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manufactured FeSi thin walls 
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A B S T R A C T   

Thin-walled structures are being used in soft magnetic components manufactured by additive manufacturing to 
limit eddy current losses in AC machines. Fe-6.5wt %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 within thin-walled structures, hence magnetic properties may also 
differ. 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 (Sa) is shown to increase with build angle from 28 µm when perpendicular to the 
build platform, to 80 µm 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.   

1. Introduction 

Research interest in additive manufacturing (AM) of soft-magnetic 
materials started when Zhang et al. processed permalloy (Fe-30  % 
wtNi) [1], and has greatly increased in the last decade with many au-
thors contributing to the field [2–4] with studies focusing on the three 
most common soft-magnetic alloys of FeSi [5–7], FeCo [8–10] and FeNi 
[11–13]. Of these materials, FeSi is the most heavily used commercially 
with a wide variety of applications. AM has been used to demonstrate 
manufacturing of transformers [14,15], electric machine stator cores, 
and rotors [5,16]. 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 [6,7,17], 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 [6,7,18] for ease of 
handling and characterisation, and to abide by standards for 

characterisation such as BS 60,404 [19]. 
Heat transfer in thin walls has been shown to behave differently than 

bulk material (>4 mm thickness) during AM [20], 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 magnetic performance in the build direction of Fe-6.5wt % 
Si during l-PBF due to a strong 〈001〉 texture in this direction whilst 
avoiding the 〈111〉 direction [6,14,15,21,22]. 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 evi-
dence yet to suggest that the properties are different in different build 
orientations, however one study does investigate rings built at different 
build orientations [23], but fails to draw conclusive differences between 
the samples. In low silicon (Fe-3wt %Si) electrical steel laminations, 
grain orientation is often used to obtain better properties by aligning a 
goss texture with the magnetic flux direction, supported by measure-
ments on single crystal materials [24] and polycrystal steel sheets [25]. 
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However high silicon electrical steel (Fe-6.5 wt %Si) has a magneto-
crystalline anisotropy constant of k1 = 3.4 × 104 J/m3, 20 % lower than 
Fe-3 wt %Si at k1 = 4.1 × 104 J/m3 [26]. 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 un-
derstanding of the magnetic properties of soft-magnetic materials pro-
cessed 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 
materials produced by AM. 

This study will investigate the grain orientation and surface rough-
ness of thin-walled samples built at a variety of angles within the build 
chamber, characterise texture using electron backscatter diffraction 
(EBSD), and magnetic properties using vibrating sample magnetometry 
(VSM). Samples built at a variety of angles to the build platform will be 
characterised for both magnetic properties and microstructure. The ef-
fect of surface roughness on magnetic properties in thin-walled struc-
tures will also be investigated, and optimised build parameters and post- 
processing attempted to improve performance. 

2. Materials and methods 

2.1. Sample processing 

All samples in this study were manufactured from high silicon steel 
powder (Fe-6.5wt %Si) with a size range of 15 - 45 µm supplied by 
Höganäs, 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 μm. All samples were 
built using a meander scan strategy with laser power 170 W, laser speed 
670 mm/s, and a hatch spacing of 70 µm which was previously found to 
give above 99.5 % density in 5 × 5 × 5 mm cubes. The samples were 
processed with a variety of contour parameters, ranging from 0 to 2 
contours with varying volumetric energy density specified by using a full 
factor design of experiments, with 4 levels of laser speed between 500 - 
1100 mm/s, and 4 levels of laser power between 130 - 190 W resulting in 
a volumetric energy density of 56 - 181 J/mm3. 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 Fig. 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 stainless steel baseplate. Samples above 45◦ were built using 
supports. 

2.2. Sample preparation, optical microscopy and EBSD 

Samples were prepared for both optical microscopy and EBSD by hot 
mounting then grinding and polishing. 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, followed by 9 µm, 1 µm, and 0.25 µm diamond sus-
pensions and a final polishing step using 0.05 µm MasterPolish, all 
supplied by Buehler. Polishing of samples for improved magnetic per-
formance used only P1200 and P2400 grit paper grinding to improve the 
surface roughness by hand until an even finish was obtained. The surface 
roughness was re-measured using methodology as per Section 2.5. 

