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ARTICLE INFO ABSTRACT

Keywords: To enable use of additively manufactured (AM) soft magnetic material in electric machines, large bulk cross-
Laser Powder Bed Fusion sections must be avoided as they allow large eddy currents, reducing efficiency. Fe-6.5 wt%Si is an excellent
Cracking

soft magnetic material, but is brittle. In this study we exploit this inherent characteristic of the material to
develop crack networks within the AM material to inhibit parasitic eddy currents. By manipulating the laser
parameters and scan strategy to purposefully induce cracking, the effective resistivity of the material can be
increased to 206 pQ-cm, 250% of the materials’ already high resistivity of 82 uQ-cm. Crack density is shown to
increase with decreasing scan speed, and calculated electrical tortuosity shown to correlate with effective re-
sistivity. 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 yields losses of 2.2 W/kg at 1 T, 50
Hz, similar to methods using air gaps, but with a much higher stacking factor of > 97%, outperforming other
methods used in AM of soft magnetic material, showing promise for manufacturing stators of complex electric

Soft magnetic material
Eddy currents
FeSi

machines.

1. Introduction

Additive manufacturing (AM) has been revolutionary in enabling the
manufacture of high performance and lightweight structural parts [1],
allowing for topological optimisation, reduced component mass and
material usage. Described as allowing high geometrical freedom [2],
AM, however, has its drawbacks, including the occurrence of processing
defects such as porosity and cracking [3]. Whilst this is undesirable in
structural parts, these features may be beneficial in some instances, e.g.
titanium orthopaedic implants, where high porosity facilitates bone
ingrowth [4]. Other functional materials have received recent interest,
such as soft magnetic materials, first additively manufactured by Zhang
et al. [5]. Since this initial work, alloys such as Fe-Ni [6,7], and Fe-Co [8,
9] have been successfully manufactured via AM to generate fully dense
components.

Most research in soft magnetic materials focusses on Fe-Si [3,10-12],
as this is the most commonly used soft magnetic material in industry.
Silicon content is typically kept to < 3 wt% to allow the material to
retain a degree of “workability” [13]. This 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.

* Corresponding author.
E-mail address: adgoodalll @sheffield.ac.uk (A.D. Goodall).
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These laminations limit the eddy currents within the thickness of the
lamination, decreasing losses. Higher silicon content electrical steel with
6.5 wt% rather than 3 wt% Si, has soft magnetic properties such as high
permeability, high saturation magnetisation and low magnetostriction
[14], making Fe-6.5 wt%Si 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,
DO03) which form above 5 wt%Si.

AM has been shown to effectively process fully dense Fe-6.5 wt%Si
[3] and the design freedom of AM could revolutionise EM design and
manufacturing for More Electric Aircraft (MEA) [15]. 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 that a Hilbert pattern can reduce
losses to 1.34 W/kg at 1 T, 50 Hz [16]. Goll et al. [17] showed that a
slotted pattern, similar to electrical steel laminations, could also reduce
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losses. Both of these methods use air gaps as electrical insulators, and
other authors such as Koo et al. have processed air gaps to be as thin as
50 um [18]. However, these often have unwanted shorting between
adjacent sections as a result of the surface roughness, and still yield a low
stacking factor (volume of magnetic material/total volume) of approx-
imately 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. AM allows a level of
control to spatially vary microstructure and processing parameters un-
available 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. This would
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 elec-
trical 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).

These cracks would result in structures which limit eddy currents
using cracks of 1-10 um width, instead of designed air gaps approxi-
mately 100 pum, 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. The cracks 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
material, a purposefully cracked sample and a Hilbert cross-section
(similar to Plotkowski et al. [16]), demonstrating that this is a prom-
ising 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 1, showing
that the exact silicon content is lower, at 6.2 wt%. As a result of the
atomisation process, the powder composition varies between batches;
throughout this study, the alloy will be referred to as Fe-6.5 wt%Si to
allow for comparison with literature.

