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ABSTRACT
The thermal and electrical responses of additive manufactured specimens were ana-
lyzed for a additive manufactured steel magnetic shield as a case study. The analysis
was based on the evidence that variations in the thermal properties of a material
can be measured as a phase delay in thermal diffusion through the material bulk.
The signal post-processing was performed and the results were presented in a phase
diagram. The results showed that after heat treatment, the slope of the phase dia-
gram changed to less steep, indicating an increase in thermal diffusivity and hence,
thermal conductivity. The electrical conductivity was predicted using the thermal
conductivity and the Weidemann-Franz law and validated by experimental mea-
surements of the electrical conductivity. The same approach was applied to predict
the electrical conductivity in the magnetic shielding, taking into consideration the
scaling of the density due to porosity. The results showed that the thermographic
non destructive full field non contact approach can be used to evaluate the electrical
properties of a component and that the heat-treated specimens show better thermal
diffusivity and hence, thermal and electrical conductivity.

KEYWORDS
Active thermography; Additive manufacturing; Electrical properties;
Wiedemann-Franz; Image processing; Non-contact measurement;

1. Introduction

Additive Manufacturing (AM) technologies are being widely used in the industrial
sector for the production of high-performing and complex components [1–8]. The flex-
ibility to produce components with intricate geometries and specific materials has
increased their application in various industries, such as aerospace [9], trend [10], and
other sectors [11]. Among the different AM techniques, Laser Powder Bed Fusion
(LPBF) is the most commonly used [12,13]. The quality of the components produced
using AM is related to various factors such as the process parameters (laser power,
laser scanning path, and scan speed) and the orientation of the component on the
printing platform [14,15]. Optimizing these factors helps in reducing the number of
defects present in the components, both at the surface and sub-surface levels. The typi-
cal defects found in AM components include impurities, keyhole collapse, solidification
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cracking, and surface-connected porosity [16]. These defects can be detected through ei-
ther destructive or non-destructive testing methods. However, non-destructive testing
is preferred due to the high production cost of AM [17]. Among the non-destructive de-
fect detection methods, we can distinguish between in-line [18–20] and post-production
tests [21–23]. Post-production testing techniques include active infrared thermography
(aIRT), X-ray computed tomography (CT), and ultrasonic testing (UT) [24]. The pow-
der material used in AM is subjected to heat treatments that alter its physical and
mechanical properties. Hence, it is crucial to characterize the components properties
after the manufacturing process. In literature, studies were conducted to investigate
the effect of heat treatments on the electrical resistivity of AM materials [25]. How-
ever, as far as ferromagnetic materials are concerned, only magnetic properties were
studied for different processes and different alloys [26–31]. The measurement of ther-
mal properties of a material was the focus of intense research in recent years [32] ,
with many researchers focusing on active thermography techniques. Active thermog-
raphy was used as a non-destructive testing method for several decades and it was
used to characterize corrosion defects by means of a halogen lamp as the heat excita-
tion source, as described in [33,34] presents an active thermography approach using a
laser heat source coupled to a DMD 1024x768 mirror array, which enables the identi-
fication of hidden defects and their length measurement. [35] presents an analytical,
numerical, and experimental study of the effect of thermal diffusivity and crack de-
fects using the flying spot laser thermography technique, which involves introducing
a moving laser heat source and performing a linear scan with constant velocity. [36]
presents an approach to defect characterization in anisotropic materials using active
thermography with a halogen lamp as the heat source, similarly [33]. In addition to
halogen lamps, other excitation sources for active thermography include ultrasonic
thermography [37,38], induction thermography [39–42] evaluates the thermal diffu-
sivity between two different specimens of boron steel with different heat treatments
using a pulsed laser spot active thermography approach. Physicians and material engi-
neers use the lock-in thermography technique to characterize particular materials[43].
The main difficulty in this methodology consists in the sample preparation since the
thermal measurement is sensitive to local emissivity, shape and internal properties
(eg. anisotropy) of the tested material. In addition, the measurement needs a good
setup, in [44] a vacuum jacket is used in order to avoid heat losses and nonlinearities
due to convective phenomena, then different measurements are done by the use of a
thermocouple and a movable specimen holder. In [45] the same method is used but
on 200µm thick stripe-shaped samples. In [46] the lock-in method is used to measure
anisotropic thermal diffusivity with respect to the fiber orientation, in this work it
is specified that the thermal diffusion length parameter, and thus the frequency, are
chosen in order to have an averaged measure through the thickness for the in-plane dif-
fusivity. A more challenging application of the methodology is presented in [47] where
the lock-in stimulation is applied on a transparent crystal, or in [48] another simi-
lar application on semitransparent thin films is presented. The shielding performance
of magnetic materials is influenced by their permeability and electrical conductivity,
as well as the thickness and shape of the shield [49–56]. Non-destructive control of
the electrical properties can therefore improve the design and verification of magnetic
shielding, especially when quality control is combined with property control [57–61].
Despite the importance of this topic, little literature exists on the evaluation of electric
and magnetic properties. Some papers on magnetic shields produced using additive
manufacturing (AM) using polymeric materials for high-frequency applications have
been published [62–64], but few studies have focused on this area. In the present work,
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the authors present the use of active thermography to derive the electrical properties
of an electromagnetic shield made of Fe2.9%Si from measured thermal properties. The
motivation behind this research is to establish a rapid, reliable, and non-destructive
technique to measure and verify the shielding performance of magnetic shields, espe-
cially for laboratory equipment applications, with complex geometries which can be
manufactured using AM. The proposed technique aims at evaluating electrical prop-
erties on the finished piece, properties which can be locally affected by due to the
high level of complexity of the additive manufacturing process. To this aim, material
characterization was performed on material samples and the obtained parameters were
applied to estimate the electrical properties in the component.

