Additive Manufacturing 79 (2024) 103880

Contents lists available at ScienceDirect = 1= k
Additive

MANUFACTURING

Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

ELSEVIER

Healing of keyhole porosity by means of defocused laser beam remelting:
Operando observation by X-ray imaging and acoustic
emission-based detection

Charlotte de Formanoir® , Milad Hamidi Nasab ?, Lucas Schlenger “, Steven Van Petegem b

Giulio Masinelli ¢, Federica Marone ¢, Antti Salminen ¢, Ashish Ganvir ¢, Kilian Wasmer ¢, Roland
E. Logé*

& Thermomechanical Metallurgy Laboratory — PX Group Chair, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-2002 Neuchatel, Switzerland

b Structure and Mechanics of Advanced Materials, Photon Science Division, Paul Scherrer Institut, PSI, Forschungsstrasse 111, 5232 Villigen, Switzerland

¢ Laboratory for Advanced Materials Processing (LAMP), Swiss Federal Laboratories for Materials Science and Technology (Empa), CH-3602 Thun, Switzerland
4 TOMCAT, Photon Science Division, Paul Scherrer Institut, PSI, Forschungsstrasse 111, 5232 Villigen, Switzerland

¢ Digital Manufacturing and Surface Engineering research group, Department of Mechanical and Materials Engineering, University of Turku, FI-20014, Finland

ARTICLE INFO ABSTRACT
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One of the remaining challenges in Laser Powder Bed Fusion (LPBF) of metals is the control of the formation of
keyhole pores, resulting from a local excessive energy input during processing. Such defects can lead to degraded
mechanical properties and are typically detected and/or removed after the process through non-destructive
quality-inspection procedures and porosity-removal treatments. Monitoring and controlling the formation of
defects during the LPBF process can allow circumventing such time-consuming and costly post-process stages.
This paper develops a new approach to perform in-situ healing of deep keyhole pores, using a positively defo-
cused laser beam with finely tuned laser remelting process parameters. Synchrotron radiographic images of the
process zone are acquired during laser remelting. The use of operando imaging enables the visualization of pore
removal during processing, and unveils the effect of various remelting conditions on the healing efficiency. The
acoustic signals generated during laser remelting are recorded using a high-sensitivity optical microphone, and
analyzed in parallel with the X-ray images, allowing the acoustic signature of defect healing to be identified. The
present paper demonstrates for the first time that an airborne acoustic sensor can be used to monitor the healing
of keyhole pores during LPBF.

Acoustic emission

In-situ monitoring
Synchrotron X-ray imaging
Laser remelting

1. Introduction [6-9]) or to the laser-material interactions during processing [7,10-12].

The latter may induce various types of porosity, such as lack-of-fusion,

Laser Powder-Bed Fusion (LPBF) is an additive manufacturing (AM)
process which relies on a laser to selectively melt successive layers of
metallic powder based on a 3D CAD model [1,2]. LPBF enables the
production of complex geometries while minimizing lead time and
material waste. Despite its many advantages, the process still faces
several limitations. In particular, the stochastic formation of defects
remains a major issue as it leads to degraded mechanical properties
[3-5], impeding broader industrialization of LPBF for critical applica-
tions. Defects in as-built LPBF parts can either be related to the powder
feedstock (i.e. small spherical metallurgical pores originating from the
transfer of entrapped inert gas inclusions from powder to the AM part
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keyhole and balling [13].

Pores are typically detected and characterized through time-
consuming destructive or non-destructive post-process quality inspec-
tion procedures, such as microscopic cross-section analysis or X-ray
Computed Tomography (CT) [14,15]. Additionally, Hot Isostatic
Pressing (HIP) is routinely performed after LPBF to reduce porosity, by
applying a high pressure and high temperature for an extended duration
[16]. These post-process inspection techniques and treatments are
expensive, time-consuming and present some limitations. For instance,
gas-containing-pores may re-grow upon post-HIP exposure to high
temperatures [8,17], negatively impacting the final mechanical
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performance [10]. HIP is also inefficient for the removal of open pores.
Such drawbacks highlight the importance of achieving fully dense parts
during the process. In order to do so, it is critical to choose an adequate
set of LPBF process parameters, which largely determines the geometry
of the melt pool, its stability and the formation of lack-of-fusion and
keyhole pores. It was demonstrated that normalized-enthalpy-based
models can be used to predict the transition from conduction to
keyhole melting mode [12,18], and thus to minimize porosity formation
during AM processing.

Although process parameters optimization has been largely explored
[11,14,19-21], a fully dense as-built material remains difficult to ach-
ieve. In particular, the keyhole melting mode is in terms of fatigueand
pinning of these bubble upon solidifcation onsidered. g app bulkier
repeatibility ies.ss. one of the main contributors to the formation of
porosity in LPBF parts [22-24]. This regime occurs when excessive en-
ergy density [25,26] induces rapid evaporation of the material. The
resulting intense recoil pressure generates a deep and narrow, so-called
“keyhole”, cavity [27]. As this keyhole collapses, gas bubbles are
entrapped in the melt and are pinned upon solidification [19,22,28].
This results in the formation of porosity which can largely impact the
final mechanical properties of the part [29,30], particularly in terms of
fatigue resistance [5]. Hamidi et al. [31] recently reported the occur-
rence of stochastic instabilities leading to abrupt regime transitions and
to the formation of keyhole pores under constant laser processing con-
ditions. Such unpredictable defects can be caused by a multiplicity of
factors (e.g. laser beam acceleration and deceleration at the beginning
and end of the line track, presence of specific geometrical features, etc.)
and cannot be systematically circumvented by the choice of processing
window. To maximize the material’s density, it is imperative to inves-
tigate how these pores can be removed during the process, rather than
through post-treatments. Laser remelting (LR) — which consists in
re-exposing an already scanned layer to the laser beam, without new
powder being delivered — has been reported as a tool to densify LPBF
parts [32-36]. When performed with parameters similar to those used
during melting, it can successfully remove lack-of-fusion defects [32] or
metallurgical pores located at relatively shallow depths (=50 pm below
the surface [36]). However, keyhole defects typically lie deeper under-
neath the surface, so that the penetration of the remelting pool may be
insufficient to remove such pores [34,37]. Additionally, it is paramount
to avoid the creation of new keyhole pores during the remelting routine,
at the same depth or deeper than the original voids [37]. In order to
achieve a sufficient remelting depth for healing to take place, while
ensuring conduction mode to avoid the formation of new defects, the
parameters that were used for melting of the defective layer cannot be
re-iterated for the remelting cycle. In this context, the defocus of the
laser beam can be used as an additional parametric degree of freedom
and a tool towards better control of the melt pool dimensions and pro-
cessing regime. Negative defocus (i.e. convergent beam) tends to favor
the keyhole mode and associated porosity formation, while positive
defocus (i.e. divergent beam) is more prone to induce a stable conduc-
tion regime [38,39]. By positively defocusing the beam and adjusting
the laser power (or the scanning speed) such as to maintain an appro-
priate normalized enthalpy, larger and deeper melt pools can be
generated, which gives more opportunity for gas bubbles to escape [40]
while maintaining a conduction regime.

