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Abstract: Powder bed fusion (PBF) is the most commonly used additive manufacturing process
for fabricating complex metal parts via the layer-wise melting of powder. Despite the tremendous
recent technological development of PBF, manufactured parts still lack consistent quality in terms of
part properties such as dimensional accuracy, surface roughness, or relative density. In addition to
process-inherent variability, this is mainly owing to a knowledge gap in the understanding of process
influences and the inability to adequately control them during part production. Eddy current testing
(ECT) is a well-established nondestructive testing technique primarily used to detect near-surface
defects and measure material properties such as electrical conductivity in metal parts. Hence, it is an
appropriate technology for the layer-wise measuring of the material properties of the fused material
in PBF. This study evaluates ECT’s potential as a novel in situ monitoring technology for relative part
density in PBF. Parts made from SS316L and AlSi10Mg with different densities are manufactured on
a PBF machine. These parts are subsequently measured using ECT, as well as the resulting signals
correlated with the relative part density. The results indicate a statistically significant and strong
correlation (316L: r(8) = 0.998, p < 0.001, AlSi10Mg: r(8) = 0.992, p < 0.001) between relative part
density and the ECT signal component, which is mainly affected by the electrical conductivity of the
part. The results indicate that ECT has the potential to evolve into an effective technology for the
layer-wise measuring of relative part density during the PBF process.

Keywords: powder bed fusion (PBF); eddy current testing (ECT); part quality; in situ relative part
density measurement; quality management

1. Introduction

In the last decade, additive manufacturing technologies have evolved from rapid pro-
totyping to established manufacturing technologies that are increasingly used in industrial
production. Powder bed fusion (PBF) is the most commonly used additive manufacturing
process for fabricating metal parts, and has evolved to a state-of-the-art technology adopted
in various industrial fields such as aerospace, medical, defence, as well as tool, and mould
making [1,2]. The PBF process is characterized by the layer-wise melting of a powder bed
using a laser beam; hence it enables the direct manufacturing of complex-shaped parts. De-
spite the tremendous recent technological development of PBF, Debroy et al. [3] identified
the lack of consistent part quality as a major challenge impeding the wider commercial
adoption of PBF. Part quality is mainly characterized by mechanical properties such as
Young’s modulus, and part properties such as dimensional accuracy, surface roughness,
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and relative density [4]. Process-inherent variability, a remaining knowledge gap in un-
derstanding the influences on part quality, and the inability to adequately control these
influences during part production are the main reasons for inconsistent part quality [3].
In situ process monitoring technologies are expected to play a major role in obtaining
consistent part quality in the future by improving the repeatability of the process as stated
by Debroy et al. [3]. The majority of in situ monitoring technologies available today focus
on monitoring the melt pool shape, size, or temperature [4–11]. Melt pool monitoring could
be a reasonable choice for real-time controlling process parameters, such as laser power,
which can help to avoid pore formation owing to local overheating of the melt pool [12].
However, owing to the nature of the PBF process, each solidified layer is remolten at least
once. Hence, initially present defects can be healed, as determined by Ulbricht et al. [13],
and new ones introduced during the layer remelting. Therefore, only the material integrity
of the layer after remelting is relevant for the quality of the part. Although, there have been
attempts to spatially map defects via melt pool monitoring [6,14], the detection of defects,
which were not artificially introduced, lacks reliability. Owing to the inability to reliably
monitor the part quality during production, the part certification for industrial use still
requires a brute force approach, which involves time-consuming and expensive material
tests such as CT scanning [3].

Eddy current testing (ECT) is a standardized nondestructive testing technique [15] that
is adopted in various industries to control and certify the quality of electrically conductive
parts. ECT can detect surface and near-surface defects such as cracks [16], as well as
measure material properties such as electrical conductivity [17]. The industrial application
of ECT to PBF remains limited to the quality control of parts during post-processing [18].
This limits the testable area of the part to the region near the surface. In contrast, integrating
ECT into the PBF process cycle enables the layer-wise measurement of previously fused
layers that provides quality information on the entire part volume after finishing the
build cycle. Therefore, the ability of ECT to measure surface and near-surface defects fits
well into the layer-wise build process in PBF. Available studies on ECT as a monitoring
technology for PBF are summarized as follows: Todorov et al. [19] developed and patented
a sensor array and method [20] and integrated it into a laboratory PBF machine. The
system was tested in situ on parts with artificially introduced defects such as notches and
regions of unfused material, being able to detect these defects. The authors claim that
the regions of unfused material with sizes of 10× 3× 0.12 mm3 and 10× 3× 0.044 mm3

