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ARTICLE INFO ABSTRACT

Keywords: Processing of soft magnetic materials with additive manufacturing has shown capability to deliver good magnetic
Laser powder bed fusion properties and increased silicon content of Fe-6.5 wt%Si, however methods must be used to reduce the eddy
Cracking

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 understand the mechanical
performance. The ultimate tensile strength of the material in the as-built condition was 17.9 MPa (¢ = 4.5 MPa),
which was improved by 40% to 25.5 MPa (¢ = 5.7 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 an elongation to failure of 8-10%, showing that the
suppression of ordered phases by high cooling rates has improved the ductility of the material. Hence, the
stochastically cracked parts have sufficient properties to be used in the 3D magnetic circuits of electrical

Soft-Magnetic material
Mechanical characterisation
FeSi

machines.

1. Introduction

Additive manufacturing (AM) has recently been used to process soft-
magnetic materials such as FeSi [1], FeNi [2] and FeCo [3], showing
sufficient magnetic properties [4,5] 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 wt%, where the alloy avoids
brittle ordered phases B2 and D03 [6] during processing, allowing the
alloy to be rolled into thin sheets. At 3 wt% silicon content the elon-
gation is 8-11%, and UTS is 310-357 MPa [7]. Higher silicon content
such as 6.5 wt% 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 [8]. Higher silicon content,
however, means that brittle ordered phases will form during normal
cooling [8], 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 wt%Si content such as post-rolling diffusion of
silicon into Fe-3 wt%Si [9], however there is yet to be any scalable
technology that allows processing of homogenous Fe-6.5 wt%Si. At
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6.5% silicon content the elongation to failure and strength is decreased
[10]. 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 [11]. 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 [4], Hilbert
space filling curve based cross-sections [5,12-14], and others [15-17].
In a recent work [18], 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 me-
chanical requirements. This part is usually not rotating or structurally
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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 [19], the tensile load requirements
are 900 N for a cross-sectional area of 130 mmz, 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 electrical
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.

2. Materials and methods
2.1. Sample manufacture

Samples used in this study were created using Fe-6.5 wt%Si powder
supplied by Hoganas, 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 pm.
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 pm. The scan
strategy used was 5mm wide stripes, with a layer rotation of 90° for
stochastic cracked regions which refers to the parameter set 8 400_SR
detailed in the authors recent study [18], and 67° for solid regions.

Tensile test samples were built by creating a 25 x 25 x 10 mm
stochastically cracked region, flanked by 25 x 25 x 10 mm solid regions
as per Fig. 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 sam-
ple to fracture within the gauge length rather than at the weld line be-
tween 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

Solid region

i

Tensile bar

cutting outline
Stochastic
cracked region YA
Y
2 layers
60 um X
— 2mm Not to scale

Fig. 1. Details of the additively manufactured blocks, from which tensile test
samples were machined.
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the same sample size using EDM.
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 fracture, while the load and crosshead exten-
sion 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,
strain was measured using both gauge length extension and optical DIC.
A pattern was created using aerosol paint, first applying a white back-
ground 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 1 mm 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 the 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 Fig. 3b. Strain was obtained by using cross
head extension/gauge length.

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 [20] 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 approxi-
mately 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-strain data is shown in Fig. 2. The average
UTS was 56.7 MPa with a standard deviation of 6.4 MPa. The average
elastic modulus was 98.2 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% 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 of 31.0 MPa. Data has been
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Fig. 2. Tensile test results of as-built Fe-6.5 wt%Si with solid cross-section,
showing an average UTS of 56.7 MPa.

extrapolated to start at the origin of the stress strain graph as shown in
Fig. 2.

3.2. Tensile test results, stochastically cracked

Tensile testing was conducted on 8 samples with stochastic cracking
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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 be-
tween the gauge length and clamping face. The remaining samples show
an unusual stress-strain curve (Fig. 3a) starting with a linear elastic re-
gion, 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 17.9 MPa, with a standard devi-
ation of 4.5 MPa. The minimum recorded UTS was 9.6 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 (Fig. 3c/d).

DIC was used to 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 Fig. 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 (Fig. 4a-c) 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 4.9 GPa with a standard deviation of 1.4 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 un-
suitable 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 (Fig. 4d-f). XCT
shows that there are pre-existing cracks in the material [18], 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
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Fig. 3. Tensile test results showing stress vs strain (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.
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Fig. 4. DIC showing the progression of cracks through the gauge section of sample 2, along with simplified sketches explaining the strain patterns observed. The
middle column is the raw DIC image, and the right hand column is the process strain data of the same frames.

