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Abstract
The increasing demand for high-performance electrical motor components, together with the need for improved energy 
efficiency and sustainability, is driving the exploration of advanced materials and manufacturing techniques. Iron–silicon 
alloys, especially those with high silicon content, exhibit promising electromagnetic properties but pose challenges for 
conventional manufacturing methods. Consequently, alternative technologies such as metal additive manufacturing, and 
particularly laser-based powder bed fusion of metals (PBF-LB/M), are gaining interest in the production of high-silicon 
steel components for electrical motors. This study focuses on optimizing the PBF-LB/M process for the production of 
Fe-Si6.5 components for electrical motors, addressing the challenging scenario of machines not equipped with preheatable 
building plates. First experiments on cubic test samples unveiled significant crack formation under different process settings, 
highlighting the need to refine the process parameters selection approach through the design, production and assessment of 
task-specific test specimens. Multiple parameter combinations were tested, leading to the identification of the two best settings 
in terms of porosity content. X-ray computed tomography provided additional detailed analysis of specimens fabricated 
under such process conditions, identifying the specific setting yielding the least internal porosity and cracks. The toroidal 
ferromagnetic core produced with the optimized process parameters displayed enhanced electromagnetic properties, proving 
the effectiveness of the proposed optimization approach. Furthermore, powder characterization revealed alterations in particle 
size and sphericity after fabrication, emphasizing the importance of monitoring the powder properties for achieving a 
sustainable yet reliable process.

Keywords  Laser powder bed fusion · Iron–silicon alloy · Electromobility · Process optimization · Sustainability · X-ray 
computed tomography · Additive manufacturing

1  Introduction

The increasing demand for high-performance electrical 
motor components across various industrial sectors, includ-
ing automotive, aerospace, and renewable energy—driven 
by the need for energy efficiency and sustainability, as well 
as by zero-emission targets in the context of climate change 
[1, 2]—has led to the exploration of advanced materials 

and manufacturing techniques. Among the materials under 
investigation, iron–silicon (Fe–Si) alloys are interesting can-
didates thanks to their electromagnetic properties, which 
make them well-suited for applications in electrical motor 
systems [3]. In particular, alloys with high silicon content, 
such as Fe–Si with 6.5% silicon in weight, have the potential 
to enhance electromagnetic properties and optimize motor 
performance and efficiency [4]. However, their brittle nature 
makes conventional processing routes challenging, resulting 
in difficulties with lamination and most manufacturing tech-
nologies, due to increased material hardness, brittleness, and 
microstructural complexity [5]. These challenges manifest in 
various issues, including rapid tool wear, suboptimal surface 
finish, crack propagation, as well as difficulties in achieving 
dimensional accuracy, all of which pose significant barriers 
to efficient and sustainable manufacturing.
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In response to these challenges, additive manufacturing, 
particularly laser-based powder bed fusion of metals (PBF-
LB/M), has emerged as a promising alternative offering 
numerous advantages over traditional manufacturing 
processes for fabricating Fe–Si alloy parts [6, 7]. Specifically, 
PBF-LB/M presents unparalleled design f lexibility, 
allowing for the production of highly customizable complex 
geometries and internal structures while simultaneously 
minimizing material waste and energy consumption, hence 
often resulting in cost savings and improved sustainability 
[8]. The design flexibility enables a performance-driven 
integration of optimized geometries, thereby enhancing 
critical parameters such as power-to-weight ratio, slot filling 
factor, and winding losses, essential for optimizing motor 
performance [9, 10]. Despite these inherent advantages, the 
successful implementation of PBF-LB/M for Fe–Si alloys 
with high silicon content poses specific challenges that 
require comprehensive investigation to ensure the attainment 
of desired material properties and overall performance [11].