are good representations of lack of fusion in PBF. However, research on defect formation
in PBF suggests that lack of fusion pores are often smaller than 100 µm in diameter [3].
Ehlers et al. [21] developed a sensor array using giant magnetoresistance (GMR) sensors
and studied the capability of the system to detect artificially introduced surface defects
in a wrought sample and in a PBF-manufactured sample both made from 316L stainless
steel. However, the majority of defects in PBF-manufactued parts are located below the
surface [22]. Both of the study presented by Todorov et al. [19] and Ehlers et al. [21] used
parts with artificially introduced defects to demonstrate the capability of their ECT systems
falling short of providing evidence that real defects caused during the PBF process can
be detected reliably. In contrast to detecting individual defects, measuring the porosity
of a certain part volume, including regions beyond the remelting zone, is an alternative
approach to monitoring the process and part quality. Eisenbarth et al. [23] adopted ECT to
identify unique keys designed by introducing porosity in 316L samples by adjusting the
process parameters on an industrial PBF machine. However, the authors did not achieve the
required sensitivity to distinguish between all different PBF samples sufficiently well and
did not compare the ECT results to the relative sample density. Obatron et al. [24] studied
ECT’s ability to distinguish between PBF-manufactured lattice structures with different
overall densities by measuring the electrical conductivity of the lattice. Hippert [25] used
a similar approach correlating the electrical conductivity of the sample with its relative
density. However, Hippert used samples with large artificially introduced holes and
could only distinguish between samples with a density difference of 4% relative density.
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Nevertheless, the approach of Hippert and Obaton et al. is promising if sufficiently small
relative part density differences in PBF-manufactured parts can be measured.

In this study, the feasibility of ECT to measure relative part density variations owing
to defects caused by the PBF process is evaluated. The prerequisite is that the electrical
conductivity which can be measured by ECT is sufficiently correlated with the relative
part density. To investigate this, parts made from AlSi10Mg and 316L stainless steel are
manufactured on a PBF machine with varied process parameters to create different densities
caused by lack of fusion and keyhole. The parts are subsequently measured using ECT and
the results correlated with the relative part density.

2. Materials and Methods
2.1. Part Production

One cuboid part per scan speed with a size of 25× 30× 10 mm3 was manufactured
using a Concept Laser M2 PBF machine (Concept Laser GmbH, Lichtenfels, Germany) with
the process parameters presented in Table 1. An additional cube per scan speed with a
size of 10× 10× 10 mm3 was fabricated in close proximity to the cuboid parts to study the
pore distribution and the melt pool shape. Gas atomized PBF powders by the Carpenter
Technology Corporation were used with particle size distributions of 15–45 µm (316L) and
10–60 µm (AlSi10Mg). All parts were fabricated on a 1-mm thick support structure onto
245× 245-mm2 build plates and afterwards removed by wire cutting.

Table 1. Powder bed fusion (PBF) process parameters.

Parameter 316L AlSi10Mg

Scan speed (mm/s)
500, 750, 1100, 1200 650, 750, 850, 950, 1000

1250, 1300, 1400, 1750, 2250 1050, 1150, 1250, 1500, 2000

Hatch distance (µm) 75 100

Laser power (W) 180

Layer thickness (µm) 30

Laser spot diameter (µm) 105

Scan pattern - 90° alternating

Recoater type - Silicone reinforced brush

Shielding gas - Nitrogen

2.2. Part Characterization

The relative part density of the cuboid parts was measured via the Archimedes
method, utilizing an AE200 balance with the measuring unit AB33360 (Mettler Toledo Inc.,
Columbus, OH, USA). The cubes were cut perpendicular to the scan direction of the top
layer, embedded in epoxy resin, ground using SiC grinding paper (320, 600 and 1200 grit
sizes), and polished up to 0.5 µm using SiO2 suspension. Images showing the porosity in
the cross sections were taken at 50× magnification using a DM6 optical microscope (Leica
Microsystems GmbH, Wetzlar, Germany). To reveal the melt pool boundaries, the 316L
parts were etched in V2A etchant at 60 ◦C for 60 s, and the AlSi10Mg parts were etched
in NaOH at room temperature for 12 s. The melt pools were subsequently characterized
using the aforementioned optical microscope.

