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ABSTRACT This article provides an in-depth analysis of the magnetic shielding and thermal properties
of additively manufactured materials, focusing on the Fe2.9wt.%Si alloy produced via Laser Powder
Bed Fusion (LPBF). The study compares these materials’ performance with conventional counterparts,
particularly in the context of their application in magnetic shielding of a relay switch. The research integrates
experimental findings from thermal imaging techniques to evaluate the efficiency of these materials
under operational conditions, offering valuable insights into the future of additive manufacturing in high-

performance magnetic shielding.

INDEX TERMS Active thermography, additive manufacturing, electromagnetic shielding.

I. INTRODUCTION

Additive Manufacturing (AM) technologies have become
increasingly prominent in the industrial sector due to their
ability to produce high-performing and complex components
with intricate geometries and specific material properties [1],
[2], [3], [4], [5], [6], [7], [8]. This flexibility has led to
their widespread application in various industries, including
aerospace [9], trends in manufacturing [10], and other
industrial sectors [11]. Among the various AM techniques,
Laser Powder Bed Fusion (LPBF) is particularly notable
for its frequent use [12], [13]. The quality of compo-
nents produced using AM is influenced by several factors,
including process parameters such as laser power, scanning
path, and scan speed, as well as the orientation of the
component on the printing platform [14], [15]. Optimizing
these parameters is crucial for minimizing defects, both
on the surface and within the material. Common defects
in AM components include impurities, keyhole collapse,
solidification cracking, and surface-connected porosity [16].
While both destructive and non-destructive methods can be
employed to detect these defects, non-destructive testing
(NDT) is generally preferred due to the high production costs
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associated with AM [17]. NDT methods for defect detection
can be categorized into in-line [18], [19], [20], [21] and
post-production techniques [22], [23], [24]. Post-production
methods include active infrared thermography (aIRT), X-ray
computed tomography (CT), and ultrasonic testing (UT)
[25]. Given that the powder materials used in AM undergo
heat treatments that alter their physical and mechanical
properties, it is essential to characterize the properties
of the components after manufacturing. While previous
studies have explored the effect of heat treatments on the
electrical resistivity of AM materials [26], investigations into
the magnetic properties of ferromagnetic materials across
different processes and alloys have also been reported [27],
[28], [29], [30], [31], [32], [33], [34]. In recent years,
there has been significant interest in the measurement of
thermal properties, particularly through active thermography
techniques [35], [36]. Active thermography has been utilized
for several decades as a non-destructive testing method
[37], [38], [39], particularly for characterizing corrosion
defects using halogen lamps as heat sources, as described
in [40] and [41] introduced a laser-based active thermography
approach coupled with a Digital Micromirror Device (DMD)
array, which enables the identification of hidden defects
and their dimensions. Tha authors in [42] conducted an
analytical, numerical, and experimental study on the effects
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of thermal diffusivity and crack defects using flying spot
laser thermography, a technique involving a moving laser
heat source for linear scanning. In [43] and [44] laser
stimulated thermography has been used for microstructural
characterization through thermal diffusivity local measure.
In fact, thermal diffusivity can be related to thermal and
electrical conductivity or to mechanical properties such as
hardness and so tensile strength. In [45], [46], [47], [48],
and [49] laser stimulation is used to study the microstructural
variation in the resistance spot weld. Further research by [50]
examined defect characterization in anisotropic materials
using active thermography with a halogen lamp, similar
to the method described by [40]. Similarly, halogen lamps
have been used for testing of anisotropic materials such as
wooden materials [51]. In addition to halogen lamps, other
excitation sources for active thermography include ultrasonic
thermography [52], [53] and induction thermography [54],
[55], [56], [57] evaluated the thermal diffusivity of boron steel
specimens with different heat treatments using pulsed laser
spot active thermography. Challenges in this methodology
include the need for a precise setup to avoid heat losses
and nonlinearities, as illustrated by [58], who used a
vacuum jacket for thermal measurements. Subsequent studies
applied this method to stripe-shaped samples [59] and for
anisotropic thermal diffusivity measurements [60]. More
advanced applications have explored the use of lock-in
stimulation on transparent crystals [61] and semitransparent
thin films [62]. The performance of magnetic shielding
is influenced by factors such as permeability, electrical
conductivity, thickness, and shape of the shield [34], [63],
[64],[65], [66], [67], [68], [69]. Non-destructive evaluation of
magnetic properties can enhance the design and verification
of magnetic shielding, particularly when quality control is
integrated with property control [70], [71], [72], [73], [74].
Despite the significance of this topic, there is limited liter-
ature on the assessment of electric and magnetic properties
in AM-produced magnetic shields. Although some studies
have been published on magnetic shields for high-frequency
applications using polymeric materials [75], [76], [77], the
area remains underexplored. In this work, the use of active
thermography to analyze the thermal properties of a magnetic
shield made of Fe2.9%Si was presented. The aim is to
establish a rapid, reliable and non-destructive technique to
measure and verify the shielding performance of magnetic
shields and its thermal properties, especially for laboratory
equipment that can be produced using AM. Furthermore,
the present work aims to evaluate the magnetic shielding
properties of ferromagnetic components produced by LPBF
technique.