A significant challenge is related to the melting behaviour 
of powder particles. The high thermal conductivity of 
silicon accelerates heat dissipation, potentially resulting 
in incomplete fusion and reduced density as well as crack 
formation, thereby compromising mechanical properties 
[12]. Additionally, the geometric characteristics of feedstock 
powder particles, including shape and size distribution, exert 
a strong influence on flowability during powder spreading 
and powder bed packing density, with a direct impact on 
process efficiency and final part quality [13].

Another critical aspect is related to the different thermal 
expansions of iron and silicon, leading to the generation 
of significant residual stresses within the fabricated parts. 
These residual stresses can induce distortions, warping, and 
increased cracking tendencies, affecting also dimensional 
accuracy, mechanical properties, and overall reliability of 
electrical motor components [14].

To address these challenges, extensive research efforts 
are needed to refine PBF-LB/M process parameters and 
strategies. The published studies encompass systematic 
variations in process parameters to achieve a balance 
between sufficient energy absorption, complete melting, 
and minimization of internal porosities and cracks, as 
well as residual stresses [15, 16]. Test samples for process 
parameters setting optimization are in most cases standard 
cubic samples with edge lengths ranging from 5 to 10 mm 
[17, 18]. Another important parameter to be taken into 
account is the laser scanning strategy [19]. For example, 
the chessboard scanning strategy is often adopted in metal 
PBF-LB/M processes because of its benefits in terms of 
uniformity of energy deposition, which typically leads to 
reduced residual stresses and distortions [20]. However, 
its effectiveness can vary depending on factors such as 
material, part geometry, and process parameters. Finally, 

the proposed approaches often include the use of preheated 
building plates to compensate for the increased thermal 
conductivity [21]. However, heating the building plate will 
result in higher process costs, energy consumption, and 
powder degradation, with consequent detrimental effects 
on the process’s sustainability.

This paper targets the improvement of sustainability 
and performance for both the manufacturing process and 
the fabricated electrical motor components. Specifically, 
the present research aims at developing methods for 
enhancing the metal PBF-LB/M process for the production 
of Fe-Si6.5 components with minimized presence of 
internal porosity and cracking formation, fundamental 
for achieving the specified electromagnetic properties of 
fabricated electrical motor components. The parameters’ 
optimization was conducted on the challenging case 
of a metal PBF-LB/M machine with a non-preheatable 
building plate. Without plate heating, in fact, there may 
be challenges in achieving uniform heating and controlling 
thermal gradients within the material during the process. 
While a heated platform can help reduce the occurrence 
of internal defects, particularly cracks, optimizing the 
process to minimize critical defects, including cracks and 
pores, even without plate heating is an important research 
topic. This is especially relevant considering that PBF-
LB/M machines not equipped with preheatable plates 
are available on the market. Additionally, investigating 
processes without plate heating could address 
sustainability concerns related to energy consumption 
and costs. At the same time, from a holistic sustainability 
perspective, the primary focus should be maintained on 
part quality and defect reduction to minimize waste and 
resource use. The study encompasses the design of task-
specific test specimens with application-related geometry 
and the utilization of advanced characterization techniques 
for quality assessment. In particular, metrological X-ray 
computed tomography (CT) was employed to perform 
three-dimensional reconstructions and advanced in-depth 
evaluations of internal porosity and process-induced 
cracks, as well as powder particles [22–24].

Toroidal samples for ferromagnetic characterization 
were eventually produced with different parameter 
settings, including those identified as optimal from the 
manufacturing point of view, to understand the effect of 
processing parameters on electromagnetic properties as 
well.