1.1. Analytical background: the Wiedemann Franz formulation

The Wiedemann and Franz correlation [65] allows for linking thermal and electrical
conductivity in bulk metallic materials. It is an empirical formulation reported in
Eq.1 which relates the thermal diffusivity D to the electrical conductivity σ for bulk
materials. This relation, if validated by means of thermographic thermal parameters
calibration, allows the non destructive characterization of components, without labo-
ratory measurements performed on dedicated samples, which is a critical issue when
dealing with additive manufactured materials where process variables strongly affect
physical and mechanical properties. This formulation was used in various works [66,67]
to correlate the thermal phenomena with the electrical ones for the investigated ma-
terials. It was used for the first time on ferromagnetic samples produced by AM. The
validation of the use of this technique combined with eq. 1 would lead to innovation in
this sector. This would mean evaluating the electrical and thermal properties through
non-destructive testing directly on the piece. This would reduce not only processing
times but also processing costs.

L =
K

σT
(1)

Where L is the Lorentz number (2.44 3 *10e-8), T the temperature in Kelvin, K
the thermal conductivity in J/mK, and σ the electrical conductivity

1.2. Analytical background: the Lock-in Method

The analytical formulation of the phenomena has been demonstrated many times.
In [68], a complete demonstration is presented. The formulation considers the finite
radius of the laser beam and the gaussian distribution of the laser heat source on a
isotropic slab. The oscillating component of temperature equation in the Hankel space
[68] Tac is given by

Tac(r, z) =
P0

4πK

∫ +∞

0
δJo(δr)

e−(δa)2/8

β

×
[

(1 + H1)e
β(ℓ+z) + (1 −H1)e

−β(ℓ+z)

(1 + H0)(1 + H1)eβℓ − (1 −H0)(1 −H1)e−βℓ

]
dδ

(2)
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Where ℓ is the slab thickness, P0 is the laser beam power with a Gaussian profile
of radius a and a modulation frequency f(ω = 2πf , δ is the Hankel variable, J0 is the

Bessel function of the zeroth order and β2 = δ2 + σ2, being σ =
√

iω/D the thermal
wave vector, H0 = h0/Kβ and H1 = h1/Kβ where K is the thermal conductivity and
h0 and h1 are the heat transfer coefficient of respectively the upper and lower surfaces.
Then the model is simplified, neglecting the heat conduction to the surrounding gas.
Two case of interest are therefore presented.

If the slab is thermally thin, for example ℓ ≪ µ, so with a thickness smaller then
the thermal diffusion length, and accordingly to the hypothesis e±βℓ ≈ 1 ± βℓ and
h0 ≈ h1 ≈ h Then the equation 2 simplifies to:

Tac =
Po

4πKℓ

∫ +∞

0
δIo(δr)

e−(δa)2/8

β′2 dδ (3)

Where β′2 = δ2 = σ′2, with σ′2 = σ2 + (2h/Kℓ). In the thermally thin slab subcase
the thermal distribution of oscillating temperature does not change along the thickness.

Then assuming a collimated laser beam (a=0) the equation 3 reduces to:

Tac(r, a = 0) =
Po

4πKℓ
Ko(σ

′r) (4)

Where K0 is the zeroth order of the Kelvin function. Then using the asymptotic
approach eq 4 reduces, for large r values, to:

T (r → ∞, a = 0) ≈ Po

4πKℓ

√
π

2σ′
e−σ′r

√
r

=

=
Po

4πKℓ

√
π

2

1√
σ′
R + iσ′

I

e−σ′
Rr

√
r

e−iσ′
Ir

(5)

Where σ′
R and σ′

l are the real and imaginary parts of σ′. From 5 derives the linear
correlation between r and the phase’s (Φ) slope mΦ = −σ′

l. Another important con-
sideration derives from the fact that for finite laser spot size (a ̸= 0) the amplitude or
phase changes only nearby the spot, while if larger radii are used both slopes remain
unchanged. If considering the opposite subcase, in the condition of a thermally thick
slab (ℓ ≫ µ), the equation 2 reduces to:

Tac(r, z = 0) =
Po

4πK

∫ +∞

0
δJo(δr)

e−(δa)2/8

β + ho

K

dδ (6)

This equation has no analytical solution, however, from numerical simulations was

concluded that exists a dependence and is δln(
√
r∗Tac)
δr = δϕ

δr = m =
√

πf
D = µ−1.

