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Abstract: Over the past decade, significant research has focused on detecting abnormalities in metal
laser powder bed fusion (L-PBF) additive manufacturing. Effective online monitoring systems are
crucial for enhancing process stability, repeatability, and the quality of final components. Therefore,
the development of in situ detection mechanisms has become essential for metal L-PBF systems,
making efficient closed-loop control strategies to adjust process parameters in real time vital. This
paper presents an overview of current in situ monitoring systems used in metal L-PBF, complemented
by ex situ characterizations. It discusses in situ techniques employed in L-PBF and evaluates the
applicability of commercial systems. The review covers optical, thermal, acoustic, and X-ray in
situ methods, along with destructive and non-destructive ex situ methods like optical, Archimedes,
and X-ray characterization techniques. Each technique is analyzed based on the sensor used for
defect detection and the type or size of defects. Optical in situ monitoring primarily identifies
large defects from powder bed abnormalities, while thermal methods detect defects as small as
100 um and keyholes. Thermal in situ detection techniques are notable for their applicability to
commercial devices and efficacy in detecting subsurface defects. Computed tomography scanning
excels in locating porosity in 3D space with high accuracy. This study also explores the advantages of
multi-sensor in situ techniques, such as combining optical and thermal sensors, and concludes by
addressing current research needs and potential applications of multi-sensor systems.

Keywords: additive manufacturing; laser powder bed fusion; porosity detection; in situ monitoring;
ex situ characterization

1. Introduction

Among the various metal additive manufacturing (AM) technologies, laser powder
bed fusion (L-PBF) is the most widely adopted process for fabricating fully functional
components. In the metal L-PBF process, a powder layer is selectively melted and solidified
by a laser heat source, and this procedure is repeated layer-by-layer to build the three-
dimensional object [1]. The final product remains within the bed of powder, which must be
removed. Typically, parts are retained within the powder bed to reduce thermal stresses
and maintain specified dimensions [2]. L-PBF is commonly employed in industry for
low-volume manufacturing and prototyping. This technique offers the ability to reduce
mass through the utilization of lattice structures [3] and/or via topology optimization.
Moreover, manufacturing steps can be streamlined by fabricating assembled parts. In the
L-PBF process, the powder is spread atop the build plate in layers, and the laser selectively
melts specific sections. This process is iterated for each layer. However, the complex
interactions between the laser, powder, and melt pool during laser-material interaction
sometimes lead to defects in the final product [2,4,5]. The lifecycle of parts remains a major
concern due to the formation of defects during or after the fabrication process. Due to the
highly dynamic and complex physical phenomena related to the process, the technology
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still suffers from a lack of quality, stability, and repeatability. During the printing process,
the input laser energy is fixed, with constant laser power and scanning speed. However,
the complex dynamics of the melt pool, spatters, vapor plume, and powder entrainment
strongly influence the absorbed energy of the system, and heat conduction varies depending
on the local part geometry [6]. Numerous studies have investigated the effects of process
parameters on porosity and defect formation in L-PBF. Common defects include balling,
lack of fusion (LOF), keyholes, and spatters, with processing-related defects playing a
crucial role in the occurrence of these abnormalities.

The powder spreading stage represents the initial phase of fabrication processes. Ir-
regular distribution of powder during the spreading stage often leads to defects owing to
change the interaction between the laser and powder particles [2,7], thereby augmenting
the level of porosity and other imperfections [8-10]. Various issues related to the pow-
der bed have been elucidated by researchers, encompassing diverse phenomena such
as recoater hopping and streaking, debris accumulation, part elevation, and incomplete
spreading [2,11]. Additionally, the size and shape of the powder particles significantly
influence the distribution within the powder bed. A comprehensive examination of the
effects of the recoater mechanism, as well as the size and packing density of the powder,
can be found in the literature [2,12-16].

Balling refers to the height fluctuation along the melted region. It is highly correlated
with power, velocity, laser spot size, and the material’s laser absorptivity. Several different
process parameters can lead to balling [2,17-20]. Balling is considered one of the potential
sources of porosity and limits the build rate of L-PBF at higher powers due to issues
of accordance.

Another common defect in metal L-PBF is LOF, characterized by irregular unmelted
particles or sections inside the fabricated sample [21-24]. LOF may occur when there is not
enough overlap between melt pools [22,24,25]. Another common reason for its occurrence
is inadequate laser energy density [2,21,26,27]. The shape and size of the melt pool also
affect LOF [2,24]. Additionally, powder quality plays a role in LOF defects [2,28-30].

Keyhole porosity occurs during keyhole melting when the material vaporizes and
becomes trapped inside the molten area [2,31-33]. This phenomenon is highly correlated
with processing parameters. It is important to note that not all instances of keyhole
melting result in porosity. The formation mechanism of the keyhole is illustrated in
Figure 1. Keyhole porosity has been extensively investigated in the literature under various
material and processing conditions. Researchers have studied its formation mechanisms,
the influence of different laser parameters (such as power, speed, and beam quality),
powder characteristics, and environmental factors on the occurrence and characteristics of
keyhole porosities [2,22,27,28,34-38]. These studies aim to improve the understanding of
keyhole porosity formation and develop strategies to minimize or eliminate its occurrence
in laser-based additive manufacturing processes.
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Figure 1. The formation mechanism of the keyhole. Reprinted with permission from ref. [39], 2020,
Elsevier Ltd.