2.3. Eddy Current Testing
2.3.1. Measurement Principle

The physical theory of ECT is explained by Maxwell’s equations [26], which are not
comprehensively discussed here. The simplified principle is explained using Figure 1a
as follows.
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Figure 1. (a) Eddy current testing (ECT) measurement principle. (b) Impedance plane representation.
Adapted from Hippert [25].

A coil is excited with an alternating current with predefined amplitude and frequency
f , which generates a time-varying primary magnetic field around it. In proximity to
conductive material, the primary magnetic field induces eddy currents in the material. The
eddy currents create a secondary magnetic field, which opposes the primary magnetic field
that alters the impedance of the coil. Discontinuities of the electrical conductivity σ and
magnetic permeability µ in the material triggered by defects such as cracks affect the eddy
currents and the secondary field. The impedance change of the coil owing to the secondary
magnetic field is measured and evaluated to characterize the material discontinuity. The
impedance Z of the coil is calculated as:

Z =
V
I
= R + iX = R + iωL (1)

where V, I, R, X, ω, and L represent the voltage across the coil, current in the coil, coil resis-
tance, reactance, angular frequency and coil inductance, respectively [25]. The impedance
is typically visualized in a normalized form relative to the impedance in air, as presented
in Figure 1b. Reducing the distance between the coil and the conductive material leads
to a signal transition from the air point to the material point along the lift-off direction.
The location of the material point in the impedance plane changes as a function of

√
aωσµ,

where a, ω, σ, and µ denote the coil radius, angular frequency, electrical conductivity, and
magnetic permeability of the material, respectively. The red dots moving from the air
point along the blue curve presented in Figure 1b represent material points of different
alloys. Signal responses to defects such as cracks or changes in electrical conductivity are
identified by characteristic phase angles in the impedance plane, which differ from the
phase angle of a lift-off variation, as presented in Figure 1b. By rotating the signals, i.e.,
adjusting the phase angle in the impedance plane for a given material, undesired alterations
in lift-off during ECT can be shifted to the x-component of the signal in the impedance
plane. Therefore, the y-component of the signal in the impedance plane represents the
lift-off independent signal response owing to the property of interest. The principle is
explained comprehensively in the book of Udpa et al. [27].

2.3.2. Measurement Equipment and Experimental Setup

A standard UPEC tester made by the Sensima Inspection SARL was adopted for the
ECT, as presented in Figure 2a. The selected sensor was a ferrite rod coil sensor with
a 3-mm diameter (L = 47 µH) operated in absolute mode. Absolute mode means that
the measured signal is simply the value of the coil impedance itself [26]. The sensor was
connected to the UPEC tester in a bridge configuration with an identical coil for balancing,
including two 50-Ω resistors. The standard penetration depth δ is defined as the depth at
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which the eddy current density decreases to approximately 37% of its surface value [16]. It
is calculated as:

δ =
1√

π f σµ
(2)

where f is the frequency of the excitation current, σ the electrical conductivity and µ = µ0µr
the magnetic permeability of the material, with µr being the relative magnetic permeability
and µ0 = 1.256× 106 H/m being the magnetic permeability in vacuum [26]. An excitation
frequency of f = 201.6 kHz was set to ensure a sufficiently high penetration depth for both
materials used. The penetration depths for 316L and AlSi10Mg, which were calculated
according to Equation (2) are presented in Table 2.

Table 2. Calculated standard penetration depths for 316L and AlSi10Mg. * assumed because
Aluminum alloys are paramagnetic [26].