il. METHODOLOGY

The methodology for this study was designed to rigorously
evaluate the magnetic shielding and thermal properties of the
Fe2.9wt.%Si alloy produced via Laser Powder Bed Fusion
(LPBF). The process was divided into several key stages:
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additive manufacturing process, magnetic performance eval-
uation and thermal analysis.

A. ADDITIVE MANUFACTURING PROCESS

The additive manufacturing of Fe2.9wt.%Si alloy was carried
out using an industrial-scale LPBF system equipped with a
multi-core fiber laser. The LPBF process involves spreading
a thin layer of powder on a build platform, followed by the
selective melting of the powder using a focused laser beam
(see figure 1). The platform then lowers, and another layer
of powder is spread, with the process repeating layer by layer
until the part is complete. The printed sample is represented
in figure 2. Key process parameters are reported in tab. 1,
including laser power, scan speed, hatch spacing, and layer
thickness, were optimized through preliminary experiments
to achieve high-density samples with minimal porosity. The
process parameters were fine-tuned to balance the energy
input and ensure complete melting of the powder without
causing excessive vaporization or defects such as keyholing
or balling.

TABLE 1. A list of ideal process parameters utilized for creating 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(m) 30
Hatching rotation, a(°) 67
Inert Gas type Ar
Power emission mode Ccw
Substrate material AISI 316L

Laser
beam

Powder bed Fused zone

Substrate

Processing Direction

FIGURE 1. Layer-by-Layer manufacturing process (LPBF).

B. POST-PROCESSING AND HEAT TREATMENT

After the LPBF process, the samples were subjected to post-
processing treatments to enhance their magnetic properties.
Heat treatment consisted of annealing at 1200 °C for 1 h
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under vacuum. This has allowed stress-relief to reduce
residual stresses induced by the rapid cooling rates inherent
to the LPBF process. The heat treatment was carefully
controlled to avoid excessive grain growth while promoting
the homogenization of the microstructure. Samples were
characterized in both as-built and heat-treated conditions to
assess the effects of post-processing on their properties.

b)

FIGURE 2. Geometry of the electromagnetic shield.

C. MAGNETIC AND ELECTROMAGNETIC PERFORMANCE
EVALUATION

The magnetic properties of the Fe2.9wt.%Si alloy were
evaluated through the standard toroidal test (see figure 3).
Two toroidal samples were printed and used, one in As-Built
(AB) condition and the other one after Heat Treatment (HT).
The samples were subjected to hysteresis loop measurements
to determine key magnetic properties such as permeability
and coercitivity. The magnetic shielding factor (SF) of the
samples was measured using a structure made by Fused
Deposition Modeling (FDM)(the red one in figure 4). This
type of measurement involves placing the sample (named
AM shield in figure 4.a) inside this structure and using a
coil or a permanent magnet to measure the attenuation of
electromagnetic waves in frequency or stationary condition
(see figure 4). As reported in figure 4.b, three different
measuring points were designed at different heights and
positions in order to analyze the shielding properties of
the printed samples. A PLA support structure (the white
one in figure 4.a) was created using the FDM technique
to insert the field probe to evaluate the attenuation of the
magnetic field at different positions inside the magnetic
shield. Both experimental setups and numerical simulations
were employed to assess the SF, with simulations used
to model the effects of different geometries and material
compositions.