Optical microscopy was undertaken using an Olympus BX51 micro-
scope 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 ImageJ. 

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 in-
struments symmetry EBSD detector. The accelerating voltage used was 
20 kV with a step size of 1 µm. The Bakelite was reduced in size using 
hand tools, then mounted onto the SEM stub using silver suspension. The 
software used to capture EBSD data was AZtec by Oxford Instruments, 
indexing Fe-6.5wt %Si by using the library parameters for α-iron (BCC). 
Only a single phase was detected with an index rate above 98 %. Mul-
tiple 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 set. 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 Eq. (1), where n is the total number of 
grains. 

WGS =
∑n

i=1GS2

∑n

i=1GS
(1) 

Magnetic polarisation was calculated as a function of angle using the 
methodology from MTEX [27], based upon literature from several au-
thors [28–31]. This methodology calculates the value of the magnetic 
anisotropy constant k1 (Eq. (2)) and magnetic saturation Js (Eq. (3)) 
based upon the composition of the FeSi alloy [26]. Following this, the 
magnetic anisotropy energy, Ea, is calculated based on the orientations 
of the grains within the EBSD map (Eq. (7)) and averaged into angled 
bins between −90◦ and +90◦ from the samples long edge. Then J50 is 
calculated based upon the mean magnetic anisotropy energies (Eq. (8)). 
Al content is 0 wt % for all samples in this study. 
K1 = 4.77 − 0.21256 × Si content (wt%) − 0.03816 × Al content (wt%)

(2)  

Js = 2.162 − 0.043 × Si content (wt%) − 0.0625 × Al content (wt%) (3)  

Cos[100] = cos(angle between Miller [100] and grain [100]) (4) 

Fig. 1. Sample orientation, machine coordinate system and labelling nomen-
clature (a) with a photo of the samples in the as-built condition (b). 
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Cos[010] = cos(angle between Miller [010] and grain [100]) (5)  

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

Ea = K1 ×
(

Cos2
[100]. Cos2

[010] +Cos2
[100]. Cos2

[001] +Cos2
[010]. Cos2

[001]

)

(7)  

J50 = Js(1− 0.19 × average Ea) (8)  

2.3. Magnetic characterisation using VSM 

Magnetic characterisation was completed using an MPMS 3 magne-
tometer from Quantum Design UK. 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 quadrants 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 fifth 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 spacing0.5 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/Ms, 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 [32]. To ensure this is correct, several 
samples were tested before and after heat treatment, and were found to 
have the same Msat during VSM measures. 

Normalised susceptibility is calculated by finding the gradient be-
tween measured points at 3 kA/m and 35 kA/m. This was then nor-
malised 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 hr, with a heating rate of 5 ◦C/min and 
furnace cooling as reported by Garibaldi et al. [22]. This was undertaken 
in a tube furnace under argon. For other samples held for different du-
rations, the samples were removed from the furnace sequentially with 
the furnace still on, 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 so this was judged to be an acceptable method. 

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 2 × 1 mm 
was measured for each sample. The surface arithmetic average rough-
ness (Sa) was obtained from a smaller section of approximately 1 × 0.5 
mm, to avoid including edges and corners in the measurement. Error 
was measured by repeating this measurement 5 times for each sample, 
then using the standard error calculation as per Eq. (9), where SE is 
standard error, σ is standard deviation and n is the number of samples, 5 
for this study. 

SE = σ
̅̅̅

n
√ (9)  

3. Results 

3.1. Effect of build angle on microstructure 

FeSi built by AM has been reported to have a 〈001〉 texture in the 
build direction, Z [33]. To confirm if this 〈001〉 texture remains in the 
same direction, even when thin rods are built at an angle to the build 
direction, 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, due to the powder bed 
acting as an insulator relative to the solidified component, it was pru-
dent 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. 