Ideally, to improve the reliability and robustness of the LPBF process,
removal of defects through finely tuned remelting parameters must be
combined with real-time process monitoring of defect formation and
removal. This would allow not only to detect the occurrence of keyhole
defect(s) and establish the need to perform local in-situ healing, but also
to confirm that healing is properly done.

Various monitoring techniques for laser melting have been reported
in the past decade. On the one hand, spatially integrated optical sensors
such as photodiodes [41-43] and pyrometers [44-48] reduce the signal
from the field of view down to a single and easy-to-process quantity,
corresponding to the amount of light reaching the detector. Their low
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cost, high sensitivity, robustness, and high data acquisition rates make
them advantageous [49]. On the other hand, spatially resolved optical
sensors such as infrared and high speed cameras allow the melt pool size,
shape and temperature profiles to be measured [41,42,46,48,50].
However, this is achieved at the expense of sampling rate, cost, and data
management, which can become challenging as the amount of collected
data increases with the number of pixels) [49,51]. Furthermore, a sig-
nificant limitation of optical methods is that they do not capture phe-
nomena taking place underneath the surface, at the bottom of the melt
pool or of the keyhole depression zone. Complementary to these optical
techniques, acoustic emission (AE) analysis has been used as a low-cost
and robust monitoring technique, providing information on the
laser-material interactions occurring in the entire volume of material,
instead of the top surface. Airborne acoustic signals are caused by
gaseous pressure and shock waves generated in the vicinity of the melt
pool. In other words, the more vapor or plasma generated in the process
(i.e. by increasing the energy input or going from conduction to keyhole
regime), the stronger the emitted airborne acoustic signal [31,52,53].
The analysis of AE signals was first performed in the context of laser
welding. AE was identified as a valid technique for monitoring welding,
allowing to differentiate between good and bad quality welds, to iden-
tify changes in the weld penetration depth and to distinguish keyhole
from conduction mode [52-55]. In most studies, machine learning tools
such as neural networks were used to classify welds on the basis of their
AE signals. A similar approach is now increasingly adopted for the
monitoring of AM. Several papers have demonstrated the ability to
differentiate lack-of-fusion, conduction, stable and unstable keyhole
regimes based on AE signal analysis [31,43,56-65]. Recently, Hamidi
et al. [31] successfully showed that the acoustic information recorded
from the laser-material interaction zone can be used to identify changes
between conduction, stable and unstable keyhole regimes under con-
stant laser processing conditions, with a very high confidence. However,
to the best of our knowledge, airborne AE-based monitoring has never
been used to detect the occurrence of porosity removal during LPBF.
Shevchik et al. observed by means of X-ray imaging the surfacing and
elimination of pores during laser welding. Such events were classified by
a CNN, using both AE and optical signals, with a confidence level of
73%. However, rather than being intentionally triggered by specifically
designing processing conditions prone to healing, these events were
stochastically occurring in unstable keyhole mode [43].

The present paper aims at combining in-process control of the part
quality (through laser remelting) with airborne AE-based monitoring.
The acoustic signals generated during laser remelting are recorded using
a high-sensitivity optical microphone while simultaneously acquiring
radiographic images of the process zone. Synchrotron X-ray imaging is a
powerful non-destructive technique for operando observation of the
process, allowing to visualize sub-surface melt pool dynamics and to
reveal the underlying physical phenomena occurring during LPBF.
Features such as geometrical changes in the melt pool and depression
zone, defect formation and by-product emission (e.g. spattering) can be
documented, without interfering with the process [7,22,66-82]. Here,
the AE signals are analyzed in parallel to the images acquired by X-ray
radiography, in order to identify the acoustic signature of keyhole pore
removal. The aim of the present paper is, thus, twofold.

A first objective is to develop a new strategy for the in-situ healing of
pores and to implement it while performing operando X-ray imaging. X-
ray imaging allows investigating the mechanisms of pore elimination
when remelting with a defocused laser beam, and to evaluate the effect
of key remelting parameters on healing efficiency.

A second objective is to demonstrate the potential of using AE to
monitor the occurrence of defect healing during laser remelting. To that
end, the AE signals are time-aligned with the X-ray images and analyzed
to identify a potential acoustic signature for porosity healing. This paper
therefore contributes to increasing the maturity of AE as a monitoring
technique for LPBF, and this time without the need of Machine Learning
(ML) algorithms.
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Table 1

Chemical composition (in weight percent) of the 316 L powder feedstock.
Fe Cr Ni Mo C Other
Balance 18 12 3 < 0.03 <1.0

2. Materials and methods
2.1. Experimental set-up and processing conditions

A gas atomized 316 L stainless steel powder acquired from Oerlikon
Metco, with the chemical composition listed in Table 1 and a particle
size distribution ranging from 15 pm to 45 pm, was used in this study.
The morphology of the powder was predominantly spherical with the
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presence of sporadic satellites.

All experiments were carried out using a miniaturized LPBF device
designed at the Paul Scherrer Institute (PSI) [83,84] (Fig. 1), which
mimics a commercial LPBF machine while being optimized for in-situ
X-ray measurements. Its relatively small dimensions (height: 520 mm,
width and depth: 280 mm and 260 mm) and weight (25 kg) make it
easily transportable to synchrotron beamlines. As illustrated in Fig. 1,
the presence of two glassy carbon windows allows the X-ray beam to
enter at the back (11) of the device, interact with the specimen (8) and
exit at the front (4). The printing chamber contains a build plate of 12 x
12 mm? (7). Prior to each recoating, the build plate is moved down by a
height corresponding to one layer thickness (in this case 30 ym). The
powder is delivered by gravity from a hopper-based delivery system
(12), equipped with a doctor blade scrapping the excess powder on its

layern !,
layern-1 °,

layer1 |

2. Remelting and
X-ray imaging

1. Layer-by-layer
building

Fig. 1. Front view of the miniaturized LPBF device (a) with and (b) without the front door, side view of the device in operation at the TOMCAT beamline (c). 1)
scanning head, 2) F-theta lens, 3) front door, 4) X-ray exit window, 5) vertical stage to adjust the focal length, 6) laser collimator, 7) build plate, 8) sample, 9) laser
beam, 10) microphone, 11) X-ray entrance window, 12) powder hopper and recoater, 13) gas inlet (left) and outlet (right), 14) microscope, 15) X-ray beam, 16)

powder bed.
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NEGATIVE DEFOCUS

y 1. Layer-by-layer building
with a convergent laser beam

laser
beam

POSITIVE DEFOCUS

convergent laser beam :>
\ y divergent laser beam |:>
\ [ // /11\

probed
volume

2. Remelting with a divergent
laser beam and X-ray imaging

Fig. 2. Schematic view of the building of the wall in keyhole melting mode (on the left), and of the remelting of its top surface using a positively defocused laser
beam, after removal of the surrounding powder (on the right). X-ray imaging of the top region of the wall allows the removal of keyhole pores to be visualized.