Metals 2024, 14, 669

3 0f27

Spatter can be described as the ejection of droplets from the melt pool, which can
cause undesirable irregularities leading to porosity and/or LOF [2]. In-depth studies
on the mechanics underlying spatter generation and its connection to faults have been
published in the literature. They have investigated the formation of spatter during the laser
melting process, taking into account the effects of variables including laser power, scanning
speed, powder properties, and ambient circumstances. Furthermore, studies have looked
at how spatter impacts the manufactured components’ quality and how it contributes to
the development of flaws such as porosity and LOF [23,29,30,40—43].

The aforementioned defects impact both the fabricability of the sample and its overall
fatigue performance. Defects formed within the sample significantly reduce the mechanical
properties of the final part, as these defects often serve as crack initiation points. Therefore,
the fabrication of defect-free samples is critical. Under constantly changing boundary
conditions, melt pool fluctuations can occur, potentially resulting in porosity defects due to a
LOF or keyhole porosity, which deteriorate the mechanical properties of the fabricated part.
Consequently, an efficient closed-loop control strategy for adjusting process parameters
on-the-fly is crucial in the metal L-PBF process. High-frequency melt pool signatures
during the scanning process, such as optical, thermal, and acoustic signals, are important
factors reflecting not only the current state of the melt pool but also the overall build.
These signatures provide essential feedback to adjust the laser parameters accordingly
to maintain the ideal processing regime. However, the lack of confidence in monitoring
signals indicating the current state of the melt pool remains a primary challenge in melt
pool control. Therefore, an efficient and accurate online monitoring system is vital for
improving process stability, repeatability, and the quality of the final printed components.
In situ monitoring of the process is a key strategy for identifying and resolving defects in
advance, a topic extensively studied by researchers.

2. Porosity/Defect Detection
2.1. In Situ Porosity Measurement

Despite extensive optimization of L-PBF, pore formation in this process is based on
stochastic factors, e.g., spattering. Therefore, online monitoring of the process is essential,
especially for on-the-fly parameter correction and optimization. Several techniques have
been developed during the past few years to give this capability to manufacturers. These
approaches may be different depending on the process, material properties, defect type, data
type, available equipment, project budget, etc., and are discussed in the following sub-sections.

Grasso and Colosimo [7] and Grasso et al. [44] elucidated the in situ monitoring
of powder bed fusion (PBF) samples, wherein the authors explicated and demonstrated
levels of in situ monitoring systems tailored for PBF processes. Level 1 is characterized by
the monitoring of irregularities in the powder bed, which may result in porosity and/or
insufficient fusion [44—48]. The subsequent level is defined as the measurement of quantities
with higher temporal resolutions, encompassing the observation of the interaction between
the beam and material, the thermal history of the process, and the examination of by-
products such as spatters and plume emissions [49-51]. Moving to Level 3, the focus shifts
to observing the melt pool, a pivotal aspect for achieving local fusion of the material within
the PBF process [52,53]. The final level involves the collection of information pertaining to
phenomena occurring in the current layer. This includes employing techniques such as X-
ray imaging, ultrasound, and the monitoring of acoustic emissions caused by elastic energy
and plastic deformations in the solidified material [54-56]. While the aforementioned
approaches are specific to PBE, many of these techniques are also applicable to metal L-PBF.
These techniques can be categorized into optical, thermal, acoustic, and X-ray-based in situ
monitoring methods, as illustrated in Figure 2.
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Figure 2. A schematic illustration of in situ techniques utilized in metal LPBF, where HS stands for
high speed, DIC represents digital image correlation, and DSLR refers to digital single-lens reflex.

2.1.1. Optical-Based Techniques

In the sub-field of monitoring in L-PBF, the optical and/or thermal signatures of the
melt pool and the acoustic signatures have been by far the most commonly monitored
objects. Optical signatures such as infrared, ultraviolet emission, and visible light emitted
from the melt pool have been captured and analyzed in a time/spatial domain to derive
the fluctuations in the melt pool dimensions and temperature [57-61] and to estimate
the cooling dynamics and temperature gradient [62,63]. One of the disadvantages of the
optical approach is that only the surface of the melt pool or layer can be directly analyzed,
and sub-surface phenomena such as the melt pool depth and defects such as cracks and
porosity remain unresolved. Recent use of in situ X-ray radiography has visualized just how
unstable sub-surface phenomena (melt pool depth, vapor depression depth, pore formation,
cracking) are [5,64]. While such advanced characterization techniques are highly valuable
to increase our understanding of process—material interactions, they are not suitable for
commercial monitoring and control systems. To overcome the line-of-sight limitation while
utilizing economical L-PBF monitoring equipment, Goossens and Van Hooreweder [57]
developed a virtual sensing approach combining high-speed (HS) co-axial melt pool width
monitoring with an analytical thermal simulation to simultaneously capture the melt pool
width and predict the melt pool depth. Even then, this virtual sensing approach is still
unable to detect sub-surface defects such as porosity and cracks. To successfully deploy
optical-based melt pool monitoring, the entire optical train of the AM system needs to
be modified to dynamically track the melt pool rather than focusing on a fixed field of
view on the powder bed. In addition, depending on the processing zones, the accuracy of
the monitored data is heavily affected by the noise caused by hot spatter ejection, plasma
formation, and laser attenuation. From the melt pool monitoring point of view, the ejected
hot spatter is usually considered to be noise and is eliminated or filtered out [58]. However,
hot spatter signatures such as size, ejection angle, and ejection speed have been proven to
have a strong correlation to energy density [57], melt pool depth [65-67], and the quality of
the built part [68]. The AM research group at KU Leuven has utilized the same co-axial
camera setup as in [57] for spatter detection. However, due to the co-axial setup, the ejection
angle of the spatters with respect to the build plate plane remains unresolved. Hence, an
off-axis setup for the acquisition of the ejection angle is necessary. In situ monitoring of the
hot spatter signature such as velocity, angle, and size will significantly add to the accuracy
of the prediction of the current melt pool state and the current processing regime. However,
plasma and vapor plume formation and laser attenuation remain the main sources of noise
affecting the accuracy of the optical-based monitoring data.