2. Materials

The process of AM is commonly applied to manufacture complex-shaped objects,
often with improved performance through topological optimization [69,70]. However,
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Table 1.: Printing parameters

PARAMETER VALUE
Power, P [W] 200

Scan speed V [mm/s] 800
Hatch distance HD [µm] 70

Layer thickness Z [µm] 30

in the present study, simple geometries were used to focus on the correlation between
the thermal and electrical properties of AM-processed objects. The case study is an
electromagnetic laboratory shield of a relay (Fig. 1). Two sets of tests were performed,

(a) (b)

Figure 1.: Electromagnetic shield FeSi2.9
Alt text:Figure (a): ”Photograph of a rectangular, open-top box with a textured
surface. The box is oriented such that its length (x-axis) is horizontal and width

(y-axis) is vertical in the image plane, with the depth (z-axis) appearing to recede
into the page. The x, y, and z axes are indicated by green, blue, and red arrows,

respectively.” Figure (b): ”Three-dimensional CAD rendering of a rectangular box
with dimensions labeled. The length is noted as 123.50 mm, width as 48.50 mm, and

height as 28.00 mm. The box is shown in perspective view with the dimensions
displayed in green text, angled to match the perspective of the box’s faces.”

the first one on material samples to characterize thermal and electrical conductivity
and to validate the Eq.1 for the investigated material and process. The second set was
performed on the component to estimate the electrical properties basing on thermal
measurements and calibration parameters obtained by the first set. In particular two
electromagnetic shields were produced using the Laser Powder Bed Fusion (LPBF)
technique from Fe2.9%Si alloy powder [71]. The 3D printer used was a prototype for
research purposes and a 200W laser was used to melt the powder in a zig-zag pattern,
rotating each layer 67◦ along the axis of the part being constructed. The construction
direction was also along the axis of the produced part. The parameters used in the
process are listed in Table 1. Both sets of experiments were performed on AM material
as built and heat treated at 1200◦C in a vacuum. The heat treatment was optimal to
increment magnetic performance [71].

5



2.1. Powder characterization

Chemical analysis and macro-view of the powders were performed by means of a SEM
EVO-50, by Malvern Morpholgy for the powder morphology study, and Micrometrics
FT4 Powder Rheometer for the flowability tests. As regards the morphology test, the

investigated parameters are CEDiameter =
√

4A
π [µm] which is the diameter of a

circle with the same projected area A as the particle, and the Circularity =
√

4πA
P 2

which quantifies the degree to which the particle is similar to a circle, considering
the smoothness of the perimeter P . It quantifies the particle shape and roughness.
The flowability test parameters used are constant tip speed (100mm/s), downward
anti-clockwise motion (compressive flow mode in the powder), and energy used for
tip motion. From the flowability test, the following parameters were obtained: BFE
(Basic Flowability Energy) is the energy required to establish a particular flow pattern
in a conditioned volume of powder; SE (specific Energy) [mJ/g], a parameter which
quantifies how the powder will flow in an unconfined or low stress environment; CBD
(Conditioned Bulk Density) [g/ml], that is the density measurement of the powder
in the conditioned state; SI (Stability Index), an adimensional ratio to asses if the
powder is going to change as a result of being made to flow, FRI (Flow Rate Index),
which quantifies the powder sensitivity to flow rate variations.

2.2. Parts characterization

Mass and density differences of printed parts were assessed by measuring the weight of
the specimen by an analytical balance (Kern ABJ 220-4NM). To evaluate microstruc-
tural differences, which may impact thermal properties, the specimens were prepared
for metallographic analysis which was performed by means of optical and electron
microscopy techniques. The specimens were cut parallel to the printing plate, hot-
mounted in bakelite, and polished to a diamond finish of 1µm through manual pol-
ishing. The sections were then examined using an optical microscope to determine
porosity. The samples were chemically etched with 2% Nital to further evaluate mi-
crostructural differences, which were then observed using both an optical and scanning
electron microscope (SEM). For the SEM analysis, the specimen was studied in a high
vacuum and images were acquired using backscattered electrons (BSE) to evaluate
the chemical composition of the metal matrix and pores. The porosity percentage was
determined over a 28.7mm2 area, as shown in Figure 6. The potential presence of in-
clusions was evaluated through energy-dispersive X-ray spectroscopy (EDS) in points
of interest.

3. Methods

3.1. Active Thermography setup

In the thermographic testing, active thermography was considered. It consists in study-
ing the thermal response of a component subjected to an external heat source, in the
present case a laser beam, and the corresponding technique is called laser active ther-
mography. The experimental equipment was composed by a thermal camera, a laser
excitation source, and a PC control unit. The IR thermal camera is a FLIR A6751sc
with a sensitivity lower than 20 mK and 3-5 µm spectral range, while the laser source
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Table 2.: FOV info

HFOV VFOV IFOV
200mm 160mm 0.32mm

can generate a maximum power of 50 W concentrated in a circular spot of a diameter
of 2mm. The experimental configuration was set in reflection mode as shown in Figure
2. To ensure the accuracy of the spatial calibration the thermal camera is positioned
perpendicular to the specimen face studied, and the perpendicularity is assured in the
vertical and horizontal axis. Two laser stimulation techniques were used. The first tech-
nique, called Pulsed Thermography, involves the application of an external heat source,
in this case, a Gaussian laser beam, for a short period of time to simulate impulsive
heating. In the current study, a step pulse was applied. The second technique, called
Lock-In thermography, involves the application of a repeated step pulse modulated
at a specific frequency referred to as the lock-in frequency. This technique allows for
more advanced signal processing, in phase and frequency, resulting in more consistent
and accurate results. The experiments were run at 26.0°C room temperature, relative
humidity 30% and a distance between the thermal camera and the target of 530mm.
With this setup, the parameters regarding the Field of View are presented in Table
2. To further ensure the accuracy and consistency of the results, special attention was
paid to the laser power and frame rate. The laser power was carefully adjusted as
indicated to avoid high-temperature increase which could cause non-linearities in the
thermal phenomena. Meanwhile, the acquisition frame rate was optimized to obtain
the smallest number of frames per test, while still maintaining a high time resolution.
The test plan for both specimens was identical and is outlined in Table 3. This con-
sistency in testing methodology allowed for a more accurate comparison of the results
between the two specimens. To further validate the results, the data were analyzed by
various statistical methods to assess their reliability.

