both AB and HT conditions.
The coercive force is measured at 143 A/m in the AB condition, which is 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 achieve 28,900 (61) and Goll et al. who achieve 31,000
(85). Hence there could be an improvement of the material properties in the bulk condition in this
study, as factors such as density, grain size and surface finish could be optimised to yield an
improvement but is outside the scope of this work.

The BH loops at 1 T for frequencies of 5 Hz and 1000 Hz are shown in Figure 4-5,
demonstrating a large reduction in losses (BH loop area) with HT at 5 Hz, but an increase at 1000 Hz.
Losses were measured at a variety of frequencies as shown in Figure 4-6, showing that at low
frequency 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 Figure 4-5
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. The stark difference between the shape of these BH
loops (Figure 4-5) demonstrates the difference between hysteresis dominated losses at low
frequency, and eddy current dominated losses at high frequency. At low frequency the hysteresis
losses which are dependent on the material properties account for the majority of the losses. These
can be improved by microstructural manipulation such as increased grain size, reduced residual
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stress, reduced number of non-magnetic inclusions along with any other improvements that reduce
the energy required for domain wall movement. Eddy current losses however are shape dominated
and therefore we see little difference between the as-built and heat treated samples. To reduce
eddy current losses, the only material property influencing this is resistivity which usually shows
little change with heat treatment.

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 (94). The losses at higher frequencies are dominated by eddy currents rather than hysteresis
losses, hence the increased hysteresis losses of the smaller grains with higher grain boundary density
are less impactful than the increased eddy currents given by the larger grains. As a result of this, the
smaller grain size of the AB condition (23), could give a benefit in high frequency machines.

Figure 4-7 shows the data for the linear fit of Equation 13 with an R? value of 0.998,
demonstrating that we can effectively calculate both the y intercept, Chysteresis (0.0419)and the
gradient, Cedqy (0.0021). 1000 Hz measurements were excluded from this data set as the eddy
currents get very large.

1.04 Al 14 - 104 Al 486 W/ikg
HT losses = 0.19 W/kg HT losses = 1833 Wikg .

0.5+ 054
£ 004 £ 004
24} o

0.5 0

5Hz AB = - 1000 Hz AB
1.0 ’ SHz HT 104 - == 1000 Hz HT
T T Y T T T T T
-3000 -2000 -1000 0 1000 2000 3000 -4000 -2000 0 2000 4000
H (A/m) H (A/m)

Figure 4-5 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.
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Figure 4-6 - Loss behaviour at flux density of 1T 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.
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Figure 4-7 - Energy loss per cycle showing that the linear fit can successfully obtain Ceqay and Chysteresis-

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. Just as electrical steel laminations are used over bulk electrical steel, when utilising this
material for AM, alternative strategies must be used to limit the eddy current generation. As shown
by Goll, Plotkowski and Tiismus (27,61,85), 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 complex of these is the Hilbert pattern (27), which has been demonstrated
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in 2.5D, with a constant cross-section in the build plane. To capitalise on the geometric freedom of
AM, flux pathways must be able to run in three-dimensional space, otherwise electrical 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. When the cross-
section is resolved in the build plane, the laser accurately controls the edges, giving the best
resolution, whereas in the build direction, the laser can often penetrate multiple layers, giving
difficulty in precise control over horizontal or overhanging surfaces. When complex cross-section
toroids are built, they use the same parameters as when processing bulk sections, however the
cross-sectional area has multiple thin sections (=1 mm). As can be observed in Figure 4-8, this has
caused some porosity in the sample. This highlights the importance of tailoring parameters for each
individual component or for process-control to give a consistent outcome.

To compare several cross-sections, electromagnetic simulations were carried out and the eddy
current losses assessed (hysteresis losses are not included). The three best cross-sections are shown
in this paper which are the Hilbert pattern first shown in this context by Plotkowski (27), the slotted
pattern first shown by Goll (inner slits) (85) and a novel hexagonal design, designed to limit eddy
currents to several separated segments. This hexagonal 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 Figure 4-8. The simulations enable us to observe the current flow in the cross-
section, which demonstrates 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 Figure 4-9 (and in more
detail in Appendix 1).

When compared to the bulk cross-section throughout the frequency 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 measured
physical samples are shown in Figure 4-10, 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 Ceqqyand hence eddy current losses, increase with heat treatment. This is likely due to
microstructural changes such as increased grain size, 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 this. To be used in an EM, there are other important material
performance parameters to inspect such as permeability, saturation and BH loop shape. Figure 4-11
demonstrates 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 optimisation. Modifying the size of the
hexagons based on their location, with larger hexagons at the centre and smaller hexagons at the
edge where the eddy currents are higher, or differing average hexagon size based on the intended
frequency of operation. The cross-sections used in the simulation also assume that the pattern is
accurately resolved in the AM process, whereas Figure 4-8 shows that in the physical samples there
are errors in the resolution of the desired design, with shorting between areas which should be
electrically isolated and some cracking and porosity.
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Figure 4-8 — 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 (Figure 4-1)
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Figure 4-9 - 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 current flow direction.
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Figure 4-10- 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.
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Figure 4-11 - 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, at approximately 0.5-0.6 T rather than

0.7-0.8 for the bulk cross-section.

As there is such a disparity between the simulated values and the measured values of C.qq, for the
complex cross-sections, further investigation into the slotted sample was undertaken as this was the
simplest geometry. Figure 4-12 shows a micrograph of the slotted cross-section, demonstrating a
number of issues in the resolution of the desired geometry. Firstly, there are large pores which have
the morphology 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 this cracking
occurred during hot mounting. However, the most important issue for soft-magnetic components is
surface roughness, which causes unwanted electrical contact between areas which should be
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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 which should be separate, XCT of the
slotted sample was undertaken in order to give a three-dimensional representation of this defect
(Figure 4-13). The XCT data achieved a voxel size of 16.72 um, due to the sample thickness. This gives
sufficient resolution to see defects which are causing connections. It was found that throughout the
sample, 10 £ 2% of the area was electrically connected. This equated to an increase of Ceqqy from the
simulated value of 7.8 x10°to 110 x10°, over an order of magnitude larger. Therefore, to improve
the performance of these cross-sections, improved surface finish would be required, which would
reduce electrical shorting, providing large gains as shown by the disparity between simulated and
physical results. There are multiple ways of doing this, such as optimising contour parameters during
the process, or post processing operations such as electro-polishing.
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Figure 4-12 - Errors in resolution of cross-section such as shorting, missing air gaps or cracking/porosity.
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Figure 4-13 — XCT data of slotted ring showing the electrical shorting between areas which should be isolated. The voxel size
attained is 16.72 um due to the relatively thick sample.
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3.3 Cross-section design and stacking factor

Further to the surface roughness, improvements in cross-sectional resolution can be obtained by
design of the cross-section. Although it can be possible to build unsupported horizontal surfaces 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 than the build plane (XY plane), as demonstrated by
Figure 4-14c which shows how poorly the physical sample resembles the intended design (Figure
4-14a). In order to ensure 3D flux pathway capability other designs are necessary which can be built
in any orientation. Figure 4-14b shows a modified Hilbert cross-section which has been 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 (Figure 4-14d). This section shows an
improvement and demonstrates cross-section is almost as per the design, however, would need
further optimisation to be the identical. The modified Hilbert cross-section shows a higher Ceqq, in
simulations, however the physical sample demonstrates an improvement with a lower Ceqay than the
original Hilbert cross-section (Figure 4-14e). In order 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. (39) have attempted topology
optimisation for soft magnetics, considering both mechanical stress and magnetics to reduce the
weight of a rotor, however this does not take into account eddy current behaviour. In a stator where
the mechanical stresses are low, this optimisation would likely be able to ignore mechanical stress
whilst optimising for magnetic performance (including losses). By ensuring the printability of the
cross-section, air gaps can be minimised increasing the stacking factor (SF).

The SF is an important material selection parameter for soft magnetic cores, with a higher SF
meaning there is more 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 error in the resolution of the intended design,
as demonstrated in Figure 4-12.

a) Hilbert original || b) Hilbert modified || e)
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Figure 4-14 — Hilbert and 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. Losses are shown (e), whereas the Hilbert section shows lower losses in the simulation, the modified
Hilbert section shows lower losses in the physical sample, due to more accurate representation to the desired geometry.

55



Another method to reduce the likelihood of shorting between areas which 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 Figure 4-15. Increasing these air gaps has a positive effect on the loss behaviour as shown
in Figure 4-16, explained by reduced electrical shorting between areas which are supposed to be
isolated, from 27% for the 100 um gap sample to only 0.5% for the 200 um 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 100 um gap sample, to only 74% for the 200 um gap sample. It’s also worth noting that for
the 200 um sample other build defects were more prevalent that the other samples such as cracking
or porosity, however there was very little electrical shorting. It appears that the support structures
between the hexagons were not sufficient in the 200 um sample as the hexagons at the top are not
in the correct position and appear to be ‘slumping’ onto the ones below.

VH (Vertical Hex) 100um VH (Vertical Hex) 150um VH (Vertical Hex) 200um

Figure 4-15 — Diagram showing the increasing size of the air gap between sections which need to be electrically isolated,
demonstrating that the larger the gap, the less undesirable electrical shorting between areas which should not be
connected. However, the larger the gap the less material in a given area and the lower the stacking factor.

56



x107 B As-built
3.0 - B Heat-treated 430

B Simulated

B Electrical shorting

A8
[6,]
1
1
N
[4,]

N
o
1
1
[+
o

-
o
1

1 1
=) o
Electrical shorting (%)

Eddy current Coefficient C,qy,
[$)]

o
($)]
1

0.0 -

Hex_100 Hex_150 Hex_200

Figure 4-16 - Loss behaviour of hexagonal cross sections AB with differing air gaps and designs from Figure 4-15. The lowest
losses are for the HH section with 200 um gaps, as can be seen in Figure 4-15 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%.

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 which 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 magnetic domains, reducing
the permeability and increasing the coercive force and losses. Post processing may also be used to
improve this such as chemical polishing or electro-polishing.

4. Conclusion

In this paper we demonstrate an ability to process fully dense (>99.5 %) high silicon steel using L-
PBF, with magnetic properties of Hc = 26 A/m, tmax = 10,000 and Bsp = 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 correlate 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. Difficulties 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 which should
be insulated from each other was shown to be approximately 10 % for the slotted cross-section,
yielding an order of magnitude decrease in performance from that predicted by simulations. By
increasing the air gap the electrical shorting was improved from 27% to 0.5% in the 100 um and
200 um gap hexagonal samples respectively, with the 200 um 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 is likely to give further performance benefits,
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which could be achieved with either process parameter optimisation or post-processing, which will
also aid in improving stacking factor to higher than 90%. The eddy current loss coefficient Ceqqy Was
shown to increase in all samples after heat-treatment, suggesting that the as-built condition may
give lower losses for high frequency machines.
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Appendix 1

Full size images of the eddy current simulations which give further clarity than Figure 4-9.
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Figure 4-17 - Full size image showing solid cross-section eddy current density with arrows to show current direction
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Figure 4-18 Full size image showing hexagonal cross-section eddy current density with arrows to show current direction,
using a more suitable scale than Figure 4-9.

60



176 — &

Current Density (kA/m)

Figure 4-19 Full size image showing slotted cross-section eddy current density with arrows to show current direction, using a
more suitable scale than Figure 4-9.
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Figure 4-20 Full size image showing Hilbert cross-section eddy current density with arrows to show current direction, using a
more suitable scale than Figure 4-9.
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5.2 Background

The Hilbert structure has been characterised by Plotkowski et al (27) and tested in a
transformer with 2D flux pathways (31). Chapter 4 shows the manufacture and characterisation of
this cross-sectional geometry using a toroidal ring, which has flux pathways parallel to the build
platform, in the most difficult to process orientation. Following from this work, Chapter 5
implements the Hilbert cross-sectional geometry into the stator of an Axial flux permanent magnet
machine designed and developed by collaborators at the University of Wisconsin (79). The axial flux
is an appropriate place to attempt to use this methodology, as it has 3D flux pathways whilst being
difficult to manufacture using electrical steel laminations. During this study, it was found that the
volume production of this stator using electrical steel laminations would not be possible due to
manufacturing defects caused by machining the slots after coil winding of the stator.

