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ABSTRACT This study aims to produce Fe2.9wt.%Si ferromagnetic material via laser powder bed fusion
(L-PBF) for the realization of electromagnetic actuators (EMA). This study is necessary as there are no
documents in scientific literature regarding the manufacturing of Iron-Silicon plungers using the L-PBF
additive manufacturing (AM) technique. The microstructure, and magnetic properties were characterized
using various techniques. The results indicate that the samples produced via L-PBF process exhibit good
magnetic properties (u = 748, Hc = 87.7[A/m]) especially after annealing treatment at 1200° C for 1h
(n = 3224, Hc = 69.1[A/m]), making it a promising material for use in electromagnetic actuators.

INDEX TERMS Actuator, additive manufacturing, electromagnetic plunger, FeSi, laser powder bed fusion,

soft magnetic materials.

I. INTRODUCTION

Additive manufacturing, also known as 3D printing, has
revolutionized the manufacturing industry by enabling the
production of complex geometries and customized parts
with high precision and accuracy [1], [2], [3], [4], [5],
[6], [7]. One of the most promising additive manufacturing
techniques is laser powder bed fusion (LPBF), which
involves the use of a high-power laser to selectively melt
and fuse metal powder particles layer-by-layer to form a
three-dimensional object [8], [9], [10], [11]. The materials
used in LPBF can vary depending on the specific application
but typically include metals such as titanium, stainless steel,
and aluminum [12], [13], [14], [15], [16]. The technique
also allows for the production of advanced materials,
such as metal matrix composites and high-performance
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alloys. The potential applications of LPBF are vast and
diverse. In aerospace, for example, the technique can be
used to produce lightweight components with complex
geometries, reducing the weight of aircraft and improving
fuel efficiency [17], [18], [19], [20]. In the medical industry,
LPBF can be used to produce customized implants and
prosthetics with enhanced biocompatibility [21], [22], [23],
[24]. In addition, LPBF can be used to produce parts for
industrial machinery, consumer electronics, and automotive
applications. The ability to produce customized parts with
high precision and accuracy can lead to cost savings and
reduced lead times in the production process. Overall,
using LPBF offers numerous advantages over traditional
manufacturing techniques, making it a promising avenue
for future research and development in the manufacturing
industry [25]. One of the most promising applications of
the LPBF technique is in the production of electromagnetic
actuators (EMA) [26], [27], [28], which are used in a
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wide range of industrial and consumer applications, such
as robotics, aerospace, automotive, and medical devices.
EMA require materials with high magnetic permeability, low
electrical resistivity, and good mechanical properties. Iron-
silicon alloys, such as Fe2.9wt.%Si, have been identified
as suitable materials due to their electromagnetic behavior
[29]. However, the conventional manufacturing methods for
Fe2.9wt.%Si alloys, such as casting and powder metallurgy,
must be revised. Despite the potential benefits of LPBF
for Fe2.9wt.%Si alloys, there needs to be more research
on the ferromagnetic material produced by LPBF. This is
a critical gap in knowledge that needs to be addressed to
fully realize the potential of LPBF for producing high-
performance EMA. Therefore, this study aims to characterize
the microstructure and magnetic properties of additively
manufactured Fe2.9wt.%Si. The work will also compare the
performance of a plunger made by AM in Fe2.9wt.%Si
with that of conventionally produced.The comparison took
place in terms of closing speed of the system formed by the
plug and the electromagnet. In essence, the coil creates a
magnetic field with which it attracts the plug inserted inside
it which has the possibility of moving and, depending on the
application, can either move objects along its axis (that of the
coil) or close a device or mechanism. The results of this study
will provide valuable insights into the suitability of LPBF for
producing Fe2.9wt.%Si alloys for EMA.

Il. MATERIALS AND METHODS

This section and figure 1 illustrates the materials, the LPBF
architecture and the methodologies used throughout the
experimental activity.

A. FESI POWDER

The current study involved the processing of a low alloyed
silicon steel powder. The raw material was prepared via
powder atomization (m4p material solutions GmbH in
Austria). The nominal chemical composition consists of
2.9 wt.% Si and Fe bal. The powder particles presented
a spherical morphology, with a granulometry comprised
between 20 and 53 um.