This powder was processed using an AconityMINI (Aconity3D
GmbH). This is a powder bed fusion - laser beam (PBF-LB)
manufacturing system which employs a 200 W ytterbium doped
continuous wave laser (wavelength 1074 nm) with a spot size of 70 um.
The PBF-LB process takes place under an argon atmosphere with an
oxygen content < 100 ppm. The samples were built on a stainless-steel
build platform of 140 mm diameter with a constant layer thickness (1) of
30 um. Hatch spacing was kept at 100 um for all experiments and the
laser power used was 195 W in all cases excluding sample 1_ref, which
uses a laser power of 170 W. The parameter set 1_ref had been previously
found to give the highest density via a design of experiments method-
ology, 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

Table 1
Fe-6.5 wt%Si powder details.
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parameters and scan strategies are listed in Table 2 and scan strategies
employed are shown schematically in Fig. 1. All samples were removed
from the build platform by wire electrical-discharge machining.

2.2. Metallographic and cracking characterisation

25 x 25 x 4 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, ground and polished using
standard metallurgical techniques. Grinding was completed using
P1200 and P2400 grit papers, following by polishing with 9 um, 3 um,
1 um, 0.25 ym diamond suspensions sequentially with a final polishing
step using MasterPolish, all supplied by Buehler. Optical micrographs
were taken of the XY and XZ planes using an Olympus BX51 microscope
in conjunction with Clemex Vision PE system.

Fig. 6 shows a typical cross-section taken in the XY plane for sample
2_300_B, 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 crack morphology through a
larger volume. Samples of 20 x 2 x 2 mm (X, Y, Z) were mounted on a
sample holder and then scanned using a Zeiss Xradia 620 Versa X-ray
microscope. X-rays were generated using a tungsten transmission target
and collected on a CCD (charge coupled device) 16-bit 2000 x 2000
pixel detector. Rather than scanning the whole sample, a region of in-
terest with a field of view &~ 2 x 2 x 2 mm was scanned using the 4 x
objective, resulting in a spatial resolution of 1.9 ym. An accelerating
voltage of 110 kV, and a source power of 15.5 W were used, a filter
(HE6) was inserted to reduce unwanted lower energy X-rays which can
create scan artefacts. 1601 projection images were collected per sample
with a 2's exposure time selected to reduce noise and improve scan
quality. Scans were reconstructed with a voxel (isotropic 3D pixel)
resolution of 2.76 pm. 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 in ImageJ [19] in both the XY plane and the XZ plane. The
ImageJ 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 [20]. The analyse particles
function was used, where particles with area smaller than 10 pixels and
a circularity of greater than 0.5 were removed to reduce noise and
exclude porosity and the remaining particles analysed. Using an

Table 2
Sample processing parameters and scan strategy.

Chemical composition (wt%)

Iron Silicon Oxygen Nitrogen

Carbon

93.735 6.200 0.036 0.016 0.010

Sample ID = Scan speed Scan strategy Inter-layer
ID_laserspeed_scanstrategy (mm/s) rotation
(degrees)
1_ref (optimum bulk 700 B (Bidirectional) 67
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)
Size distribution (pm)
Sulphur D10 D50 D90 D99
0.003 15.67 25.72 42.07 57.23
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Fig. 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 layer
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 5 mm in this study. Below each strategy is shown the sample resulting from that scan strategy with a scan speed of 400 mm/s.

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 were 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 orientation of a best fit ellipse and
the Feret length, which were taken as approximations of crack orien-
tation and length respectively. These data sets were processed using
MATLAB R2020a [21] to calculate the crack density and orientation,
which was separated into 5° bins. These data sets have between 20,000
and 80,000 values. An example of this workflow is shown in Fig. 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

Raw tiff image from XCT data

500 pm

— Auto threshold and binarise

calculated as the total length of cracks divided by the image area.