Montazeri et al. [69] employed multispectral photodiode sensors that were previously
developed and enhanced [70-72]. The method involved two photodiode sensors collecting
the same data with different bandpass filters, specifically at 530 and 520 nm (Figure 3).
One sensor was utilized for continuum signal measurement, while the other captures line
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signals. The ratio of line to continuum signals was employed to mitigate the magnitude
changes in signals based on location. By monitoring emissions specific to chromium (Cr
I) around 520 nm, this study posited that these emissions serve as meaningful indicators
of defects in components manufactured through powder bed fusion [70]. Montazeri
et al. [69] utilized various machine learning (ML) techniques, comparing them to identify
porosities using post-CT data as the ground truth. Instead of employing machine learning
on raw data, Fourier transform coefficients were used to analyze the dataset. It was noted
that this technique resulted in a 10% improvement in classification accuracy in less than
0.5 s. However, the technique is still in the development stage and is effective only with
specific materials and simple geometries. The specific emissions identified may be related
to defect generation in Cr-related alloys, particularly IN718. Other materials warrant
further investigation.

Photodetector
520nm Bandpass
Filter

50:50
Beamsplitter -

Photodetector Laser
530nm Bandpass
Filter

Figure 3. Schematic of multispectral photodiode sensor system. Adopted from ref. [69], 2024, Taylor
& Francis Ltd.

Scholars have adopted an alternative approach by capturing optical images during
intervals between melting stages, instead of continuously imaging the melt pool. Imani
et al. [73] employed varied lighting settings and captured images both pre- and post-
powder-coating through the utilization of a DSLR camera. Various machine learning
techniques were employed to analyze the acquired data, leading to the determination
that the support vector machine yielded promising results with a feature recognition
rate of up to 90%. The study acknowledged the limitation of the camera resolution in
directly identifying pores and suggested combining data from multiple sensors for better
defect detection.

Bartlett et al. [74] employed a novel methodology, employing in situ three-dimensional
digital image correlation (3D-DIC), to discern and quantify irregularities within the powder
bed during the processing stage (Figure 4). The quantified data from 3D-DIC, coupled
with the ex situ identification of physical defects, were incorporated into a Naive-Bayes
classification algorithm. This algorithm was utilized to predict the probability of defect
formation based on errors within the powder bed. To validate the accuracy of defect
localization, scanning electron microscopy (SEM) was employed. The researchers achieved
a detection accuracy of at least 66%. However, their system operated on a binary outcome,
categorizing defects as either detected or not detected. Furthermore, the detectable defect
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Figure 4. Three-dimensional DIC setup and working principle. Reprinted with permission from
ref. [74], 2020, Elsevier Ltd.

Lough et al. [75] employed in situ optical emission spectroscopy (OES) measurements
to scrutinize the impact of laser power and the ambient atmosphere within the build
chamber on signals generated during the selective laser melting (SLM) process. This
investigative approach aligns with the methodology adopted by Montazeri et al. [69].
The observed correlation between the intensity of chromium emission and the size of the
melt pool suggests the potential utility of OES in qualifying and controlling SLM parts.
The outcomes of this investigation revealed that the optical emission signals exhibited
sensitivity to variations in the build chamber atmosphere, both in terms of type and
pressure. Specifically, elevated pressures yielded heightened signal intensities, whereas
reduced pressures constrained the measurement capability.

Snow et al. [76] accumulated a series of high-resolution images using a DSLR camera
before and after recoating. Various lighting conditions (frontal, lateral, and top illumination)
were applied to capture diverse images. Within the study, XCT was utilized as a benchmark,
and two distinct machine learning methods were implemented. Convolutional neural
networks (CNNs) notably outperformed neural networks (NNs) in detecting flaws in
layerwise images of additive manufacturing builds.

Snow et al. [77] expanded their investigation by integrating additional sensors such as
melt pool photodiodes and Commanded Machine Vectors (representing the XY position of
the laser, commanded laser power, scan speed, hatch spacing, and layer height) to correlate
with the images. This inclusion of extra sensors escalated their flaw detection accuracy
from approximately 93.5% to 98.9%. However, both studies were confined to a singular
geometry and only capable of detecting flaws exceeding 200 microns. Moreover, the
machine necessitated pauses between layers for image collection, consequently elongating
the overall fabrication time. Their anticipated future directions are outlined in Figure 5.
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Figure 5. Outline of the future direction for a potential optical in situ monitoring system. Reprinted
with permission from ref. [77], 2020, Elsevier Ltd.