By comprehensively addressing the challenges associated 
with processing Fe–Si alloys with high silicon content using 
PBF-LB/M, this research work contributes to the broader 
adoption PBF-LB/M and enhances the application of these 
materials in electrical motor component production.
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2 � Methodology and instrumentation

Figure 1 illustrates the experimental methodology fol-
lowed in this work. The fabrication of all investigated test 
specimens made of Fe-Si6.5 alloy was conducted using 
a Sisma MySINT 100 (Sisma SpA, Italy) PBF-LB/M 
machine, characterized by a ⌀100 mm × 100 mm build-
ing volume, a 200 W fibre laser with spot size equal to 
30 µm, and a quartz F-Theta lens. The process was car-
ried out under an argon atmosphere, maintaining oxygen 
content below 100 ppm. The first experiments involved 
the fabrication of 7 mm-side test cubes for preliminary 
comparison of different process parameters combinations 
to select a first setting, used then for producing a toroidal 
specimen for electromagnetic properties characterization 
[25]. These first experiments, based on the visual evalu-
ation of surfaces to detect possible delamination effects, 
are described along with the obtained results in Sect. 3.1.

Starting from the outcomes obtained from the first 
experiments, advanced experiments were then performed, 
with new test specimens that were designed with a task-
specific geometry and fabricated with varying process 
parameter combinations to improve the experiments’ 
effectiveness. Such specimens were first evaluated in terms 
of porosity content by the Archimedes method to screen the 
best parameter settings and then analysed more in-depth 
by using X-ray computed tomography. In particular, a 
metrological CT system (MCT225, Nikon Metrology, 
UK) was used, characterized by a 225 kV microfocus 
X-ray source with minimum focal spot size equal to 
3  μm, a 2000 × 2000 pixels 16-bit flat-panel detector 
and a shielding cabinet with the controlled temperature 
at 20 ± 0.5 °C. The best process parameter settings were 
selected through CT-based analyses of internal defects 
(i.e., porosities and cracks) and used to fabricate two 
new toroidal specimens of the same design for magnetic 
characterization of the material. One specimen was kept 
in the as-built condition, while the other underwent post-
process heat treatment. The advanced experiments and 
related results are described in Sect. 3.2.

The electromagnetic properties obtained with the toroi-
dal specimens were compared with the reference prop-
erties related to a conventional laminated specimen (see 
Sect. 3.3). Additional investigations were eventually con-
ducted on the feedstock powder. In particular, the same 
CT system mentioned above was used to measure two 
batches of powder particles, picked before and after the 
process. The scope was to quantify the evolution of both 
powder size distribution and shape. The obtained results 
are reported in Sect. 3.4 and can be used in future devel-
opments of this research to assess the impact of powder 

recovering, which can have an influence on process effi-
ciency and quality as well as on magnetic performance.

3 � Implementation of the experimental 
methodology

This section addresses the experiments conducted to 
enhance the PBF-LB/M process for the production of 
Fe-Si6.5 specimens. First experiments for parameter 
selection are described in Sect.  3.1, while advanced 
experiments are described in Sect. 3.2. The characterization 
of electromagnetic properties and powder geometrical 
properties are addressed in Sect.  3.3 and Sect.  3.4, 
respectively.

3.1 � First experiments for parameters selection

As discussed in the introductory section, PBF-LB/M process 
parameters are commonly selected through experiments 
designed to study the effect of different combinations of 
parameters with respect to specific desired outcomes like 
relative part density and/or surface quality. Such experiments 
are usually performed by producing specimens with simple 
geometry (e.g., cubes or cylinders) with dimensions 
typically ranging from 5 to 10 mm. Initial investigations 
were hence conducted by fabricating 12 cubic specimens 
with edge lengths equal to 7 mm and with parameter settings 
inspired by parameters previously used with the machine 
employed in this work for other iron-based materials. The 
selected parameter ranges are reported in Table 1 together 
with the volumetric energy density (VED), calculated as per 
Eq. (1) [26]:

where P is the laser power, v the laser scanning speed, d 
the hatch distance between adjacent laser tracks, and LT the 
nominal layer thickness.

The chessboard strategy, rotated by 67° from one layer to 
the next one, was chosen for the laser scanning pattern, as 
it is known from the literature to improve the uniformity of 
heat dissipation and minimize residual stresses [27].