scanner position (mm)

a 50

-100  -50 0 50 100 150 b
laser beam size (pm)

Fig. 3. a) Laser beam profile as calculated theoretically using Eq. 1, and b) as measured at the different scanner positions considered in the present work by the CCD
camera-based beam profiler. As a result of small misalignment of the laser beam through the optical chain, a deviation from Gaussian profile was observed in both

defocus directions.
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Table 2
Process parameters for LPBF building of the walls in keyhole mode.
Denomination  Power [W] Speed [mm/s] Hatch distance [um] Beam radius [pm] Layer thickness [pm] Normalized
enthalpy
Building Bl 130 280 40 22.5 30 50.4
parameters B2 150 280 40 22.5 30 58.1
B3 120 280 40 22.5 30 46.5
Table 3
Process parameters for laser remelting.
Denomination = Power Speed [mm/ Hatch distance Number of remelting Beam radius ® Normalized
W] s] [um] passes [pum] enthalpy
Remelting R1 186 40 Irrelevant 1 55 27.5
parameters R2 115 10 Irrelevant 1 67 25.3
R3 162 20 Irrelevant 1 67 25.2
R4 182 25 Irrelevant 1 67 25.3
R5 190 25 Irrelevant 1 67 26.4
R6 200 30 Irrelevant 1 67 25.4
R7 230 25 Irrelevant 1 78 25.5
R8 247 25 Irrelevant 1-3 82 25.4
Table 4 - 2z \2
Material properties used in the calculation of the normalized enthalpy (see Eq. o(z) = woy |1+ <—2) @D)]
Wy

2).

Apulk Apowder Plkg/ ClJ/ Tm L [kJ/ D [m?/s]
m’] kg.K] [K] kgl
0.29 0.5259 7900 490 1640 260000 3.5x10°°
(from (from [18])

[18])

way back. During the process, the chamber is flushed with argon.
Additionally, argon is blown over the powder bed from a gas-outlet
mounted on the recoater. A more detailed description of the device
can be found in [83,84].

A 500 W redPOWER® dual-mode fiber laser (SPI Lasers Ltd, UK)
operating at a wavelength of 1070 + 10 nm is used for melting the
material. Both laser (9) and scanning unit (1) are controlled via an SP-
ICE-3 board and the WeldMARK software (Raylase GmbH, Germany).
The laser beam is collimated as a parallel Gaussian beam into a 2-axis
SuperScan III deflection-scanning unit (6) (Raylase GmbH, Germany)
with a 15 mm input aperture. Two fused silica mirror galvanometers
allow scanning the laser beam over the powder bed. The beam is focused
through an F-Theta lens (2) (Sill Optics, Germany) with a 163 mm focal
length resulting in a focused beam with a spot size of 13.75 um in radius
at 1/¢2. The laser was utilized in pulsed mode with a pulse frequency of
250 kHz and a nominal laser pulse duration of 2 ps.

Thin walls were printed in keyhole melting mode with the following
dimensions: 5 mm length, 250 um thickness, 750 pm height. As illus-
trated in Fig. 2, once a wall was fully built, the build plate was moved
upwards by 750 um, and all the powder was removed, to allow operando
X-ray imaging to be performed through the thickness of the wall during
further laser processing. Laser remelting was subsequently done on the
top surface of the wall, using a positive defocus to generate large melt
pools while favoring the conduction mode.

A CCD camera laser beam profiler (FBP-1KF, CINOGY Technologies,
Germany) based on a multi-stage high-performance attenuator with a
pixel size of 3.45 um? was used to measure the laser beam profile at each
defocus value. The beam profile was displayed using a beam profiler
software (RayCi64 Pro, CINOGY Technologies, Germany). Due to small
misalignment of the laser beam through the optical chain, a deviation
from Gaussian profile was observed in both defocus directions. Theo-
retical values of the laser beam spot size at different defocus values were
calculated based on Eq. 1, and are reported in Fig. 3a.

where wp = 13.75 pm is the beam waist (i.e. smallest radius of the
Gaussian beam); z is the scanner position [mm]; 1 = 1064 nm is the laser
wavelength.

Different defocus values, resulting in different laser beam sizes and in
different intensity profiles, were used for building and remelting the
material. Building was performed with a slightly negative defocus
(z = —0.75 mm) and a high normalized enthalpy (Table 2), ranging
between 45 and 60 (using Eq. 2), to favor keyhole pore formation.
Remelting was performed at different scanner positions (z = 1.7 mm,
z=2.1 mm, z=2.5mm and z = 2.7 mm), leading to various positive
defocus values, and with a lower normalized enthalpy (Table 3) of about
25, to favor the conduction mode [18]. The corresponding beam shapes,
as measured by the camera-based beam profiler, are reported in Fig. 3b.

For LPBF building, three marginally different process parameters
(B1, B2, B3) were used, as detailed in Table 2. All remelting parameters
(R1 to R8) are listed in Table 3. Due to the significantly larger beam size,
remelting was performed using only one line scan. In other words, no
hatching was applied during remelting, so that the “hatch distance”
parameter is in this case irrelevant. Although in most cases a single
remelting pass was used, the effect of applying multiple successive laser
passes (up to 3) was evaluated for one set of parameters (B3-R8).

The corresponding normalized enthalpies were calculated based on
Eq. 2 and are reported in both Tables 2 and 3.

— aP

AH = )
p(CAT + L,)Vrw® VD

Where «a is the absorptivity of the material, P is the laser power [W], p is
the density [kg/m®], C is the specific heat [J/kg.K], AT is the difference
between the melting temperature and room temperature [K], L, the
latent heat of melting [J/kgl, w the laser spot radius [m], V the laser
scanning velocity [m/s], and D the thermal diffusivity [mz/s]. Material
properties used in the present work are reported in Table 4. It should be
highlighted that different absorptivity values were used for calculating
the normalized enthalpy during building (@powder) and during remelting
(apui), the absorptivity of the powder apowaer being significantly higher
than that of the solidified dense metal ap [18].

The choice of the remelting process parameters listed in Table 3 was
driven by several aspects. A first concern was to maintain a (nearly)
constant normalized enthalpy throughout all experiments. This was



C. de Formanoir et al.

Additive Manufacturing 79 (2024) 103880

x 10° x 10° x 10°
a 25 . . . . b 2s s C 25
2 2 o
15 1.5 |
:f 1! 1! background backgrOLilwd |
205 | .
3
§ o Ep —
g 0.5 1 1 -
< 1 .
-1.5 -15
-2 2 | . |
2.5 L . " . . 2.5 . . R R 250 L1 2 i ol
0 500 1000_ 1500 2000 2500 -1500 -1000 -500 0 500 1000 0 50 100 150 200 250
Time (ms) Time (ms) Time (ms)
x10° x10°
5 = d|eo0 10.0
15 1 b5
1 05
05
0 0

0.5
-1
-15 -1
-2

1600 1640 1680 1720

Amplitude [a. u.]