B. LPBF SYSTEM

To conduct magnetic characterization, samples were pro-
duced using a semi industrial LPBF system with open
architecture (LLA150R, 3D-NT, Solbiate Olona, Italy). The
system utilizes a multi-core fiber laser source with dynamic
beam shaping capabilities (Corona nLIGHT AFX 1000,
nLIGHT Inc, Vancouver, Washington, USA). The laser
source emits at a wavelength of 1070 nm (£10 nm), either
in Pulsed Wave (PW) or Continuous Wave (CW) regimes of
power modulation, and provides a maximum power of 600 W,
with a common Gaussian power density distribution, up to
1.2 kW with other novel ring-like profiles. The LPBF system
features an optical architecture made of a collimating lens
at the fiber end, reflective mirrors for the beam propagation,
a scanning head for the beam manipulation, and an f-Theta
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FIGURE 1. Flowchart describing the steps’s project.

lens to focus the laser beam onto the substrate. This optical
configuration can guarantee a minimum laser beam diameter
of 47 um when operating with a conventional Gaussian
distribution of power. Prior to LPBF processing, the building
chamber is filled with Ar in over pressure while keeping
the O, content below 3000 ppm. Ferromagnetic samples
were built on commercial stainless steel substrates during the
experiment and detached with an automatic linear sawing to
prevent undesired deformation.

C. PRODUCTION OF COMPONENTS
3D sample models were designed and sliced with CAD
softwares. The height of each slice corresponds to a layer
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of powder deposited during the LPBF process, which is
commonly called layer thickness (z). Using a CW regime
of power modulation, the focused laser beam scanned
and melted the metallic powder following a bidirectional
pattern (““zig zag™), at a fixed average power (P) and scan
speed (v). The hatch was defined by consecutive lines
equally spaced of the hatch distance (hy), and layer-by-
layer was also rotated by an angle () of 67°. The graphical
schematisation of the LPBF process and the main parameters
are depicted in fig. 2 a. The growing direction of the parts
was aligned with their main axis, except for the toroid,
which was directed vertically. To ensure highly dense samples
(> 99.9%), a preliminary experimentation was conducted to
determine the best process parameters. The optimized process
parameters used throughout the LPBF process are listed in
Table 1. Table 2 shows the sample types, including their close
view, size, and function while fig. 2 b illustrates an overview
of the 3D samples attached to the substrate after building.

TABLE 1. List of optimum process parameters used to produce highly
dense samples.

Process parameters Value
Laser power, P(W) 200
Scan speed, v(mm/s) 800
Hatch distance, hg(um) 70
Layer thickness, z(xm) 30
Hatching rotation, a(°) 67
Inert Gas type Ar
Power emission mode CwW
Substrate material AISI 316L

TABLE 2. List of specifications for the samples built via LPBF.

Sample Close view Size Function
Cube a a=10 mm Mlcrostrgctgre
characterization
h
b=3mm .
w
Rodl b w=5mm Coercitivity
measurements
h=10mm
h
b=5mm .
w
Rod2 b w=Smm Coercitivity
measurements
h=10mm
#; = 10mm Magnetic permeability
i . P Specific iron losses
Toroid ¢o = 13mm i
Magnetization curves
t=2mm .
Hysteresis cycles
o Io=mg, | ¢1=0mm »
Plunger L L ¢2 = 4mm Coercitivity measurements
¢ L1 =25mm | Closing device application
Lo = 21mm

After detaching the components from the substrate
and removing additional support structures, an annealing

134824

a) nth layer
Laser beam e Y I A S
P

Metallic
substrate

Powder recoating
direction

Inert gas flow
b) direction

BD?
1(

FIGURE 2. a) Schematisation of LPBF process with details of the powder
recoating and the inert gas flow directions. “v” is the scan speed, “z” is

u_n

the layer thickness, “hg4" is the hatch distance and “«” is the hatching
rotation angle. b) Overview of the 3D samples made of Fe2.9wt.%Si via
LPBF.