2.1.2. Temperature-Based Techniques

Pyrometers and cameras are commonly selected in the context of additive manufactur-
ing processes due to their capacity to facilitate real-time monitoring of the melt pool profile.
This preference arises from the inherent advantage of these instruments, which enable
direct observation of the evolving melt pool dynamics without necessitating a suspension
of the operational workflow for hardware modifications. This approach underscores the im-
portance of seamless and continuous observation to glean valuable insights into the thermal
behavior of the additive manufacturing process. Forien et al. [52] introduced a probabilistic
link between pore creation and pyrometer signals, enabling the prediction of keyhole pore
formation. Additionally, the study identified unique pyrometer signal distributions at
different energy densities, offering a means to discern the L-PBF process operating mode
and predict defect formation. Pyrometer data were collected with a mirror position of the
laser, achieving a spatiotemporal accuracy of 10 microns similar to other studies [78,79]
(Figure 6). In addition to pyrometers, a high-speed camera was employed with a sampling
rate of 1000 Hz to capture the dimensions of the melt pool. Subsequently, single-track
fabrications were scanned using X-ray techniques to identify porosities. A high correlation
was observed between pyrometer signals and the presence of pores. However, the study
did not extend to detect the keyhole porosities. Furthermore, the utilization of single-
track fabrications implies that samples with multiple tracks would introduce increased
complexity in establishing correlations with pyrometer data and keyhole porosities.
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Figure 6. Schematic representation of the off-axis dual wavelength imaging pyrometer setup.
Reprinted with permission from ref. [80], 2020, Elsevier Ltd.

Similar to Forien et al. [52], Lough et al. [81] employed a Short Wave Infrared (SWIR)
camera with a frame rate of 2585 Hz to systematically capture spatiotemporal melt pool
emission data layer-by-layer. Two distinct geometries were fabricated: one exhibiting
a simple structure and the other a complex configuration. Micro CT post-processing
techniques were applied to delineate the actual porosities arising from varying process
parameters. Rather than delineating precise porosity values, the researchers generated a
porosity probability map using thermal data in conjunction with CT results. Remarkably,
they achieved approximately 94% accuracy in predicting porosity within the internal
regions of the complex sample. However, this accuracy diminished to 81% for supported
regions and further declined to 69% for overhang regions. The reduction in accuracy was
attributed to the geometric dependency of the prediction. Furthermore, the accuracy of the
utilized system, which collected data in arbitrary units, was compromised by its calibration
based on the assumption of constant emissivity, and the oversight of neglecting phase
and temperature dependency. These factors have implications for the generalizability of
the technique.

Smoqi et al. [80] employed a dual-wavelength pyrometer to detect porosity and assess
its intensity. They fabricated a single sample with varying parameters at different levels
and utilized XCT scans as the ground truth for their experiments. The dual-wavelength
pyrometer was utilized to account for changes in thermal emissivity. This was achieved by
measuring radiation intensity at two different wavelengths, allowing for the estimation
of the temperature of the object. In comparison to temperature measurements obtained
using an infrared thermal camera or a single-wavelength pyrometer, the dual-wavelength
imaging pyrometer used in this study provided a temperature measurement closer to the
absolute melt pool temperature [80]. Various machine learning techniques were applied,
including logistic regression (LR), support vector machine (SVM), K-nearest neighbors
(KNNSs), and convolutional neural network (CNN). Among these techniques, KNN yielded
favorable results compared to others, demonstrating a 95% confidence level. The schematic
representation of the workflow is depicted in Figure 7.
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Figure 7. Workflow of detection mechanisms utilized by Smoqi et al. Reprinted with permission
from ref. [80], 2020, Elsevier Ltd.

Yavari et al. [82] employed a digital twin strategy, amalgamating physics-based model-
ing and data integration, to identify flaws in parts produced through L-PBE. This approach
utilized a combination of theoretical predictions and in situ process signatures connected
through data analytics and machine learning algorithms. The authors employed a graph-
theoretic computational heat transfer approach, demonstrating a tenfold acceleration in
temperature distribution calculations compared to Finite Element (FE) analysis [50,83-86].
Three photodiodes were utilized, two of which incorporated band-pass filters (650-700 nm),
while the third collected broadband energy emission (Figure 8). Similar to Smoqi et al. [80],
the authors utilized the ratio of filtered wavelength data to mitigate the influence of thermal
emissivity, which also exhibited correlation to melt pool temperature. X-ray Computed
Tomography (XCT) was utilized as the ground truth, and planted defects with a diameter
of 100 microns and above were detected using this methodology.

Moving on, Bartlett et al. [87] employed a long-wave infrared camera positioned atop
the build chamber, providing a field of view measuring 250 by 250 mm. Relative tempera-
ture was utilized for the identification of irregularities. In their study, a validation system
was implemented through destructive porosity analysis. Three random cross-sectional SEM
images were utilized, and the collected data underwent image processing and reconstruc-
tion in 3D using Matlab R2017B. The application of full-field infrared thermography enabled
the detection of LOF with 100% accuracy. However, the detection accuracy exhibited a 50%
decline for defects below 50 microns.
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Figure 8. Schematic representation of the dual pyrometer setup. The diagram illustrates the instru-
mented on-axis sensor configuration for an EOS M290 LPBF system. The system comprises three
photodetectors. Thermal Energy Planck (TEP) signatures are obtained by bandpass filtering two
of the photodetectors. The third photodetector, which is unfiltered, measures the Thermal Energy
Density (TED), capturing broadband emissions from the chamber. Reprinted with permission from
ref. [82], 2020, Elsevier Ltd.