Two stators were manufactured for this work in the hope of characterising the stator in both the as-
built and heat-treated conditions, however unfortunately the as-built stator was damaged during
transit. This work reiterates the characterisation of the Hilbert cross-sectional geometry, and
compares it with the calculated losses of two different thickness electrical steel laminations, both 3%
silicon with thicknesses of 0.127 mm and 0.35 mm. The performance of this AM Hilbert stator is then
characterised and compared with the 0.127 mm electrical laminations.
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During this study the design of the AM Hilbert stator was investigated in more detail, showing the
difficulties of resolving these complicated cross-sectional geometries using AM, which follow 3D
magnetic flux pathways. This work focussed again on using 3D flux pathways as for 2D magnetic
circuits electrical steel laminations were suspected to always outperform additively manufactured
parts, and data shown in this study would support that hypothesis.
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Abstract

AC electrical machines have mostly been limited to 2D magnetic circuits due to the use of electrical
steel laminations, however in recent years advances in non-traditional motor architectures such as
axial flux and conical machines show promise for increased efficiency, torque and power densities.
These motors are enabling electrification of our transportation industries including more electric
aircraft, allowing reduced carbon emissions. 3D magnetic flux pathways as required by axial flux
motors are difficult to manufacture using laminations, and for other architectures impossible. Soft
magnetic composites can enable 3D flux pathways but come at the expense of magnetic properties.
In this study the stator of an axial flux motor is fabricated from high silicon electrical steel

(Fe-6.5 wt%Si) using additive manufacturing with a Hilbert cross-sectional geometry to limit eddy
current losses. It is tested and compared with electrical steel laminations of 0.127 mm and 0.35 mm,
with the results showing comparable performance between the additively manufactured Hilbert
stator and 0.35 mm laminations at frequencies below 500 Hz. A torque loss of approximately 20%
was observed due to 34% less magnetic material in the Hilbert stator compared to the 0.127 mm
laminations, but an improved torque density for the stator by 13%. By using design for additive
manufacturing, tooth area could be scaled up providing an electrical machine with 3D magnetic flux
pathways could be created with acceptable loss behaviour and good magnetic circuit properties,
enabling further flexibility to electrical engineers in their pursuit of higher torque and power density.
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1. Introduction

Electrical steel laminations have been used to reduce eddy current losses in electrical machines
(EMs) (95) for decades. By limiting the generated eddy currents to a thin sheet of material the
generated currents are smaller and hence losses via Joule heating are also reduced. However,
laminations restrict the magnetic flux circuit to two dimensions as the magnetic flux must run in the
plane of the lamination. This has made 3D magnetic flux circuits rare, and when used alternatives
such as soft magnetic composites (SMCs) are often used to reduce the core loss especially at high
frequencies (96), however this comes at the cost of magnetic properties such as permeability. Axial
flux machines have shown potential for achieving high torque density (97), 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 (97) It is possible to achieve this by using coil
wound electrical steel laminations, however any advances on this design to enable things such as
magnetically levitating bearings (98,99) or more complex flux pathways will not be possible to be
fabricated in this way as the radial dimensions will not be constant. SMCs have also been used for
axial flux stators (100—102), 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 (Fe-6.5 wt%Si) has been shown to be a promising soft-
magnetic material for future electrical machines (20) 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 (103), but not yet widely adopted, and
as a result Fe-3 wt%Si is more commonly used (18).

Additive manufacturing (AM) has the ability to combat both of these issues, having been shown
to successfully process high silicon electrical steel effectively (21,27), near fully dense and with good
magnetic properties such as permeability up to 30,000 (85). 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 components can be processed via AM, however the process does not have
the ability to 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 (26), and complex geometries such as the Hilbert pattern
demonstrated first by Plotkowski et al (27). This Hilbert pattern 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.
to building 2D 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 an real world application by building a transformer (31), however
this again has 2D flux pathways and multiple locations where the magnetic circuit is not continuous.
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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 which 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
suitable 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 W
ytterbium doped continuous laser with a spot size of 70 um. 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 toas Xand 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 um. Layer thickness was kept constant at 30 um, with a 67° layer
rotation. 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 removal 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 um.

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 hr, followed by furnace cooling, as

demonstrated by Garibaldi et al. (23). 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 was 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 um diamond suspension,
polishing using 0.25 um diamond suspension and finally polishing using Masterpolish, all supplied by
Buehler.
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Optical microscopy was captured using an Olympus BX51 microscope on conjuction with 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
4x4 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 (62). 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 % 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 (79) was selected for
prototyping using AM. Two electrical steel laminates of thickness 0.127 mm and 0.36 mm were
considered for comparison with the AM stator. The B-H data and the loss coefficient terms in the
Steinmetz equation (equation 14) for the 0.127 mm and 0.35 mm laminations were obtained from the
library material models from the manufacturer in Simcenter MAGNET (104). The material model used
for the 0.127 mm lamination was that of Arnon 5, while the model of M-19 29 Ga 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 0.127mm steel material and ii) the 0.35 mm steel
material for the stator core. The 3D FEA model is shown in Figure 5-1. 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 1/20%" of the
fundamental time period (1.25 ms) was used for the transient FEA. Full details of the FEA model can
be found in (79).

68



Rot k
Stator winding oroxe

Figure 5-1 — 3D FEA model showing stator, rotor, permanent magnets and stator 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 dimensions 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 12 AWG equivalent copper wire was used to make the stator coils for the conventional
and the 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 measurement tests described in (17) were performed at
different stator currents up to the rated current to validate the torque capability of the machine.

To compare the iron losses, 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 w in rad/s was computed to obtain the stator iron losses Pg;gt0r = TW.
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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 (27,31). 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 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
50-500 um, showing that in this plane a 50 um gap was successfully maintained (Figure 5-2a).
Demonstrating this on a 4x4 mm cross-section, it is shown that this cross-sectional geometry will
resolve correctly in the XY plane (Figure 5-2b), with gaps this small, but when attempted in the XZ
plane the horizontal gaps suffer from burn through, rendering the geometry unrecognisable (Figure
5-2c).

The minimum gap in the XZ direction was found to be 250 um, 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 Figure 5-2d, where the required gap to allow for
250 um between surfaces in the Z direction is dependent on the Cosine of angle of the surface. This
is plotted graphically in Figure 5-2e demonstrating a sinusoidal reduction in 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 done using constant laser parameters. It is possible that the roughness of the
downfacing surfaces may be optimised for a lower roughness, meaning that a gap smaller than

250 um could be used. 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 interaction
with the powder bed and thermal conditions, there could be some events causing short-circuiting
between areas which 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 edge of 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.

70



|_ Y 4mm |_ Y 4mm L X 4mm

0.05 mm T

025
0.25mm
0.25mm || - o]
f E
<L ;
3 o015
b c
1 A (3] :\ =
0.10
z A=0.25 x Cos(6) )
0 20 o ) 8 100
X Not to scale Build angle (*)

Figure 5-2 - 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).

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 permeability (L), 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 represented by the
area inside the loop, and low coercive force (Hc). Samples were tested in the as-built condition, then
heat-treated at 1150°C for 1 hr using the procedure from Garibaldi et al. (23) and characterised.
Resulting BH loops are shown in Figure 5-3 demonstrating a reducing permeability and increasing
core losses with an increase in frequency.

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. The knee point 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
microstructural properties and therefore to be expected. Even in the heat-treated samples, the knee
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point is lower than would be expected from Fe-Si, where it would normally occur at approximately
15T.

The core losses are plotted in Figure 5-4 showing a small improvement in loss behaviour with heat-
treatment for the additively manufactured Hilbert samples, with core losses at 1 kHz being

1727 W/kg and 1065 W/kg for the as-built and heat-treated samples respectively. These are plotted
against core losses calculated using the Steinmetz equation (105) for electrical steel laminations of
0.127 mm and 0.35 mm. The Steinmetz equation is shown in Equation 14, where P is the total core
loss, Kh and Ke are the hysteresis and eddy current loss coefficients respectively, f is the frequency, B
is the flux density and a and B 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 106 W/kg and 50 W/kg
respectively, an order of magnitude smaller than those from the Hilbert samples. The trend also
shows the difference increasing with frequency.

P =Knf*BF + K.f?B?

Equation 14
a) 1.0 /, b) 1.0 L
E 0.5 0.5
o
=
g 0.0 0.0 5 Hz
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3 100Hz
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Figure 5-3 - 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.
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Figure 5-4 — Experimentally measured loss behaviour of the Hilbert ring manufactured by AM, in the as-built and heat-
treated conditions, compared with data calculated for two thicknesses of laminations.

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. (79),
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 Figure 5-5. 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 um, whereas the vertical surfaces require a gap
of only 50 um.

This back iron region has an approximately square cross-sectional area therefore implementing the
Hilbert space filling curve is done with relative ease (Figure 5-5c). However, the tooth has a non-
regular shape owing to its outer and inner surfaces falling on the outer and inner diameters of the
stator. The central region of this is filled with the Hilbert 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 (Figure 5-5d). The flux pathways in this stator are axially along the
tooth, 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 circumferentially, 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 Hilbert cross-section has
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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
Figure 5-5b.

b
Tooth

Back Iron

Figure 5-5 - Hilbert stator for AFPM machine designed to be manufactured using AM (a,b). The stator has a toothed region
which has a uniform air gap size for the XY plane of the AM machine (d), with a back iron region with non-uniform air gaps
showing more clearance in the Z direction than the X direction (c).

This stator was designed in 3 days and successfully built in approximately 80 hrs. The stator was then
heat-treated at 1150°C for 1 hour, in order to relieve residual stress, drive recrystallisation and
encourage grain growth, shown to improve the properties of Fe-6.5 wt%Si build by AM (23). The
component was left attached to the baseplate during heat-treatment to allow a flatness tolerance of
0.03 for the lower face, and a parallel tolerance of 0.03 for the upper face, to be achieved upon
removal of the component using wire electrode discharge. 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.

Images of the stator are shown in Figure 5-6 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
performance of the component, however in the future methods to prevent this such as coating prior
to EDM could be easily implemented. 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 3. The processing cost for the AM stator includes machine time (51200), heat
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treatment ($350) and EDM removal ($100), whereas for the laminations this includes winding,
bonding, welding, milling and insulating.

Figure 5-6 - 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).

Table 3 - Time and cost of manufacturing Hilbert AM and 0.127 mm electrical steel lamination

Raw material (S) Processing cost (S) Processing time
(weeks)
Hilbert AM 40 1650 3
0.127mm Laminations | 20 2500 12

3.3 Characterisation of Hilbert AM stator

A rig test was used to determine the torque and loss behaviour. The AM Hilbert stator was tested
and compared with a 0.127 mm lamination stator, and the core loss behaviour was also calculated
using FEA for both 0.127 mm lamination and with a 0.35 mm lamination. The torque curves are
shown in Figure 5-7a, 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
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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 material 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 are displayed in Figure 5-7b along with
the FEA results from laminations of two different thicknesses. The FEA of the 0.127 mm lamination
shows good correlation with the experimental data for 0.127 mm laminations, displaying 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.
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Figure 5-7 - 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
showing 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.

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 which have gaps where no material should be, this
laser burn through 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 improvement to the cross-sectional
resolution and prevention of short circuiting could be in post-processing the components using a
chemical or electro-polishing process. This would preferentially remove material from things like
partially melted particles or thin sections due to their high surface area to volume ratio, enabling the
reduction of undesirable short circuits from the component. Other methods to do this could be
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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.

Other cross-sectional geometries may offer improvement over the Hilbert space filling curve design.
Hilbert geometry has been shown to provide improvement over other sections such as a lamination
style design (27), 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 complex geometry 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 were attempted but not possible to solve based on
computational demands. The Hilbert geometry has many overhanging horizontal surfaces which is
known to be difficult to process via AM. Other geometries may be more friendly to the AM process
whereby overhanging surfaces are limited to below angles approximately 45°. In order to obtain the
optimal geometry for a given machine, new software capable of topology optimisation based upon
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 structural parts are
intelligently optimised with topology optimisation currently.

The geometry of the final component depends not only on the CAD file, but also 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 components 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 oxidisation due to the EDM process being completed in water.
Although oxidisation can have an impact on the magnetic properties (95), it was judged that this thin
layer of oxidisation which was easily removed with a wire brush wouldn’t have a significant impact
on the magnetic performance of the component in rig tests. This oxidisation could be avoided by
completing the EDM process in oil rather than water. Future work could verify if there is a
deterioration of properties from this surface oxidisation. It would be unlikely to be acceptable in the
manufacture of an electrical machine for use in an application as the oxidisation could deteriorate
the performance over time.

The reduction in torque of 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. Enabled by AM, to allow for the same amount of 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, whilst increasing the amount of soft-magnetic
material in the core within the same volumetric envelope. An example of these windings were
created (Figure 5-8), showing that the slot fill factor could be doubled, as it was possible to create
windings with a cross-sectional area of 2.4x2.7 mm with AM, whereas due to winding constraints the
original machine used conductors with a cross-section area of 1.2x2.7 mm. By reducing the slot size
and increasing the tooth area, it would be possible to maintain the same level of torque.
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Figure 5-8 - Increasing the slot fill factor is demonstrated using L-PBF of pure copper, doubling the slot fill factor

The core loss of the AM Hilbert stator was higher than that of the laminations, re-affirming 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 machines 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 manufacturing 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 (Figure 5-9). 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 machines architecture. The AM stator also had some
build defects (Figure 5-9). 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.
(23). 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 have reduced losses at high frequencies
(106). Therefore, the as-built condition with its smaller grain size of 10-100 um may have lower
losses at higher frequencies. A sample was built to investigate this, however it was unfortunately
broken during transit. This was caused by the weld lines created by attempts to improve the build
time.