Electrical conductivity and tortuosity have been shown to correlate
in porous materials [22], often used in the geotechnical industry to
measure the conductivity of a pore network filled with a fluid. Tortu-
osity can be calculated using several different methodologies [23],
where usually the pore space is the conducting medium. In this study
Avizo 3D [24] 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.

The tiff stacks are imported and cropped to remove the empty space
in the scan. The end of sample edges display beam hardening and are
removed to improve segmentation. Following this, a median filter was
applied, the solid material segmented from the cracks/pores and a for-
mation factor experiment used to investigate the electrical conductivity.
The formation factor experiment imposes a potential difference at each

— Filters applied to analyse cracks only

{3 17
J Y, 1 ,
/ / ~$ s
4 |
ce Y
L, I -
( :
‘ 3
-\ 4 3
- '
~_ 1 -
« A4 -

Fig. 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 ImageJ (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.
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end of the sample, whilst the surfaces parallel to the current flow have a
1 voxel thickness insulator added to the outside as shown in Fig. 3. 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 re-
sistivity” [25]. Further details of the calculation can be found in the
Avizo user guide [25]. Using the result of this formation factor experi-
ment, electrical tortuosity was calculated using a plugin [26] that de-
fines electrical tortuosity as shown in Eq. (1), 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 Fig. 3.

t=+/Fgp (@]
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 perpen-
dicular to the scan tracks in the B scan strategy. The microscope used
was an 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 In-
struments 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 coor-
dinate system of the base plate to allow the data to be compared between
samples. Then high angle grain boundaries were identified (> 10°),
orientation maps and pole figures were plotted to visualise the data.
Orientation maps were plotted in 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 25 x 4 x 4 mm (X, Y, Z) and the Y-resistivity samples
approximately 4 x 20 x 4 mm (X, Y, Z) as per Fig. 1. A digital calliper
was used to measure the length and cross-sectional area, which was

Sample | |- Cracks
length
Path
Ie?mgth N Output
potential
measure
Input
potential
measure
Insulating
media
=
X

Tortuosity T= Path length / Sample length

Fig. 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).

Additive Manufacturing 70 (2023) 103555

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 Eq. (2), where
p = resistivity, R = resistance, A = area and L = length.

p="4 @

Throughout this paper, effective resistivity is used rather than ab-
solute resistivity, as intrinsic material properties are not being stated,
but rather the measured value from the cracked material. This value has
been expressed through this paper as a percentage of the bulk resistance
(82 uQ-cm) as measured in this study and also reported in literature
[14]. 5 samples were taken from sample 1 _ref and the resistivity mea-
surements repeated; the standard error was calculated and this value of
error is used for all effective resistivity’s.

BH loops and loss behaviour were measured using a toroidal sample
of 30 mm inner diameter, 38 mm outer diameter, and approximately
4 mm thickness, respecting sample dimensions in BS 60404-4:2018
[27]. The cross-section of the ring was measured in three places using
a digital calliper and the average taken; the mass was measured using
laboratory scales. These toroidal rings were tested using an AMH-1K
Permeameter by Laboratorio Elettrofisico controlled using Neon soft-
ware, which calculates the density based on the cross-sectional area and
mass. There is a 1 % tolerance on form factor of the measured sinusoidal
B response, with a 2 % error on B measurements, a 2 % error on H
measurements and a 3 % error on loss measurements. A thermocouple
was used on the surface of the sample to ensure the temperature didn’t
increase above 40 °C. 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 specific power
losses are calculated as per Eq. (3), where P; = power losses, A = cycle
area, f=frequency and p = density which is calculated using the
cross-sectional area and mass.