Williams et al. [88] employed an infrared (IR) camera and a high-speed camera simul-
taneously to monitor the L-PBF fabrication process of stainless steel 316L. The primary
focus of their study centered on the measurement of surface temperatures and their conse-
quential impact on both porosity and microstructure. Lower temperatures were indicative
of increased porosity, attributed to inadequate melting during the fabrication process. The
high-speed camera was utilized to observe the size and shape of the melt pool, while
inter-layer cooling time served as a metric for identifying irregularities. The correlation
established by the researchers between the LOF porosities and changes in surface tempera-
ture was found to be associated with the formation of spatter. It is important to note that
this methodology is only applicable to a particular experimental setup and material. Fur-
thermore, variations in inter-layer cooling times, influenced by changes in build intensity,
result in alterations to the distribution of surface heat. Consequently, the applicability of
the technique is constrained.

Gaikwad et al. [89] employed a pyrometer and a high-speed camera operating at
1 kHz to observe a single track, as depicted in Figure 9. The pyrometer data, without
temperature value conversion, were utilized, and the statistical features of the dataset
were analyzed. Melt pool dimensions were collected from the high-speed camera. Various
machine learning techniques were applied to analyze the dataset, with the Sequential
Decision Analysis Neural Network (SeDANN) model outperforming other models such
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as support vector machines (SVMs), convolutional neural networks (CNNs), and artificial
neural networks (ANNSs). The width of the single track was utilized as a metric for defining
defects, including keyholing, LOF, and balling. The models were employed to predict
linear energy density and average single track width, which were then mapped to different
process parameter defects. The technique leans more towards the machine learning aspect
of defect detection.

Digital storage Meltpool high-speed video

1 Sensor 1:High speed
IL video camera

Process laser

X-Y galvo-scanners

I 4 ,
Dichroic mirror | Sensor 2: !
'l Pyrometer

Laser beam path 316L stainless steel powder

—> 316L stainless steel base plate

Figure 9. Schematics of pyrometer and high-speed camera monitoring system. Reprinted with
permission from ref. [89], 2020, Elsevier Ltd.

Foster et al. [90] developed correlations between data acquired through in situ and ex
situ characterization techniques and phenomenological models. These correlations offer
insights into the comprehensive process flow and its impact on the evolution of defects,
microstructures, and material properties. The authors employed an IR camera for in situ
detection, yet the applied technique was constrained by its ability to identify potential irreg-
ularities in the constructed material. Optical methods were used for porosity measurements.

Mitchell et al. [91] utilized in situ two-color pyrometer data collected during the
laser powder bed fusion (L-PBF) process of 316L stainless steel to predict the locations
of potential pores. To achieve this, intentional cavities were incorporated into the CAD
file to create a basis for establishing correlations between the CT-scanned data and the
pyrometer dataset. The researchers employed advanced machine learning strategies and
algorithms to analyze the gathered data. These algorithms were designed to identify and
predict instantaneous anomalous conditions, which were hypothesized to be indicative
of void formation during the L-PBF additive manufacturing process. The effectiveness
of this method was demonstrated by its ability to successfully detect voids with a size of
120 microns or larger.

Gaikwad et al. [92] employed two high-speed cameras equipped with different band-
pass filters in their study (Figure 10). In addition to these cameras, they utilized the
wavelength intensity ratio, developed by Hooper [62], for estimating melt pool temper-
ature. XCT and Archimedes methods were employed as nondestructive techniques for
defect identification. The data were analyzed using multiple machine learning methods that
incorporate melt pool morphology and temperature distribution. The correlation revealed
the detection of LOF and keyhole porosities. In defect identification, practical, physics-
informed process signatures in basic machine learning models, such as SVM and multilayer
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perceptrons (MLPs), demonstrated comparable success to sophisticated, black-box deep
learning convolutional neural networks (CNNs). This approach achieved high true positive
rates (>90%) and low false positive rates (<1%) for porosity detection, comparable to more
complex deep learning models.

(a) High-speed video camera 1

Bandpass filter (950 ——> Bandpassfilter (700 nm)

nm)

High-speed video
camera 2

Laser optics Galvo mirror

Fiber laser input o | = f-theta lens

Dynamic
focusing unit q =>Build chamber window

Build plate

(b) High-speed video (c) High-speed video

camera 1 camera 2 (d) Temperature field o
4000
® 3000
a ® 3 r\
& 2000
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Figure 10. The diagram illustrates the high-speed video camera sensing setup using two wavelengths
(a). Representative high-speed video camera frames captured at 700 nm and 950 nm are shown in
(b,c), respectively. The temperature field image produced by combining high-speed video camera
frames captured at the two wavelengths is represented in (d). Reprinted with permission from
ref. [92], 2020, Elsevier Ltd.