D. THERMAL PROPERTIES ANALYSIS

In this work, we used laser-stimulated active thermography
to assess the thermal properties of our specimens. A FLIR
A6751sc infrared thermal camera with a sensitivity of less
than 20mK was employed, as shown in Figure 5;The
integration of the components has the commercial name
Multi-DES. The laser source provided up to SOW of power,
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FIGURE 3. Toroidal test setup.
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FIGURE 4. Magnetic field measurement test setup. a) structure realized
by fused deposition modeling (FDM) technique; b) CAD identifying the
evaluation points.

focused into a 2mm diameter circular spot and controlled
via a PC interface, as illustrated in Figure 6. The system was
operated in reflection mode to ensure high spatial calibration
accuracy.

A Lock-In laser thermography technique was utilized by
applying 25 step pulses modulated at 1 Hz. All experiments
were conducted under controlled environmental conditions
(26°C, 30% RH) with a 530 mm distance between the IR
camera and the specimen. The parameters for the field of
view (FOV), including the horizontal field of view (HFOV),
vertical field of view (VFOV), and instantaneous field of view
(IFOV), are summarized in Table 2.

To avoid any non-linear thermal responses, both laser
power and frame rate were carefully monitored and

VOLUME 13, 2025



M. Quercio et al.: Magnetic and Thermal Characterization of Fe2.9wt.%Si

IEEE Access

TABLE 2. Field of view (FOV) parameters.

HFOV
200 mm

VFOV IFOV
160mm  0.32mm

controlled. Statistical validation methods were employed to
ensure reliability and repeatability of the measurements.

Y

Magnetic
shield face
>
X
@&&
‘vgé Thermal
U camera

FIGURE 5. Active thermography setup. The laser source is directed onto
the specimen, and the IR camera is positioned to capture the induced
thermal response.

FIGURE 6. Laboratory setup of the active thermography. Laser and
camera are aligned in reflection mode to maximize spatial resolution.

A dedicated Python routine was developed to perform
phase analysis using a Lock-In Amplifier algorithm. This
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approach calculates the phase and amplitude of the thermal
signal at the lock-in frequency more efficiently than a
conventional fast Fourier transform (FFT). As a result, the
phase plots generally exhibited symmetric and linear trends
away from the heat source.

1) RELATIONSHIP BETWEEN PHASE SLOPE AND THERMAL
DIFFUSIVITY

Following the methodology in [78], the slope m of the linear
portion of the phase plot correlates to the thermal diffusivity
D, and the Lock-In test frequency f. This relationship can be

expressed as:
|f
=— /= 1
m D, ey

Here, m does not provide an exact point-by-point analytical
comparison but rather highlights how the intrinsic heat
propagation speed (captured by D, ) affects the slope of the
phase decay.

2) DEFINITION OF THERMAL DIFFUSIVITY
Thermal diffusivity D, represents how quickly heat spreads
through a material:

D, = i 2

pc

where k is thermal conductivity, p is density, and ¢ is
specific heat capacity. Although Eg. (2) does not yield a
site-specific solution for non-homogeneous or anisotropic
materials, it guides the interpretation of how fundamental
material properties collectively govern heat flow.

3) ESTIMATION OF THE SLOPE AND THERMAL DIFFUSION
LENGTH

To mitigate noise at larger distances from the laser spot, data
points with amplitudes below 0.3 K are excluded. A linear
polynomial is fitted to the remaining data, yielding the
slope m. We further relate m to the thermal diffusion length
u, which describes the radial distance at which the phase
decreases by 1 radian from the center of the heat source:

m= —. 3)
n

If an expected value for 1, denoted [ieypecred, 18 available,
it can be associated with a predicted diffusivity Dexpecrea by:

D expected

f “

Mexpected =

4) PROCEDURE FOR DEFINING THE FITTING DOMAIN

To determine the radial domain where the slope remains lin-
ear, we use the estimated thermal diffusion length pexpecred-
The total radial extent r.,, for curve fitting is:

Yext = 2 Faser spot 2 Mexpected - (5)

2893



IEEE Access

M. Quercio et al.: Magnetic and Thermal Characterization of Fe2.9wt.%Si

Thus, the fitting domain is:

[0+ 2 raser spots 0 + 2 riaser spot + 2 Mexpected I (6)

This approach avoids distortions near the beam center and
excessive noise at larger radii.