treatment was performed to achieve satisfactory magnetic
performance. The thermal treatment included heating the
samples at a constant temperature of 1200°C for 1 hour
under vacuum, as recommended from the literature [30].
To unravel the effect of the thermal treatment on the
microstructure, some micrographs were collected before and
after the annealing by applying conventional metallographic
procedures on sacrificial bulky cubes. Nital 2% reagent
was used to etch the microstructure. From the micrographs,
grain size measurements were performed in terms of grain
width (w) and height (h). Accordingly, the grain Aspect
Ratio (AR) was calculated as a quantitative indicator of grain
morphology:
h
AR = — (1)
w
Definition of grain morphology based on AR is well-known
in the literature. Usually, according to the previous definition,
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an AR less than 2 is the threshold for a fully equiaxed
grain structure [31]. AR measurements were taken to provide
a quantitative insight about the annealing effect on grain
morphology.

FIGURE 3. LPBF produced FeSi2.9 microstructure a) in as-built condition
and b) after heat treatment at 1200°C.

Ill. MICROSTRUCTURE CHARACTERIZATION

Figure 3 a-b depicts the microstructure before and after
annealing, respectively. Fig. 3 a shows that the revealed
microstructure is dominated by columnar and elongated
grains along the build direction (BD). At high magnifications,
melt pool boundaries can also appear but not sufficiently
to extract geometrical insight. Conversely, as appears from
Fig. 3 b, the annealed microstructure is made of coarser
and larger grains, mixed with smaller columnar grains,
still stretched towards the build direction. The effect of
annealing treatment promotes grain growth and coarsening,
thus significantly reducing the grain boundaries within the
volume. This is believed to influence magnetic domains since
grain boundaries might act as pin walls for them. Nonetheless,
as appears from fig. 3 b, the resultant microstructure after
annealing is still featured by residual columnar and elongated
grains typical of the as-built conditions and primarily
located in the periphery of the coarser grains. This may
suggest that the annealing treatment can be further optimized
to control the microstructure, i.e., removing the smaller

VOLUME 11, 2023
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FIGURE 4. Comparison between as-built and heat treated (HT) condition
in terms of a) grain height (h), b) grain width (w) and c) aspect ratio (AR).
Interval bars are defined based on standard errors.

columnar grains, homogenizing the microstructure, and thus
enhancing the magnetic properties. A quantitative proof of
the annealing treatment on the microstructure is provided
in fig. 4. Hereby, the comparison between measured height,
width and aspect ratio. As the graphs show, the annealed
microstructure is featured by wider rather than higher grains
if compared to the as-built condition. This leads to a
reduction of grain AR, from 7.4 to 2.3 (mean values) after
annealing. Considering that a grain AR of 2 is considered
as a threshold for discriminating between columnar and
equiaxed grain morphology [31], and that the significant
effect induced from annealing is the reduction of AR towards
grain equiaxity, it can be concluded that the microstructure
plays a crucial role in the determination of magnetic
properties.

IV. MAGNETIC CHARACTERIZATION

The magnetic properties of produced components are
detected to understand the possible relevant applications.
Coercivity measurement and toroidal magnetic test are used
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to identify magnetic and energetic behavior. Also, the Single
Sheet Tester (SST) can be applied, but the specimens require
very high planarity. The procedure is more similar to the
characterization of bulk or Soft Magnetic Composite (SMC)
materials instead of laminated steel [32].

A. COERCIVITY MEASUREMENT

A rapid and dependable method can effectively demonstrate
the impact of heat treatment on magnetic hysteresis. The
Hc value, measured in a slow transient, is closely linked to
the hysteresis cycle’s area. The coercimeter used consists
of a controlled power supply, an excitation coil, and
two sensing coils (fig. 5)). The maximum magnetic field
value during the saturation phase is 100 kA/m, and the
Hc point is reached within 10 seconds, which reduces
most of the eddy current contribution. Table 3 confirms
the anticipated material behavior, indicating a significant
reduction in residual stresses due to the fast cooling cycles
induced in the LPBF process. The plunger exhibited a
low coercivity value even before treatment, which requires
further investigation as it may be related to the specimen’s
shape or printing conditions for such a small diameter. This
measurement is highly advantageous for indicating hysteresis
losses, mainly when dealing with multiple samples under
different conditions, such as temperature treatment effects.
For example, some soft magnetic material families limit
Hc values to 500 A/m; higher values are not considered
for further characterization and analysis, saving time and
materials.