2.1.3. Acoustic-Based Techniques

Acoustic emission (AE) monitoring approaches for the L-PBF process stand out as
an effective, cheap, and easy-to-install system which has recently started to gain attention
from researchers in the field, and the reason is two-fold [93]. Firstly, they can capture
the volumetric signatures of the process such as the formation of porosity, the formation
and propagation of cracks, and keyhole vapor depression formation [93]. Secondly, com-
pared to optical approaches that require hardware modification, the installation of an AE
monitoring system is much simpler due to the three-dimensional nature of sound wave
propagation [93]. AE monitoring systems have been used in laser welding for almost
30 years. Duley and Mao [94] found out that the formation of the keyhole would generate
the frequency components in the 3-9 kHz range. Shevchik et al. [95] have notably leveraged
the derivatives of shockwaves induced within the workpiece during welding to assess weld
line quality. In the realm of acoustic emissions within the welding process, two distinct cat-
egories, structure-borne acoustic emission (SBAE) and air-borne acoustic emission (ABAE),
play a pivotal role. Notably, SBAE possesses a broader frequency spectrum in comparison to
ABAE, primarily due to the heightened damping observed in the air, as elucidated by [96].
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While SBAE demonstrates great potential for laser welding, its industrial application is
constrained by the challenge of reliably coupling the sensor to the workpiece, thereby
sparking more extensive research into ABAE. This acoustic monitoring approach proves
highly effective in laser welding, with ABAE serving as a valuable tool for evaluating
process conditions associated with plasma formation, while SBAE excels in the assessment
of internal defects such as penetration deficiencies or porosity. Rieder et al. [97] adopted
a different approach by analyzing ultrasonic propagation during the welding process to
qualitatively evaluate residual stress and predict porosity within printed parts. Despite
its advantages in providing volumetric information and its simplicity, AE approaches
confront considerable challenges arising from environmental noise, interference from the
additive manufacturing system, and inherent process-generated noise. Consequently, the
development of a robust and efficient signal processing algorithm is imperative to filter out
these disturbances in real-time.

A recent study by Tempelmen et al. [98] achieved a complete integration of an acoustic
system into the L-PBF process. Tempelmen et al. [98] harnessed the airborne acoustic
method for the identification of keyhole porosity in L-PBF fabricated 316L samples. Their
methodology involved positioning acoustic sensors approximately 25-30 cm above the
base plate and utilizing CT scans as a ground truth identification method. The experimental
process encompassed the controlled melting of single-layer patches of varying sizes, with
a range of laser powers and scan velocities, guided by randomized settings on the build
plate. To achieve precise spatiotemporal alignment of the acoustic data, simultaneous
measurements of the scan head’s mirror locations were carefully executed. CT data served
as the basis for training a SVM machine learning model, which proved instrumental in
keyhole porosity detection. The SVM models emphasized the significance of features within
the 20-50 kHz frequency range within the spectral data. These findings were underpinned
by the dynamic interaction between the melt pool and vaporization plume during keyhole
formation, giving rise to broad-band acoustic bursts within the 10-50 kHz range [98]. This
discovery facilitated the utilization of frequency-based characteristics for the accurate
prediction of pores. It is imperative to underscore that, despite the presence of melt pool
conditions, porosity formation is not guaranteed, as multiple contributing factors are at
play. To further augment the efficacy of this approach, the integration of additional acoustic
signatures linked to various failure modes, such as balling and delamination, holds promise
for further enhancement.

2.1.4. Synchrotron X-ray Imaging

X-ray imaging is utilized in various fields, from medical diagnostics to materials
characterization, and as a means of non-destructive evaluation. Despite the challenges
of accommodating X-ray systems to L-PBF systems, researchers have found ways to im-
plement X-ray as an in situ system. Sinclair et al. [99] explored the impact of processing
parameters on thin-wall components of Ti-6Al-4V manufactured through additive pro-
cesses in multilayer builds. This investigation utilized in situ high-speed synchrotron X-ray
imaging operating at a frequency of 40 kHz. The utilized systems are demonstrated in
Figure 11. The authors established correlations between in situ X-ray images and ex situ
micro CT measurements to delineate the underlying mechanisms responsible for pore
formation. Notably, keyhole porosities at the 10- to 60-micron level were identified as part
of the findings. It is crucial to highlight, however, that the scope of the study was confined
to the observation of single-track melt pools.

Lhuissier et al. [54] designed a custom-built chamber for in situ three-dimensional (3D)
imaging, as illustrated in Figure 12. Images of the built plate were captured both before and
after the melting process, with a focus on single-track fabrication. The authors effectively
identified and characterized LOF defects, demonstrating both partial and complete healing
of these defects. The study asserted the showcasing of self-healing within the AM process
through inter-layer imaging. However, it is noteworthy that the investigation did not delve
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further into elucidating the physics underlying defect formation. Instead, it primarily
served as a proof of concept for the proposed technique.
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Leung et al. [100] employed a laser additive manufacturing (LAM) process replicator
capable of accommodating X-ray imaging to capture images of both virgin and oxidized
powder. The authors verified that an excess of oxygen in the powder feedstock leads to
the formation of defects in LAM. However, it is important to note that the study falls
short of delivering a comprehensive analysis encompassing all potential mechanisms and
conditions contributing to defect formation in laser additive manufacturing. Moreover,
Soundarapandiyan et al. [101] conducted a study employing a Ti64 alloy to investigate
the effects of oxidation through high-speed X-ray imaging. The results indicated that
oxidized Ti64 powder exhibits lower porosity in cases with higher laser energy density
(LED), attributed to a reduction in the laser absorptivity of the powder. It is asserted that the
virgin build exhibits a higher prevalence of spherical porosities, similar in size to keyhole
porosities. This phenomenon is attributed to increased laser absorption and turbulence
within the melt pool during the virgin build process.