_AXS
==,

P, ®

3. Results and discussion
3.1. Effects of scan strategy and scan speed on resistivity

By changing the scan speed whilst keeping laser power, hatch
spacing and scan strategy constant (sample 2-5), it is possible to observe
that the slower the scan speed, the higher the crack density (Fig. 4). It is
well known that excessive energy input can cause cracking in AM parts
of certain alloys [28], 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 scan 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 scan speed at which parts will not build successfully as a result of
excessive 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 opportunity for electron
scattering when passing an electrical current, however as shown in
Fig. 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 re-
sistivity, although one of the samples with high scan speed (5_800_B)
shows a higher resistivity than 4 600_B despite a lower crack density.
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Fig. 4. Scan speed vs crack density showing that the slower the scan speed, the higher the crack density within the sample. It is likely at higher scan speeds cracking
will stop as LOF starts to become apparent. At scan speeds lower than 300 mm/s heavy balling occurs, and the samples are not built successfully. By changing the
scan strategy whilst maintaining scan speed, there is an effect on the crack density within the samples.
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Fig. 5. Plot of effective resistivity against crack density, generally the more
cracks a sample has, the higher the effective resistivity. The sample at the
highest scan speed (5_800_B) exhibited both cracking and LOF defects which
may explain why the first data point has a higher resistivity than the second,
even though it showed a lower crack density.

Upon further investigation, it was found that sample 5_800_B had a
number of LOF defects (Fig. 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 (=~ 200%) whilst having a lower crack density than some
samples with lower effective resistivity. Based on this analysis, it is clear
that crack density alone cannot predict the observed changes in elec-
trical resistance.

As crack orientation varies significantly between samples, investi-
gating 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 in 3D. The XCT data was obtained with sufficient
resolution 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 was calculated in Avizo 3D
for the same direction as the physical measurements (X), which con-
siders not only crack density, morphology and orientation but also how
the cracks are connected to each other. Calculated electrical tortuosity
shows a linear relationship with the effective resistivity, as shown in
Fig. 7.

3.2. Effects of scan strategy on crack orientation

Scan strategy B scans the material in the same direction within each
layer. As residual stress has been shown to be higher normal to the scan
direction [29], it is expected that cracks would occur normal to the scan
direction as well. This would yield a higher tortuosity in the scan di-
rection (X) than the perpendicular (Y) direction, 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 the X
direction, cracks would increase the electrical tortuosity more for elec-
trical 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 Fig. 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 Fig. 9, demonstrating that in the XY plane, the cracks are mostly
orientated between 45° and 135° from the X direction, whereas in the XZ
plane, the orientation of the cracks is centred at 90° from the X direction,
but with a decreased variability.

By adding a layer rotation of 90°, sample 6_400_BR shows a decrease
in anisotropy between the effective resistivity in the X and Y samples,
demonstrating that the anisotropy can be preferentially selected using
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Fig. 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° to the X axis. 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.
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Fig. 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.

the scan strategy, based upon the electric machine design. If the mag-
netic 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 mag-
netic 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 per-
formance in every direction in a manner similar to non grain-orientated
electrical steel.

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 Fig. 9d.
Fig. 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 between samples. 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, an 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.
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 behav-
iours are an outcome of stochastic cracking, investigation into the other
aspects is carried out. To test the effect of residual stress and grain size,
the samples were annealed at 1150 °C for 1 h, as reported by Garibaldi
et al. [10] to give the best magnetic properties. By using this heat
treatment, residual stress was relieved, which may increase or decrease
effective resistivity, depending on the residual stress profile. The grain
size would also increase, reducing grain boundary density, which is
expected to result in a decreased effective resistivity. Fig. 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 cracking is the source of the increased effective re-
sistivity. It may be possible that the thermal stress induced in the part
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Fig. 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.

during heat treatment caused cracks to grow, which would increase the
effective resistivity.

EBSD analysis was undertaken for all the samples to observe the as-
built microstructure. Shown in Fig. 12 is the data for 3.400 B and
8_400_SR as these samples use the same scan speed and power, but
exhibit large differences in effective resistivity, 166.5 % and 251.5 %
respectively. Sample 8_400_SR shows a common PBF-LB 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 2 mm. Sample 3_400_B exhibits an unusual microstruc-
ture for PBF-LB, with a preference for the <111> texture in relation 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.