FIGURE 5. Specimen insertion in the coercimeter coil.

TABLE 3. Coercivity values before and after thermal treatment.

Sample | No treatment(A/m) | Treatment at 1200°C in vacuum(A/m)
Rod1 151.6 94.6
Rod2 212 85.6

Plunger 87.7 69.1

B. TOROIDAL MAGNETIC TEST

The soft material hysteresis graph was tested at 10 Hz
and 1 kHz frequencies. The measurements were limited
to an excitation field peak of 6500 A/m, or a secondary
voltage peak of 10 V. The toroidal sample had two windings:
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FIGURE 6. FeSi2.9 Toroid: size and shape not fully compliant with the IEC
60404 series standards.
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FIGURE 7. Magnetic permeability as a function of magnetic field H at

different frequencies for FeSi2.9 toroid a) without and b) with heat
treatment at 1200°C.

a secondary one(N; = 145), thinner, directly on the
sample surface and a primary one (N; = 134) on top
of the former (as shown in Figure 6). The geometrical
sizes are: full square section of 5 mm side, 5 cm inner
diameter and 6 cm outer diameter. The wrapped specimen
was used for typical magnetic characterization performed
with the transformer approach. The harmonic content had
to be very low for a sinusoidal waveform, and the equipped
arrangements guaranteed a Total Harmonic Distortion (THD)
lower than 1%. The data acquisition system was prepared
with a dedicated LabView code to automatically acquire
and process data for calculating the magnetic and energetic
properties. The comparison between the measurements con-
ducted before and after the heat treatment showed different
material properties and helped to adjust the next steps of
the research activities. The main differences were in the
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FIGURE 8. Magnetization curves at different frequencies for
FeSi2.9 toroid a) without and b) with heat treatment at 1200°C.

maximum magnetic permeability and total iron losses. The
magnetic permeability before the heat treatment was lower
than expected for the adopted powder composition (as shown
in figure 7a), mainly indicating a poorly relaxed state of
the crystal lattices. Consequently, the magnetization curves
were close to different frequencies (as shown in figure 8a)
and they all show very low maximum values for the alloy
considered. The maximum magnetic permeability value was
748, and magnetic induction did not exceed 1.1 T without
the heat treatment. The iron losses measured before the
heat treatment showed a relatively low electrical resistivity,
with the complete cycles at 1 T losing their tips, but only
at 500 Hz and 1 kHz. The hysteresis contribution was still
relatively high at all frequencies (as shown in figure 10).
The magnetic permeability rises consistently after the heat
treatment (fig. 7b), bringing the hysteresis contribution to
the iron losses at shallow levels. The maximum magnetic
permeability after the treatment corresponds to 3224, and
magnetic induction shows values greater than 1.2 T (fig. 8b).
The total iron losses after the heat treatment surprisingly
decreased at all frequencies and for any peak induction value,
as reported in Fig. 9, showing that the heat treatment benefits
fully compensate for the reduction in global electrical
resistivity. The hysteresis cycles before the treatment are
reported in Fig. 10a; it is possible to note the high presence
of total losses. The complete cycles at 1 T show a strongly
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FIGURE 9. Specific iron losses as a function of magnetic induction at
different frequencies for FeSi2.9 toroid a) without heat treatment,

b) without heat treatment restricted to 250 W/kg,c) with heat treatment
at 1200°C, and d) with heat treatment at 1200°C restricted to 250 W/kg.

reduced electrical resistivity, typical of a fully sintered
internal structure (fig. 10b), in which the central part of
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FIGURE 10. Hysteresis cycles at different frequencies for FeSi2.9 toroid
a) without treatment and b) with heat treatment at 1200°C.