Schwerz et al. [102] investigated the in situ detectability of spatter redeposits, which are
responsible for defect formation in L-PBE. The study compared the LOF defects identified
through Optical Tomography (OT) in situ monitoring with those detected via X-ray. It
was acknowledged in the study that the proposed in situ detection method utilizing OT
exhibited a false discovery rate of 16%, attributed to the full incorporation of spatters into
the bulk and erroneous detections at specimen edges. It is important to note that the study
exclusively focused on the detection of LOF defects driven by spatter and did not delve
into other potential defect types that may manifest in L-PBF components.

2.1.5. Multi-Sensor-Based Techniques

Researchers sometimes reach the limits of a single sensing mechanism. In such cases,
a combination of multiple sensing mechanisms is employed. Recent studies have demon-
strated improvements in defect detection. Wang et al. [103] employed simultaneous high-
speed X-ray imaging and IR thermal imaging to establish correlations. Two filters were
utilized in the high-speed IR camera: one for monitoring vapor at low temperatures and
another for observing the melt pool at high temperatures. Additionally, a high-specialized
IR camera was employed. The setup is depicted in Figure 13. The study posited that key-
hole porosity demonstrated a greater correlation with laser power than with energy input.
Furthermore, it was observed that vapor formation in the low-temperature IR camera and
fringe patterns in the high-spatial camera were highly correlated with keyhole formation.
Additionally, the dimensions of the melt pool were predicted using high-speed IR data,
with X-ray data serving as the ground truth. However, it is essential to note that the paper
predominantly focused on the phenomena of single spot melting and solidification. This
emphasis may introduce limitations regarding the generalizability and applicability of the
findings to traditional line scanning methods.

Mohr et al. [49] employed a mid-wave infrared camera and a near-infrared camera to
monitor the L-PBF system. The mid-wave camera collected data at a rate of 900 Hz. Optical
tomography was utilized to collect single-image data for each layer, with an extended
exposure time. The system setup is depicted in Figure 14. Micro CT served as the ground
truth for defects larger than 14 microns. Process variations were identified and correlated
with LOF void clusters using the time-over-threshold (TOT) concept, employing non-
calibrated thermography temperatures. This approach provided insights into the L-PBF
system, offering a comprehensive understanding of defects and process variations.
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Overall, in situ monitoring systems can complement each other when combined. Their
respective advantages and limitations are summarized in Table 1. By integrating multiple
monitoring systems, a more comprehensive assessment of the process can be achieved,
leveraging the strengths of each system to mitigate their individual limitations.

Table 1. Advantages and limitations of in situ monitoring systems.

Detectable
Minimum Size

Advantages

Limitations

Optical methods

>200 p

Easily applicable to
commercial machines
Effective for large defect
detection

High spatial resolution

Unable to detect sub-surface
defects.

Pyrometer
(thermal)

Keyhole size

Detection of sub-surface
porosity

High correlation between
thermodynamical
phenomena and porosity
enhances the effectiveness
of this method

Unable to detect healed defects.

Acoustic methods
(airborne)

Keyhole size

3D pore detection

Ease of implementation into
the powder bed chamber
Cost-effectiveness

Currently limited to a single-track
dataset.
Unable to detect healed defects.

Synchrotron X-ray
imaging

As low as the
resolution of the
machine

3D pore detection
Detection of sub-surface
porosity

Capable of detecting the
formation of defects.
Capable of detecting
subsurface non-healed
defects.

Relatively expensive compared to
alternative methods.
Time-consuming.

Challenging to implement on
commercial machines.

Limited to use with specifically
designed powder bed systems.

2.2. Ex Situ Porosity Measurement

The post-characterization of AM-fabricated samples has been subjected to thorough
investigation, given the ease of application of conventional quality control measurements.
Two primary methods are employed to identify porosities in L-PBF: destructive and non-
destructive techniques. In destructive porosity measurements, coupons are harvested by
slicing the sample. The harvested coupon is then ground and mirror-polished for imaging
purposes. Optical microscopy and/or electron microscopy are common imaging techniques
utilized in this context. This rigorous examination allows for a detailed analysis of porosities
and provides valuable insights into the quality of the AM-fabricated components. A
schematic representation of ex situ characterization methods capable of detecting porosities
and defects in metal LPBF is illustrated in Figure 15.

Researchers have employed destructive techniques to characterize defects in additively
manufactured metal specimens [74,87]. However, the application of these techniques has
been confined to specific cross-sectional areas, with the assumption that the polished region
accurately represents the entire sample. It is noteworthy that selected areas may exhibit
no discernible defects while concealing numerous defects beneath the surface. In contrast,
nondestructive testing offers the advantage of analyzing the sample without causing any
damage. The Archimedes method, for instance, leverages changes in weight both in air and
within a fluid medium. This phenomenon is employed for assessing irregularities or the
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overall density of the material. The method is facile to implement and does not necessitate
costly equipment. Spierings et al. [104] applied the Archimedes method to estimate the
density of additively manufactured metals. Their comparison of this method with X-ray
analysis revealed a deviation of approximately up to 3% between X-ray density results
and Archimedes estimations. Moreover, the Archimedes method has been utilized for
measuring density of irregular shapes and geometries [92,105,106]. Even though it is easy
to apply, it does not identify any porosity type or shape.