5) AUTOMATED RADIAL ANALYSIS AND FINAL OUTPUT

An automated routine finds the centroid of the laser spot and
iteratively fits the linear region of the phase plot, yielding
a best-fit diffusivity Dg;. Because specimens in this study
may exhibit anisotropy, the calculation is repeated at multiple
angular positions (from 0 to 360 degrees). The final reported
diffusivity is thus an average that takes directional variations
into account.

6) RELEVANCE AND CONTEXT FOR EXPERIMENTAL
COMPARISON

Although the above equations describe the core physics of
heat propagation and guide the phase-plot analysis, they do
not yield an exact analytical solution for each measured
radial point. Instead, they offer a framework to interpret and
compare local thermal diffusivities in materials that could
be non-homogeneous (e.g., additively manufactured spec-
imens). By introducing a controlled, frequency-modulated
heat wave (Lock-In thermography) and studying the resulting
phase shift, we obtain consistent diffusivity estimates and can
compare how heat flow varies at different locations in the
same component.

7) SUMMARY OF EXPERIMENTAL PROCEDURE

In brief, a frequency-modulated (1 Hz) laser beam introduced
a heat wave onto the specimen. Lock-In active thermography
measurements were subsequently analyzed using phase-slope
fitting and thermal diffusion length definitions to yield
quantitative values for D, in multiple directions (e.g., x, y, and
in-between angles). This technique is especially well-suited
for studying small or anisotropic components without relying
on closed-form solutions for each test.

E. DATA ANALYSIS AND CORRELATION

The experimental data collected from the microstructural,
magnetic, and thermal analyses were systematically cor-
related to understand the relationships between the LPBF
process parameters, material microstructure, and overall
performance. Statistical analysis was conducted to identify
significant trends and to quantify the impact of different
variables on the material’s shielding effectiveness and
thermal management capabilities.

Ill. RESULTS AND DISCUSSION

A. MAGNETIC AND ELECTROMAGNETIC SHIELDING
PERFORMANCE

The Fe2.9wt.%Si alloy, produced via LPBF, exhibits highly
promising magnetic shielding properties that have been
meticulously analyzed in both its as-built and heat-treated

2894

1O
0.5k
_ C 10 Hz
aal R = 50 Hz
- w100 Hz
-0.5 -_ w200 Hz
M 5 400 Hz
- 500 Hz
-1.0 IS AT A BN |T |10?0|Hf
=5000 —2500 0 2500 5000
H (A/m)

(a) Hysteresis loop of Fe2.9wt.%Si without heat treatment

1.0 -
0.5
C oofF
m i
-0.5F

_1‘0 -1 1 1 1 1 1 1 I 1 I 1 1 1 1 I 1 1 1 1 I

5000 —2500 0 2500 5000
H (A/m)

(b) Hysteresis loop of Fe2.9wt.%Si with heat treatment

FIGURE 7. Hysteresis loops of Fe2.9wt.%Si alloy at different frequencies
and conditions.

conditions. figure 7 and 8 present detailed analyses of
the hysteresis loops and magnetic permeability of the
Fe2.9wt.%Si alloy under various conditions. The hysteresis
loop data, shown in Figure 7, provides critical insight
into the magnetic behavior of the material, illustrating
how the magnetic induction (B) varies with the applied
magnetic field strength (H) at different frequencies. Notably,
the hysteresis loops for the as-built sample (figure 7.a)
demonstrate a wider loop area compared to the heat-treated
sample (figure 7.b), indicating higher energy losses due to
magnetic hysteresis in the as-built condition. This difference
suggests that the heat treatment process effectively reduces
the coercivity of the material, leading to improved magnetic
properties such as lower hysteresis losses and enhanced
soft magnetic behavior. On the other hand, the enlargement
of the loops at high frequencies is due to the increment
of eddy currents, which has a higher effect after the heat
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(a) Magnetic permeability of Fe2.9wt.%Si without heat treatment
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(b) Magnetic permeability of Fe2.9wt.%Si with heat treatment

FIGURE 8. Magnetic permeability trends of Fe2.9wt.%Si alloy under
different conditions.