15 -
1860 1880 1500 1920 1940

Fig. 4. Overview of the AE signal analysis in the time-domain: a) visualization of the raw signal and identification of the start and end of laser irradiation, b) shifting
of the time axis t' = t - tar, C) Superposition of the AE signal with the pore removal events identified in the video (discontinuous lines) and d) typical example of a
pore removal event, taking place at t = 10.5 ms, and highlighted in orange in c). The melt pool boundaries were identified based on differences in grey level and are

highlighted by dotted white lines. Building and remelting parameters: B1-R3.

motivated by the fact that the normalized enthalpy can be used to pre-
dict the melt pool depth and the threshold for keyhole formation in LPBF
[12]. In order to ensure a conduction mode throughout all remelting
experiments, the normalized enthalpy was maintained around 25.
Several combinations of speed and power resulting in the same
normalized enthalpy value were investigated. The second constraint
influencing the choice of the process parameters was the relatively low
X-ray images acquisition frequency (10 kHz): relatively low scanning
speeds (<40 mm/s) were therefore employed. Finally, one of the ob-
jectives of the present work was to investigate the effect of the remelting
depth on the healing process. To that end, different positive defocus
values (resulting in different laser beam radii) were used. The other
parameters (power and speed) were adjusted accordingly in order to
maintain the normalized enthalpy constant.

2.2. In-situ monitoring conditions

The operando X-ray imaging experiments were performed at the
TOmographic Microscopy and Coherent rAdiology experimenTs
(TOMCAT) beamline of the Swiss Light Source (2.4 GeV machine
running at 400 mA) using the previously described LPBF device (Fig. 1).
The radiography set-up was located about 28 m from the source (2.9 T
bending magnet) and is represented in Fig. 1c. The thin LPBF walls (8)
were probed by a parallel X-ray beam (15) with energies ranging be-
tween approximately 10 keV and 55 keV. The polychromatic radiation
emerging from the source was filtered with 5 mm of Sigradur (50%
power filter) and 0.2 mm of Si. The transmitted beam was converted to
visible light by a 150 um thick LuAG:Ce scintillator (Crytur, Czech Re-
public) located 75 cm after the sample and recorded with a high nu-
merical aperture (NA=0.35) custom-made 4 X microscope (14)
(Optique Peter, France) [85], coupled to the in-house developed Giga-
FRoST detector [86]. This detector exhibits a 2016 x 2016 pixels com-
mercial CMOS imaging chip with 11 pm pixel size and 12-bit nominal
dynamic range, leading to an effective pixel size of 2.75 pm. Its novel
readout system provides continuous and sustained data streaming up to
almost 8 GB/s (corresponding to a maximum frame rate of 1255 Hz at
full frame) to a dedicated high-performance data backend server. The
experiments were performed at an acquisition frequency of 10 kHz. This

was achieved by reducing the region of interest to 2016 pixels in width
and 200 pixels in height, equivalent to a field-of-view of
5.544 x 0.55 mm?. The image acquisition was automatically triggered
by a TTL (Transistor-Transistor Logic) signal provided by the laser
control card and serving as a digital synchronization mechanism, with a
"low" voltage level close to 0 V and a "high" voltage level between 2 V
and 5 V. This approach ensured that the start of the laser was fully
synchronized with the start of X-ray acquisition. The number of acquired
frames for each series was adjusted according to the laser processing
length.

The miniaturized LPBF machine was equipped with a XARION
Eta250 Ultra membrane-free optical acoustic sensor, as illustrated in
Fig. 1 (10). This microphone was mounted above the build plate, parallel
to its top surface, to record airborne noise. This device uses the principle
of interferometry to measure sound in a frequency range of 10 Hz to
1 MHz, with a high acquisition rate of 2 MHz. The core of the micro-
phone consists of an optical interferometer made of two semi-
transmissive mirrors, arranged at a distance corresponding to a multi-
ple of the laser’s half wavelength to induce constructive interference of
the transmitted laser beam. Any sound passing the microphone’s etalon
alters the density of the optical medium, hence changing the local
refractive index, which in turn modifies the laser propagation speed and
wavelength. As the distance between the two mirrors no longer satisfies
the condition for constructive interference, the transmitted laser in-
tensity — measured with a photodiode — changes [87]. The acquisition of
the AE signal was started manually, shortly before starting the laser (and
thus the X-ray acquisition).

2.3. Image and signal analysis: methodology

The X-ray videos obtained during laser processing were analyzed
frame by frame. The last frame at which a given pore was observed
before disappearing was identified as the time t of its removal, as
illustrated in Fig. 4-d.

Signal analysis was performed using an in-house developed MATLAB
code. Thanks to the relatively high signal-to-noise ratio (SNR), a pre-
liminary visualization of the signal in the time-domain allows to clearly
distinguish the background noise prior to the start of the laser
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Fig. 5. Overview of the AE signal analysis in the time-frequency domain. a) Spectrogram of the raw signal, with two magnified zones highlighting pore removal
events (white dotted lines), the corresponding higher intensity regions (white circles) and the “background noise” frequency bands (in red). b) Effect of band-pass and
band-stop filtering on the signal as visualized in the time-domain. c) Resulting filtered signal with superimposed pore-removal events (black dotted lines). Building

and remelting parameters: B1-R3.

irradiation, from the signals generated by actual laser processing of a
line scan. The start of the laser tyq can, therefore, be easily identified as
the first major increase in signal intensity, as illustrated in Fig. 4a. A
similar approach is adopted to determine the end of the process tenq.
Based on the value of tyqy, shifting of the time axis t' = t - tyqy is per-
formed so that the start of the laser irradiation corresponds to the zero of

the time axis (Fig. 4b). This allows the acoustic signal to be time-aligned
with the X-ray videos (Fig. 4c), as the first X-ray image also corresponds
to the start of the laser irradiation. Considering that the acoustic signal is
acquired with a frequency of 2 MHz, while the X-ray images acquisition
rate is of 10 kHz, there is a relatively large tolerance on the identifica-
tion of tyqr. For example, an error of 100 points when defining the start
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Fig. 6. — a) The bandpass- and bandstop-filtered signal “BS” represented in Fig. 5.c. is normalized using the function N = normalize(BS) available in Matlab and the
absolute value of the normalized signal is computed. In each window of size s, the local maximum signal intensity is determined, and plotted in red. The threshold
in= 11.4 x background is marked by a green dotted line. b) Final binarized groundtruth from X-ray images (in blue) and AE signal (in yellow). Building and remelting

parameters: B1-R3.

of the process is equivalent to only half of the duration of one X-ray
frame, and thus does not significantly impact the time-alignment be-
tween the acoustic signal and the X-ray images.