Table 3.: Testing setup

Test Technique Step n°/ duration Power level Frame rate
1 PULSED 50ms 50% 329fps
2 PULSED 500ms 25% 30fps
3 LOCK-IN 15X50ms 50% 329fps
4 LOCK-IN 15X500ms 25% 30fps
5 LOCK-IN 15x1000ms 15% 60fps

The pulsed tests were processed using the maximum and average temperature infor-
mation from the thermogram record. In particular, a circular region of interest (ROI)
was defined, that is the area where the maximum and average temperatures were
obtained. Then, these data were input in a dedicated Matlab routine to study and
compare peak temperatures, cooling rate, and logarithmic temperature increase with
respect to room temperature. The lock-in test was post-processed to obtain the phase
plot of the thermal contours in time. Before extrapolating the phase information, the
data were denoised using a singular value decomposition (SVD) denoising algorithm,
which reduces the noise in the phase signal for low-amplitude pixels. The phase of
the thermal signal was extracted with a dedicated Matlab routine by means of the

7



(a) (b)

Figure 2.: Test set-up
Alt text:Figure (a): ”Schematic illustration showing the setup of an experiment

with a thermal camera setup. A laser head directs a beam towards a mirror, which
then redirects the beam at a 90-degree angle towards a specimen. The path of the

laser is indicated by a dashed red line. Adjacent to the specimen is a thermal
camera, represented by a yellow block, which is positioned to capture the

temperature profile of the specimen as the laser interacts with it.”
Figure (b): ”Photograph of the actual experimental setup. A thermal imaging

camera is mounted on a stand, aimed at a specimen located on a table with a dotted
pattern. To the left of the camera, a laser apparatus is partially visible. The

specimen appears to be a small, square object standing upright on the table. Various
other lab equipment and cables are also present around the setup, which is enclosed

in a protective area with black walls.”

Fast Fourier Transform (FFT), performing a 1D Fourier transform for each pixel. The
data are formatted as a tensor of three dimensions, where the first two are the spatial
dimensions (pixels) and the third dimension is the time dimension (frames). For each
pixel, a Fourier transforms analysis is performed along the time dimension to extrap-
olate its phase contribution. The result is a 3d phase map plot of the phase value in
each pixel in time. In this particular case, the phase map is not intended to detect
and display defects, as is commonly done using lamps as heat sources [33,36,72]. Plot-
ting the value of the phase in a given instant along an arbitrary axis passing through
the center of the spot, it is expected to be linear according to [68]. The behavior is
recognized as symmetric with an almost flat part in the center, which corresponds
to the laser spot radius, and a linear part which corresponds to the diffusion area of
heat during the lock-in pulsation. The slope of the linear trend is related to thermal
diffusivity according to [68]:

m = −
√

πf

Dx
, (7)

where m is the slope [rad/mm] of the linear parte of the phase curve, while f is the

modulation frequency [Hz] of the laser spot lock-in stimulation and Dx is the ther-
mal diffusivity [mm2/s] along the X measured surface direction in which phase/space

8



diagram is plotted by cutting the phase map. The thermal diffusivity is defined as:

Dx =
k

ρc
. (8)

where k is the thermal conductivity [W/(m∗K)], ρ is the mass density [Kg/mm3], and
c is the specific heat [J/(Kg ∗K)] The thermal diffusivity along a particular direction
can be obtained using the Eq. 7. This methodology allows to obtain thermal diffusivity
along any possible direction, avoiding boundary effects, even for small components.
Generally speaking, the experimental setup does not permit ideal conditions, that is
no noise and an adimensional head source, then, to avoid biases and errors, certain
precautions must be taken when selecting the linear zone to evaluate the slope, as
follows. The phase plot presents in the center a plateau which corresponds to the
area heated by the laser spot. Beyond a certain distance from the laser spot, the data
becomes noisy due to the low amplitude of the signal. To minimize these effects, in
the present research, all phase data with a phase-amplitude lower than 0.3 K were
excluded. In Figure 3a the denoised phase plot for an acquisition on the as built
magnetic shield is reported as an example, and in Figure 3b the section of the phase
plot according to a generic direction passing through the center of the plot is reported
as an example. In Figure 3b, it is evident that there is a typical trend in the phase plot.
It can be divided into two separate regions, which are referred to as Zone A and Zone
B. Zone A represents the area where the laser beam heats the material and creates a
Gaussian-distributed heat flow pulsation, resulting in a plateau on the phase diagram.
The size of this plateau is directly related to the radius of the laser beam spot. On the
other hand, Zone B represents the regions surrounding the laser spot, where thermal
diffusion takes place. The center of circular area of the phase plot, which corresponds
to the center of the laser spot, was selected as the origin of a radial coordinate system.
This procedure allows for minimizing the impact of any bias or systematic errors in
the data. A linear polynomial fitting of the phase-cut in the area surrounding the
laser spot is implemented to obtain the slope of the experimental data to calculate the
thermal diffusivity m. In order to estimate the slope of the linear part of the phase
plot on the same portion of the curve, for different ROIs or for repeated measurements
in the same point, a data processing procedure is defined. The linear trend is assumed
to start at distance from the origin equal to twice the laser spot radius. The routine
flow is the following. A diffusivity parameter D is initialized at a zero value. Then an
initial expected thermal diffusivity Dexpected is defined as equal to an arbitrary value
(for example 10). With Dexpected the corresponding muexpected is calculated according
to the formula 9.