Build time was quite large at 80 hrs due to the complex scanning pattern required, a large area in the
centre of the build without 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 hours by
splitting the component into quarters, however this can create a weld line and it is not known the
affect that this may have on the magnetic properties of the component. For the component that
broke due to 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 in order
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 magnetic properties of these joins should also be investigated.

78



Delamination possibly from F Delamination caused by
» Mmachining a—

Weld line from
joining quarters |

Figure 5-9 — Delamination from bonding and machining shown 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.

This study, to the authors 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 these 3D flux paths, as this has previously not been
possible there has been little development of motors of this type, however some examples could be
conical motors with magnetically levitating bearings (98,99), 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 start to showcase the possibilities of using AM for electrical
machine design (Figure 5-10). 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 (107) to reduce losses, have better slot fill factors
due to pre-shaping and also have higher temperature insulators as there is little need to deform the
part and hence brittle ceramics can be used to insulate conductors for the first time.

Axial flux machines have been shown to have potential for high torque density (97) and possess a
much smaller axial length than more common radial flux machines. However, radial flux machines
are more commonly used as they are inexpensive and have high efficiency owing to the use of
electrical steel laminations. Each application will be case specific, but axial flux machines are more
likely to be used in high value applications where size and weight are a constraint and a high level of
performance is required.
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Figure 5-10 - 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.

5. Conclusion

Toroidal ring samples were built using AM, from high silicon electrical steel powder
(Fe-6.5 wt%). These ring samples were designed with a Hilbert cross-sectional geometry
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 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 then
compared experimentally to a 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
66% 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 in 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 manufactured 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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6.2 Background

During optimisation of the cross-sectional geometries for eddy current control, it was found
that surface roughness and resolution caused a lower limit on the size of the air gaps used for
electrical insulation. Ideally this gap would be as small as possible but without being short circuited
by things such as un-melted particles. It is a well-known phenomenon in L-PBF fusion that too much
energy input can cause cracking in certain alloys, and Fe-6.5 wt%Si certainly exhibits this behaviour.
These cracks are usually in the order of 1-10 um wide and cause the complete separation of the
material for the length of the crack, with no areas touching. These cracks are then much smaller
than the gaps obtained by designing the cross-sectional geometry.

Hence, this chapter started with the aim of inducing these cracks intentionally, in order to create a
structure that limits eddy currents. When it was found to be possible, further work was undertaken
to understand how the laser parameters and scan strategies impacted upon the crack density and
crack orientation. The crack density and orientation were hypothesised to effect electrical resistivity
which is proportional to the eddy current losses. Therefore, the research undertaken in this chapter
set out to both control the density and orientation of the cracks, hence impacting the resistivity, and
to characterise this material magnetically to understand the loss behaviour. It was suspected that
the thin cracks could provide a much higher stacking factor than the geometries presented in
chapter 4.
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Abstract

To enable use of additively manufactured (AM) soft-magnetic material in electric machines,
large bulk cross-sections must be avoided due to reduced efficiency, stemming from the large eddy
currents they allow. Fe-6.5 wt%Si is an excellent soft magnetic material but is brittle. In this study we
employ this inherent characteristic of the material to develop crack networks within the additively
manufactured material to inhibit parasitic eddy currents. By manipulating the laser parameters and
scan strategy to induce cracking, the effective resistivity of the material can be increased to
206 uQ.cm, 250% of the materials’ already high resistivity of 82 uQ.cm. Crack density is shown to
increase with decreasing laser speed and calculated electrical tortuosity shown to correlate to
effective resistivity. Different scan strategies are shown to alter the orientation of the cracks,
demonstrating that the crack orientation could be controlled in relation to the magnetic flux,
providing high electrical resistance in the plane of the eddy currents, whilst maintaining magnetic
properties. This method yielded a high stacking factor of >97%, low losses of 2.2 W/kg at 1 T, 50 Hz
and outperformed other methods used in additive manufacturing of soft magnetic material, showing
promise for manufacturing stators of complex electric machines.

Keywords

Laser Powder Bed Fusion; Cracking; Soft-Magnetic Material; Eddy currents; FeSi
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1. Introduction

AM has been revolutionary in enabling the manufacture of high performance and
lightweight structural parts (108), allowing for topological optimisation and reduced part mass and
material usage. Described as having high geometrical freedom (109), AM, however, has its
drawbacks including the generation of processing defects such as porosity and cracking (21), and
whilst this is undesirable in structural parts, these features may be beneficial in some instance such
as in the case of Titanium orthopaedic implants where high porosity facilitates bone ingrowth (110).
Other types of functional materials have received recent interest such as soft magnetic materials,
first additively manufactured by Zhang et al. (4). Since this initial work alloys such as Fe-Ni (57,111),
and Fe-Co (56,112) have been successfully manufactured via AM to generate fully dense
components. Most research in this area focusses on Fe-Si (21,23,25,47), however, as this is the most
commonly used soft magnetic material in industry. Silicon content is typically kept to less than 3% to
allow the material to retain some degree of “workability” (18) and allows rolling into thin sheets
known as electrical steel laminations, which when insulated and stacked upon each other form the
basis of most electrical machine (EM) stators. These laminations limit the eddy currents within the
thickness of the lamination giving rise to low losses. Higher silicon content electrical steel with
6.5% rather than 3 wt.% Si, has soft magnetic properties such as high permeability, high saturation
magnetisation and low magnetostriction (20) similar to that of Fe-3 wt%Si, but has almost double
the resistivity at 82 uQ.cm, and is a desirable material for use in electrical motors (EMs). However, it
is difficult to process to form laminations by rolling as a result of the embrittling effect of the
ordered phases (B2, D03) which form above 5% silicon content.

AM has been shown to effectively process fully dense Fe-6.5 wt%Si (21) and the design
freedom of AM could revolutionise EM design and manufacture for More Electric Aircraft (MEA)
(113). However, to fully capitalise on the ability to additively manufacture this soft magnetic
material, strategies must be implemented to reduce losses, specifically eddy current losses caused
by large bulk cross-sectional areas in planes perpendicular to the magnetic flux pathway. AM affords
the geometrical freedom to introduce thin air gaps between areas of deposited material. By using
these air gaps as electrical insulators the eddy currents can be confined to smaller cross-sectional
areas, resulting in reduced eddy current losses. Plotkowski et al. showed a Hilbert pattern can
reduce losses to 1.34 W/kg at 1 T, 50 Hz (27) whereas Goll et al. (26) showed that a slotted pattern,
similar to electrical steel laminations, could reduce losses also. Both of these methods use air gaps as
electrical insulators in their design, and other authors such as Koo et al. have processed air gaps to
be as thin as 50 um (41), however these often have unwanted shorting between adjacent sections
due to surface roughness and partially melted particles, and still yields a low stacking factor (volume
of magnetic material/volume of magnetic and insulation material) of only 80%. A stacking factor (SF)
this low could impact upon the minimum size of an EM, an important selection parameter especially
in the transportation and aerospace sector.

In this study the possibility of introducing stochastic cracking by manipulating process
parameters is investigated. These result in structures which limit eddy currents using cracks of
widths 1-10 um, instead of designed air gaps approximately 100 um, hence increasing the stacking
factor. Scan strategy and laser parameters are manipulated to yield different crack patterns which
can provide an advantage when orientated with respect to the magnetic flux path. These are
investigated using X-ray computed tomography (XCT) and the effective electrical resistivity is
measured. Finally, a ring sample is used to compare the magnetic performance between bulk,
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cracked and a Hilbert cross section similar to that of Plotkowski et al. (27) demonstrating that this is
a promising method for processing soft magnetic material via AM.

2. Materials and Methods

2.1 Sample processing

High silicon steel powder (Fe-6.5 wt%Si) supplied by Hoganas was used for all samples in this
paper. The particle size and chemical composition, as stated by the supplier, are presented in Table
4.

Table 4 - Fe-6.5 wt%Si Powder Details

Chemical Composition (wt%) Size Distribution (um)

Iron |Silicon|{Oxygen|Nitrogen|Carbon|Sulphur|] D10 | D50 | D90 | D99

93.735 6.2 | 0.036 | 0.016 | 0.01 | 0.003 ]15.67|25.72|42.07|57.23

This powder was processed using an AconityMINI (Aconity3D GmbH). This is a laser powder
bed fusion (L-PBF) manufacturing system which employs a 200 W ytterbium doped continuous
wavelength laser (wavelength 1074 nm) with a spot size of 70 um. This process is completed under
an argon atmosphere with an oxygen content maintained at less than 100 ppm. The samples were
built onto a stainless-steel build platform of 140 mm diameter with a constant layer thickness (I) of
30 um. Hatch spacing was also held constant at 100 um for all experiments and the laser power used
was 195 W in all cases except for sample 1_ref, which uses a laser power of 170 W. The parameter
set 1_ref had been found previously to give the highest density via a design of experiments
methodology, which was used to optimise processing parameters for the manufacture of fully dense
parts. Laser scanning speed (v) and scan strategy were the two main variables explored in this study.
Laser parameters and scan strategies are listed in Table 5 and scan strategies employed are shown,
schematically, in Figure 6-1. All samples were removed from the build platform by wire electrical-
discharge machining.

Table 5 - Sample processing parameters and scan strategy

Sample ID = Laser Scan strategy Inter -

ID_laserspeed_scanstrategy | Speed Layer
(mm/s) Rotation

(degrees)

1 _ref 700 B (Bidirectional) 67

(optimum bulk parameters)

2_300_B 300 B 0

3_.400_B 400 B 0

4_600_B 600 B 0

5 _800_B 800 B 0

6_400_BR 400 BR (Bidirectional 90

with rotation)
7_400_S 400 S (Stripe) 0
8 400_SR 400 SR (Stripe with 90
rotation)
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Figure 6-1 Sample size shown along with X and Y resistivity samples, and scan strategies used in this study which include
scan strategies that do not have any later rotation, such as bidirectional (B) and stripe (S), along with scan strategies with a
90° layer rotation such as bidirectional with rotation (BR) and stripe with rotation (SR). Stripe width was kept constant at
5mm in this study.

2.2 Metallographic and cracking characterisation

25x25x4 mm (X, Y, Z) cuboidal samples were built to understand how laser parameters and scan
strategy affected crack density and crack orientation. These samples were sectioned, polished using
standard metallurgical techniques and optical micrographs taken of the XY and XZ planes using an
Olympus BX51 microscope in conjunction with Clemex Vision PE system.

Throughout this study, it is evident that the cracking behaviour is complex and it is not possible
to understand this from a single optical micrograph, hence XCT was used to gain a 3D understanding
of the cracking through a larger volume. Samples of 20x2x2 mm (X, Y, Z) were mounted on a sample
holder and then scanned using a Zeiss Xradia 620 Versa X-ray microscope (XRM). X-rays were
generated from a tungsten transmission target and collected on a CCD (charge coupled device) 16bit
2000 x 2000 pixel detector. Rather than scanning the whole sample, a smaller region of interest with
a field of view approximately 2x2x2 mm was scanned using the 4x objective, resulting in a spatial
resolution of 1.9 um. An accelerating voltage of 110 kV, and a source power of 15.5 W were used,
while a filter (HE6) was inserted to reduce unwanted lower energy X-rays which can create scan
artefacts. 1601 projection images were collected per sample, and a 2 s exposure time was applied to
reduce noise and improve scan quality. Scans were achieved at a voxel (isotropic 3D pixel) of
2.76 um. 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 stacks of approximately 1000 images were analysed using the batch solver and a custom
macro in ImageJ (91) in both the XY plane and the XZ plane. The ImagelJ macro rotated the tiff to
obtain the correct orientation in relation to the build direction, cropped to the area of interest and
auto-thresholded using the ‘Triangle’ method (114). Particles smaller than 10 pixels and a circularity
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of greater than 0.5 were removed to reduce noise and exclude porosity, and the remaining particles
analysed. Using an automatic process ensures greater consistency between samples than manual
thresholding. The outlines of these particles were saved as tiff images and a small sample of these
are compared with the original tiff images to ensure that only cracks are recorded, not porosity or
other features. Once all 1000 images were processed, the data for each of these particles is saved,
which includes the angle of a best fit ellipse and the Feret length, which were taken as
approximations of crack orientation and length respectively. These data sets were processed using
MATLAB R2020a (115) to calculate the crack density and orientation, which was separated into

5° bins and plotted on a histogram. These data sets have between 20,000 -70,000 records. An
example of this workflow is shown in Figure 6-2. The error in the crack density values was obtained
by manually thresholding the image and obtaining crack data from a random image, repeating this 5
times and then calculating standard error. This error value is used for all crack density values given.
For each image, crack density was calculated as the total length of cracks divided by the image area.
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Figure 6-2 Crack analysis workflow showing the cropped image from the XCT data (a), the auto-thresholded and binarised
image (b), and the outlines of the particles analysed by Imagel (c). This shows that only cracks are identified but that the

total cracks are underestimated as some faint cracks are not identified, and some larger cracks have their length
underestimated.