Parameter 316L AlSi10Mg

Excitation frequency f (kHz) 201.6 201.6
Electrical conductivity σ (MS/m) 1.38 [26] 12.85 [27]
Relative magnetic permeability µr (-) 1.02 [26] 1.00 *
Standard penetration depth δ (µm) 945 313

The system was mounted onto a X-Y table laboratory test bench illustrated in Figure 2b.
Linear encoders with a resolution of 0.1 mm were mounted on the axes and connected
to the UPEC tester to map measured data to the sensor position during an acquisition.
The cuboid parts were clamped onto the test bench as presented in Figure 2b to ensure
a constant lift-off of 0.5 mm, which is the distance between the sensor and part surface.
The as-built parts were orientated with the final layer created in the PBF process facing the
sensor. Two-dimensional images were obtained by performing a raster scan with a pitch
in the y-direction of 0.5 mm on the test bench guiding the sensor over the parts. Prior to
the experiments, the lift-off phase angle in the impedance plane was determined for both
materials by measuring one of the respective parts with different lift-offs. Accordingly,
counter clockwise phase rotation angles of 69◦ and 79◦ for 316L and AlSi10Mg were
obtained, respectively. The respective phase rotation filter was applied to the ECT data,
and the absolute value of the lift-off independent signal component was analyzed, which
is named rotated signal in the following chapters.

(a) (b)

raster scan

x
y

Figure 2. Measurement setup used for ECT. (a) Standard UPEC tester of Sensima Inspection SARL.
(b) X-Y table laboratory test bench.

3. Results
3.1. Relative Part Density

To assess the feasibility of ECT in measuring the relative density of PBF-manufactued
parts, process parameters (Table 1) were chosen to cover a wide range of part densities and
to include the primary causes of porosity in the PBF process. Figure 3 presents the relative
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density of the cuboid parts manufactured from AlSi10Mg and 316L, as a function of the
scan speed.

1 mm

1 mm

1 mm

1 mm

1 mm

Keyhole porosity

Lack of fusion porosity200 µm
200 µm

1 mm

Figure 3. Relative part density of parts manufactured from AlSi10Mg and 316L powder using varied scan speeds. The error
bars depict the standard deviations of three density measurements per part. The micrograph and melt pool images were
taken from x-z cross sections of cubes (10× 10× 10 mm3) manufactured in close proximity to the parts on the build plate,
using the same process parameters.

The variation of the scan speed yields relative part densities covering a range of
89–99.5%. According to the widely used definition of the volumetric energy density
by Stoffregen et al. [28], the energy input into the melt pool is inversely related to the
scan speed. By adjusting the scan speed, the resulting relative density of the part can be
controlled. In the process region, where insufficient energy input triggers lack of fusion,
increasing the scan speed decreases the relative part density, which is consistent with the
data presented in Figure 3. The micrograph images presented at the highest scan speeds
in Figure 3 exhibit several irregularly shaped pores. These pores are characteristic for
lack of fusion as studied extensively in the literature [22,29–32]. The lack of fusion is
primarily triggered by the insufficient penetration of the melt pool into the previous layer
as determined in different studies [33–35]. At the other end of the process window, low scan
speeds yield an increased energy input into the melt pool. Consequently, the temperature
of the melt pool at the center of the laser beam can reach the boiling temperature of the
material, which substantially increases the amount of material evaporation and triggers
the formation of a keyhole-shaped melt pool, as demonstrated by King et al. [36]. In the
keyhole region of the process window, the collapse of the keyhole can lead to the formation
of entrapped vapor, which causes keyhole porosity in the solidified material [36]. The
micrograph images presented at the lowest scan speed in Figure 3 exhibit an increased
amount of keyhole porosity, which was confirmed by melt pool shape analysis. Exemplaric
images of the melt pool shapes in the different regions of the process window are presented
in Figure 3. For most industrial use cases, PBF process windows are experimentally
obtained to ensure dense parts; hence, the keyhole formation and lack of fusion are
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circumvented via the appropriate process parameter selection. Nevertheless, geometrical
features of the parts, such as overhang areas, can lead to keyhole porosity owing to the
local overheating of the material [37] while process influences, such as smoke obscuring the
laser beam, can cause lack of fusion porosity [38]. Hence, relative part density monitoring
systems for PBF must at minimum be able to detect porosity coming from these causes.