treatment. The magnetic permeability trends, illustrated in
figure 8, further underscore the impact of heat treatment on
the material’s magnetic performance. In the as-built condition
(figure 8.a), the relative magnetic permeability (u,;) peaks
at lower values compared to the heat-treated condition
(figure 8b). This enhancement in magnetic permeability
post-heat treatment suggests that the material undergoes
significant microstructural changes, such as grain growth and
stress relief, which facilitate more efficient magnetic domain
movement. As a result, the heat-treated Fe2.9wt.%Si alloy
demonstrates superior performance in applications requiring
high magnetic permeability, making it an excellent candidate
for magnetic shielding in sensitive electronic environments.
The effectiveness of the Fe2.9wt.%Si alloy as a magnetic
shield is quantitatively represented by the Shielding Factor
(SF) described as:

_ Box, . 9|

SF = ——M—
|Bs(x,y, 2)|

)
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where:
o By is the magnetic induction at a certain point when the
shield is absent.
o Bg is the magnetic induction at a certain point when the
shield is applied.

¢

FIGURE 9. Electromagnetic field excitation directions.

This characteristic measures the material’s ability to atten-
uate electromagnetic fields. Figures 10 and 11 provide a
comprehensive overview of the SF under both DC and
AC/DC excitation conditions. The data presented in Figure 10
shows the SF at different evaluation points along the Z and
Y directions of the shield (see figure 9), highlighting the
superior performance of the heat-treated samples over the
as-built ones in DC condition, particularly at the critical
evaluation points where maximum electromagnetic exposure
occurs. This trend is consistent across both directional anal-
yses, reinforcing the conclusion that heat treatment enhances
the shielding effectiveness by refining the microstructure,
reducing defects, and homogenizing the material properties.
Further analysis of the SF under AC/DC excitation, depicted
in Figure 11, reveals the material’s frequency-dependent
shielding performance. The comparison between simulated
and experimentally measured SF values across different
evaluation points provides valuable insights into the mate-
rial’s behavior under varying electromagnetic conditions.
The data shows that the heat-treated Fe2.9wt.%Si alloy
consistently outperforms the as-built alloy, particularly in
the higher frequency range (kHz), where electromagnetic
interference (EMI) is most challenging to mitigate. The
relative error heatmaps in Figure 12 provide a visual
representation of the discrepancies between the simulated
and experimental SF data. These heatmaps highlight the
accuracy of the simulations in predicting the magnetic
shielding behavior of the Fe2.9wt.%Si alloy, with minimal
relative errors observed across most frequency ranges and
evaluation points. The slight variations seen in certain areas
underscore the complex interplay between the material’s
microstructure and its magnetic properties, which could
be further refined through additional process optimization
and detailed modeling. Overall, the analysis presented here
demonstrates that the Fe2.9wt.%Si alloy, particularly after
heat treatment, offers excellent magnetic shielding perfor-
mance, with potential applications in a variety of frequency
applications and sensitive environments. The LPBF process’s
ability to produce complex geometries further enhances this
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I Fe-2.9wt%Si As-built
0 Fe-2.9wt%Si HT
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Point 2 Point 3

Evaluation points

Point 1

(b) Direction Y

FIGURE 10. Shielding Factor of Fe2.9wt.%Si alloy electromagnetic shield
with DC excitation at different evaluation points.

material’s utility, providing a versatile and effective solution
for modern electromagnetic interference challenges.