All the obtained cubic specimens were affected by rel-
evant cracks, larger for higher volumetric energy density 
(VED) values. This can be appreciated by visual inspections, 
as reported, for example, in Fig. 2a related to the minimum 
investigated VED of 87 J/mm3 and in Fig. 2b related to a 
higher VED equal to 125 J/mm3. Cut sections were also 
analysed with a scanning electron microscope (SEM; see 
Fig. 2c), showing that most cracks were transgranular, sug-
gesting that crack propagation occurs preferentially through 

(1)VED = P∕(v ⋅ d ⋅ LT)
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Fig. 1   Flowchart describing the experimental methodology implemented in this work
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the grains rather than along grain boundaries. However, this 
behaviour is most probably due to the intrinsic brittleness of 
the material and localized stress concentrations within the 
grains, rather than an indication that the grain boundaries are 
inherently stronger than the bulk material. The SEM cross-
section in Fig. 2c also reveals that the depth of melting pools 
was not homogeneous (see Fig. 2c), indicating a significant 
intrinsic local variability of the process.

Since even with the lowest tested VED the presence of 
cracks and delamination was relevant, the VED was further 
decreased to 56 J/mm3, by increasing the laser speed to 
800 mm/s and augmenting the layer thickness to 0.03 mm. 
Specifically, the preliminary selection of process parameters 
used to produce the first toroidal ferromagnetic core as 
described in Sect. 3.3 was: laser power (P) equal to 120 
W, laser speed (v) equal to 800 mm/s, hatch distance (hd) 
equal to 0.09 mm, and layer thickness (lt) equal to 0.03 mm. 
Such a process setting was chosen based on preliminary 
experiments on the same alloy, which showed a slight 
reduction in crack formation despite an increase in internal 
porosity.

3.2 � Advanced experiments for parameters selection

The first experiments reported in Sect. 3.1 constitute the 
starting point for further considerations:

1.	 The geometry and dimensions of the produced cubic 
specimens were significantly different from the end 
parts to be produced (i.e., toroidal samples composed 
of 0.5 mm thick lamellae, and rotor component—not 
addressed in this work—with a maximum thickness 
of 2 mm [28]); therefore, the obtained outcomes can 

become more representative of the application of interest 
by using a different design.

2.	 Optical analyses were limited to external surfaces 
and to a few cut-sections; therefore, enhancing the 
characterization through X-ray CT measurements can 
provide more extensive three-dimensional information 
on both internal porosity and cracks during the 
parameters’ optimization phase.

The mentioned considerations suggested the idea of 
designing new test parts that better resemble the geometries 
of the end parts of interest and, at the same time, allow high-
resolution CT scanning that is necessary for detecting and 
measuring micro-scale defects.

The new design is illustrated in Fig. 3: it includes three 
vertical and slightly curved walls resembling small sectors 
of a toroid or rotor, placed over a horizontal thin plate. The 
walls’ thickness is 2 mm, i.e., equal to the maximum thick-
ness involved in the end parts to be produced. The overall 

Table 1   Ranges of process parameters tested in the first experimental 
campaign: laser power (P), laser speed (v), hatch distance (hd), layer 
thickness (lt), volumetric energy density (VED)

Parameter P / W v / mm/s hd / mm lt / mm VED / J/mm3

Value 110–130 600–700 0.08–0.09 0.02 87–135

Fig. 2   Visual inspection of 
external side surfaces of cubes 
produced with VED of 87 J/
mm3 (a) and 125 J/mm3 (b); 
an example of SEM image of a 
cut section showing cracks and 
melting pools (c)

Fig. 3   Technical drawing of the proposed task-specific test geometry. 
Dimensions are reported in millimetres
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dimensions of the task-specific geometry enable high-reso-
lution CT scans with a maximum achievable voxel size equal 
to 9 µm that was considered suited to detect and measure the 
most critical defects [29], and at the same time a sufficient 
overall material volume to be analysed for significant and 
representative results.