the iron losses is dynamic and originates from the eddy
currents. The typical cycle shape confirms the resistivity
reduction for increasing frequencies; the cycle shape tends
to be an ellipsoid. On the other hand, the hysteresis losses
are reduced, as demonstrated by the minor Hc values at very
low frequencies; however, the contribution of eddy currents
losses became more influential after thermal treatment. The
separation of iron losses can be interpreted through the
specific lost energy shown in fig.11; the hysteresis part is
halved after the thermal treatment, while the eddy currents
losses show a slight increment. The additional investigation
concerns the maximum magnetic permeability as the function
of the frequency, as shown in Fig. 12a. The reduction is
more pronounced after the heat treatment, and at 100 Hz,
the reached value is 50% compared to the maximum.
A similar percentage decrease is obtained at 400 Hz for no
heat treatment (fig. 12a). The iron losses @1T for various
frequencies are shown in Fig. 12b. As it appears, irrespective
of the tested frequencies, the specific iron losses show a
slight decrease as an effect of annealing, suggesting that
the significant role of the heat treatment is played on the
magnetic permeability. So, the microstructure thus plays a
crucial role in controlling the magnetic properties, as appears
from the significant increase of magnetic permeability, the
slight reduction of specific iron losses, and the coercitivity
reduction.
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after thermal treatment as a function of frequency. b) Comparison
between specific iron losses before and after thermal treatment as a
function of frequency.

V. NUMERICAL SIMULATION

The plunger is a movable ferromagnetic core that is driven by
an electromagnetic force generated by a coil. The design of
the plunger is critical to ensure efficient and reliable operation
of the device. Numerical simulation is a powerful tool that
can be used to optimize the design of the plunger and predict
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FIGURE 13. Simulation of the plunger as it passes through the
electromagnet.
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FIGURE 14. Simulation data of the current transient of the plunger under
different condition. Orange) electromagnet only, Green) conventional iron
plunger, Blue) FeSi2.9% plunger.

its performance characteristics. This section will discuss the
numerical simulation of the linear electromagnetic plunger
produced by the LPBF technique. The magnetic field can
be calculated using the Maxwell’s equations. The equations
can be solved numerically using finite element analysis
(FEA) software such as COMSOL Multiphysics. The FEA
software discretizes the geometry into small elements and
solves the equations for each element. The results are then
combined to obtain the overall solution. The simulation
setup includes the geometry of the plunger, the material
properties, and the boundary conditions. The geometry of the
plunger was created using COMSOL Multiphysics fig. 13.
The material properties inserted in the simulation come from
the measured data obtained experimentally. The boundary
conditions include the current flowing through the coil and
the external magnetic field. The simulation results provide
valuable insights into the performance characteristics of the
plunger, the curve in Fig. 14 shows the current transient
of the plunger. What can be seen from the trends is that
in the case of the plug produced by AM (blue line) there
is a delay in closing of 10 ms compared to the traditional
case. This phenomenon is due to a longer time constant than
the current transient. The peaks at the bottom represent the
moment in which the electromagnet’s thrusts reach the end
of their stroke, while the following segment represents the
time in which the system reaches steady state. The simulation
results can also be used to calculate the magnetic flux density
distribution in the plunger(fig. 13). The distribution shows

VOLUME 11, 2023

~ Conventional
plunger

FIGURE 16. Setup for plunger closing measurenments.

how the magnetic field is distributed in the plunger and can
be used to identify areas of high flux density that may cause
saturation or heating. The results can also be used to optimize
the design of the coil to ensure uniform distribution of the
magnetic field.

VI. LABORATORY EXPERIMENT

One of the produced FeSi samples fits as the cursor in a small
magnetic piston. This device is based on a coil, magnetically
pulling an inner solid cursor. The used model is of the
single effect type, thus including a counteracting spring.
The nominal voltage of the device is 12 Vdc. Despite the
restrained sizes of the plunger and the setup, this application
could be considered an in-house demonstrator for locking
devices (e.g., for doors, electromechanical valves, etc.). After
the LPBF process, the sample needed to be machined to
obtain smooth surfaces and the thread for the end damper
and nut. The tests on the device with the original and the
newly produced rods, shown in Fig. 15, led to a direct
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FIGURE 17. Initial current transient.: a) Solenoid only, b) conventionally
manufactured small plunger, c) LPBR produced small plunger.

electrical and mechanical comparison between the materials.
During the tests, a voltage step at the nominal level (12Vcd)
caused the cursor movement until the natural stop position
(figure 16). The recorded voltage and current waveforms
are shown in fig.17. This test allows to evaluate the closing
transient of the plug and therefore its performance through
current measurement. The peak located at the instant 0.01 s
in fig. 17b, and 0.02 s in case fig. 17c represents the
instant in which the plug has reached the point of maximum
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closure for which the system formed by the coil and the
ferromagnetic core begins to reach steady state according
to the exponential law typical of inductive components.
The dimensions of the two plungers were slightly different.
Indeed, the as-built sample was broader owing to the
optimized LPBF process tolerances and shorter than the
standard one. Hence, the setup and the initial cursor position
were adjusted in the two cases to provide the same total stroke
of 10 mm.