Fig. 2a shows the density of the samples as they move away from 0◦, 
demonstrating near fully dense (>99.5 %) for the 0◦ sample, with some 

Fig. 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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Fig. 3. EBSD data of 0◦ (a), 15◦ (b), 30◦ (c), 45◦ (d), 60◦ (e), 75◦ (f) and 90◦ (g). Maps of the XZ plane with grain orientation in the XY plane demonstrate a strong 
〈001〉 texture in the 0◦ sample, with weak texture in the other samples. 
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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. This highlights 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 Fig. 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 crystallographic texture with no apparent alignment to the ma-
chine 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◦). 

With the EBSD data it is possible to estimate how the average mag-
netocrystalline anisotropy energy (Ea) will change when the samples are 
magnetised at different angles [27]. From this it is possible to calculate 
the magnetic polarisation J50 (at a field, H, of 5000 A/m), shown in 
Fig. 4. This demonstrates a small range of magnetic polarisations, which 
varies by only 3 % through all samples and magnetisation angles, hence 
from EBSD data we can predict little difference in magnetic performance 
between samples built at different angles. 

Fig. 4. Calculated changes in J50 (magnetic polarisation at 5000 A/m) with 
magnetisation angle (angle from the long edge of the sample) using EBSD data, 
demonstrating a small change of less than 3 % between all samples and 
orientations. 

Fig. 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. 

Fig. 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 the 0◦ as-built sample. 

Fig. 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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3.2. 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 (Msat) allowing a 
more accurate comparison between the data and avoiding shape cor-
rections necessary when using VSM [34]. Fig. 5 shows the first quadrant 
of the MH loop for all samples 0 - 90◦, with the rest of the MH loop 
excluded for clarity. 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. 

Observations from the EBSD data show that the samples had a weak 
crystallographic texture therefore are not able to explain the differences 
in the magnetic properties, supported by the calculations of J50 in the 
previous section. With crystallographic texture not responsible for the 
change in properties, other factors which could impact the magnetic 

Fig. 8. Surface roughness study showing a sample without contours (a), a sample with 2 contours (b), surface roughness vs build angle (c) which demonstrates an 
increasing roughness with build angle for the as-built samples, and surface roughness vs contour volumetric energy density (d) which demonstrates a significant 
improvement in surface roughness with contouring but little difference between 1 or 2 contours. 
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properties were 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 at 1150 ◦C 
for 1 hr has been shown to have a large positive effect on the perme-
ability and hence susceptibility whilst increasing grain size [6,22] and 
therefore was used in this study. Fig. 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 whether surface roughness may have a 
significant impact on performance, all samples were ground and pol-
ished to a surface finish (Sa) of 2 µm before re-testing. Results shown in 
Fig. 6 demonstrate an increase in normalised susceptibility of at least 10 
% for all samples with polishing. Fig. 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. 

3.3. Surface roughness improvements 

As polishing showed a significant increase in susceptibility, further 
investigation into the as-built surface roughness was undertaken. Sur-
face roughness (Sa) measurements from the as-built 0 - 90◦ samples show 
an increasing surface roughness with build angle (Fig. 8c) from 31 µm at 
0◦ to 136 µm at 90◦ To test if improving the 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/mm3 with either 0, 1, or 2 
contours. By introducing contours, the average surface roughness can be 
reduced from 27 µm with no contours, to 8 µm with one or two contours 
(Fig. 8d), giving a visibly improved surface roughness, which is even 
more evident from optical 3D surface imaging (Fig. 8a/b). Little differ-
ence was observed in the surface roughness by varying the VED used for 
the contours. 

Other surface roughness measurements were investigated, with the 
maximum peak height (Sp) demonstrating a statistically significant 
linear trend with an R2 value of 0.91, demonstrating that the maximum 
peak height increases with build angle, similar to the surface roughness 
(Sa). The maximum height (Sz) showed no statistically significant linear 
trend with an R2 value of 0.27, though it is worth noting the large errors 
on this measurement especially at 60◦ build angle and above. The 

Kurtosis (Sku) also demonstrated no statistically significant linear trend 
with an R2 value of 0.50. 