The signal is then analyzed in the time-frequency domain. The
spectrogram corresponding to the signal reported in Fig. 4 is drawn in
Fig. 5a. It can be observed that pore removal events coincide with high
intensity in the [30-100 kHz] frequency range, as stressed by the white
circles in Figs. 5a-1 and Figs. 5a-2. At higher frequencies, some high-
intensity bands can be observed, particularly at 250 kHz and, to a
lower extent, at 500 kHz. These bands are visible from the beginning to
the end of laser irradiation, and can be attributed to the 250 kHz pulse
frequency of the laser (first and second harmonics). In the frequency
range of interest (between 30 kHz and 100 kHz), several lower intensity
frequency bands (e.g. [54-72 kHz] and [85-100 kHz]), indicated by the
red arrows in Fig. 5a, are present throughout the entire duration of the
process. They are visible before the start and after the end of the laser
irradiation and intensify during the line scan itself. These bands, which
are highlighted in red in Figs. 5a-1 and Figs. 5a-2, correspond to back-
ground noise that needs to be filtered out. Based on these observations, a
[30-85 kHz] band-pass filter and a [54-72 kHz] band-stop filter are
applied on the raw signal, as illustrated in Fig. 5b, to exclude the
background noise. The applied filters were minimum-order digital fil-
ters, implemented in Matlab with a specified steepness of 0.99 for the
transition band. The resulting filtered signal is represented in the time-
domain in Fig. 5c, with the superimposed pore-removal events (dotted
lines). As illustrated in Fig. 5b, the signal-to-noise ratio is significantly
increased after filtering.

The time frame was divided in windows of size s. Based on the X-ray
image analysis, a binary “groundtruth” variable was defined as a
quantity equal to 1 over a given window size if a pore removal event
occurs during this time interval, and equal to 0 otherwise. The window
size s was chosen based on the distribution of the time intervals between
two successive pore removal events. Various window sizes, ranging from
s = 1040 points to s = 6600 points in the AE signal, were investigated to
evaluate the influence of this parameter on the quality of the classifi-
cation. In 90% of the cases, 2 pore removal events are separated by more
than 1040 points, which corresponds to a duration of 0.5 ms, while in

50% of the cases, 2 events are separated by more than 6600 points,
corresponding to a duration of 3.3 ms. The resulting spatial resolution
ranges between 5 ym and 132 pm, depending on the scanning speed that
is being considered.

The size of a pore being one of the factors impacting the final me-
chanical properties of a part [88], defects below 10 um were viewed as
non-critical. As a result, only the pores with a diameter larger than
10 um were taken into consideration in the definition of the groundtruth
variable. Additionally, to focus on steady-state conditions, the beginning
and end of the line scans were not considered in the present study. On
both extremities of the wall, a distance of 1 mm was excluded from the
analysis. In other words, only the signal corresponding to the central
3 mm of each wall was analyzed.

The bandpass- and bandstop-filtered signal “BS” was normalized
using the function N = normalize(BS) available in Matlab. The absolute
value of the normalized AE signal (Fig. 6a) was then binarized using the
following approach: in each window of size s, the maximum signal in-
tensity in this window was compared with a threshold value iy. If the
maximum signal intensity was higher than iy, the value of the binarized
AE signal was set to 1. Otherwise, it was set to 0.

The threshold intensity i, was set to 11.4 x background. For each
acquisition, the background was defined as the mean of the absolute
value of the normalized AE signal intensity, computed over 10000
acquisition points before the start of the laser (i.e. before t = 0). The
value of iy, was calculated as follows. For all acquired signals, and for
each window, the maximum-intensity-to-background ratio (peak/back-
ground) was computed, considering either windows containing a pore
removal event, or windows not containing a pore removal event. The
threshold value was defined as the intersection of the two resulting
distributions ((peak/background)pore removal ratio and (peak/back-
ground)no pore removal Tatio), i.e. 11.4.

The above-described methodology for obtaining a binary ground-
truth and a binary AE signal is illustrated in Fig. 6.

Based on all these predictions, the number of true positives TP (i.e.
when the groundtruth and binarized AE signal are both equal to 1 in a
given window), true negatives TN (groundtruth = 0, binarized AE signal
= 0), false positives FP (groundtruth = 0, binarized AE signal = 1) and
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average remelting depth d: 111 um

B2R3;t=157.9ms
average remelting depth d: 157 um
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500 pm

Fig. 7. Radiographs of 4 specimens, processed with various building and
remelting parameters reported in Table 2 and Table 3, respectively. Each
snapshot is taken at a time t after the start of laser remelting. The corresponding
laser spot profiles are also shown. The melt pool boundaries are highlighted by
dotted white lines. Increasing the defocus towards larger positive values from
(a) to (d), while maintaining the normalized enthalpy constant, leads to an
increase in melt pool depth and, thus, in a deeper pore-free region after
remelting. The corresponding videos can be found in the “Supplemen-
tary” section.

false negatives FN (groundtruth = 1, binarized AE signal = 0) were
determined, from which the accuracy (Eq. 3), precision (Eq. 4), recall
(Egs. 5) and F1-score (Eq. 6) could be derived.

TP + TN

accuracy = ———————————— 3
FP+ TP+ FN + TN

TP

precision = TP+ TP (C))
TP
ll=—— 5
reca TP+ EN (5)

2.precision.recall
precision + recall

©

F1 —score =
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3. Results and discussion
3.1. Operando observation of defects healing

3.1.1. Effect of defocusing on healing depth

Fig. 7 and the corresponding Videos 1-4 (see supplementary videos)
report four illustrative examples of remelting line scans, performed with
various process parameters (see Table 2 and Table 3 for the detailed
melting and remelting laser parameters). It can be noticed that although
a number of pores (highlighted by white arrows in Fig. 7) are present
before the laser pass (i.e. on the left side of the melt pool in Fig. 7), the
amount of pores in the top region of the wall decreases after remelting (i.
e. on the right side of the melt pool). This is particularly visible in Videos
2-4. Similar observations can be made from Fig. 8 and Fig. 9: when
comparing the top region of the wall before (a) and after (b) remelting,
the number of pores is significantly reduced. Overall, these figures
indicate that the present strategy can successfully reduce porosity con-
tent in the sub-surface region of the wall. As illustrated in Fig. 7,
remelting was performed with different positive defocus values to
evaluate the effect of an increase in beam size on the efficiency of
porosity removal. Based on Eq. 2, laser power and speed were adjusted
such as to maintain the normalized enthalpy approximately constant
(25.2 < AH < 27.5). Increasing the defocus towards larger positive
values leads to an increase in the melt pool depth, from 111 um to
237 pm for a beam radius @ of 55 um and 82 um, respectively. The depth
at which porosity healing occurs increases accordingly, as can be
observed in Fig. 7 and in Videos 1-4: the pore-free region on the right
side of the melt pool extends deeper in Fig. 7d (Video 4) than in Fig. 7a
(Video 1). In other words, depending on how deep the defects lie, the
process parameters can be finely adjusted to reach a sufficient depth and
to remove the pores lying at such depth. However, healing deeper de-
fects requires larger laser spot sizes, resulting in larger melt pools, which
may reduce the overall dimensional accuracy. This should not be an
issue in the bulk regions of LPBF parts [89] but could be more detri-
mental when sharp edges and fine features are considered.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2023.103880.