3.2. Eddy Current Testing

The 2D image obtained from measuring the 10 cuboid parts made from 316L using
ECT is illustrated in Figure 4. The positions represented on the x- and y-axes reflect the
position of the sensor during the raster scan. The signal weakening that is visible at the
edge of the parts is owing to the edge effect, which has been extensively studied in the
literature on ECT [39–41]. The size of the edge effect can be reduced, e.g., by adjusting the
sensor design [41]; however, this is not the focus of this work.
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Figure 4. Image obtained from the 2D scan of the 316L parts. The data contain the rotated signal mapped to the X and Y
positions of the sensor during the raster scan, as described in Section 2.3. Below each part, the part description and relative
density are presented. Non-significant differences between mean rotated signals of samples are indicated by grouping the
respective parts. One sample used for the statistical analysis obtained from the central region of the part 2× 5 mm2 (X × Y)
is highlighted with a red rectangle on part S10.

Therefore, the following analyses are focused on the values of the rotated signal in
the central region of the parts, where there is no influence exerted by the edges. This was
ensured by measuring the size of the edge effect for the specific materials and making
the parts sufficiently large. Samples of n = 209 individual measurements per part were
selected from an area of 2× 5 mm2 (X × Y) at the center of each part. The corresponding
area is highlighted with a red rectangle on part S10 in Figure 4. To determine statistically
significant differences between sample means, Welch’s analysis of variance and the Games–
Howell post hoc test were applied.

The results of the statistical analysis are summarized in Table 3, which presents the
p-values of the pairwise multiple comparisons between samples S1–S10 using the Games–
Howell post hoc test. p < 0.05 is considered statistically significant. Most of the pairwise
comparisons are statistically significant, which means that the respective parts can be
statistically significantly distinguished from each other by the rotated signal. The relative
density ρr of the samples is reported alongside the sample description in Table 3. Even
parts with small differences in relative density, such as S2 and S3, with a difference in
relative density of 0.05%, can be statistically significantly distinguished by the rotated
signal (p < 0.01). Non-significant sample differences, i.e., pairwise comparisons of samples
with p ≥ 0.05, are indicated by grouping the respective parts in Figure 4. The parts of
each group have differences in relative density smaller than 0.2%. Although S3 has a
similar relative density as the parts in Group 1, the rotated signal is significantly smaller
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in the central region. This is probably attributed to the limitations of the Archimedes
density measurement, which only provides the relative density of the entire part, but
not of the near-surface volume fraction in the center of the part, which is measured by
ECT. The relative density of the entire part is not necessarily equal to the relative density
in the near-surface region owing to a potential inhomogeneous pore distribution within
PBF-manufactured parts, as determined by Carlton et al. [22].

Table 3. Results of the pairwise multiple comparisons using the Games–Howell post hoc test based on Welch’s analysis of
variance (F(9, 844) = 59847, p < 0.01). The samples with sample size n = 209 were obtained from a 2× 5-mm2 (X × Y)
region in the center of each of the 10 parts (316L). ** p < 0.01, * p < 0.05, ns not significant.

Sample S2 S3 S4 S5 S6 S7 S8 S9 S10

ρr (%) 99.43 99.38 99.27 98.94 99.18 99.02 96.14 93.24 89.88

S1 99.37 0.12 ns <0.01 ** 0.16 ns <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

S2 99.43 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

S3 99.38 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

S4 99.27 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

S5 98.94 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

S6 99.18 0.87 ns <0.01 ** <0.01 ** <0.01 **

S7 99.02 <0.01 ** <0.01 ** <0.01 **

S8 96.14 <0.01 ** <0.01 **

S9 93.24 <0.01 **

The 2D image obtained from measuring the 10 cuboid AlSi10Mg parts using ECT is
presented in Figure 5. The same statistical analysis used for the 316L parts was conducted
on the AlSi10Mg parts, and the results are summarized in Table 4. Similar to the 316L parts,
most of the AlSi10Mg parts can be statistically significantly distinguished from each other
by the rotated signal. The parts in each group have relative density variations smaller
than 0.1%. However, the differences in relative density between part A3, A4, and A5 are
also smaller than 0.1%, and these parts can be statistically significantly distinguished from
each other by the rotated signal. As previously discussed, this is probably attributed to the
different fractions of the part volume measured by the Archimedes density measurement
and ECT. Hence, it is inferred that parts with small differences in relative density within
the near-surface region can be statistically significantly distinguished by the rotated signal
obtained from ECT.