Electrical conductivity and tortuosity have been shown to correlate in porous materials
(116), often used in the geotechnical industry measuring the conductivity of a pore network filled
with a fluid. Tortuosity can be calculated using several different methodologies (117), where usually
the pore space is the conducting medium. In this study Avizo 3D (118) is used to calculate the
electrical tortuosity where the solid medium, which is the Fe-6.5 wt%Si, is the conducting medium
and the crack and pore space is assumed to be perfectly insulating.

First the tiff stacks created with XCT were imported into Avizo 3D. These data sets were then
cropped to remove the empty space in the scan and the ends of the sample to improve
segmentation, as these display some beam hardening which would make this difficult. Following
this, a median filter was applied, the solid material segmented from the cracks and pores and a
formation factor experiment used to investigate the tortuosity of the electrical path. The formation
factor experiment imposes a potential difference at each end of the sample, whilst the surfaces
parallel to the current flow have a 1 voxel thickness insulator added to the outside. A schematic of
this is shown in Figure 6-3, demonstrating a 2D tortuosity. The formation factor calculates a 3D
approximation of the tortuosity. Using Ohms Law and conservation of charge averaged over a
volumetric area, it is possible to calculate a formation factor which is “directly linked with the
electrical conductivity through its inverse: the electrical resistivity” (119). Full details of the
calculation can be found in the Avizo user guide (119).

Using the result of this formation factor experiment, electrical tortuosity was calculated
using a plugin (120) that defines electrical tortuosity as shown in Equation 15, where F = formation
factor and ¢ = Volume Fraction of Pore space. Tortuosity is a measure that describes a ratio between
actual flow path length to the straight distance between the ends of the sample, as shown in Figure
6-3.
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Figure 6-3 Schematic showing tortuosity calculation, the path which must travel around the cracks within the sample. A
potential is imposed at the input and output, whilst an insulating wall of 1 voxel thickness is applied at the surfaces parallel
to the current direction (X).

2.3 EBSD data collection and processing

EBSD (Electron backscatter diffraction) samples were prepared by sectioning and polishing in
the YZ plane to enable observation normal to the scan tracks in the B scan strategy. The microscope
used was a 7900F field emission gun (FEG) SEM manufactured by JEOL, fitted with an Oxford
Instruments Symmetry EBSD detector, used with a 20 kV accelerating voltage and step size of 1 um.
The samples were mounted on the SEM stub using silver paste. AZtec by Oxford Instruments was
used to capture and process the EBSD data, indexing the FeSi samples using the default parameters
for a-iron, (BCC). The index rate was over 98% for all samples inspected. Following the data
acquisition, AZtec was used to align the EBSD map which has multiple frames, before exporting to
.crc file format.

Analysis of EBSD data was performed in MATLAB R 2020a using the MTEX toolbox plugin.
The data was imported and aligned to the coordinate system of the base plate, to allow the data to
be compared between samples. Then high angle grain boundaries were identified (>10°) and
orientation maps and pole figures were plotted to view the data graphically. Orientation maps are
viewed on the XY plane, although the samples were inspected and are displayed in the YZ plane.

2.4 Resistivity and magnetic characterisation

Further segments were sectioned from the larger cuboid to obtain samples suitable for
resistivity testing. The X-resistivity samples were approximately 25x4x4 mm (X, Y, Z) and the Y-
resistivity samples approximately 4x20x4 mm (X, Y, Z) as per Figure 6-1. A digital calliper was used to
measure the length and cross-sectional area, which was taken as the average of the cross-section
measured at each end. The resistance of these samples was measured 5 times using a Cropico
DO5000 microhmmeter by Seaward, reversing the polarity after 3 measures, and converted to
resistivity using Equation 16.
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Equation 16

where p = resistivity, R = resistance, A = area, L = length . Throughout this paper effective
resistivity is used rather than resistivity, as intrinsic material properties are not being stated but the
measured value from the system of material with cracks. Effective resistivity has been expressed
through this paper as a percentage of the bulk resistance which is 82 uQ.cm as measured and
reported in literature (20). 5 samples were taken from sample 1_ref and the resistivity
measurements repeated; the standard error was then calculated, and this value of error is used for
all effective resistivities.

BH loops and loss behaviour were measured using a toroidal sample of 30 mm inner
diameter (ID), 38 mm outer diameter (OD), and approximately 4 mm thickness respecting the
sample dimensions in BS 60404-4:2018 (62). These toroidal rings were tested using an AMH-1K
Permeameter by Laboratorio Elettrofisico controlled using Neon software. The rings were first
wound with a single insulating layer of Kapton tape, then wound with 45 turns on the secondary
search coil using 0.35 mm diameter single core copper wire and 40 turns on the primary coil using
1.5 mm diameter multi core wire. The cross-section of the ring was measured in three places using a
digital calliper and the average taken, and the mass was measured using laboratory scales. The
specific power losses are calculated as per Equation 17, where density is 7480 kg/m? (20).

_Axf
Toop

Equation 17

where P,;= power losses, A = cycle area, f = frequency and p = density.

3. Results and discussion

3.1 Effects of scan strategy and laser speed on resistivity

By changing the laser speed whilst keeping laser power, hatch spacing and scan strategy
constant (sample 2-5), it is possible to observe that the slower the laser speed, the higher the crack
density (Figure 6-4). It is well known that excessive energy input can cause cracking in AM parts of
certain alloys (121), however as the tendency is to eliminate cracking from parts, there has been
little study on the crack density variation with processing conditions. The limited data from this
study shows a trend for lower laser speeds to increase the crack density, but the nature of this
relationship is not fully understood. It is likely that there is a lower limit for laser speed at which
parts will not build successfully as a result of excessive balling or other build defects, and a higher
limit at which cracking no longer occurs and eventually the samples will exhibit lack of fusion (LOF)
defects. By altering the scan strategy there is also an impact on crack density. By adding a 90°
inter-layer rotation, as with scan strategies BR and SR, the crack density is elevated when compared
to the B and S strategies.

Higher crack densities would give more opportunities for electron scattering when passing
an electrical current, however as shown in Figure 6-5, there is not a simple relationship between
crack density and effective resistivity. For samples with the bidirectional scan strategy (B), it would
appear that higher crack density yields a higher effective resistivity, although one of the samples
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with high laser speed 5_800_B shows a higher resistivity than 4_600_B despite a lower crack density.
Upon further investigation it was found that sample 5_800_B had a number of LOF defects (Figure
6-6) which are likely to increase the effective resistivity whilst not being accounted for in the value
for crack density. The sample with the S scan strategy exhibits relatively high effective resistivity of
approximately 200%, whilst having a lower crack density than some of the other samples with lower
effective resistivity. Based on this analysis it is clear that crack density alone cannot predict the
changes in electrical resistance observed.
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Figure 6-4 Laser speed vs crack density showing that the slower the laser speed, the higher the crack density within the
sample. It is likely at higher laser speeds cracking will stop as LOF starts to become apparent. At lower laser speeds than
300 heavy balling occurs, and the samples are not built successfully. By changing the scan strategy whilst maintaining laser
speed, there is an effect on the crack density within the samples.
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Figure 6-5 Graph showing that in general the more cracks a sample has, the higher the effective resistivity. The sample at
the highest laser speed 5_800_B exhibited both cracking and LOF defects. This may explain why the first data point has a
higher resistivity than the second, even though it showed a lower crack density.
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Figure 6-6 Optical micrograph of 2_300_B sample (a) XY plane showing that the cracking shows a distinct pattern with the
cracks running in preferred directions of 45 and 135°. As there are a large number of cracks, it would be unsuitable to infer
the crack distribution throughout the whole sample using only one micrograph. Sample 5_800_B (b) showing both cracking
and LOF defects.

As crack orientation varies significantly between samples, investigating a 2D cross-section
cannot infer the crack distribution through the sample. It is not possible, from such images, to tell
the depth or changing paths of the cracks, so, XCT was used to enable the crack networks to be
viewed and analysed more fully in 3D. The XCT data was obtained to have sufficient resolution to be
successfully thresholded to facilitate the segmentation of the cracks and pores from the solid
material, whilst maintaining the largest field of view possible. Using the XCT data the electrical
tortuosity could be calculated in Avizo 3D for the same direction as the physical measurements (X),
which considers not only crack density, morphology and orientation but also how the cracks are
positioned relative to each other. Calculated electrical tortuosity shows a linear relationship with the
effective resistivity, as shown in Figure 6-7.
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Figure 6-7 The electrical tortuosity calculated from the XCT data shows approximately a linear relationship, demonstrating
that the scan strategy can create more tortuous pathways without increasing the crack density, as the sample with the S
scan strategy shows.
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3.2 Effects of scan strategy on crack orientation

Additive manufacturing allows a level of control to spatially vary microstructure and
processing parameters unavailable in many traditional processes. To allow the magnetic flux to run
in three dimensions in an electric machine, it may be possible to tailor the orientation of the cracking
within the material to yield the highest possible resistivity in the plane in which eddy currents will
circulate, hence reducing the losses. This could give a spatially graded material with anisotropic
effective resistivity, providing electric machine designers unprecedented freedom over the magnetic
flux pathways in the magnetic circuit, previously limited to 2D by electrical steel laminations or to
materials with poorer properties such as soft magnetic composites (SMC).

The first of the scan strategies used in this study, B, scans the material in the same direction
each layer. As residual stress has been shown to be higher normal to the scan direction (77), it is
expected that cracks would occur normal to the scan direction as well, which would yield a higher
tortuosity in the scan direction (X) than the perpendicular (Y) as most cracks would align with current
flow in the Y direction, giving a lower tortuosity. Therefore, for samples 2-5 where the scan direction
is restricted to hatch only in the X direction, cracks would increase the electrical tortuosity more for
electrical current running in the X direction than the Y direction. To investigate this samples were
taken from both the X and Y direction and their effective resistivity measured as displayed in Figure
6-8. As predicted, this shows that for bidirectional hatching, the effective resistivity in the X direction
is significantly higher than that in the Y direction. Hence if the eddy currents are generated in the XZ
plane they would experience higher resistivity than if they were in the YZ plane. In this way it is
possible to tailor the anisotropy of the material based upon the electric machine design, to ensure
the highest level of resistance in the plane in which eddy currents generate. The orientation of these
cracks is shown in Figure 6-9, demonstrating that in the XY plane, the cracks are mostly orientated
between 45° and 135° from the X direction, whereas in the ZX plane the orientation of the cracks is
also centred around 90° from the X direction but with much less variation from this value.

By adding a layer rotation of 90°, sample 6_400_BR shows a decrease in anisotropy between
the X and Y samples effective resistivity, demonstrating that with scan strategy the anisotropy can be
preferentially selected based upon the electric machine design. If the magnetic flux will always run in
a single direction such as the tooth of an axial flux machine, the cracks can be heavily orientated to
optimise for one direction, similar to a grain-orientated electrical steel. If the magnetic flux is
required to change direction within the material such as in the back iron of a machine, scan
strategies can be manipulated to yield an even crack distribution delivering an equal but lower
electrical performance in every direction in a manner similar to non grain-orientated electrical steel.
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samples have a higher resistance in the X direction, parallel to the scan direction. By introducing a rotation into the scan
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Figure 6-9 An example XCT slice from sample 3_400_B in the XY plane (a) and XZ plane (c) and their respective histograms
(b, d), showing that in the XY plane there is a strong preference for cracks which are between 45-135°, showing a spread
centred around 90° (normal to the scan direction),, whereas in the XZ plane, cracks have a much smaller spread around 90°.

A number of scan strategies were used in this study, and crack orientation is investigated for each.
The crack orientation in the XZ plane was similar for all the scan strategies and an example of this for
3_400_B can be seen in Figure 6-9d.