A more detailed, frame-by-frame analysis of the pore trajectories
upon interaction with the melt pool allows identifying different types of
healing behavior, as evidenced in Fig. 8. In the area documented by
Fig. 8a, three pores are removed upon laser remelting and are no longer
visible afterwards (Fig. 8b). These pores are located in the regions
identified as “1”, “2”, and “3”, which are magnified and analyzed frame
by frame in Fig. 8c.

The first type of trajectory is exemplified by the pore located in

Fig. 8. Radiographs of a specimen built and remelted with parameters B1-R1, (a) before and (b) after remelting. (c) Frame-by-frame focus on 3 different regions
during laser remelting. The pores highlighted in regions 1 and 3 disappear at a distance from the surface, while the pore located in region 2 moves upwards and
disappears as it reaches the top surface. The melt pool boundaries are highlighted by a dotted white line.
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TR b

Fig. 9. Radiographs of a specimen built and remelted with parameters B3-R8, (a) before and (b) after remelting. (c) Frame-by-frame focus on 2 different regions
during laser remelting. The pore located in region 1 disappears at a distance from the surface, while the two pores located in region 2 move upwards and disappear as
they reach the top surface. The melt pool boundaries are highlighted by a dotted white line.
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Fig. 10. Effect of multiple successive laser passes. The building and remelting parameters are B3-R8. (a) Snapshots of the right side of the wall before and after each
laser pass. (b) Snapshots taken in the position highlighted in (a) during three successive laser remelting passes. The melt pool boundaries are highlighted by a dotted

white line.

region “2”. As it encounters the melt pool, the pore moves upwards and
disappears when it reaches the top surface. In the two other cases, i.e.
regions “1” and “3”, an upward movement of the pore is not visible and
the pore seems to disappear at a distance from the top surface. In this
case, it is believed that the pore either travels too fast compared to the
imaging frame rate, or moves horizontally (i.e. along the x direction, to
the back or to the front of the wall) until it reaches a side surface, so that
its motion is invisible in the 2D radiographs, only providing a projection
of the wall volume.

Fig. 9 provides another typical example of these distinctive healing
behaviors: no vertical motion is observed prior to the disappearance of
the pore located in region “1”, while the two pores located in region “2”
move upwards and disappear after reaching the top surface.

In addition to the above-described healing behaviors, some pores,
although they significantly interact with the melt pool, do not escape to
the top or side surfaces, and remain trapped as the metal solidifies. This
isillustrated in Fig. 10 and will be more extensively described in the next
section.

3.1.2. Effect of multiple passes on porosity removal
As shown in Fig. 8 and Fig. 9, in the presence of multiple pores in the
top region of the part, a single remelting pass is often insufficient to
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remove all of them. Fig. 10 illustrates that, although most pores are
removed after the first remelting pass, a number of defects remain
present, which are eventually healed upon a second or third pass. This
multi-step healing can be attributed to a combination of two factors.

A first factor lies in the fact that a pore has a statistically higher
chance to escape if its interaction time with the melt pool is increased
[32]. Applying a higher number of remelting cycles can increase the
total duration during which a given pore interacts with the melt pool
and, thus, favor its removal. This type of behavior is illustrated by pores
1-6, highlighted in green in Fig. 10. These pores were displaced to some
extent by the first laser pass — particularly pores 1, 4 and 6 which moved
closer to the top surface — but got trapped at some point by the moving
solidification front, thus preventing them from reaching the surface and
disappear. Increasing the interaction time via a second melt pool pass
then allowed to successfully remove them.

A second aspect is related to the fact that, upon each additional
remelting pass, the melt pool dimensions increase progressively, due to
the heat accumulated in successive scans. This phenomenon can be
clearly visualized in Fig. 10b, in which the melt pool length and depth
respectively increase from 402 um to 623 um and from 150 ym to
194 um between the first and third pass. This also translates into an
increase in the width of the melt pool, i.e. along the x direction, which
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Fig. 11. Line scan B1-R2: (a) X-ray images before, during and after a single pore removal event occurring at t = 262.2 ms. Raw AE signal in the time-domain (b) and
in the time-frequency domain (c), filtered signal in the time-domain (d), absolute value of the normalized signal (e), binarized groundtruth and binarized AE signal (f)
(window size of 2180 points). The pore removal event at t = 262.2 ms in (b), (c), (d), (e) and (f) is highlighted by a dotted line. The threshold i;,= 11.4 x background

is marked by a green dotted line in (e).
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Table 5
Accuracy, precision, recall and F1-score obtained for the B1-R2 line scan, using a
window size s of 2180 points.

Accuracy Precision Recall F1-score
0.99 0.5 1 0.67
Table 6

Accuracy, precision, recall and Fl-score obtained for each line scan, using a
window size of 2180 points.

Line scan Number of events  Accuracy  Precision  Recall FI-

(0>10 pm) score
B1-R2 1 0.99 0.50 1.00 0.67
B1-R3 7 0.94 0.86 0.46 0.60
B1-R7 11 0.70 0.37 0.82 0.51
B2-R4 11 0.73 0.28 0.35 0.31
B2-R5 14 0.79 0.47 0.67 0.55
B3-R8 49 0.64 0.64 0.96 0.77
Weighted Total number of 0.71 0.56 0.79 0.64

average events: 94

cannot be visualized on the radiographs. Hence, pores that are located
further away from the center of the line scan might not interact with the
melt pool in the first pass but be subsequently removed as the melt pool
becomes wider along the x direction. This is the case of pores a and b,
which are highlighted in yellow in Fig. 10. They remain stationary
during the first pass but are successfully removed as the laser comes back
for a second pass. Similarly, pore c does not interact with the melt pool
during the first and second pass, but disappears during the third
remelting cycle.

The use of multiple remelting passes can thus greatly increase the
healing efficiency, through the combined effect of extended interaction
time between pore and melt pool, and increased melt pool dimensions.
However, as previously mentioned for large positive defocus values
(Section 3.1.1), a melt pool broadening might have a detrimental impact
on the dimensional accuracy of the final parts. To circumvent this
drawback, while maximizing the chances for pores to escape, a time
delay between two successive remelting passes can be implemented, so
that heat accumulation does not occur and the melt pool size remains
constant [90]. Alternatively, for larger structures, applying several
adjacent remelting line scans separated by a reduced hatch distance, can
increase the healing efficiency as well, while limiting the broadening of
the melt pool. This aspect was not investigated in the present study due
to the small thickness of the wall, as required to perform X-ray imaging
successfully. It should also be highlighted that only one combination of
process parameters (B3-R8) was used in the present study to evaluate the
effect of multiple remelting passes on the healing efficiency. Future work
should not only validate this approach on bulkier parts, but also evaluate
its applicability when using other process parameters.

In conclusion, laser beam defocusing and number of remelting passes
complement each other towards optimizing healing efficiency, as they
allow the melt pool dimensions and the pore/melt pool interaction time
to be finely tuned. However, they should be used with caution to
maintain a good dimensional accuracy.