Fourteen samples were fabricated using the process 
parameters reported in Table 2. Such a combination of 
parameters was defined as a refinement of the previously 
investigated parameters, thus starting from low-energy 
inputs. Furthermore, higher input energies, up to about 
140 J/mm3, were also tested to evaluate potential reduction 
in internal porosity.

All the manufactured samples were initially evaluated by 
Archimedes method to analyse the porosity content using a 
high-precision balance (Kern ABT 120-5DM, with precision 
of 0.0001 g and reproducibility of 0.00002 g), and by visual 
inspection to quickly highlight the most relevant problems, 
such as initial detachment of supports from the building 
plate, cracks open to the external surfaces, and large vis-
ible surface defects. The expanded measurement uncertainty 
related to the balance for the mass range of interest was 
within 0.63%, which results in maximum potential porosity 
percentage errors of 0.02%. Table 2 includes the obtained 
porosity results, which are in the range of values typically 
assessable with the Archimedes method in PBF-LB/M parts. 
Even if the Archimedes method might be sensitive to sur-
face defects, cracks, and trapped air, previous research dem-
onstrated how it remains accurate in distinguishing small 
porosity differences between samples [30]. The relative 
porosity values in Table 2 served as a basis for selecting the 
two best settings to be further investigated using X-ray CT, 
enabling in-depth measurements of individual pores includ-
ing size, shape, and spatial position. In particular, settings nr. 
2 and 13 were selected for more in-depth CT investigations, 

owing to their lower porosity content and in general fewer 
defects visible from the outside with respect to the other 
samples.

X-ray CT acquisitions were conducted using the 
parameters reported in Table 3. The achieved voxel size 
of 9 µm is key to obtaining a sufficient resolution enabling 
the measurement of micro-scale features, such as pores and 
cracks [31].

However, CT reconstructions revealed for both settings 
nr. 2 and 13 the presence of internal porosity and crack for-
mations. Two cross-sectional slices extracted from the CT 
reconstruction of samples obtained with settings nr. 2 and 
13, taken as examples, are shown respectively in Fig. 4a and 
4b. The cracks were observed to have smaller thicknesses 
than cracks observed during the preliminary experiments 
(considering similar process parameters and VED), con-
firming that a task-specific geometry might lead to different 
results with respect to a generic cubic shape. Starting from 
these first results on the redefined test geometry, four addi-
tional samples were produced by using the same process 
settings (nr. 2 and 13), but this time two samples were fab-
ricated with a chessboard scanning strategy and two with a 

Table 2   Process parameters 
tested in the second 
experimental step (task-specific 
test samples): laser power (P), 
laser speed (v), hatch distance 
(hd), layer thickness (lt), and 
volumetric energy density 
(VED). Percentage porosity 
values obtained by Archimedes 
method are reported as well

Setting nr P / W v / mm/s hd / mm lt / mm VED / J/mm3 Porosity / %

1 110 750 0.08 0.02 92 1.06
2 125 750 0.08 0.02 104 0.91
3 110 750 0.07 0.02 105 1.45
4 110 650 0.08 0.02 106 1.10
5 140 750 0.08 0.02 117 1.24
6 125 750 0.07 0.02 119 1.28
7 125 650 0.08 0.02 120 1.08
8 110 650 0.07 0.02 121 1.32
9 110 550 0.08 0.02 125 1.12
10 140 750 0.07 0.02 133 1.33
11 140 650 0.08 0.02 135 1.18
12 125 550 0.08 0.02 142 1.50
13 110 550 0.07 0.02 143 0.88
14 140 550 0.08 0.02 159 1.24

Table 3   CT parameters used for scanning the task-specific specimens

Parameters Unit Value

X-ray tube voltage kV 180
X-ray tube current µA 38
X-ray tube power W 6.8
Exposure time ms 2000
Nr. of projections - 1500
Frames per projection - 1
Thickness of copper physical filter mm 0.1
Voxel size µm 9
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meander scanning strategy, both rotated by 67° between con-
secutive layers. The meander strategy was tested, despite its 
generally lower heat dissipation compared to the chessboard 
strategy, based on the following considerations. As already 
discussed in Sect. 1, the Fe-Si6.5 alloy exhibits significant 
internal stresses due to differences in thermal expansions 
between iron and silicon, further increased by the fast cool-
ing rates promoted by the high thermal conductivity. Since 
the chessboard strategy can further accelerate heat dissi-
pation, the meander strategy was chosen as an alternative 
approach to achieve slower, more uniform heat dissipation, 
with the goal of reducing thermal stresses during processing.