The samples containing n = 209 individual measurements from the aforementioned
area of 2× 5 mm2 (X × Y) at the center of each part were used to analyze the correlation
between the rotated signal and the relative density of the 316L and AlSi10Mg parts. In
Figure 6, the correlation plots for 316L (a) and AlSi10Mg (b) are presented. The correla-
tion is strong and significant for both materials with Pearson correlation coefficients of
r(8) = 0.998, p < 0.001 (316L) and r(8) = 0.992, p < 0.001 (AlSi10Mg), respectively.
Based on the theory of Dodd et al. [42], the impedance of the coil solely depends on
the lift-off and electrical conductivity of the material for a fixed magnetic permeability,
coil size, and excitation frequency, as given in the experiments. The influence of lift-off
was eliminated from the data by phase rotation, such that the presented rotated signal
primarily depends on the electrical conductivity of the material. Therefore, by measuring
the electrical conductivity of a part using ECT, its relative density can be determined using
alloy-specific correlation curves, equal to those presented in Figure 6. These correlation
curves serve the calibration, i.e., converting the respective rotated signal to relative density.
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The correlation between the electrical conductivity and relative part density has already be
demonstrated in the literature for metal foams [43,44], as well as the PBF-manufactured
parts with internal cavities [25,45]. However, the correlations presented in this work are
based on PBF-manufactured parts with relative density variations caused by introducing
porosity owing to the two primary causes in PBF, which are lack of fusion and keyhole [3].
Hence, the data represent more realistic conditions for the PBF process.
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Figure 5. Image obtained from the 2D scan of the AlSi10Mg parts. The data contain the rotated signal mapped to the X and
Y position of the sensor during the raster scan as described in Section 2.3. Below each part, the part description and relative
density are presented. Non-significant differences between mean rotated signals of samples are indicated by grouping the
respective parts.

Table 4. Results of the pairwise multiple comparisons via the Games–Howell post hoc test based on Welch’s analysis of
variance (F(9, 845) = 18760, p < 0.01). The samples with sample size n = 209 were obtained from a 2× 5-mm2 (X × Y)
region in the center of each of the 10 parts (AlSi10Mg). ** p < 0.01, * p < 0.05, ns not significant.

Sample A2 A3 A4 A5 A6 A7 A8 A9 A10

ρr (%) 97.79 97.41 97.50 97.46 99.31 99.36 99.28 97.84 88.89

A1 97.97 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

A2 97.79 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** 0.05 ns <0.01 **

A3 97.41 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

A4 97.50 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

A5 99.46 <0.01 ** <0.01 ** <0.01 ** <0.01 ** <0.01 **

A6 99.31 <0.01 ** <0.01 ** <0.01 ** <0.01 **

A7 99.36 1.00 ns <0.01 ** <0.01 **

A8 99.28 <0.01 ** <0.01 **

A9 99.84 <0.01 **
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(a) (b)

Figure 6. (a) Correlation of the rotated signal and the relative part density of 316L parts. (b) Correlation of the rotated signal
and the relative part density of AlSi10Mg parts. The ECT data presented is extracted from a 2× 5-mm2 (X × Y) region in
the center of each part to exclude the edge effect. The error bars depict the standard deviation of the rotated signal across
the extracted area (horizontal) and the standard deviation of three density measurements per part (vertical). The curve was
fitted to the given data via the least squares method.

4. Discussion

In this study, part densities were measured using the Archimedes principle, which
provides the relative part density averaged across the entire volume of the part. ECT
measurements were performed on the last layers of the parts, and only the central region
was considered for the correlation analysis to eliminate the influence of the edge effect.
The pore distribution within PBF-manufactured parts is not homogeneous [22]. Therefore,
the relative density of the entire part measured by the Archimedes principle does not
necessarily accurately represent the actual relative density in the near-surface volume
fraction measured by ECT. Hence, it can be assumed that a large fraction of the signal
variance indicated by the standard deviations of the rotated signal presented in Figure 6 is
owing to actual small relative density differences in the parts. Accordingly, only a small
fraction of this signal variance is caused by limitations of the ECT system itself, which
could solely be verified by comparing relative density and ECT data obtained from the
same fraction of the part volume.