µexpected =

√
Dexpected

π ∗ f
(9)

This estimated thermal diffusion lenght allows to estimate the initial value of the end
extension of the linear trend rext as :

rext = 2 ∗ rlaserspot + 2 ∗ µexpected. (10)

µexpected permits to uniquely define the area where the initial fit is run, that is in the
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(a) Phase Map example

(b) Example of phase plot cut

Figure 3.: Scheme of laser spot and thermal diffusion zone
Alt text:Figure (a): ”Color-coded phase map at 0.5 Hz frequency showing a central
heat spot with concentric circles of thermal diffusion. The horizontal axis is labeled
’X [pixel]’ and ranges from 100 to 250, while the vertical axis is labeled ’Y [pixel]’
and ranges from 100 to 240. The colors range from dark blue at the outer edges to
red at the center, indicating a gradient in phase values from -1.5 to 1.5 as we move

towards the center of the heat spot.”
Figure (b): ”Graphical representation of a phase plot cut, with the phase angle axis

in radians on the vertical axis ranging from -π/2 to π/2, and the distance in
millimeters on the horizontal axis ranging from 10 to 30 mm. The plot shows a sharp

peak in the center labeled ’A’ signifying a high phase angle, flanked by two lower
regions on either side labeled ’B’, indicating a drop in phase angle.”

interval within these bounds:

[0 + 2 ∗ rlaserspot, 0 + 2 ∗ rlaserspot + 2 ∗ µexpected]. (11)

Then on the interval between rspot and rext, the slope of the ”linear” curve is calcu-
lated and the fitting estimation Dfit is obtained. Then the goodness of the fitting is
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measured by means of the R2 of the approximation. If it is acceptable, that is be-
low a given threshold value, then D becomes Dfit and the difference between D and
Dexpected compared to a threshold value which depends on the problem and defines
the convergence of the problem. According to this last test, the following iteration can
improve the estimation or it is stopped. In the scheme Algorithm 1 the algorithm is
presented. The modulation frequency is 1Hz (modulation period T= 1s), the diffusiv-
ity value are calculated along X and Z directions are presented in fig 1. In figure 4,
the fitting made on the linear part of the phase cut is reported as an example. It is
evident that the trend is strongly linear. For all the fit, the algorithm has given an
R2 > 0.99

Figure 4.: Fitting line (continuous) and experimental data (dotted)
Alt:text”Scatter plot with fitting line, titled ’Figure 4: Fitting line (continuous) and
experimental data (dotted)’. The horizontal axis is labeled ’x [mm]’ and ranges from
0 to 6 mm. The vertical axis is labeled ’Phi [rad]’ and ranges from -2 to 0 radians.

The plot contains a series of black dots representing the experimental data, showing
a linear increase in phase with respect to the x-axis. A solid blue line overlays the

dots, representing the linear fit to the data. The legend in the top right corner
identifies the black dots as ’Phase vs. x’ and the blue line as ’Fit’.”

3.1.1. On the thermal diffusion length

The driving parameter in choosing the correct lock-in frequency, in addition to the
thermal camera sampling frequency and noise-to-signal ratio, is the thermal diffusion
length. In fact, from this value derives a change from thermally thin to thermally thick
behavior. As presented in Equation9 the expected thermal diffusion length depends
on expected thermal diffusivity and lock-in frequency. In the case of an anisotropic
material, this value can give an indication of how affordable the measurement is. In
this case, in order to avoid any influence of sub-superficial defects, the best way to
conduct the measurement is to avoid using a lock-in frequency which gives a thermal
diffusion length smaller than the specimen’s thickness.
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Algorithm 1 Calculate Thermal Diffusivity

1: Find the center of the laser spot in the phase diagram
2: Cutx and Cuty as the phase plots in directions parallel respectively to the x and

y axis and passing through the center.
3: Define an expected thermal diffusivity Dexp, the radius of the laser spot r, and the

modulation frequency of the laser f
Require: Dexp ≥ 0 and rspot ≥ 0 and f ≥ 0

4: µexp =
√

Dexp

πf

5: rstart = 2 ∗ rspot
6: rend = rstart + 2 ∗ µexp

7: D=0
8: while |D −Dexpected| > 2mm2/s do
9: execute matlab fitting algorithm along Cutx and Cuty to calculate Dfit

10: if R2 > 0.99 then
11: D = Dfit

12: end if
13: if |D −Dexpected| < 2mm2/s then
14: Diffusivity measurement is reliable
15: else
16: Change Dexp with D
17: end if
18: end while

3.2. Electrical conductivity measurement

According to [73], electrical conductivity was measured on dedicated specimens by
means of a four-wire test using a system consisting of the following two PC-controlled
instruments: Fluke 5720A multi-function calibrator, working as a direct current gen-
erator, and Keythley 2002 digital multimeter, used as a direct voltage meter. The
controlling software operates repeated polarity changes on the current, in order to
allow the elimination of offsets due to the multimeter.

Specimen electrical conductivity value was therefore measured by measuring the
resistivity of a bar of Fe-2.9wt%Si with the four-point probes technique. This procedure
is widely described in [74]. The measuring circuit is shown in Fig.5. The current passes
through the outer probes and the voltage is measured through the inner probes. Using
Ohm’s second law (Eq.12), it is possible, knowing the geometry of the piece, to derive
the resistivity of the material and then the electrical conductivity:

R = ρ · l

S
(12)

The tests were carried out on 10 cylindrical specimens, 5 as built and 5 heat treated.
On each specimen, 3 repetitions were performed. The electrical conductivity was mea-
sured parallel to the axis of the specimen.
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Sample

1 2 3 4

I I
V

Figure 5.: 4-point probe test setup. Current is applied through probes 1 and 4, while
voltage is measured across probes 2 and 3.