Figure 6-10 shows an optical micrograph of samples for each of the scan strategies, along with
histograms of the crack orientation in the XY plane which differs for each sample. The highest
anisotropy is observed for the S scan strategy, showing cracks mainly at 90° to the scan direction (X),
but also with a number of cracks parallel to the scan direction. Both strategies with a layer rotation
(BR, SR) show a lower anisotropy than without (B, S). Depending on the design of the electric
machine, the most appropriate scan strategy could be used to ensure the cracks are in the
orientation that best serves the machine, increasing the electrical tortuosity of the eddy current flow
path. The stripe with rotation (SR) sample shows the highest effective resistivity of 250% of the bulk
resistivity at 206 uQ.cm. Residual stress is expected to be highest in the plane normal to the scan
direction, hence for the B scan strategy the cracks would be expected to be concentrated at 90°.
Figure 6-10b shows this to be the case, with some variation about 90°.
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Figure 6-10 Optical microscopy images of samples 3_400_B (a), 6_400_BR (c), 8_400_S (e) and 9_400_SR (g) with their
respective crack density histograms (b,d,f,h) showing the orientation of the cracks within the sample in the XY plane.
6_400_BR shows cracks mostly in the 45° and 135° directions whereas 8_400_SR shows cracking mostly in either the 0° or
90° direction.
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3.3 Investigation of the residual stress and microstructure

Aside from the stochastic cracking within the samples, other factors such as residual stress,
grain size and microstructure could have an impact on the effective resistivity. To ensure that the
observed behaviours are an outcome of stochastic cracking, investigation into the other aspects is
carried out for validation. To test the effect of residual stress and grain size, the samples were
annealed at 1150°C for 1 hr, as shown by Garibaldi et al. (23) to give the best magnetic properties.
By using this heat treatment, residual stress will be relieved which may increase or decrease
effective resistivity depending on the residual stress profile. The grain size will also grow, reducing
grain boundary density and is expected to decrease effective resistivity. Figure 6-11 shows that after
heat treatment the effective resistivity of the majority of samples change by less than 10%, with
most samples displaying a small increase in resistance. Hence both residual stress and grain
size/grain boundary density could not account for the magnitude of increase in effective resistivity
shown by the samples in the as-built condition, adding further confidence that the cracking is the
source of the increased effective resistivity. It may be possible that the thermal stress induced in the
part during heat treatment caused some cracks to grow, which would increase the effective
resistivity.

20

15 4

10

Change in resistivity (%)

-5

T T T T T T T T
! 1_ref 2_300_B 3_400_B 4_600_B ! 5_800_B |6_40G_BRI 7_400_8 I8_4OD_SF~'RI

Figure 6-11 The percentage change in effective resistivity of each sample post heat-treatment, showing that on average
there is less than a 10% difference between pre and post heat treated samples.

EBSD analysis was undertaken for all the samples to observe the as-built microstructure.
Shown in Figure 6-12 is the data for 3_400_B and 8 400_SR as these samples use the same laser
speed and power but exhibit large differences in effective resistivity, 166.5% 251.5% respectively.
Sample 8_400_SR shows a common L-PBF microstructure, with a preferred orientation of the <001>
crystallographic direction aligned to the build direction (Z), with elongated grains along this same
axis, although the grain size is larger than average with some grains extending over 1 mm. Sample
3 _400_B exhibits an unusual microstructure for L-PBF, with a preference for the <111> texture
aligned with the build direction (Z). The texture does show elongated grains up to 0.75 mm long in
the build direction (Z), however these are not as large as for 8_400_SR where some grains are
>2 mm long.
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Figure 6-12 YZ view of EBSD data showing orientation maps for samples 3_400_B (a) and 8_400_SR (b) and pole figures
respectively (c,d). The grain orientation is plotted with respect to the XY plane, showing that 3_400_B has a <111> texture
in the build direction (Z), whereas 8_400_SR has a stronger <001> texture in the build direction (Z).

3.4 Magnetic characterisation

This work has demonstrated the possibility to increase the effective resistivity of Fe-6.5 wt%Si, by
manipulating the laser parameters and scan strategy to introduce stochastic cracking. However, to
be used in an EM, electrical resistivity is not the only important parameter, hence the impact of the
cracks on the other magnetic properties must be investigated. To do this, ring samples were
additively manufactured using solid bulk material, a cracked ring and a Hilbert ring similar to that
reported by Plotkowski et al. (27), an example cross section of which is shown in Figure 6-15a. The
cracked ring was manufactured using parameters 8_400_SR as this showed an average increase in
effective resistivity up to 250%, whilst having a lower anisotropy as shown in Figure 6-10h. As shown
in Figure 6-13, the Hilbert and cracked rings both have a significantly smaller area inside the BH loop
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demonstrating lower losses. This is confirmed for the full frequency range tested of 5-1000 Hz
(machine limits) in Figure 6-14. The shape of the BH loop shows that for the cracked sample, the
permeability is reduced below that of the bulk as the Field increases, hence requiring a higher field
to reach the same flux density. The drop in permeability is likely due to cracks or air gaps in the
material, as these will act as pinning sites for the domain walls and may also make domain rotation
more difficult.

The knee point appearing at a lower flux density than that of the bulk material is an issue for
EM design, as this would require a higher field to get an equivalent flux density. Heat treatment
could improve the permeability as shown by Garibaldi et al. (23), though it may not be possible to
achieve the same value as the bulk material due to the extra material defects. The stacking factor of
the cracked sections is >97%, which is much higher than that of the Hilbert section at 83.5% as
shown in Figure 6-15, and likely to remain higher than any cross-sectional design due to the small
width of the cracks (<10 um) compared to the minimum width of a designed air gap, which is at least
50 um. Further to this, cracks provide electrical insulation without any shorting as there will be no
contact between the cracked surfaces. This is unlike the designed cross sections where there is often
unwanted shorting between areas which should be electrically isolated (8). Having a higher stacking
factor is another enabler to reducing machine size. However, as the cracking is stochastic, there may
be higher variability between samples and in order to quantify this variability as a result of the
stochasticity of the defect population a larger data set would be needed, which falls outside of the
scope of this initial study. The number of cracks detected by the XCT and analysed was very large at
20,000 - 80,000 for a sample only approximately 2x2x2 mm, hence for the full sample of 25x25x5
mm it is possible that there are sufficient cracks for the material performance to be predicted
statistically. The number of cracks is overstated as the cracks will be counted multiple times (once
per slice) due to the nature of the analyse, but this systematic error is accounted for throughout the
paper by using crack density.
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Figure 6-13 BH loops of bulk, cracked and Hilbert rings at 50 Hz, 1 T. The Hilbert ring shows lower losses than bulk (area),

and the cracked section shows lower losses than both of the other samples. For both the cracked and Hilbert samples, the
permeability (gradient) is reduced when compared to the bulk, especially after the knee point in the loop
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Figure 6-14 Loss behaviour of bulk, Hilbert and cracked samples at 1 T, showing that the Hilbert section provides an
improvement over bulk, however the cracked ring yields lower losses through the whole frequency range tested than both
the other samples.

Figure 6-15 Micrographs of cross-sections of a Hilbert style pattern (a) with a stacking factor of 83.5% and a cracked section
(b) using parameters 6_400_BR with a stacking factor of 97%, showing that the cracked section can yield a much higher
stacking factor whilst still having lower losses. The Hilbert section has some porosity as the parameters used were optimised
for bulk sections, rather than thin walls.
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The cracked samples exhibit higher effective resistivity, lower losses, and a higher stacking
factor than the Hilbert cross-section, however there are several more issues to discuss. Firstly, the
volume and orientation of cracks will be dependent upon the part geometry, as this will change the
thermal conditions in the build. The residual stress is correlated to the hatch length and cross
sectional area (77), if the cross section is changing the residual stress will also vary. As this paper
shows, a striped scan strategy could be implemented whilst still maintaining a high level of cracking
which is a potential solution to this as any cross-section can be broken down into a number of
uniform width stripes. Furthermore, the complex geometries found in EMs make it very difficult to
characterise the material or magnetic properties of a stochastically cracked component in an actual
machine.

Most tests to understand material properties require standard test sample geometries. If
one were to use the same parameters to create a small magnetic test ring with a 5 mm cross-section
and a stator with a cross section of 20 mm, it is likely that there would be a difference in crack
density and/or orientation, and hence magnetic properties between the two parts. Additionally,
there would also be a need to model this magnetic behaviour, otherwise components would have to
be made by trial and error by manufacturing components and testing their properties. Models that
are able to understand this behaviour are computationally expensive, and are generally limited to a
small volume which would not allow a good understanding of the macro-scale behaviour. With
further understanding of the underlying process simpler models may be able to be used to aid
design.

Electrical resistivity was physically characterised, and electrical tortuosity calculated based
on the XCT data in this study. In both cases these measures use a linear current, whereas eddy
currents are generally circulating around a cross-section, with a non-uniform amplitude depending
on the spatial position. The magnitude of eddy currents is proportional to the material resistivity
therefore this is not expected to have a significant impact on the results. Utilising the electrical
tortuosity calculations, it would be possible to define a circuit path and measure the tortuosity
around this path, although to the authors’ knowledge, no software currently has this capability.
Further to this, the electrical tortuosity calculations are based on geotechnical work, with a solid
non-conducting phase which is often a type of rock, and a liquid conducting phase filling the pore
space. This is the opposite to the samples analysed in this study where the solid is the conducting
phase. For our samples the tortuosity was between 1-2, which is relatively low, whereas most work
validating these models and calculations use higher tortuosity values. The data in this study shows a
good correlation between the measured effective resistivity values and the calculated electrical
tortuosity, however as this is not a standard use case for this software more validation work would
be needed to confirm its applicability.

The mechanical properties of the stochastically cracked samples have not yet been analysed
but are assumed to be inferior to the bulk material and depending upon loading conditions, may also
be lower than that of any designed cross sections such as the Hilbert pattern. Due to extensive
cracking, it may not be possible to use stochastic cracking to reduce losses in the rotor of an EM due
to the high centrifugal loading; however, the stator has relatively low mechanical requirements and
so this methodology should be applicable in this case. The fatigue behaviour through repeated
magnetisation and thermal loading would also need to be well understood before this method could
be used, as there are concerns that the cracks may propagate and cause the loss of structural
integrity. As Fe-6.5 wt%Si has almost zero magnetostriction of 0.01 ppm (20), yielding low stresses
through the magnetisation cycle, it is likely the best composition to use, however cyclic thermal
loading will cause expansion and contraction of the material, which may lead to crack growth and
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failure. That said, all the samples in the current work possess sufficient structural integrity to handle
and process.

The directionality of cracks may be beneficial for EM design, by aligning the cracks parallel to
the flux direction this will give the highest resistivity in the plane in which eddy currents would
circulate, whilst causing the least disruption to the magnetic flux. An Epstein frame style test could
be used to quantify the benefit of this anisotropy, by aligning the cracks along the legs of the Epstein
frame to give the highest performance. The design flexibility of the AM process allows for alteration
to the scan strategy and laser parameters for different areas of a component, meaning that at every
point in the stator the cracks could run parallel with the magnetic flux even when using a complex
3D flux path.

The loss behaviour of the stochastically cracked parts is comparable to other materials in
production and industrial use today. As shown in Table 6, the losses are lower than both an SMC and
a relatively thick low-silicon steel lamination, however thin high-silicon steel laminations still
outperform the material characterised in this study. It has been demonstrated, in this study, that it is
possible to process material with three-dimensional flux paths, with losses below that of
traditionally manufactured Fe-3 wt.%Si electrical steel laminations. By directly manufacturing the
stator via AM there will also be a reduction in component count and assembly time and cost when
compared to a laminated electrical steel stator. This methodology could enable novel electric
machine architectures which capitalise on this geometrical freedom to give performance benefits
which have been unfeasible with laminations or SMC.

Table 6 - Loss behaviour of various materials at 50 Hzand 1 T

Stochastic AncorLam SMC JFE 65JN1600 JNEX-Core
Material cracked Fe-6.5 (122) 3 wt%Si 6.5 wt%Si
wt%Si (this study) lamination lamination 0.1mm
0.65mm (123) (124)
Losses @ 50Hz
1T (W/kg) 2.2 9.0 7.1 0.5

4. Conclusion

In this paper, the ability to manipulate the nature of stochastic cracking in Fe-6.5 wt%Si, a high
silicon electrical steel, has been demonstrated. It is shown that by reducing the laser speed, the
crack density within the material increases, and that by changing the scan strategy the orientation of
the cracks can be influenced. By cracking the material using this methodology, an increase in
effective electrical resistance up to 206 uQ-cm, 250% of the expected bulk resistance has been
observed in sample 8_400_SR when using a stripe with rotation (SR) scan strategy with a laser speed
of 400 mm/s. The total AC losses for this sample at 50 Hz 1 T are 2.2 W/kg, which shows a reduction
in losses to below that of a cross-section with air gaps such as for the Hilbert section (6.8 W/kg,

50 Hz, 1 T), designed to reduce eddy currents. The cracked material shows a higher stacking factor of
>97%, compared to only 83.5% for the Hilbert section.

The ability to orient the cracks parallel to the flux path allows for spatial grading of areas to
ensure the cracks are always orientated to increase the resistance in the plane in which eddy
currents circulate. It is also possible to correlate electrical tortuosity calculated from XCT data with
the measured effective resistivity. With lower losses and a higher stacking factor, stochastic cracking
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is a promising solution to implementing AM processed soft magnetic material into the stator of an
EM, enabling a 3D magnetic flux path with low losses.
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7 Mechanical properties of stochastically cracked components
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7.2 Background

Following on from chapter 6 where stochastically cracked material was shown to have good
magnetic properties, there were concerns on the mechanical properties and ability of this material
to sustain the required loads inside an electrical machine. As most research focuses on reducing the
appearance of cracks, to the authors knowledge no work has been undertaken to characterise
material which is so heavily cracked. Therefore, this chapter sets out to understand the basic
mechanical properties to check whether the material is strong enough to be used in the electrical
machine shown in chapter 5.