In this second build job, the samples produced with the 
chessboard strategy failed a few layers after finishing the 
production of support structures, proving the poor stability 
and reliability of using a chessboard laser fabrication 
strategy for this material.

On the contrary, no failures were registered for the 
samples produced with the meander strategy, confirming 
its effectiveness in providing greater stability under these 
conditions.

Figure  4c and d depicts the cross-sectional images 
extracted from the CT reconstruction of samples produced 
using process settings nr. 2 and 13, respectively, and the 
meander strategy. Notably, the presence of pores and 
especially cracks is reduced for both settings when using 
the meander strategy.

Table 4 presents the percentage contents of pores and the 
volume occupied by cracks in the two investigated settings. 
These results confirm that process setting nr. 2 with the 
meander strategy compared to process setting nr. 13 with 
the meander strategy exhibits a better performance in terms 
of both porosity (i.e., 28% percentage of porosity content 
reduction with respect to setting nr. 13 with the meander 
strategy) and cracks content (i.e., half of the cracks volume 
with respect to setting nr. 13 with the meander strategy). 
Therefore, these parameters were selected to fabricate the 
second toroidal specimen (see Sect. 3.3).

3.3 � Characterization of electromagnetic properties

The first selection of parameters (see Sect. 3.1) was used to 
produce the first toroidal ferromagnetic core (see the design 
in Fig. 5, presented in [30]). A check cylinder with a diame-
ter equal to 5 mm and as tall as the toroid was also fabricated 

Fig. 4   Cross-sections extracted 
from CT reconstructions of 
task-specific test samples 
produced with setting nr. 2 and 
the chessboard strategy (a), set-
ting nr. 13 and the chessboard 
strategy (b), setting nr. 2 and 
the meander strategy (c), and 
setting nr. 13 and the meander 
strategy (d). Side views and top 
views are shown on the left and 
the right, respectively

Table 4   Comparison of porosity and cracks content obtained with the 
two investigated process settings

Process setting Porosity, % Cracks 
volume, 
mm3

Nr. 2, with meander strategy 0.62 0.86
Nr. 13, with meander strategy 0.79 1.63
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to be scanned at high resolution by X-ray computed tomog-
raphy, with a voxel size equal to 3 µm. CT results revealed 
that the cracks content is far less pronounced than the pres-
ence of internal porosities (equal to 8.4%), as visible in the 
two cross-sections extracted from CT data and reported 
in Fig. 6a. The detected pores can be traced back to both 
inter-layer and inter-track lack of fusions, apparently due to 
the large hatch distance and layer thickness combined with 
insufficient laser parameters. These porosities increase the 
number of air-filled regions within the core, reducing the 
density and homogeneity, which in turn impacts the mag-
netic flux density, causing deviations from the standard B–H 
curve. The B–H curve describes the relationship between the 
magnetic flux density (B) and the magnetic field strength 
(H), and serves as a fundamental basis for evaluating the 
electromagnetic properties of ferromagnetic materials.

The B–H curve obtained by testing the fabricated toroi-
dal specimen is shown in Fig. 7 (named Test #1) together 
with the corresponding standard curve related to a reference 
laminated toroid.