Alt text:”Diagram of a 4-point probe test setup on a rectangular sample block.
Four numbered probes, represented by arrowheads, are arranged in a line on top of
the sample. Arrows labeled with the letter ’I’ point downwards onto probes 1 and 4,

indicating the direction of current application. Between probes 2 and 3, a
double-sided horizontal arrow labeled ’V’ denotes the measurement of voltage. The

diagram illustrates that current is applied through probes 1 and 4, while the voltage
is measured across probes 2 and 3, as stated in the caption ’Figure 5: 4-point probe

test setup. Current is applied through probes 1 and 4, while voltage is measured
across probes 2 and 3.’”

4. Results

4.1. Powder characterization

In Table 4 the morfological characterization results are reported.

Table 4.: Powder Morphology results

PARAMETER VALUE
CE Diameter Minimum [µ m] 2.02
CE Diameter Maximum [µ m] 241.75

Particles counted [-] 33845
CE Diameter D[v,0.1] 30.33
CE Diameter D[v,0.5] 71.32
CE Diameter D[v,0.9] 166.9

CE Diameter STDV [µ m] 17.83
Circularity Minimum [-] 0.000
Circularity Maximum [-] 1.000

Circularity Mean [-] 0.934
Circularity D[n,0.1] 0.867
Circularity D[n,0.5] 0.940
Circularity D[n,0.9] 0.991

Circularity STDV [µ m] 0.057

The powder flowablity test results are presented in table 5. The value of SE, which
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Table 5.: Powder Flowability results

PARAMETER VALUE
BFE[mJ] 409(± 1.68%)

SE[mJ/Kg] 2.25(±0.720%)
CBD[g/ml] 3.27(±0.298%)

SI[-] 0.986(±1.47%)
FRI[-] 1.11(±0.207%)

Initial mass[g] 92.1(± 0.0135%)

is lower than 5, means that the powder does not show cohesion tendency; SI ≈ 1 means
that the powder is robust, and not affected by flow effects; FRI ≈ 1 that means that the
powder behaviour is not dependent on the flow rate, as typical for the high scatter of
granulometry. SEM analysis confirmed that the powder grains have an highly irregular
and rough shape and a scattered granulometry .

4.2. Parts characterization

The two shields, as built and heat treated, were polished on the X-Y deposition plane,
then the optical microscopy images were acquired in order to evaluate presence, ge-
ometry and percentage of pores. The comparison of two different images highlighting
the presence of pores is presented in 6. In Table 6 the corresponding results of image
processing for porosity estimation are reported. The same specimens were chemically
etched in order to point out microstructural differences. In Figure 8 is presented an
overview of the two metallurgical structures, while in A1 is presented as a microstruc-
tural comparison at high magnification. It results that heat treatment reduces the
porosities and modifies the microstructure, as already evident in the literature. The
BSE analysis assesses the presence of porosities or eventual precipitates. In figure
A2c the BSE map points out the precipitates in as-built specimens as red points. The
chemical composition of the two specimens is similar, the porosities have a composition
similar to the rest of the material. In order to investigate the chemical composition
on a specific point a local EDS measurement was performed. Figure A4 shows the
EDS weight percentage value obtained at the red point in Figure A2c, which may be
attributed to a FeSi precipitate with a weight percentage of 66.5% Fe and 33.5% Si.

Table 6.: Pores percentage

AsBuilt HeatTreated
Pore Percentage 4.667% 0.178%

4.3. Thermographic analysis

This analysis is focused on two directions. In the first one the effects of thermal treat-
ment of thermal properties are reported and discussed. In the second, the relation
between thermal and electrical measurements are reported and discussed. The pulsed
technique did not give any evident indication since the influence of photo-thermal prop-
erties of the studied surface affect the results more than the microstructural differences
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(a) As-Built (b) Heat-Treated

Figure 6.: Porosities on sample surface
Alt text:”(a) As-Built: A microscopic image of a sample surface showing various

sized porosities. The majority of the background is white, indicating the solid
material, while the porosities are clearly visible as irregularly shaped red areas

scattered across the surface, with some small spots appearing in a deep blue color.”
”(b) Heat-Treated: A similar microscopic image of a sample surface after heat

treatment. The background remains predominantly white. There are significantly
fewer and smaller red areas, indicating porosities, and the blue spots are also

reduced, suggesting a denser and more uniform structure compared to the as-built
state.”

Figure 7.: Detail of a porosity
Alt text:”A microscopic image showing a close-up view of a porosity in a material.
The porosity appears as a large, irregularly shaped dark area with jagged edges on a
white background, indicating the surrounding solid matrix. A scale bar in the corner

provides a measurement reference, indicating that the width of the field is 50
micrometers.”

in the partes. Then in the following the results of Lock-in analysis are presented. The
first analysis is based on the evidence that variations in material thermal properties,
due to structural modifications, can be measured as a phase delay in thermal diffusion
through the material bulk. The goal of this analysis is to quantify the effect of heat
treatment on the additively manufactured shields thermal diffusivity. The hypothesis
is that the heat treatment decreases the number of voids in the specimen and, as a
consequence, it increases its thermal diffusivity. This increment in thermal diffusivity
can be observed as a modified phase delay (slope) around the phase plot corresponding
to the laser spot. This is supported by the analytical study performed by Mendioroz
in [68], where it was shown that a lower thermal diffusivity corresponds to a steeper
slope on the phase diagram. The lock-in tests were conducted on the largest face of
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(a) As-Built (b) Heat-Treated