Uniaxial tensile testing was chosen as the simplest way to start to understand the mechanical
properties, and DIC was used as the non-uniform nature of the material meant that the deformation
and failure was hypothesised to give unusual behaviours. More comprehensive testing such as
fatigue testing was planned, but the difficulties of setting up the experiments especially with regard
to the clamping of the samples, meant that this was pushed beyond the scope of this project. The
first batch of samples created for these experiments did not use the interlocking area between the
stochastic cracked and solid regions, instead using a straight vertical joint where the segments were
overlapped by 2 mm. This caused a band of heavy porosity between the regions, and the first batch
of samples failed in this area every time yielding no useful data, as we were unable to obtain the
properties of the stochastically cracked section. The first samples also used standard tensile test
specimen geometry, however after these failures a non-standard sample shape was used in order to
ensure the failure in the correct region.

To keep the same thermal conditions, the stochastically cracked region was built with a 25x25 mm
cross-section, and then cut down using EDM to the correct geometry. It is not yet fully understood
how changing the hatch length will affect the crack density or orientation, though it is suspected at
least the crack density will change. This gives a large space for investigation as different scan
strategies, laser speeds and geometries can cause different outcomes, and as shown in chapter 6,
the crack density can change by up to 3x, and hence a large variation in mechanical properties can
be expected. Therefore, until the stochastic cracking is fully understood, it is likely that each
application will need specific quantification to check if the magnetic and mechanical properties are
satisfactory. This chapter serves as a feasibility study to check if one of the combinations of laser
speed and scan strategy can be implemented into a specific electrical machine.

102



7.3 Paper
Mechanical properties of stochastically cracked

soft magnetic material

Alexander D. Goodall?, Jared Uramowski?, Chawick Sinclair®, Lova Chechik?, lain Todd?

aDepartment of Materials Science and Engineering, University of Sheffield, Sheffield, UK
b Department of Materials Engineering, The University of British Columbia, Vancouver, Canada

Corresponding Author — Alexander Goodall adgoodalll @sheffield.ac.uk

Keywords

Laser Powder Bed Fusion; Cracking; Soft-Magnetic Material; Mechanical characterisation; FeSi

Abstract

Processing of soft magnetic materials with additive manufacturing has shown capability to deliver
good magnetic properties and increased silicon content of Fe-6.5 wt%Si, however methods must be
used to reduce the eddy currents in large bulk cross-sections in components created by additive
manufacturing. Geometrical design has been shown to do this effectively, however stochastically
cracked parts show similar magnetic performance with a large increase in stacking factor. To enable
their use in electrical machines the mechanical properties of this material must be understood,
therefore this study uses uniaxial tensile testing to start to gain a picture of the mechanical
performance. The ultimate tensile strength of the material in the as-built condition was 17.85 MPa
(0=4.47 MPa), which was improved by 40% to 25.45 MPa (0=5.68 MPa) by infiltrating the cracks with
a low viscosity resin. This brings the material strength to more than three standard deviations from
the required strength of 7 MPa to be used in a specific axial flux machine. The material exhibited a
maximum strain of 8-10%, showing that the suppression of ordered phases by high cooling rates
have improved the ductility of the material. Hence, the stochastically cracked parts appear to have
sufficient properties to be used in the 3D magnetic circuits of electrical machines.
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1. Introduction

Additive manufacturing (AM) has recently been used to process soft-magnetic materials
such as FeSi (21), FeNi (5)and FeCo (56), showing sufficient magnetic properties (26,27) for
usefulness in electrical machines (EMs). Mechanical properties such as elastic modulus, ultimate
tensile strength (UTS) and elongation are rarely reported for these alloys after processing by AM.
FeSi is the most common soft-magnetic material and normally has low silicon content around 3%,
where the alloy avoids brittle ordered phases B2 and D03 (125) during processing, allowing the alloy
to be rolled into thin sheets. At 3% silicon content the elongation is 8-11 %, and UTS is 310-357 MPa
(123). Higher silicon content such as 6.5% has been shown to improve certain magnetic properties
such as higher resistivity and lower magnetostriction, and as such is promising for future use in
efficient EMs (20). Higher silicon content, however, means that brittle ordered phases will form
during normal cooling (20), creating difficulties in processing the material into the thin sheets that
are commonly used in EMs. Other methods have been used to enable processing of 6.5% Si content
such as post-rolling diffusion of silicon into Fe-3 wt%Si (24), however there is yet to be any scalable
technology that allows processing of homogenous Fe-6.5 wt%Si. At 6.5% silicon content the
elongation to break and strength is decreased (126). AM has a very high cooling rate, enabling some
alloys such as binary FeCo to exhibit improved ductility by suppressing the brittle ordered phases
formed under normal cooling conditions (36). Currently, no such study has been completed on FeSi,
but it is possible that a similar effect could be found.

To enable their use in alternating current (AC) EMs, soft-magnetic material is normally rolled into
thin sheets to reduce parasitic eddy current losses. Similarly with AM, processing large bulk sections
should be avoided, and therefore some cross-sectional geometries have been explored which
achieve this such as lamination style slots (26), Hilbert space filling curve based cross-sections (27),
and others (41,42,61). In chapter 6, the current author has shown that good magnetic performance
can be achieved by utilising processing parameters to induce stochastic cracking of Fe-6.5 wt%Si,
reducing eddy current losses and demonstrating improved performance when compared to
designed geometries such as Hilbert space filling. To enable the adoption of this technology and use
in an EM, the mechanical properties of this material must be understood.

In an EM, the stator or soft-magnetic core has relatively low mechanical requirements. This part is
usually not rotating or structurally stressed, therefore the only loading on the component is the
forces from the magnetic circuit. Axial flux motors are a natural application for soft magnetic
material processed by AM, as the 3D flux pathways increase the difficulties of using thin laminations
making AM more appealing. In a motor designed by Nishanth et al. (79), the tensile load
requirements are 900 N for a cross-sectional area of 130 mm?, hence the stator tooth must survive a
maximum stress of approximately 7 MPa.

In this study, the mechanical response in uniaxial tension of the stochastically cracked material is
investigated, to determine if the strength of the material is sufficient for use in the stator of an
electric machine. Digital image correlation (DIC) is used to estimate the local strain values and
inspect the failure modes of the material in uniaxial tension, as the material is highly non-uniform
with a number of stress concentrations. The variability is assessed, and a method to improve the
materials robustness and mechanical properties is proposed, wherein the cracks are filled with
epoxy resin.
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2. Materials and Methods

2.1 Sample manufacture

Samples used in this study were created using Fe-6.5 wt%Si powder supplied by Héganas,
with a particle size of 15-45 um. This powder was processed on an AconityMINI (Aconity3D GmbH)
laser powder-bed fusion machine, equipped with a 200 W ytterbium doped continuous wavelength
laser (wavelength 1074 nm) with a spot size of 70 um. Samples were manufactured directly onto
stainless steel build platforms, followed by sample removal using wire electrical discharge machining
(EDM). Laser power of 195 W and laser speed of 0.4 m/s was used for stochastically cracked regions,
whereas laser power of 140 W and laser speed of 0.7 m/s was used for solid regions of high density.
Both regions use a layer thickness of 30 um and a hatch spacing of 100 um. The scan strategy used
was 5 mm wide stripes, with a layer rotation of 90° for stochastic cracked regions and 67° for solid
regions. This refers to the parameter set 8_400_SR detailed in chapter 6.

Tensile test samples were built by creating a 25x25x10 mm stochastically cracked region, flanked by
25x25x10 mm solid regions as per Figure 7-1. These sections were interlocked with a 2 mm wide
region which alternated between solid and cracked every second layer. This provided a structurally
sound joint between regions, allowing the sample to fracture within the gauge length rather than at
the weld line between the regions. Flat tensile test samples were then machined from these blocks
via EDM, cutting the tensile test bar outline first, with a gauge length of 10 mm, gauge width of

6 mm and a corner radius of 6.5 mm, then slicing into samples 3 mm thick, giving approximately

18 mm? cross-sectional area in the gauge length. This was measured for each sample with a set of
digital callipers.

Solid tensile test samples were also built using the parameters for the solid region throughout the
whole part. These were then machined into the same sample size using EDM.

Solid region /

/ Tensile bar
cutting outline
' Stochastic
| cracked region z
Y
A 2 |layers
Y 60 pm X
L_"I_ 2mm Not to scale

Figure 7-1 — Details of the additively manufactured blocks, that tensile test samples were machined from.
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2.2 Tensile test and DIC

Tensile testing was performed on an Instron 8896 Universal Testing Machine, with a 25 kN
load cell. Samples were deformed at a constant rate of 0.005 mm/s until ultimate fracture, while the
load and crosshead extension were recorded at a rate of 10 Hz. Samples were pre-loaded to no more
than 100 N prior to testing, thereby eliminating any fixture slip and ensuring the sample was
adequately seated in the grips.

Due to the highly non-uniform distribution of cracks in the material, calculating strain by gauge
length extension was deemed inappropriate, and instead optical DIC was used. A pattern was
created using aerosol paint, first applying a white background before carefully applying the black
speckle pattern. A consistent pattern was created for all samples, giving acceptable spatial
resolution for displacement field calculation. On average, the size of each speckle was 0.35 mm and
spaced by 0.3 mm. The system was calibrated for displacement and corrected for the camera angle
using a standard 2.5 mm spaced grid pattern of 1mm crosses. Images were taken with a LaVision
Imager QE camera through a 60 mm lens at an aperture of 5.6, acquired at a rate of 5 Hz for the
duration of the test, storing the load data for each image. The distribution of strain was visualized
using Davis version 10 software, where images were processed using the sum of differential method,
at a subset and step size of 23 and 7 pixels respectively.

Due to noise in the data, smoothing was applied to the results to allow for better clarity. A Lowess
method was applied using a span of 10 data points. For solid samples this was applied over the
whole range. For the stochastic cracked samples, the data was split into 3 sections to avoid reducing
the value of UTS due to smoothing. The three sections were the region until the first failure, the
plateau between the first and second failures and the section after the second failure. The impact of
this smoothing can be observed in Figure 7-3b.

2.3 Epoxy resin reinforcement

Filling of the cracks with epoxy resin was attempted to improve the mechanical performance
of the stochastically cracked samples. An ultra-low viscosity epoxy was used from NextStar (127) to
allow the epoxy to penetrate the microscopic cracks. The epoxy was applied by submerging the
samples in a vat of resin, then placing inside a vacuum chamber for 30 minutes. Following this the
epoxy was allowed to cure for approximately 5 hours at room temperature, at which point the
viscosity of the epoxy had increased significantly. The samples were then removed from the vat of
epoxy, whereby the excess epoxy could drain from the exterior surfaces of the sample, with the
assumption that any epoxy inside the cracks would have too high of a viscosity to leave the sample.
The samples reinforced with epoxy were then left to cure for the remainder of the four-day cure
time.

3. Results

3.1 Tensile test results, solid

Tensile testing was conducted on 5 samples which were built using parameters intended for
solid material without any cracks. These were tested to give a baseline to compare the stochastically
cracked samples to, as there are no studies in literature characterising Fe-6.5 wt%Si, manufactured
by AM. Stress-displacement data is shown in Figure 7-2. The average UTS was 57 MPa with a
standard deviation of 6.36 MPa. The average elastic modulus was 98 GPa, with a standard deviation
of 6.7 GPa, found using a linear fit on the data below 30 MPa to stay in the linear region, as the 0.2%

106



strain measurement is unsuitable for this material. Sample B was excluded from the elastic modulus
calculation due to the high stress at the start of the test.

Sample A
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Figure 7-2 — Tensile test results of as-built Fe-6.5 wt%Si with solid cross-section, showing an average UTS of 57 MPa.

3.2 Tensile test results, stochastically cracked

Tensile testing was conducted on 8 samples with stochastic cracking in the as-built
condition. One of the samples has been excluded from the results as it fractured outside of the
gauge length along the radius between the gauge length and clamping face. The remaining samples
show an unusual stress-strain curve (Figure 7-3a) starting with a linear elastic region, with a small
area of yield followed by failure at ultimate tensile stress (UTS). After this failure the stress-strain
curve continues with at least one lower plateau, followed by a gradual decrease to zero-stress. The
samples show an average UTS of 17.85 MPa, with a standard deviation of 4.48 MPa. The minimum
recorded UTS was 9.58 MPa for sample 7. Strain in the samples is concentrated into distinct bands,
perpendicular to the loading direction due to the pre-existing cracks in the material causing distinct
changes in cross-sectional area (Figure 7-3c/d). Due to the non-uniformity of the strain throughout
the samples, stress is plotted against machine displacement instead of strain. Using a stress-strain
curve could cause confusion on the strain to failure of the material. Figure 7-3b highlights different
regions and suspected failure modes throughout the test.
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Figure 7-3 - Tensile test results showing stress vs displacement (a). All samples show a linear elastic region, followed by a
small area of yielding and a sharp decrease in stress carrying capacity. The effect of data smoothing is shown in (b) along
with the suspected failure modes of each area of the curve. Stress concentrates into distinct bands, with examples from
sample 1 as shown(c) and sample 2 (d), demonstrating the likelihood of underlying cracks perpendicular to the force. Areas
of white have exceeded the scale and are not yet cracks.