A new toroidal specimen was fabricated, again together 
with a 5  mm check cylinder, by using the improved 
parameters (see Sect.  3.2): P = 125 W, v = 750  mm/s, 
hd = 0.08 mm, lt = 0.02 mm, for a resulting VED of 104 J/
mm3, and a meander strategy. CT scans of the cylinder 
showed an improvement in terms of defect content with 
respect to what was obtained with the first parameters’ 
selection. Specifically, a reduced presence of cracks was 
observed and a porosity content of 0.4% was measured (see 

Fig. 6b), aligned with the characterisation results on the 
task-specific samples reported in Sect. 3.2.

The B–H curve obtained by testing the new fabricated 
toroidal specimen is also drawn in Fig. 7 (named Test #2a), 
showing a better agreement with respect to the reference 
curve. The reduced porosity and improved structural density 

Fig. 5   Computer-aided design model (a), technical drawing of the 
toroidal specimen (b; dimensions are reported in millimetres), and 
example of the as-built toroidal specimen (c)

Fig. 6   Examples of lateral (left) and transversal (right) CT cross-sec-
tions of the check cylinders produced together with the toroidal speci-
mens, with the first parameters selection (Test #1) (a) and with the 
improved process parameters (Test #2) (b)

Fig. 7   B-H curves obtained by experiments on toroidal samples fabri-
cated with different PBF-LB/M process parameters, compared to the 
reference curve related to a conventional laminated specimen
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of the core resulted in enhanced magnetic performance due 
to fewer air gaps interrupting the magnetic flux. A further 
improvement was obtained by testing another toroidal 
specimen, produced with the same process parameters used 
for Test #2a, but implementing a post-process heat treatment. 
In particular, the toroidal specimen was kept for 90 min 
at a temperature of 650 °C, using the laboratory chamber 
furnace CWF 12/13 (Carbolite Gero GmbH, Germany). The 
resulting B–H curve is reported in Fig. 7 as Test #2b. Despite 
the reference curve remaining higher, results obtained with 
the improved parameters setting and with the additional heat 
treatment are promising, especially if considering that the 
building plate of the used machine could not be preheated 
to slow down the heat dissipation and reduce the generated 
residual stresses. The post-process treatment likely relieved 
residual stresses generated during the rapid cooling, which 
could not be mitigated by preheating the building plate, 
contributing to improving the magnetic behaviour.

3.4 � Additional investigation on powder geometrical 
characteristics

As stated in Sect. 1, the powder geometrical characteristics 
such as particle size and shape have significant effects on 
the properties of the fabricated parts, as they can affect the 
powder flowability, laser powder absorption, and powder 
bed density [32]. The original geometrical characteristics of 
unprocessed or excess powder can be nevertheless altered 
after the fabrication process, for example, due to secondary 
sintering effects [33]. Recovering and reusing the powder 
is however fundamental for the process sustainability, to 
minimize material waste generation and maximize resources 
efficiency.

Careful monitoring and characterization of the recovered 
powder’s properties, including particle size distribution 
and morphology are necessary to ensure its suitability for 
subsequent printing cycles.

In this work, X-ray CT was employed to perform a three-
dimensional characterisation of the powder particles, in 
terms of dimensions and shape, following the method pre-
sented in previous work [32]. For this purpose, the Nikon 
Metrology MCT225 system was used. The bi-dimensional 
projections were acquired with the scanning parameters 
reported in Table 5. Given the critical importance of resolu-
tion in powder particle analysis, sample geometries were 
designed to maximize magnification during scanning, with 
an achieved voxel size of 3 µm, i.e., close to the focal spot 
size to avoid additional blurring and ensure a more accurate 
surface determination after the volumetric reconstruction 
[34].

The powder characterization was conducted using 
the specific module “Powder Analysis” of the evaluation 

software VGStudio MAX. Figure 8a illustrates an exam-
ple of CT-reconstructed powder particles analysed with the 
mentioned module and color-coded according to the meas-
ured equivalent diameter. Figure 8b and 8c presents a com-
parison of the results obtained from analyses performed on 
new powder (used for the production of samples investigated 
in this work) and recovered powder, for powder size distribu-
tion (PSD) and sphericity, respectively. The powder recovery 
results in an increased powder size of approximately 10% 
(see also D10, D50, and D90 values reported in Table 6) and 
reduced sphericity by around 8%.