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 [21] and by tests on solid com-
ponents, 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 move-
ment 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 instantly, which is believed to
be a second crack opening (Fig. 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
(Fig. 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. The raw DIC capture
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showing the crack propagation can be found in Video 1.

During additive manufacturing, the high cooling rates have been
shown to supress the ordered phases B2 and D03 in Fe-6.5 wt%Si [1].
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 Fig. 5 for sample 6 but is similar for all the samples.
This finding requires further validation from bulk samples without
cracks, and using a finer speckle pattern, however, this is close to the
value expected for Fe-3 wt%Si which is 8-11%, therefore the ductility of
Fe-6.5 wt%Si is likely improved when processing via AM, avoiding the
ordered phases due to high cooling rates.

3.3. Tensile test results, epoxy reinforced

In an electrical 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. Fig. 6 shows the stress-strain
data for these samples, which show an average UTS of 25.5 MPa with
a standard deviation of 5.7 MPa. There is an average of 40% improve-
ment 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 electrical ma-
chine stators, including that introduced previously [19]. A two sample
t-test was used to check for statistical significance between the UTS of
the as-built material, and the epoxy reinforced material, resulting in a P
value of 0.023, which is below the threshold of 0.05 demonstrating that
the results are statistically significant.

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 fully. The tensile test results show a significant
change, 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 fully infiltrated with epoxy. A summary of the key
findings is given in Table 1.

4. Discussion

Uniaxial tensile testing was used to gain an initial understanding into

(%) DY - xx3 wens essonsuel)

Fig. 5. Localised strain values prior to new crack initiation during tensile test,
showing the local maximum strain is 8-10 %.
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Fig. 6. Stress-strain data for the samples reinforced with epoxy resin, demon-
strating an average UTS of 25.5 MPa.

Table 1
Overview of ultimate tensile properties found in this study
Sample Ultimate Ultimate Minimum Elastic Elastic
type tensile tensile ultimate modulus modulus
stress stress st. tensile stress  (GPa) st. dev.
(MPa) dev. (MPa) (MPa) (GPa)
Solid 56.7 6.4 49.2 98.2 6.7
As-built 17.9 4.5 8.0 4.9 1.4
Epoxy 25.5 5.7 18.8 4.6 0.5
filled

the behaviour of stochastically cracked soft magnetic Fe-6.5 wt%Si.
Uniaxial tensile testing was chosen as it is one of the most common tests
performed to understand mechanical properties, and the loading of the
axial flux motor for which the loads were investigated were mostly
tension. More comprehensive testing such as fatigue testing and thermal
cycling will be required, however as the behaviour during uniaxial
tension proved complex, further testing was outside the scope of this
study.

It is important to acknowledge potential errors in the test method
presented in this work. Firstly, the noise apparent in the load-
displacement data is a result of a low measured load (<0.5 kN) rela-
tive 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 or 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 a small number of
samples broke during clamping due to this. Once clamped successfully,
there was often a small load already registering on the load cell. Nor-
mally 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.
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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 influ-
ence 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 or
internally. 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 56.7
MPa. There is no literature available regarding the mechanical proper-
ties 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 [21]. 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 5 x 5 x 5 mm cuboidal samples, however with
the larger cross-sectional area of 25 x 25 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 microstructure could yield different mechanical properties than
those resulting from different manufacturing methods such as melt
spinning.

The mechanical requirements for an electrical 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 stochas-
tically cracked material had an average UTS of 17.9 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 8.5 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 cur-
rents 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 one surface 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
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properties of the soft magnetic material.

Tensile testing was attempted on samples with differing gauge sec-
tions. Those with smaller gauge section (5 x 2 mm) were difficult to
handle and test, however initial results suggested that the UTS was lower
than samples with a larger gauge section (6 x 3 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 magneto-
striction (0.01 ppm [8]), thermal and mechanical fatigue are likely to be
more important factors.

The cracks in this material are interconnected as shown by XCT data
[18] 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 electrical 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
improved mechanical properties. Heat treatment may be required to
obtain optimum magnetic properties [22], which may allow ordered
phases to form 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.

5. Conclusion

In the as-built condition, stochastically cracked Fe-6.5 wt%Si has
inadequate mechanical properties for use in an electrical machine,
owing to relatively low UTS of 17.9 MPa with a high variability (6=4.5
MPa). By reinforcing the material with a low-viscosity epoxy resin,
mechanical properties were significantly improved, giving an average
UTS of 25.5 MPa (6=5.7 MPa) which is statistically significant (P value
0.023). With the epoxy reinforcement this material would withstand the
loading requirements of an electrical 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.

Video 1 — Video of the raw DIC data recorded showing the crack
propagation.
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