DIC was used to qualitatively show the strain behaviour throughout the test. By using the raw
images to observe the cracks in the gauge section, and the processed images to find the strain, a
deeper understanding of the stress curve in Figure 7-3b is obtained. There is a region of linear elastic
strain initially. An effective elastic modulus can be calculated from this linear region; however, the
strain is highly non-uniform (Figure 7-4a) and the effective cross-sectional area is unknown,
therefore this is a property of the system rather than a material property. The average elastic
modulus is 4.93 GPa with a standard deviation of 1.37 GPa. Following the linear elastic region there
is a small region of plastic deformation where the material yields. Yield stress is normally quoted as a
proof stress, an offset of the linear elastic region starting at a strain of 0.2%. This is an unsuitable
measure for these samples as this would often be beyond the UTS. The next significant area on the
curve is the first failure or crack initiation which can be observed in the DIC images (Figure 7-4b). XCT
shows that there are pre-existing cracks in the material (chapter 6), therefore these images show the
point at which this crack propagates to the external surface and hence the material can no longer
take load in this area. This appears to happen with very little yield; however, it is not possible to
conclude that the material is demonstrating a brittle failure due to noisy data. As the average elastic
modulus is at least an order of magnitude smaller than the expected value for non-ordered

Fe-6.5 wt%Si of 100 GPa, found in both literature (128) and by tests on solid components, we can
conclude that the stress is concentrated into a much smaller cross-sectional area than the full gauge
section.

Once this first crack has penetrated to the surface, there appears to still be load carrying capacity
which must occur on the other side of the pre-existing crack. At this point, it is hypothesised that
there is movement in both the first crack continuing to propagate, and a second area of material

yielding. Following this there is another distinct failure where the stress carrying capacity drops
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instantly, which is believed to be a second crack opening (Figure 7-4g-i). It is likely that this will
happen on the opposite side of the gauge section than the first crack, as the first crack will stop the
load path along this edge. Following this second crack, a cantilever beam type scenario occurs,
whereby there is a beam which is fixed at both ends with a perpendicular force at each end (Figure
7-4j-1). This has significantly less resistance to axial stress and hence a lower stress carrying capacity,
however it allows large displacements before one of the cracks eventually propagates all the way
through the cross-section when the stress drops to zero.

T 4
| 8 4000 200
) = R <| Load paths
/ 350 i
= , 7 6
/ ‘ = t1s0
/ o0
/ . 00 3 =
4 = R & s 5
= 2500 2. <
4 '/ £ | I 0o 2
/ Ton g = 2 o0 B g
/ — N s 3, 5w
1,. S .‘\ .% 1500 E i
/ SN o ) 50 3
~a. [ 100 2 il
Smallest Pre-existing 2 L]
cross-sectional cracks e s |
area
d) 200
roe————o Crack
. FI T PPT 175
initiation
— 1150
> * 3 5
- 3 ll=s 3
T ame <
v £ 5 lhoe &
E = . 8 8
' c
_/j;: o g 5@
= =
Pd B 2 3
8 B o 5
e Ll
New smallest Z 28 g
cross-sectional area = | P 1
00
along load path |
|
]
\g_)/ ! ’\ "
: 3 3
A m : -»> 4 2
0.0 <
[ = o ® @
c -] ©
| | o 2 LR}
1 > 3 0 o
- b 8 5
2 0 o
Cantilever beam 5 28 3
formed. Load Crack L =
causes bending S
initiation
25 00 28 50
Position (mm)
E
\ s §150
4
- > : :
- » 9 @
- <
£ 5 g
€ 3 g
c g
S ) 2 e
z o Ry
o a g
_ 3 g o2
Crack growth until Z =2

failure from bending

Position (mm)

Figure 7-4 — DIC showing the progression of cracks through the gauge section, along with simplified sketches explaining the
strain patterns observed
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During additive manufacturing, the high cooling rates have been shown to supress the ordered
phases B2 and D03 in Fe-6.5 wt%Si (21). These ordered phases are responsible for the brittle
behaviour of this alloy, therefore if these phases are suppressed it is possible that the ductility of the
material will increase. From DIC data it is possible to observe the local strain before crack
propagation which is recorded at 8-10%, as shown in Figure 7-5 for sample 6 but is similar for all the
samples. This is close to that of Fe-3 wt%Si which is 8-11%, therefore the ductility of Fe-6.5 wt%Si is
improved when processing via AM, avoiding the ordered phases due to high cooling rates.
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Figure 7-5 - Localised strain values prior to new crack initiation during tensile test, showing the local maximum strain is 8-
10%.

3.3 Tensile test results, epoxy reinforced

In an electric machine, once the coils have been wound, the stator and coil assemblies are
often potted with epoxy resin to ensure no movement of the coils and reduce likelihood of electrical
shorting or insulation failure throughout the service life, as well as improve thermal conductivity
between the parts. This potting could also be used as a way of infiltrating the cracks in this material
with epoxy resin, improving the mechanical properties. Hence, this study tested 5 samples which
have had the cracks filled with an epoxy resin. Figure 7-6 shows the stress-displacement data for
these samples, which show an average UTS of 25.5 MPa with a standard deviation of 5.68 MPa.
There is an average of 40% improvement of the epoxy filled samples compared to the as-built
samples, with a 95% increase in the minimum value to 18.8 MPa. This material would surpass the
mechanical requirements needed for many electric machine stators, including that introduced
previously (79).
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Figure 7-6 - Stress-displacement data for the samples reinforced with epoxy resin, demonstrating an average UTS of above
25 MPa.

XCT and optical microscopy were used to attempt to quantify the penetration of the epoxy into the
cracks, however due to the high density of the Fe-6.5 wt%Si relative to the epoxy resin and the very
small thickness of the cracks, it was not possible to clarify that the epoxy resin has infiltrated the
cracks. Results show a significant change however, therefore it is demonstrated that the addition of
the epoxy resin has caused in improvement in mechanical properties even if all of the cracks have
not been infiltrated with epoxy. A summary of the key findings is given in Table 7.

Table 7 — Overview of ultimate tensile properties found in this study.

. . Ultimate tensile Minimum
Ultimate tensile . .
Sample type stress (MPa) stress st. dev. ultimate tensile
(MPa) stress (MPa)
Solid 56.7 6.36 49.2
As-built 17.8 4.48 8.0
Epoxy filled 25.5 5.68 18.8
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4. Discussion

It is important to acknowledge potential errors in the test method presented in this work.
Firstly, the noise apparent in the load-displacement data. This is a result of a low measured load
(0.5 kN) relative to the capacity of the load cell (25 kN). A test was run for a similar period with no
sample present, and the load was found to vary within +0.00050 kN and -0.00055 kN of the initial
(zero) load. Similarly, the displacement varied within only +0.0018 mm and -0.0018 mm of the initial
(zero) displacement. These values are small in comparison to the recorded load and variability
between samples, and therefore have little impact the results of this work but create noisy data. If
this work was repeated, data with less noise could be obtained by using a 1 kN/5 kN load cell.
Further to this, the clamps on the tensile test machine have a flexible coupling to prevent the
introduction of non-axial forces. At these low forces, the weight of the flexible coupling causes a
small non-axial force on the sample, which would normally be orders of magnitude smaller than the
applied axial load. For these samples however, some visible deformation occurred during clamping
and two samples broke during clamping due to this. Once clamped successfully, there was often a
small load already registering on the load cell. Normally this would be circumvented by using a pre-
load, however the forces involved in these tests were prohibitive for applying any regular pre-load.
This clamping force could introduce some non-axial force, however using DIC means that we can
correlate the axial force with a transverse strain, yielding useful data.

While DIC can be a reasonable method for strain measurement, there are some limitations. For
example, speckle patterns that are manually created may have a limit to the speckle size and
consistency of the pattern across the sample. The speckle pattern used was created using aerosol
paint giving a speckle pattern with circles approximately 0.1-0.3 mm, with occasional paint speckles
up to 1 mm. Therefore, measuring maximum strain values could understate the localised maximum
strain. Processing artefacts near edges and cracks may also appear artificially as areas under high
strains, so maximum strain values were taken away from the edge of the sample. The size of the
subset used can also influence resolution. This paper states the maximum strain to be 8-10% which
would be a reasonable value for a-phase non-ordered Fe-Si, but to state material properties for this
material in an as-built state, further tensile tests should be carried out using fully dense material
which would allow accurate measurement of the mechanical properties of the bulk material. The
aims of this study were to ascertain the UTS of the material, and strain measurements were used
qualitatively to gain an understanding of failure mechanism rather than absolute values. Further to
this, DIC was only performed on one surface, and it may be possible that crack growth occurred or
originated on another surface first. Hence, there may be additional cracking that was not recorded
by these images. DIC is showing data for the external surface and therefore it is not possible to infer
the development of internal stresses from one DIC plot.

The average UTS of the solid samples is 57 MPa. There is no literature available regarding the
mechanical properties of additively manufactured Fe-6.5 wt%Si as most studies focus on magnetic
properties. However, data from melt spun samples report an elastic modulus of 100 GPa (128),
which compares well with the results in this study showing the elastic modulus is 98 GPa, though no
data for ultimate tensile stress was available. A more comprehensive study into the solid samples is
required to understand the low UTS of the additively manufactured samples. The parameters used
were demonstrated to give density above 99.5% in 5x5x5 mm cuboidal samples, however with the
larger cross-sectional area of 25x25 mm the thermal conditions for these samples may require
different process parameters to achieve high density, hence there could be some small cracking and
porosity present in the solid samples which is reducing the UTS. Further to this, the as-built grain
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microstructure could yield different mechanical properties than those resulting from different
manufacturing methods such as melt spinning.

The mechanical requirements for an electric machine stator are generally low, and for the specific
machine considered in this work, the required tensile stress is 7 MPa. In the as-built condition, the
stochastically cracked material had an average UTS of 17.85 MPa, but with a large variability,
therefore, to allow for 3 standard deviations the stress should be kept under 4.4 MPa. This would be
insufficient for the application as there would be little safety factor. Reinforcing with epoxy resin
improved this UTS to 25.5 MPa, and three standard deviations below would be 8.45 MPa. Therefore,
even with the high variability, this material is strong enough to withstand the static loading on the
stator within three standard deviations, showing promise as a soft-magnetic material that can
enable 3D magnetic flux pathways, reduce eddy currents to compete with electrical steel
laminations, and have sufficient mechanical properties.

It is noted that after fracture the epoxy-filled samples converge to a higher stress. Inspection of the
samples reveals that this is due to a thin layer of excess epoxy on the outside of the gauge section, in
the width direction, which is effectively carrying some amount of load during the final stage of the
test, and therefore the test terminates with higher than zero stress as the thin area of epoxy has not
broken due to its higher ductility. This does not impact the result, as the ultimate strength is still
much higher in the epoxy-filled samples, and in practice, an electric motor stator prepared in this
manner would also experience excess surface epoxy. It has not been shown in this study the effect
the epoxy may have on the magnetic properties, though as the epoxy is replacing air, it is not
expected to significantly reduce the magnetic properties of the soft magnetic material.

Tensile testing was attempted on samples with differing gauge sections. Those with smaller gauge
section (5x2 mm) were difficult to handle and test, however initial results suggested that the UTS
was lower than samples with a larger gauge section (6x3 mm). With the stochastic nature of the
cracking, it is possible that there is a size dependency on material properties, with very small cross-
sections having decreased performance. Due to magnetic circuit requirements, the cross-sectional
area is unlikely to be this small, however future work is suggested to investigate the size dependency
of mechanical properties. Further, no fatigue testing has been carried out at this time. Though
before usage in a machine, the thermal, magnetic, and mechanical fatigue behaviour would need to
be understood. As Fe-6.5 wt%Si has very low magnetostriction (0.01 ppm (20)), thermal and
mechanical fatigue are likely to be more important factors.