B. MICROSTRUCTURAL ANALYSIS
The two shields, in their as-built (AB) and heat-treated (HT)
conditions, were polished on the X-Y deposition plane to
prepare them for detailed microstructural analysis. Optical
microscopy was employed to capture high-resolution images
of the specimens, which allowed for the evaluation of pore
presence, geometry, and distribution within the material.
A comparative analysis of the microstructures in different
conditions is shown in figure 13, which highlights the
differences between the as-built and heat-treated specimens.
In figure 13, microstructural features are presented under
different conditions: figure 13.a shows the as-built (AB)
specimen after chemical etching. This image reveals the grain
structure and distribution of phases within the material. The
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grain boundaries are distinctly visible, indicating a relatively
coarse microstructure typical of the as-built condition, where
rapid solidification has led to the formation of large grains
with minimal refinement. The etching process accentuates
these features, providing a clearer view of the internal
structure. figure 13.b illustrates the unetched as-built (AB)
specimen. Without etching, the image primarily shows the
distribution of pores and other discontinuities within the
material. The pores appear as dark, irregularly shaped regions
scattered throughout the matrix. These are typical of the
as-built condition, where the rapid solidification process
can trap gas or lead to incomplete fusion, resulting in
porosity. figure 13.c presents the heat-treated (HT) specimen
in an unetched state. Here, a noticeable reduction in the
number and size of pores can be observed, compared to
the as-built condition. Heat treatment has contributed to
the healing of some of the pores through mechanisms
such as diffusion and recrystallization, leading to a more
homogenous and refined microstructure. The absence of
etching in this image means the focus is primarily on the
reduction of porosity rather than the detailed grain structure.
The chemical etching applied to the as-built specimen in
figure 13.a provides insight into the material’s inherent
microstructure, revealing the presence of larger grains and
potential columnar structures that have formed during the
additive manufacturing process. In contrast, the heat-treated
specimen, although not etched, demonstrates a more uniform
distribution of smaller grains, suggesting that the heat
treatment has been effective in reducing internal stresses and
homogenizing the microstructure. Overall, the comparison of
these images demonstrates that heat treatment significantly
alters the microstructure by refining the grain size and
reducing porosity as demonstrated by the same authors in
[66], where it is also possible to find the microstructure
image and the value of the grain size before and after heat
treatment. These changes are consistent with observations in
the literature, where heat treatment is known to enhance the
magnetic properties of additively manufactured materials by
reducing defects and promoting a more stable and uniform
microstructure [79], [80], [81].

C. THERMAL PERFORMANCE

The thermal performance of the Fe2.9wt.%Si alloy was
evaluated to understand the impact of heat treatment on its
thermal properties, particularly thermal diffusivity. Lock-in
thermography was employed as a non-destructive technique
to measure the thermal response of the material under cyclic
heating. This method provides insights into the thermal
diffusivity by analyzing the phase and amplitude of thermal
waves as they propagate through the material. figure 14
presents the results from the lock-in thermography tests
conducted on the as-built specimen. The amplitude and phase
maps in figure 14 allow for the visualization of the thermal
wave propagation within the material. The unprocessed
amplitude map shows a relatively uniform distribution, which

VOLUME 13, 2025
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FIGURE 11. Comparison of Shielding Factor (SF) values between simulated and experimentally measured data for Fe2.9wt.%Si alloy under AC/DC
excitation conditions.
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FIGURE 12. Relative error heatmaps for SF values of Fe2.9wt.%Si alloy across different frequencies and evaluation points.

corresponds to the material’s inherent thermal response. where the phase shift occurs due to variations in thermal
In contrast, the phase map reveals more detailed information properties. Further processing of the lock-in thermography
about the material’s internal structure, highlighting regions data, as shown in the lower half of figure 14, involves

VOLUME 13, 2025 2897



IEEE Access

M. Quercio et al.: Magnetic and Thermal Characterization of Fe2.9wt.%Si

200 um
0y

@, D rin,

o 5 :y’,;;' 0\

FIGURE 13. Microstructural comparison: a) HT unetched, b) AB unetched,
c) HT etched, d) AB etched.

the creation of masked amplitude and phase maps. These
processed maps focus on specific areas of interest within
the material, excluding noise and irrelevant regions. The
masked amplitude map emphasizes the thermal diffusivity
in selected areas, while the masked phase map sharpens the
focus on phase shifts that indicate thermal inhomogeneities
or voids within the structure. The comparison between the
raw and processed data reveals that the heat treatment likely
contributes to a more uniform thermal response, reducing
phase lag and improving overall thermal diffusivity. The
impact of heat treatment on thermal diffusivity is further
elucidated in figure 15, which compares the diffusivity values
as a function of directional angle for both the as-built and
heat-treated samples. The data, obtained using a Python
algorithm, illustrates that the heat-treated sample exhibits
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FIGURE 14. Amplitude map (left) and Phase Map (right), respectevely the
full data (top) and masked data in the interest area (bottom).

consistently higher diffusivity values across all directional
angles compared to the as-built sample. This uniform
increase in diffusivity is indicative of the microstructural
improvements achieved through heat treatment, such as
reduced porosity and grain refinement, which enhance the
material’s ability to conduct heat more efficiently.