In the first transient test, the coil had no cursor inside,
so only the electrical contribution to the current transient is
visible (fig. 17a). The presence of the cursor in the second
and third tests changed the current waveform (fig. 17b-c),
clearly showing the cursor travel phase and the time the
movement was completed. The latter can be easily detected
as the last current slope inversion, after which the current
completes the exponential transient following the higher final
inductance value. The main result that appears from Fig. 17
is that the lower force acting on the FeSi rod causes a
reduced acceleration (fig. 17¢), with a longer travel time of
about 10 ms concerning the original rod (fig. 17b). Future
improvements to the test bench could lead to the measurement
of the transient speed trend or the force acting on the cursor
at different positions.

VIl. CONCLUSION

This work investigated the LPBF processability and func-
tional characterization of soft magnetic FeSi2.9 speci-
mens. Magnetic permeability, coercitivity, first magnetization
curves, specific power losses, and hysteresis cycles were
measured at different operating frequencies (10 Hz-1000 Hz)
before and after a non-standard annealing heat treatment
(1200°C under vacuum for 1hr), to match the performances
of conventionally manufactured silicon steels. Additional
microstructure and grain size characterization were con-
ducted to clarify the effect of annealing treatment on magnetic
properties. The overall results can be summarized as
follows:

« Annealing heat treatment allowed a significant alteration
in the microstructure of the specimens, passing from
the columnar and elongated grains for the as-built
condition to larger and coarser grains for the heat-treated
one. Additional grain size measurement regarding grain
aspect ratio revealed that the attempted heat treatment
fosters the formation of equiaxed grains.

o LPBF processability does not match the functional
properties required from soft magnetic FeSi2.9. Post-
annealing heat treatment is required to match the
magnetic performances.

« Magnetic permeability is the magnetic properties that
annealing influences the most. After annealing, ft,; >
2700 is reached at 5S0Hz and higher than 3000 for
lower frequencies. On the contrary, specific power loss
measurements revealed only a tiny reduction trend due
to annealing for each tested frequency.
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o Annealing heat treatment allowed for significantly
dampening the hysteresis losses at each tested frequency,
showing that the dominant part of iron losses originates
from eddy currents.

« A simple cursor demonstrator for locking device appli-
cations was successfully built, tested with the proper
electromagnetic induction circuit, and compared with a
conventional plunger. The result of the test shows that
the FeSi plunger showed a higher travel time to cover
the same stroke as an effect of a reduced force acting
on it. Ultimately, the chosen application is consistent
with the magnetic and energetic material characteristics,
which are unsuitable for magnetic cores that work with
alternating magnitudes.

This work demonstrates great potentialities enabled by the
LPBF process in manufacturing soft magnetic Fe2.9wt.%Si.
Post-annealing treatment is a mandatory technological step
to attain adequate magnetic properties. Moreover, this work
also demonstrates that the microstructure rules magnetic
properties. Optimal magnetic properties are achieved when
the microstructure comprises large equiaxed grains. Other-
wise, even if the eddy current losses are high, the magnetic
aspect is comparable to ferromagnetic materials produced by
powder metallurgy. Some applications are already possible
for very low frequencies. Moreover, other solutions can be
investigated in the future, such as the stator for axial flux
machines [33] and the rotor for synchronous axial reluctance
machines. Therefore, further works will focus on reducing
eddy current loss strategies, for instance, by acting on the
geometry of the specimens. Another essential action will
be to study the increment in Si content, one of the most
important characteristics of the additive manufacturing of
magnetic components that can be exploited, as described in
several papers, and the evaluation of the force.
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