Laser remelting has been reported to favor a so-called “edge effect”, i.
e. to affect the flatness of the top surface by the formation of edges due to
remelted metal being pushed by the laser beam [35]. On the other hand,
multiple authors have documented a positive effect of laser remelting in
terms of surface roughness reduction [32-35,91], and reported that the
improvement in top surface quality increases with the number of
remelting cycles [32,91]. Remelting is indeed known to smoothen the
surface by removing residual adherent powder particles and spatters.
Although beyond the scope of the present paper, the effect of remelting
with a positively defocused beam on the final geometry and overall
surface quality should be investigated on larger parts, as conclusions on
these matters cannot be drawn from a thin wall geometry.
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3.2. Signal analysis

3.2.1. Case 1: line scan BI-R2.

Using the methodology detailed in Section 2.3, the acoustic signal
acquired during remelting and the corresponding time-aligned X-ray
images were analyzed, for a total of 6 single line scans processed with
various remelting parameters (R2, R3, R4, R5, R7, R8), as detailed in
Table 3.

Among these 6 line scans, the analysis of one of them is extensively
detailed in the present section, as an illustrative example. The results of
the analysis of the other line scans are summarized in the following
sections.

In line scan B1-R2, one single pore is removed during the entire laser
remelting pass. This unique pore removal event, illustrated in Fig. 11a,
takes place 262.2 ms after the start (t = 0) of the laser. This time is
highlighted as a black dotted line on the raw acoustic signal in the time-
domain (Fig. 11b) and appears to coincide with a distinctive peak in
signal intensity. Similar observations can be made when analyzing the
raw signal in the time-frequency domain (Fig. 11c), and the filtered
signal in the time-domain (Fig. 11d). In the spectrogram reported in
Fig. 11c, the intensity is locally higher over a [20-350 kHz] frequency
range, with the maximum intensities being observed between 30 kHz
and 100 kHz. After applying a [30-85 kHz] band-pass filter and a
[54-72 kHz] band-stop filter, the signal intensity at t = 262.2 ms is
more than 10 times higher than the rest of the signal (Fig. 11d). Fig. 11 f
demonstrates a good overlap between the binarized acoustic signal and
the binarized groundtruth, which results in a high accuracy and recall of
respectively 0.99 and 1, a precision of 0.5 and an FI-score of 0.67, as
reported in Table 5. We should highlight that this overlap and the
resulting accuracy, precision, recall and F1-score directly depend on the
window size s, as will be illustrated and discussed in Section 3.2.3.

The accuracy is defined as the proportion of correct predictions (both
true positives and true negatives) among the total number of cases
examined (i.e. true positives, true negatives, false positives and false
negatives). A high accuracy does not necessarily mean that most of the
pore removal events have been successfully detected. If only one or a few
pore removal events are present (as is the case in this example with a
single pore removal), the accuracy might still be high even if these events
are not detected, as long as most of the “non-events” are correctly
identified as such.

The recall quantifies how many relevant items are retrieved. In other
words, a low recall would mean that many pore removal events are not
detected even though they actually took place. In the present case, a
recall value of 1 indicates that the unique pore removal event was suc-
cessfully identified as such by means of AE monitoring.

The precision quantifies how many retrieved items are relevant. In
other words, a low precision would mean that healing is detected even
though it did not occur. This could be the case, for example, if events
other than healing but with a similar AE footprint happen at a given
time, resulting in false positives in the prediction. In the present case, for
a window size s = 2180 points (which corresponds to a duration of
1.09 ms), when analyzing the X-ray images frame by frame, the pore
removal event is identified at t = 262.2 ms. The groundtruth is 1 in the
two time windows directly surrounding this pore removal event, namely
int=261.98 ms and in t = 263.07 ms. However, due to the fact that the
maximum AE signal intensity is higher than iy over a longer time in-
terval than the binarized groundtruth, the binarized AE signal is found
to be equal to 1 in four time windows, namely in t = 260.89 ms,
t=261.98 ms, t = 263.07 ms, and t = 264.16 ms. As a result, a rela-
tively low precision of 2/4 = 0.5 is obtained. However, as will be dis-
cussed below (Section 3.2.3), the precision can be improved by
increasing the window size s.

For monitoring, a high precision is essential, to ensure that if healing
is detected, it did really occur. A low precision would induce bad
monitoring-based decision making (i.e. considering that the pore has
been healed when it is in fact still present in the material, with a
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Fig. 12. Line scan B1-R2: Effect of the window size (s = 1040 points, 2180 points, 2920 points and 6600 points) on the overlap between the binarized AE signal and
the groundtruth. The pore removal event at t = 262.2 ms is highlighted by a black dotted line. The window size is highlighted in green.
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Fig. 13. Effect of window size on classification accuracy, precision, recall and
F1-score.

potentially detrimental effect on the final properties of the part). On the
other hand, a high recall is also critical. If the recall score is too weak (for
example, if the ratio between the AE signature of a pore removal event
and the background noise is too low), it would imply that a significant
fraction of the pore removal events that actually occurred were not
detected, making the monitoring technique ineffective. As the harmonic
mean of precision and recall, the F1-score provides a good indication of
the overall quality of the classification.

Taking the above-discussed aspects into consideration, the analysis
of 5 other representative cases is detailed in Section 3.2.2.

3.2.2. Overview of other cases

The same methodology was applied to the five other line scans.
Considering a relatively small window size of 2180 points, the resulting
accuracy, precision, recall and F1-score are reported in Table 6. In total, 94
pore removal events were identified in the X-ray image analysis of the
six single line scans.

3.2.3. Effect of window size

Increasing the window size can help reaching a better overlap be-
tween the binarized AE signal and the groundtruth, by enlarging the
time interval over which the binarized AE signal is equal to 1. This is
illustrated for line scan B1-R2 in Fig. 12: as the window size increases
from s =1040 points to s = 6600 points, the overlap between the
groundtruth (in blue) and the binarized AE signal (in yellow) increases
accordingly, to reach 100% for s = 6600 points. In other words, for this
window size, the accuracy, precision, recall and F1-score for line scan B1-
R2 are equal to 1.

Fig. 13 provides an overview of the effect of the window size on these

Additive Manufacturing 79 (2024) 103880

4 parameters. The average accuracy, precision, recall and F1-score values,
weighted by the number of events identified in a given line scan (based
on the analysis of the corresponding X-ray images), are reported as a
function of the window size, for a total of eight different window size
values.

As can be observed in Fig. 13, the accuracy, precision, recall and F1-
score increase as the window size increases. This can be explained by a
combination of two factors. First, the smaller the window size, the lower
the overlap between the binarized groundtruth and the binarized AE
signal, as illustrated and discussed for line scan B1-R2 (Fig. 12). Second,
some pore removal events might have a low or non-detectable acoustic
signature. Increasing the window size increases the probability for two
or more pore removal events to occur in the same window and, thus, the
probability for at least one of these events to have a detectable acoustic
signature.