The cracks in this material are interconnected as shown by XCT data allowing infiltrating with epoxy
to be possible, which was shown to be effective in increasing the UTS. This does add a step to the
manufacturing and assembly process for electric machines, however for machines that are currently
potted it is not a large change. The epoxy resin may not fully infiltrate all of the cracks; however, it
has been shown to have a positive effect on the properties using the methodology in this study.
Further optimisation of this filling process may allow for even better mechanical properties. Heat
treatment may be required to obtain optimum magnetic properties (23), which may allow ordered
phases to become present in the material. This could decrease the ductility but is unlikely to have a
negative effect on the UTS of the material. This heat treatment would need to be done prior to filling
with epoxy, which would not interfere with the assembly process and order.
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5. Conclusion

In the as-built condition, stochastically cracked Fe-6.5 wt%Si has inadequate mechanical properties
for use in an electric machine, owing to relatively low UTS of 17.85 MPa with a high variability
(0=4.47 MPa). By reinforcing the material with a low-viscosity epoxy resin, mechanical properties
were significantly improved, giving an average UTS of 25.45 MPa (0=5.68 MPa). With the epoxy
reinforcement this material would withstand the loading requirements of an electric machine stator
(7 MPa), giving a soft-magnetic material which can enable 3D magnetic flux pathways, with high
magnetic performance and eddy current losses competitive with electrical steel laminations.
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8 Discussion, Conclusions and future work

8.1 Discussion

The overall objective of this thesis was to enable 3D magnetic circuits with the use of
additively manufactured soft magnetic material in an electrical machine, with performance
comparable to electrical steel laminations. This was partially achieved in that the stator for an
electric machine with a 3D magnetic circuit was manufactured, however the performance was
degraded when directly compared with electrical steel laminations, with higher losses and a reduced
torque, albeit an improved torque density. The shortfall in performance can be attributed to several
factors, which have been investigated in turn throughout this thesis.

Firstly, the material properties achieved by the bulk material in this study is below that of the state
of the art. The permeability reached a maximum of approximately 10,000 as shown in Chapter 4,
lower than other authors using AM and also lower than commercially available electrical steel. This
could be improved through process optimisation but was outside the scope of this work which
focussed on the eddy current losses, which are more geometry dependant with less influence from
material properties.

To achieve the objective of loss performance comparable to electrical steel laminations, geometrical
control of eddy currents was investigated in Chapter 4. By using air gaps to separate areas of
material the eddy currents were shown to decrease. Difficulties were faced here in resolving the
intended design of the cross-section without using support structures, where experimental samples
showed a large amount of electrical shorting through the air gap which is intended to provide
insulation. Simulations showed that excellent loss performance is possible, comparable to that of
electrical steel laminations, however physical samples were unable to attain this performance due to
the difference between samples and intended design. It was shown that improvements could be
made by closing the gap between intended geometry and realised geometry, but this must be taken
further to match the simulated losses. Other authors such as Plotkowski et al. (27) have
demonstrated lower losses from the Hilbert pattern than this work, however this was not done for a
3D flux path. Loss performance comparable to electrical steel laminations has been achieved using
AM by Koo et al. (41) for a 3D flux path, therefore showing that the state of the art in AM can
compete with electrical steel laminations. The limitations of this method are the minimum size of
the air gap before shorting occurs. This is likely to always remain a challenge in AM due to the
surface roughness caused by partially melted powder.

This surface roughness was investigated in Chapter 3, showing that a large improvement in
susceptibility could be achieved by improving the surface roughness of the AM samples. To
implement this along with the geometrical eddy current control using air gaps would require a
process other than manual polishing due to access to the surfaces. This study intended to investigate
post processing methods to improve the surface finish such as chemical and electro-chemical
polishing, however time restrictions didn’t allow for this. The state of the art can progress to reduce
the minimum size of this gap, however it appears unlikely that the air gaps will ever reach the
thickness of insulation coatings on electrical steel laminations due to process limitations such as
powder size, and melt pool variability. The outcome of this will be an upper limit on the stacking
factor estimated at around 90% whereas electrical steel laminations can achieve stacking factors of
97-98%. During the processing of this material cracking was observed during the process. These
cracks were usually around 1-10 um, therefore, providing a smaller more consistent insulating air

116



gap than the geometrical control. Hence Chapter 6 investigated this phenomenon to ascertain if it
may be possible to control and use the cracking for the management of eddy currents.

By investigating stochastic cracking, it was found the size of the insulating air gaps can be reduced by
an order of magnitude, from approximately 50-100 um when using geometrical control to 1-10 um
when using stochastic cracking. This was shown to increase the stacking factor up to 97%. The loss
performance of the stochastically cracked material was investigated and shown to be comparable to
a thicker electrical steel lamination of 0.65 mm. The orientation and density of the stochastic
cracking was not optimised, therefore with alignment of the cracks with the magnetic flux direction
to cause the highest resistance in the plane eddy currents would circulate, and increasing of the
crack density to the highest value whilst maintaining sufficient mechanical properties, the authors
believe that the stochastically cracked material could compete with thinner electrical steel
laminations closer to 0.2 mm. After showing the magnetic performance of the material has
promising properties, the first question to ask is will this material survive the loading conditions of
an electrical machine. If the cracking causes a decrease in mechanical properties so severe that it is
unusable, it would be wasted resource to continue optimising this material. Therefore, uniaxial
tensile tests were carried out and reported in chapter 7, whereby it was shown that with vacuum
impregnation of epoxy resin, the material was able to match the mechanical demands of the motor
demonstrated in Chapter 5.

Despite this progress in the AM of electrical steel, the state of the art still lags behind electrical steel
laminations for loss behaviour and this appears to be the biggest challenge of processing soft
magnetic material with AM. Electrical steel laminations are highly optimised after decades of
research and development, and there are fundamental process limitations within AM that mean
electrical steel laminations are likely to always possess lower losses than AM manufactured electrical
steel. Therefore, for the AM of electrical steel to provide benefits these must be gained through the
use of 3D magnetic flux pathways which electrical steel laminations are unable to provide. Hence, it
is within the design of the electrical machine architecture where improvements in power density
and torque density may be found, aiming to get as close as possible to the loss behaviour of
electrical steel laminations. By enabling 3D magnetic flux pathways, this work has enabled electrical
engineers the freedom to design magnetic circuits that are highly optimised and not restricted to 2D.
Whether real benefits can be obtained will be down to the next generation of electrical machines
that capitalise on this.

The industrial relevance of this work is currently limited, without demonstrating a clear
improvement over the current state of the art of electrical machines for either power density or loss
behaviour, the additive manufacturing of soft magnetic materials does not yet provide a valid
industrial use case. The academic relevance however is prevalent and with increasing research
interest in the field, the next major steps which can be undertaken in parallel will be to optimise the
processing to improve the material properties, and to start design work on new electrical machine
architectures which can provide improved power density by utilising the 3D flux pathways enabled
by AM.

This thesis adds to the current literature by providing a novel methodology to address the most
difficult research challenge to overcome high eddy current losses in soft, along with the
improvement of geometrical control of eddy currents. The material properties have also been
further understood especially with respect to the texture, which has been assumed by many to
improve magnetic performance, when this work has shown that before the benefits of texture can
be realised the surface roughness must be addressed.
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8.2 Conclusions

This project was defined to understand and enable to additive manufacture of soft magnetic
materials, specifically high silicon electrical steel, into 3D flux pathways for electrical machines. The
main focus was overcoming the issue of eddy current losses in thick cross-sectional areas.

Chapter 3 demonstrated the processing of Fe-6.5 wt%Si into thin-walled structures.
Magnetocrystalline anisotropy was quantified and found to have little impact on the magnetic
properties with respect to build angle due to a weak texture, whereas surface roughness was found
to have a high influence. Improvements in surface roughness in the as-built condition were shown to
greatly improve the susceptibility. Heat-treatment at 1150°C for 1 hr did not fully recrystallise the
samples, without grain growth there were no significant improvement of properties. Grain growth
was displayed for samples heat-treated for up to 30 hrs. This implies that heat-treatment must be
tailored with respect to sample geometry, and it is suggested that residual stress is the underlying
factor causing this geometry dependence. The hypothesis is that smaller samples are built with
shorter hatches, which cause less residual stress and hence there is less of a driving force for the
recrystallisation, but further work must be undertaken to evidence this.

Thin-walled structures were then built into the cross-sections of toroidal samples in chapter 4 in
order to reduce eddy current losses. A large difference in simulated and experimentally measured
losses were found due to the incorrect resolution of intended geometry, and unwanted electrical
short circuiting between areas which should have been isolated from each other. The size of the air
gaps is found to be a trade off as smaller gaps increase the stacking factor and volume of magnetic
material present, whereas larger gaps reduce the short circuiting and improve the loss behaviour.
This issue is complicated by the requirement for gap size being different in the XY plane and XZ/YZ
planes of the AM machine, meaning that careful design is required to implement these complicated
geometries in 3D flux pathways.

The Hilbert cross-sectional geometry was implemented into an axial flux electrical machine with 3D
magnetic flux pathways, and the performance reported in chapter 5. Implementing the Hilbert cross-
sectional geometry caused a loss in volume of magnetic material, which in turn reduced the torque
of the machine by approximately 20%, however torque density was increased by 13%. The total core
loss of this stator was shown to be comparable to 0.35 mm thick electrical steel laminations at
frequencies below 500 Hz.

An alternative method of reducing the eddy current losses using stochastically cracked material,
enabled by the precise process control afforded by AM was investigated in chapter 6. This method
demonstrated total core losses lower than that of the geometrical control cross-sections
investigated in chapter 4. Electrical resistance was shown to be proportional to the tortuosity of the
cracks within the section, which were characterised using XCT. Crack density was shown to be
controllable using laser speed, and crack orientation was shown to be affected by the scan strategy.
The stacking factor of the stochastic cracking method is above 97%, a large improvement on the
stacking factors of <90% demonstrated in chapter 4. This may provide a path to retain the full
torque of the electrical machine shown in chapter 5 with improved eddy current losses, without
changing any of the geometry.

The mechanical properties of the stochastically cracked material were investigated using uniaxial
tensile tests in chapter 7, demonstrating that in the as-built condition the material did not have high
enough mechanical strength for implementation in the electrical machine shown in chapter 5.
However, by vacuum infusion of ultra-low viscosity resin into the cracks, the strength was increased
enough to be suitable for the required loading conditions in the stator.
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Overall, this thesis has shown that soft magnetic material produced by AM is still underperforming
magnetically when compared to electrical steel laminations, however AM does enable 3D magnetic
circuits. If improvements in electrical machine properties are available by utilising a 3D magnetic
circuit, AM could be a suitable candidate for the manufacture of the soft magnetic material.
Magnetic properties of electrical steel produced by AM still have room for improvement with further
research efforts. The work presented in this thesis has characterised the magnetic properties of high
silicon electrical steel, as manufactured by AM, whilst enabling the use of this material in 3D
magnetic flux pathways by demonstrating two alternative methods of reducing eddy currents to give
losses comparable to that of thicker electrical steel laminations, and shown one of these in an axial
flux electrical machine.
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8.3

Future work

There is wider scope to follow on from much of the work in this thesis:

Conduct a comprehensive trial regarding the heat-treatment of Fe-6.5 wt%Si manufactured
by AM, investigating not only the time required to encourage grain growth and the
improvement in magnetic properties, but also to focus on the geometrical dependency of
the heat-treatment. It was shown in chapter 3, that for the thin-walled samples, the 1 hr
heat treatment did not provide enough time for the samples to recrystallise and allow for
grain growth. Residual stress was suspected to be lower in the thin-walled samples, however
a full study is needed to understand this relationship fully.

Investigate post processing treatments for improving the resolution of the complex cross-
sectional geometries such as the slotted and Hilbert patterns shown in chapter 4. By using
abrasive flow machining, chemical polishing or electropolishing, the surface finish could be
improved whilst also preferentially removing particles causing short-circuits due to their high
surface area to volume ratio. Other benefits from the improved surface finish could be
improved magnetic performance as was demonstrated in chapter 3.

The design and manufacture of an electrical machine similar to that shown in chapter 5,
which scales the size of the tooth area up, and the size of the slot down allowing for the
same amount of torque even with the reduced stacking factor. This would be enabled by the
AM of the copper coils to allow an increase in stacking factor, and the same amount of
conductive material even with a reduced slot size.

Further work into the stochastic cracking methodology could include creating a magnetic
test geometry allowing the characterisation of the material with the cracks orientated to the
magnetic flux direction. By aligning the cracks parallel to the flux direction, it is suspected
that performance gains above that shown in chapter 6 may be possible. As an unintended
consequence, mechanical properties may increase compared to those measured in chapter
7 due to the angle of the cracks with respect to the loading direction in the machine.

The manufacture and characterisation of another stator for the same motor as displayed in
chapter 5, using the stochastically cracked material demonstrated in chapter 7 and 8. This
would allow the characterisation of this material in an application, and provide a comparison
with the designed geometries as well as electrical steel laminations.

Further mechanical characterisation of the stochastically cracked samples should be
undertaken, to understand the size dependence and fatigue properties of the material.
Other methods for enhancing the mechanical properties should also be investigated, such as
potting the whole stator and winding assembly, allowing for further improvements to be
gained from the epoxy resin.

Future work in the area of additive manufacturing of soft magnetic materials is likely to focus on
improving the surface finish of components, as well as developing the methodology for keeping
eddy current losses low. Following this, more research into microstructural benefits such as
spatially controlled texture may be investigated to align the <100> direction with the magnetic
flux direction. In the wider field, more electrical machines with 3D flux pathways will be
investigated now that AM can provide freedom over the shape of the magnetic circuit. Topology
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optimisation on a machine level is likely to provide fruitful developments. To be industrially
relevant these machines must exhibit higher power density than current machines, with loss
behaviour similar to current machines.
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