Figure 8.: Sample microstructure
Alt text:”(a) As-Built: A microscopic image of a material’s microstructure, showing

a network of dark, irregularly shaped porosities distributed within a gray matrix
with a web-like pattern, suggesting a granular structure. A scale bar indicates a

200-micrometer field width. (b) Heat-Treated: A similar microscopic image where the
material exhibits a significantly more homogeneous and refined structure with a
reduction in visible porosities and a lighter, more uniform gray color overall. The

scale bar also denotes a 200-micrometer field width.”

the magnetic shield, parallel to the X-Z axis of the printer. The thermal diffusivity
was measured along X and Z directions. It is important to note that the electrical
measurements were performed along the Z difrection, coresponding to cylinder axis
and deposition direction. Hence, the empirical model of Eq(1) will be calibrated using
the thermal diffusivity measurements along the Z-axis. By presenting these results in
both the X and Z axis, a comprehensive understanding of the thermal behavior of
the magnetic shielding can be gained. The results of the annealing treatment on the
specimen can be observed in Figure 9, which displays a detail of the phase diagram.
As shown in the figure, there is a noticeable difference in slope between the as-built
and annealed specimens. In fact, after the annealing treatment, the slope of the curve
for the annealed specimen is less steep, indicating that the thermal diffusivity of the
material has increased. This finding supports the conclusion that annealing treatments
can improve the thermal properties of materials, resulting in increased thermal dif-
fusivity. All the results obtained from the thermal measurement in the 2 magnetic
shielding are presented in Tab. 7: For the thin surface of the magnetic shielding (X-Z

Table 7.: Experimental diffusivity results for the shield samples and 4pp specimen

Dx[mm2/s] R2
x Dz[mm2/s] R2

z Davg[mm2/s]
As-Built 7.14 0.9985 6.90 0.9979 7.018

Heat Treated 8.054 0.9970 7.65 0.9964 7.853
4PP specimen 5.23 0.9968 6.80 0.9984 6.02

plane) the thermal diffusivity differs in the X and Z directions. In both cases, heat
treated and as built, the wall diffusivity is larger along X direction than along Z axis.
This could be related to the fact that the weld pools worsen the thermal diffusivity.
Furthermore, the heat treatment improves the thermal properties of the material, as
it happened for the electric properties. This may be linked to the microstructural
results. Surely the improvement of material density, due to the heat treatment, in-
creases the thermal conductivity, in literature this phenomenon is well known [75]. In
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Figure 9.: Experimental phase value out of the laser spot interval
Alt text:”Scatter plot comparing the phase values of two different material

conditions: ’As built’, shown as black plus signs, and ’Heat treated’, shown as hollow
circles, over a distance measured in millimeters. Both datasets display a negative

slope, with phase values decreasing as distance increases. The ’As built’ data begins
at just below -1.5 radians and trends upwards to around -0.5 radians at 7 mm, while

the ’Heat treated’ data starts at -2 radians, trending upwards more gently and
remaining lower than the ’As built’ data throughout the distance range.”

addition, different microstructures, with different composition and grain size, tends
to show different thermal properties. The change in properties due to heat treatment
is quantified by evaluating the ratio of each parameter (thermal diffusivity along X
and Z axes and electric conductivity) between as built and heat treated, multiplied
by 100, as reported in Table 8. It can be observed that in all cases the heat-treated
material shows improved electrical conductivity and thermal diffusivity properties.
The percent difference between these two properties is similar. For what concerns
thermal conductivity further consideration will follow in the next section. For what

Table 8.: AsBuilt/HeatTreated thermal and electrical coefficents ratio

Dx Dz Davg σexp pore percentage
AB/HT [%] 88.6 90.2 89.37 83.02 95.5

concerns the second experimental line, an active thermography test was performed on
the heat-treated specimen used for the four-point probe (4PP) test, to calibrate the
Eq(1) model used to predict the electrical conductivity from thermal parameters. The
results of the active thermography tests performed on the 4PP annealed specimen are
presented in Table 7. It results that the highest value of diffusivity for heat-treated
specimens is along Z direction Dz. In particular, the results of the experimental mea-
surement of electrical conductivity in the 4PP heat treated specimen are presented in
Table 9 where the mean value of the measurements are reported. The variations of
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the different measurements ranges always within the 5% of the presented mean values.
These results will be discussed in the next section

4.4. Properties correlation and further comments

Once obtained the thermal conductivity for as built and heat treated shields by means
of the phase slope method, this parameter can be used to calibrate the Weidemann-
Franz law, and to predict the electrical conductivity of the magnetic shield in the
two material configuration. By means of experimental results on thermal diffusivity

Table 9.: Electrical conductivity of the specimen

As-built Annealed
σ [S/m] 1.76 E06 2.12 E06

and on electrical conductivity for heat treated 4PP specimens, the Lorentz constant
is obtained. It is known from literature that experimental values can be significantly
different from theoretical ones [75,76]. Then the Lorentz constant needs to be adjusted
so that σpredicted = σexperimental. Some assumptions need to be made in order to per-

form this calculation, including the specific heat being assumed to be 444 J
KgK , which

is the reference value for pure Fe, and the density being assumed to be 7800Kg
m3 . The

resulting Lorentz constant is L=3.23E-08, which will be used to predict the electrical
conductivity of the shield components. Once the constant is estimated on the material
then a prediction of electric conductivity can be obtained for the component operating
the adequate corrections, for example using the same specific heat (444 J