Magnetic characterisation was completed for the samples with the 
highest and lowest surface roughness, of 44 µm and 5 µm 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 Fig. 9. The results show 
a clear improvement of magnetic properties with a lower surface 
roughness, demonstrating a higher susceptibility, higher knee point, and 
lower field for saturation. Again heat treatment had a small positive 
impact, but this was small in comparison to the improvement gained 
with a lower surface roughness. 

3.4. Heat treatment improvements 

By utilising the heat treatment demonstrated by Garibaldi et al. [22] 
of 1150 ◦C for 1 hr, followed by furnace cooling, this study has shown a 
limited improvement in magnetic properties. Garibaldi et al. demon-
strated 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. To investigate this, EBSD was carried out for the 
heat treated samples (1 hr) and the microstructure compared to the 
as-built samples, for all angles. Fig. 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. Fig. 10e shows that grain growth is still happening up to 30 
hrs, where grains of 1 - 2 mm were found in the sample (Fig. 10b). At 30 
hrs significant grain growth has occurred and the magnetic properties of 
the sample were characterised, as shown in Fig. 10c. Interestingly, the 
magnetic properties of the 30 hrs 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 during optical microscopy 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 Fig. 10b, the texture of the 30 hrs sample is 
much closer to the 〈111〉 direction, which is the hard axis of magnet-
isation of the material. The last explanation could be due to oxidisation 
changing the phase from Fe-6.5wt %Si to an iron oxide, with signifi-
cantly 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. 

4. Discussion 

This study has shown that for thin-walled samples of high silicon 
electrical steel, Fe-6.5wt %Si, the crystallographic texture does not cause 
a significant difference in magnetic performance, contrary to the as-
sumptions of multiple published works. EBSD data has shown that 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 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 build-
ing parts at different angles, which could be achieved either by a suite of 
parameters selectively chosen based upon local geometry, or in-situ 
control algorithms to ensure high density and consistent microstruc-
ture. The reduction in density of samples, such as 45◦, did not appear to 
correlate with the decrease in magnetic properties, especially as the 

Fig. 9. First quadrant of MH loop demonstrating an improved magnetic per-
formance with a lower roughness in both the as-built and heat treated states. 
Heat treatment also has a small positive effect on the magnetic performance. 
The highest and lowest roughness of the samples was 44 µm and 5 µm 
respectively. 
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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 micro-
graphs 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 dependant on build angle, which 
has previously been reported in the literature [35]. Improvements to 
surface roughness in the as-built condition are possible and have shown 
improvements in magnetic properties, though these still have a reduced 
performance compared to a post-process polishing operation with a 
surface roughness of 2 µm. 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 pol-
ishing 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 [36]. 

During this study, the heat treatment as specified by Garibaldi et al. 
[22] did not cause full recrystallisation and grain growth. The samples in 

Fig. 10. EBSD data of as-built (a) and heat treated (b) samples with a build angle of 0◦, showing partial recrystallisation after heat treatment for 1 h. Magnetic 
performance of the 30 hr sample dropped in comparison to the AB and 1 hr heat treated samples (c). Weighted average grain size was shown to reduce with 1 hr heat 
treatment (d), but increase with time up to 30 hr (e). An upper limit for this grain growth was not found in this study. 
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this study had a small cross-sectional area of 1 mm2, compared to the 
larger samples >15 mm2 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 [37], 
therefore shorter hatches would reduce the residual stress. Higher re-
sidual 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 [38]. 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, inves-
tigation 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 due 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. 

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 mag-
netocrystalline 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 6 × 1 × 1 
mm, hence should have the same magnetostatic energy. However, these 
were removed from the baseplate by mechanical force and had the po-
tential 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 crystallographic texture when samples were 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 ef-
fect typically present in angled surfaces in AM. Improvements in per-
formance 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 1 × 1 mm cross-section, and grains were 
shown to still keep growing even after 9 hrs of heat treatment. 
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