When computing the distribution of the time intervals separating the
94 pore removal events identified in all 6 experiments, 10% of these
time intervals are shorter than 0.52 ms (i.e. a window size of 1040
points), while 50% are shorter than 3.3 ms (window size of 6600
points). These results are summarized in Table 7.

Therefore, for a window size s of 1040 points, the probability to have
two or more healing events in the same window is 10%, while for
s = 6600 points, this probability reaches 50% (based on the statistics
obtained over all pore removal events identified in the present study).

In other words, in the current configuration, the exact number of
pores removed whenever healing is detected in a given window cannot
be established with certainty, particularly for larger window sizes. This
is a noteworthy drawback to the observed improvement in accuracy,
precision, recall and F1-score when the window size increases.

The change in window size also influences the temporal and spatial
resolution of the prediction. The time resolution achieved in the present
work is in the same range as that reported in other works using Al for
real-time detection of process instabilities (as an example, Shevchik
et al. [43] achieved temporal resolutions down to 2 ms). As for the
spatial resolution, depending on the scanning speed (Table 7), a window
size of 1040 points corresponds to a distance of 5.2-20.8 ym. This dis-
tance reaches a value of 33-132 ym when considering a window size of
6600 points. By comparison, the smallest diameter of the defocused laser
beam used to perform remelting in the present study was 110 um. In
other words, even for a relatively large window size, the spatial reso-
lution remains high, when compared to the beam size.

The results obtained for s = 6600 points illustrate that the occur-
rence of healing can be monitored with a relatively high accuracy, pre-
cision, recall and F1-score and with a very high spatial resolution. While
accuracy, precision, recall and F1-score are expected to increase signifi-
cantly if artificial intelligence tools (Machine Learning algorithms) are
used to identify the exact AE signatures of healing, the associated spatial
resolution remains to be evaluated.

Based on the straightforward signal analysis methodology presented
in this work, the precision lies around 80% for a window size s = 6600
points. This means that if a pore removal event is detected, there is a

Table 7
Window sizes and their corresponding duration, distance (dependent on the laser remelting speed) and probability to have two or more events occurring in the same
window.
Window size [number of points] 1040 1710 2180 2450 2920 3590 4800 6600
Duration [ms] 0.52 0.855 1.09 1.225 1.46 1.795 2.4 3.3
Distance [um] R2 (10 mm/s) ; 8.55 E 12.25 E 17.95 E E
R3 (20 mm/s) E 17.1 E 24.5 E 35.9 E m
R4, R5, R7, R8 (25 mm/s) E 21.38 E 30.63 E 44.88 a E
R6 (30 mm/s) E 25.65 ; 36.75 E 53.85 E E
R1 (40 mm/s) E 34.2 E 49 a 71.8 ; E
% of time intervals between two adjacent events lower or equal to this duration F 15 F 25 ? 35 K ?
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20% probability that healing actually did not occur. Besides, considering
that the recall lies around 80% for a window size s = 6600 points, about
20% of the time windows containing at least one pore removal event are
not identified as such by the monitoring system. In view of this non
negligible uncertainty in the prediction, it is recommended to perform
multiple remelting iterations of any given defective layer to maximize
the chances for healing to successfully take place. Based on previous
observations (Section 3.1.2), a good practice in terms of balance be-
tween defect minimization and productivity optimization would be to
do 3 successive remelting passes, whenever porosity is detected in the
material during LPBF.

4. Conclusions

In order to remove deep keyhole-type defects during LPBF process-
ing, a new approach has been implemented and tested in a miniaturized-
LPBF device specifically designed for operando synchrotron X-ray mea-
surements. The healing strategy consists in remelting the top surface
with a positively defocused laser beam, while maintaining a relatively
low normalized enthalpy value. This allows obtaining a conduction
mode melting regime, yet sufficiently deep to reach keyhole pores
generated by previous laser passes.

X-ray imaging allows visualizing the interaction of keyhole pores
with the melt pool during laser remelting. The pores tend to move up-
wards or sideways, resulting in their elimination as they reach the top or
side surface. However, a number of pores may not be healed by a single
laser pass, either because they do not interact with the melt pool, or
because they are trapped by the moving solidification front.

The influence of two key remelting parameters is investigated: the
extent to which the beam is defocused, and the number of successive
remelting passes. Both factors tend to improve healing efficiency, either
by increasing the melt pool dimensions (and, thus, the probability for a
pore to interact with the melt pool) or by extending the pore/melt pool
interaction time (and, thus, the probability for a pore to escape to an
external surface). However, these processing parameters should be used
with caution and finely tuned to maintain a good dimensional accuracy
of the part. The effect of remelting with a positively defocused beam on
the final geometry and surface quality remains a topic to investigate, as
well as its influence on the microstructure of the material and its me-
chanical properties.

One side-effect of a remelting operation meant for defect removal
during LPBF processing is the overall increase in build time that it in-
duces. Laser remelting can only be beneficial if the achieved quality
enhancement outweighs the time cost. Hence, it is essential to associate
it with in-situ monitoring. Only in the event that an unstable keyhole
regime is detected (e.g. by means of AE monitoring [31,57,60]), should
remelting be applied on the defective layer. In that case it is worth
performing healing, even with a low speed and with multiple remelting
passes, as this might help circumvent time-consuming post-process
treatments such as HIP.

The same AE monitoring set-up can then be used for (i) detecting
unstable keyhole regime during building, as already demonstrated by
Hamidi et al. [31], and (ii) measuring whether or not healing has been
successfully achieved upon remelting, as illustrated in the present paper.
Combining monitoring of defect formation and defect removal is an
essential step towards elimination of expensive post-process quality
control of the part. In the direct continuation of the work of Hamidji et al.
[31], the present paper demonstrates for the first time that a highly
sensitive airborne acoustic microphone can be used to monitor the
healing of keyhole pores. Through a simple signal analysis methodology,
it is shown that the removal of a pore can have a clear acoustic signature.
Pore removal events are identified with a relatively high accuracy, pre-
cision, recall and F1-score, and with a high spatial resolution (< 150 pm
for the process parameters considered in this study).

The present exploratory work paves the way towards more in-depth
signal analysis and the use of Al tools to refine the AE signature of
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healing and mitigate possible sources or error or uncertainty. However,
this will require an extensive signal database for porosity healing and,
thus, the acquisition of a high number of AE measurements, which goes
beyond the scope of the present paper.

In order to validate the applicability of the proposed method on a
larger scale, similar experiments should be reiterated on bulkier parts, in
a conventional LPBF device equipped with acoustic emission moni-
toring. The efficiency of healing, as well as the effect of laser beam
remelting on the microstructure and mechanical properties of the ma-
terial, could be assessed by comparing “healed” parts with “as-built”
ones, using post-process destructive or non-destructive analysis tech-
niques. This validation work remains a key step to determine to what
extent the present approach can impact the final performance of laser-
remelted LPBF parts.

Finally, future work could also evaluate the effect of a similar
strategy on different materials, or on the removal of other types of de-
fects, such as cracks, and the corresponding monitoring by AE.
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