KgK ), but the

density of 7800Kg
m3 being scaled based on the porosity level. The resulting predictions

are presented in Table 10. The results of the heat treatment on the shield shown a

Table 10.: Electric conductivity prediction

σx [E06] σz[E06] σavg[E06]
As built 2.17 2.10 2.13

Heat treated 2.52 2.39 2.45

positive impact on its thermal diffusivity. The heat treatment at high temperatures
causes a decrease in porosity, leading to an increase in both thermal and electrical
conductivity. The increment of electric conductivity is generated by the same phe-
nomenon which increments the thermal diffusivity and conductivity. The Wiedemann
- Franz relation (Eq.(1)) is validated by the present results thus allowing to state that
it is possible to estimate local and directional electric conductivity in AM parts by
means of AT Lock In non destructive analysis.

5. Conclusion

In this work, a method is proposed and validated for non destructive estimation of
electric conductivity in additive manufactured components by means of active ther-
mography technique. This procedure well applies when obtaining complex shapes by
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means of AM affects material properties due to process. The procedure of active ther-
mography resulted to be useful for the evaluation not only of the thermal parameters
but also the electrical ones thanks to an empirical relationship linking these prop-
erties. Thanks to this procedure, manufacturing of dedicated specimens for electric
properties characterization is not required: the estimation of electric properties can
be directly performed on the finished part even if it has a complex shape, by means
of non-destructive IR thermographic measurements. The results show a negligible dif-
ference between the experimental electric conductivity and the estimated one. The
experimental measurements were performed using active thermography and a 4-point
probe test. The results showed that the annealed specimen had better thermal diffusiv-
ity than the as-built one. This improvement can be attributed to the decrease in voids
and pores caused by the heat treatment, leading to higher thermal conductivity and,
as a consequence, higher electrical conductivity. To predict the electrical conductivity,
the Wiedemann-Franz law was applied using the thermal diffusivity obtained from the
phase method. The Lorentz constant was adjusted to match the experimental value of
electrical conductivity. The results showed that the predicted electrical conductivity
matched well with the experimental measurements. The same methodology was ap-
plied to calculate the predicted electrical conductivity of the magnetic shielding. In
conclusion, the use of both Pulsed Thermography and Lock-thermography techniques
allowed obtaining accurate and reliable prediction of electric conductivity in AM parts.
The consistent test plan applied to both specimens further ensured the validity of the
findings, and the use of statistical analysis provided additional confidence in the re-
sults. In conclusion, the results provide valuable insights into the thermal properties of
magnetic shielding. The information obtained from these tests will be instrumental in
further refining and improving the model used to predict the thermal behavior of the
magnetic shielding. Furthermore, the results showed that the heat treatment of the
specimen leads to an increase in thermal diffusivity and, as a consequence, in electrical
conductivity. In conclusion, this study provides a contribution to the understanding
of the thermal and electrical behavior of AM magnetic components.
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Appendix A. Figure Appendix

(a) As-Built (b) Heat-Treated

Figure A1.: Sample microstructure - high magnification
Alt text:”(a) As-Built: Microscopic image of a sample’s microstructure at high

magnification, showing large, irregularly shaped grains with clear boundaries. Some
small pores and inclusions are visible within the grains.

(b) Heat-Treated: Microscopic image of a heat-treated sample’s microstructure. It
presents a more homogeneous appearance with a fine dispersion of tiny, dark spots

throughout a lighter matrix, indicating a more uniform grain structure.”
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(a) SE

(b) BSE-FE (c) BSE-SI

Figure A2.: BSE results for AsBuilt specimen
Alt text:”(a) SE: A grayscale secondary electron image showing a dense

distribution of particles over a uniform background. Dark spots of various sizes are
scattered throughout, indicating porosity or compositional variation.

(b) BSE-FE: A backscattered electron image highlighting the distribution of iron
(Fe) in blue tones. Darker regions represent higher concentrations of iron, with the

majority of the sample showing a consistent light blue background indicating a
uniform iron distribution with some small, isolated patches of darker blue.

(c) BSE-SI: Another backscattered electron image representing the distribution of
silicon (Si) in red tones. The image is almost uniform in color with a few specks of

brighter intensity, suggesting a homogenous distribution of silicon with minimal
variation or clustering.”
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(a) SE

(b) BSE-FE (c) BSE-SI

Figure A3.: BSE results for Heat Treated specimen
Alt text:”(a) SE: A grayscale image from a secondary electron detector displaying a

relatively even distribution of fine particles across a uniform background. A few
darker spots, indicating areas of higher topographical elevation or compositional

differences, are sparsely scattered.
(b) BSE-FE: A backscattered electron image representing iron (Fe) distribution in

deep blue. The consistent color across the image suggests a homogeneous
distribution of iron with very few darker spots indicating concentrated areas.

(c) BSE-SI: Another backscattered electron image showing silicon (Si) distribution in
a rich, uniform burgundy tone with no significant variation, indicating a consistent

spread of silicon within the sample.”
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Figure A4.: Precipitate spectrum
Alt text:”EDS spectrum graph displaying peaks for various elements in a

precipitate. Iron and silicon show the highest peaks, indicating a greater presence,
while cobalt, molybdenum, and others are less prominent. A table details the weight

percentages of each element.”
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