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, so the
impact of the cracks on the other magnetic properties must be investi-
gated. To do this, ring samples were additively manufactured using solid
bulk material, a stochastically cracked section and a Hilbert section
(similar to that reported by Plotkowski et al. [16], an example
cross-section shown in Fig. 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 Fig. 10h. As shown in Fig. 13, the Hilbert and cracked rings
both have a significantly smaller area inside the BH loop, demonstrating
lower losses. This is confirmed for the full frequency range tested of
5-1000 Hz (machine limits) in Fig. 14. The shape of the BH loop shows
that for the cracked sample, the permeability is reduced to below that of
the bulk as the field increases, 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. This reduction in
permeability has limited the magnetic measurement to achieving 0.91 T
as an upper current limit for the driving coil was reached and the field
cannot increase above 5000 A/m. This introduces a preferential bias for
the cracked sample, as lower flux density will yield lower losses,

however with the current experimental setup, it was not possible to
achieve a measurement at 1 T. This will decrease the losses by approx-
imately 10 % as both the hysteresis and eddy current losses are directly
proportional to the flux density.

The knee point of the cracked ring appears at a lower flux density
than that of the bulk material, this 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.
[10], 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 (83.5 %) as shown in Fig. 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,
(> 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 surface roughness
means that there is often unwanted shorting between areas which
should be electrically isolated. 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 quan-
tify this variability in 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 20,000-80,000 for a
sample only approximately 2 x 2 x 2 mm, hence for the full sample of
25 x 25 x 5 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.

The cracked samples exhibit lower losses, and a higher stacking
factor than the Hilbert cross-section, however, superior loss perfor-
mance has been obtained by Plotkowski et al. [16] for the Hilbert
cross-section, when using a one dimensional flux path. Furthermore, the
volume and orientation of cracks will be dependent upon the part ge-
ometry, as this will change the thermal conditions in the build. The
residual stress is correlated to the hatch length and cross-sectional area
[29], 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 EM make it
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Fig. 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).

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 be-
tween 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

10

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 and 2, which is relatively low, whereas most
work validating these models 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
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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. It is noted that the cracked sample did not
achieve 1T, instead reaching 0.91 T due to reaching a current limit in the
driving coil.
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Fig. 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. It is noted that the cracked sample did not achieve 1 T,
instead reaching 0.91 T due to reaching a current limit in the driving coil.

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 behav-
iour 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 a very low magnetostriction
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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
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 per-
formance. The design flexibility of the AM process allows for alteration
to the scan strategy and laser parameters in 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 3, 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
3D 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, as-
sembly time and cost when compared to a laminated electrical steel
stator. This methodology could enable novel electric machine archi-
tectures which capitalise on this geometrical freedom to give perfor-
mance benefits which have been unfeasible with laminations or SMC.

4. Conclusion

In this paper, the ability to manipulate the nature of stochastic
cracking during additive manufacturing of Fe-6.5 wt%Si, a high silicon
electrical steel, has been demonstrated. It is shown that by reducing the
scan speed, the crack density within the material increases, and that by
changing the scan strategy the orientation of the cracks can be influ-
enced. By cracking the material using this methodology, an increase in
effective electrical resistance up to 206 pQ-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 scan 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 the Hilbert section (6.8 W/kg, 50 Hz, 1 T), which was pur-
posefully 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 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 low losses and a high stacking
factor, stochastic cracking 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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Fig. 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.

Table 3
Loss behaviour of various materials at 50 Hz and 1 T.
Material Stochastic AncorLam JFE 65JN1600 JNEX-Core
cracked 6.5 wt SMC [30] 3 wt%Si 6.5 wt%Si
%Si (this lamination lamination
study) 0.65 mm [31] 0.1 mm [32]
Losses @ 2.2 9.0 7.1 0.5
50 Hz
1TW/
kg)
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