0° —— As Built
—— Heat Treated

45°

270° 90°

180°

FIGURE 15. Diffusivity values versus direction angle for as-built (red dots)
and heat-treated (green dots) samples.

Tab. 3 summarizes the average directional diffusivity
values for the two specimens, averaged over 360 degrees. The
results clearly demonstrate that the heat-treated specimens
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possess higher average diffusivity values compared to
their as-built counterparts. The standard deviation is also
slightly lower in the heat-treated samples, suggesting a more
consistent thermal performance across different directions.

TABLE 3. Average experimental directional diffusivity over 360 degrees.

Dy[mm2/s]  StandardDeviation[mm? /s]
As-Built 7.527 0.0107
Heat Treated 8.044 0.0091

The observed improvement in thermal diffusivity due to
heat treatment can be attributed to several factors. First,
the heat treatment process likely reduces the number and
size of voids within the material, as evidenced by the
less steep slope observed in the phase map of the heat-
treated specimen. This reduction in voids leads to a denser
microstructure, which enhances the material’s ability to
conduct heat. The correlation between the phase plot’s
slope and the material’s thermal properties underscores
the importance of microstructural uniformity in achieving
superior thermal performance. Furthermore, the literature
supports the notion that heat treatment can enhance thermal
conductivity by promoting microstructural changes such as
grain growth and the reduction of residual stresses [82]. These
changes result in a more homogenous and stable structure,
which is better suited for efficient heat conduction. In the
case of the Fe2.9wt.%Si alloy, the combination of reduced
void content and optimized grain structure likely contributes
to the observed increase in thermal diffusivity across all
directions. Overall, the study highlights the significant impact
of heat treatment on the thermal properties of additively
manufactured Fe2.9wt.%Si alloy samples. By enhancing
the material’s thermal diffusivity, heat treatment improves
the overall thermal performance, making the alloy more
suitable for applications where efficient heat dissipation is
critical. The consistent superiority of the heat-treated samples
across all measured parameters reinforces the value of
thermal treatment in optimizing the performance of additively
manufactured materials.

IV. CONCLUSION

This study examined the thermal and magnetic properties of
a Fe2.9%Si alloy fabricated via Laser Powder Bed Fusion
(LPBF) in both as-built and heat-treated conditions. The
findings highlight the significant impact of heat treatment
on enhancing material performance. Heat treatment notably
improved the alloy’s magnetic properties, resulting in reduced
coercivity and hysteresis losses, which indicate better soft
magnetic behavior. Additionally, there was an increase
in magnetic permeability due to enhanced microstructural
refinement, leading to an improved magnetic shield factor
(SF) that makes the alloy suitable for low-frequency magnetic
field applications. In terms of thermal properties, heat-treated
samples exhibited a marked increase in thermal diffusiv-
ity, enhancing their ability to conduct heat. The thermal
diffusivity became more uniform across directional angles
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after treatment, ensuring consistent thermal management.
Furthermore, microstructural densification reduced porosity,
facilitating more efficient heat conduction. As illustrated
in Figure 16, heat-treated samples outperform their as-built
counterparts in both thermal and magnetic domains. Overall,
these results underscore the critical role of heat treatment in
optimizing material properties for advanced applications.

Implications and Future Applications:

« Versatile Industrial Applications: The enhanced mag-
netic and thermal properties make the heat-treated
Fe2.9%S:i alloy suitable for a wide range of applications,
including aerospace and electronics.

o Customization Potential: The combination of LPBF
and precise heat treatment protocols allows for tailored
material properties to meet specific operational require-
ments.

o Future Research Directions: Further optimization of
heat treatment parameters and exploration of the alloy’s
performance in specific application environments are
recommended to fully leverage its potential.

Overall, the heat-treated Fe2.9%Si alloy exhibits enhanced
magnetic and thermal properties, positioning it as a promis-
ing candidate for applications requiring superior magnetic
shielding and effective thermal management. The ability to
fine-tune these properties through controlled fabrication and
post-processing techniques highlights the alloy’s versatility
and potential for broad industrial adoption.
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FIGURE 16. Comparisons of thermal VS magnetic properties.
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