To assess the limitations of the ECT system, the uncertainty of the determined relative
density via ECT due to the instrument noise UI is calculated based on the principle of
the expanded uncertainty explained in the Guide to the Expression of Uncertainty in
Measurement (GUM) [46] as:

UI = kuI (3)

where k is the coverage factor and uI is the standard uncertainty. A coverage factor k = 3 is
selected, which corresponds to a confidence level of 99.7% given the sampling distribution
of the sample mean is normal. The sampling distribution of the mean is the distribution of
the mean as a random variable derived from random samples with the size n. According
to the central limit theorem [47], normality of the sampling distribution of the mean can
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be assumed, because of the sufficiently large sample size n = 209 per part measured. The
standard uncertainty uI owing to the instrument noise is calculated as:

uI =
σI√

n
(4)

where σI is the standard deviation of the instrument noise and n is the sample size, which is
n = 209 in this study. Equations (3) and (4) are combined, and the unit of UI is converted to
% relative density by multiplying it with sensitivity b, which is the slope of the respective
least-square fitted curve presented in Figure 6, as:

UI = kb
σI√

n
(5)

The results of the uncertainty calculation are presented in Table 5. The uncertainty in
the determined relative density via ECT due to the instrument noise UI is 0.02% (316L) and
0.06% (AlSi10Mg), which indicates that small differences in average relative part density
can be measured at high confidence levels.

Table 5. Estimation of the uncertainty of the determined relative density due to the instrument
noise UI .

Parameter 316L AlSi10Mg

Standard deviation of the instrument noise σn (-) 0.0013 0.0013

Sensitivity b (%) 220.20 69.34

Uncertainty of the determined relative density via ECT UI (%) 0.02% 0.06%

Note that the error bars in Figure 6 are significantly larger than these estimated
uncertainties as they represent the standard deviations of the observed signals, which
include fluctuations due to inhomogeneities, e.g., local density differences, in the material
itself. Furthermore, the aforementioned standard deviations simply describe the data
variability within the actual sample, whereas the calculated uncertainty UI refers to the
accuracy with which the mean value of each sample can be determined. The following
remarks have to be considered while interpreting the results of this study. Standard
instrument settings were adopted, that means that by optimizing parameters, such as gains,
the sensitivity can be further increased. Moreover, the sensitivity can be improved by
reducing the lift-off and applying more sophisticated signal processing methods, as well
as an improved sensor design. Hence, this study demonstrates that such an ECT system
mounted onto the recoater of a PBF-machine has the potential to evolve into a effective
technology for layer-wise measuring the relative density of PBF-manufactured parts.

5. Conclusions

This study investigates the feasibility of measuring the relative part density of PBF-
manufactured parts by ECT. Parts made from AlSi10Mg and 316L were manufactured
with different process parameters yielding different densities. The relative part density
differences were triggered by the two primary reasons for porosity in PBF, which are lack
of fusion and keyhole. The parts were measured by ECT, and the results were correlated
with the relative part density.

The ECT signal component, which mainly contains the electrical conductivity of the
parts is strongly and significantly correlated with the relative part density for both 316L
(r(8) = 0.998, p < 0.001) and AlSi10Mg (r(8) = 0.992, p < 0.001). Considering that the
measured relative density is an averaged relative density across the entire part volume, and
that the ECT data were obtained on the final layers, the correlation between the relative
part density and the ECT signal is excellent. The sensitivity of the system can be further
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increased by reducing the lift-off, applying advanced signal processing methods, and
adopting an improved sensor design.

This study presents a pathway for directly layer-wise measuring relative part density
during the PBF process using an ECT system mounted on the recoater of a PBF-machine.
Because the adopted ECT system is a compliant nondestructive testing instrument, it can
furthermore serve the direct qualification and certification of PBF-manufactured parts. By
measuring some additionally introduced test geometries to a build job, the system can
also be used to assess the process window stability or to monitor the machine condition.
Compared to monitoring techniques such as melt pool monitoring, where it is challenging
to translate the large amount of generated data to relevant part properties, ECT can provide
relevant and compliant part and process information obtained from direct measurements
during the PBF process.
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