Future work can start from these results to investigate the 
actual impact of changes in the recovered powder compared 
to its original state on the properties of the fabricated parts.

4 � Conclusions

The growing need for sustainable production of high-
performance electrical motor components has stimulated the 
investigation into advanced materials such as iron–silicon 
alloys with high silicon content, which have emerged as 
promising candidates due to their favourable electromagnetic 
properties. However, the manufacturing challenges related to 
conventional processing routes have led to the exploration of 
metal additive manufacturing techniques, particularly laser 
powder bed fusion.

In this context, the objective of this research was to 
improve the PBF-LB/M process and the quality of fabricated 
Fe-Si6.5 components. Particular attention was focused on 
minimizing both internal porosity and crack formation, 
which are crucial for achieving the required electromagnetic 
properties of electrical motor components, in the challenging 
case of a PBF-LB/M system without a preheatable building 
plate.

The implemented methods as well as the main results and 
contributions of the paper are summarized in the following:

•	 First experiments for parameters selection, conducted 
by producing and evaluating test samples with cubic 
geometry, revealed relevant crack formation and sug-

Table 5   CT scanning parameters used for powder particles

Parameter Unit Value

X-ray tube voltage kV 180
X-ray tube current µA 38
X-ray tube power W 6.8
Exposure time ms 1420
Nr. of projections – 1800
Frames per projection – 1
Voxel size µm 3
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gested the need for a different approach for proper 
parameters selection;

•	 Advanced experiments for parameter selection were 
conducted by designing test specimens with a new task-
specific geometry, better resembling application-specific 
parts;

•	 The two best process settings out of 14 investigated 
combinations were identified by assessing the porosity 
percentage content using the Archimedes method;

•	 CT scans performed on the task-specific specimens 
fabricated with the identified best process settings and 
different laser scanning strategies (i.e., chessboard and 
meander) allowed for an in-depth analysis of internal 
pores and cracks to further refine the identification of 
the specific setting with the smallest contents of pores 
and cracks;

•	 Toroidal ferromagnetic cores were fabricated and tested, 
confirming the ferromagnetic performance improvement 
enabled by adopting the improved PBF-LB/M process 
parameters, with no need for heating the building plate;

•	 The electromagnetic properties achieved in the PBF-
LB/M parts, particularly from Test #2a and Test #2b, are 
promising for applications in high-performance electric 
motor components. The B–H curves are close to those 
of conventional laminated specimens, highlighting the 
potential of using PBF-LB/M for such applications. 
While the need for post-process heat treatment may 
reduce some of the sustainability advantages related to 
avoiding plate heating during fabrication, it remains an 
effective approach to enhance the performance of the 
parts. These findings provide a solid foundation for future 
research aimed at integrating AM-manufactured cores 
into electric machines, where the flexibility of additive 
manufacturing can enable innovative geometries and 
material distributions not achievable with conventional 
processes.

•	 Powder characterization showed increased particle 
size and reduced sphericity in recovered powder with 
respect to new powder, highlighting the importance 
of monitoring powder properties for both process 
sustainability and reliability.

Future developments are planned to start from the results 
obtained from this work to assess the influence of powder 
recovery and reuse on process efficiency and quality as well 
as on magnetic performance.
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Fig. 8   Example of CT reconstructed powder particles colour-coded 
according to the measured equivalent diameter (a); cumulative PSD 
curves (b) and sphericity box plots (c) obtained from the CT-based 
analysis done for new and recovered Fe-Si6.5 powder

Table 6   D10, D50 and D90 values derived from the cumulative PSD 
curves reported in Fig. 8b

Value/unit New powder Recovered 
powder

D10 / mm 0.019 0.021
D50 / mm 0.027 0.030
D90 / mm 0.038 0.041
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