Ex-Situ Characterization

I
v v v v

Optical Archimedes Ultrasound X-ray imaging
Optical Laser
Microscopy Ultrasound

Figure 15. An illustration of ex situ characterization methods capable of detecting porosities and

defects in metal LPBF includes techniques such as scanning electron microscopy (SEM).

Several other non-destructive techniques are employed for the detection of defects in
AM parts. Magnetic particle testing is one such method. In this approach, magnetic particles
are evenly sprayed onto ferromagnetic materials to identify surface discontinuities [107,108].
However, it is imperative to note that this method is confined to ferromagnetic materials
and exclusively identifies defects that are open to the surface, rendering it incapable of
detecting internal defects. Similarly, dye penetrant testing is another method utilized for
the identification of surface discontinuities. This technique involves the application of
dye by spraying [107-109]. Analogous to magnetic particle testing, dye penetrant testing
shares the same limitation, as it is only capable of detecting defects that are accessible
from the surface. Eddy current testing is another non-destructive evaluation method based
on Faraday’s law of electromagnetic induction. It involves oscillating electrical currents
induced in a conductive medium by an alternating magnetic field [107,110]. The presence of
material defects disrupts the flow of eddy currents, generating a secondary magnetic field
that opposes the main field. The receiver monitors and detects these irregularities [107,111].
However, the technique is limited by the specific material, type of defect, its orientation,
the depth of the defect, and the surface quality of the material [107]. This method can
only detect surface and near-surface discontinuities. An alternative approach involves
the use of ultrasonic evaluation to identify material defects. Ultrasonic inspection is a
well-established non-destructive testing technique that employs ultrasonic waves to assess
material integrity. This assessment is achieved by measuring the transmitted and reflected
energies resulting from inhomogeneities within the material [107,112,113]. Moreover, laser
ultrasound possesses the capability of detecting abnormalities as small as 100-micron
embedded defects and is utilized on metal AM parts [114-116]. However, ultrasonic
testing is confronted with a considerable amount of noise, thereby affecting the detection
of porosities. Furthermore, the signal sensitivity to surface roughness imposes limitations
on its applicability.

Researchers have extensively employed CT for its three-dimensional accuracy in
detecting porosity and locating defects [113,117-122]. X-ray is extensively employed in
various engineering applications for non-destructive analyses. Within the realm of additive
manufacturing, it is utilized for the detection of porosity and/or defects. XCT is employed
as a reference for pore location and size determination in machine learning applications
due to its high accuracy. However, the precision of the scan is contingent upon resolution,
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necessitating additional time. This results in increased time and financial investments [123].
Despite the minor variations in results observed with different scanning parameters affect-
ing pore detection [123], the technique remains steadfast as a reliable method for defect
detection. The overall comparison of the ex situ techniques is summarized in Table 2.

Table 2. Summary of ex situ techniques utilized in metal L-PBE.

P?tectablg Advantages Limitations
Minimum Size
Optical and SEM As low as the resolution Can provide a detailed ) Subjected.to .
P achievable with microscopy. characterization of the defect. gosts—se:.tlonal analysis
- estructive
- Simple, rapid, and : .
Archimedes Only gives overall density and

- cost-effective to apply
- Non-destructive

the sum of concealed voids

Laser Ultrasound

- Non-destructive Currently limited to simple

100 micron above - 3D pore detection geometries

X-ray

Relatively expensive
compared to alternative
methods.

- Time-consuming.

-3D detection of defects
- Capable of scanning
complex geometries.

As low as the resolution of the
machine.

3. Summary

Porosity is regarded as a primary factor contributing to the reduction in the sample
life cycle. Despite extensive studies on parameter optimization, porosity remains a chal-
lenge. Over the last decade, many scholars have investigated defect detection systems for
L-PBE. Due to the compact nature of L-PBF systems, implementing or modifying in situ
monitoring systems is challenging, especially with small build chamber configurations.
Most monitoring systems require specific environments and space, making it difficult to
place the equipment inside the build chamber. Scholars have circumvented this issue by
using an external screening window, either in the front or on top of the monitoring section,
if available. Optical methods represent one of the straightforward approaches for moni-
toring system abnormalities in additive manufacturing. These methods involve capturing
images of powder bed abnormalities between layers using regular optical cameras with
various lighting settings. In general, optical techniques employ two primary methods:
image-based and signal-based approaches. One image-based approach involves utilizing a
DSLR camera [76,77] with different light settings, which can result in a slowdown of the
process. Instead, dual digital image correlation (DIC) cameras are also utilized for the same
purpose. The dual DIC [74] approach presents an opportunity as it does not require system
interruption. Improvements to the dual DIC system can be achieved through the integra-
tion of machine input data and extensive machine learning processes. On the other hand,
the signal-based approach utilizes photodiodes and explores the potential relationship
between defect generation and Cr I emission [69]. These in situ monitoring systems may
offer faster optical detection. However, it is important to note that Cr I emission, which
relates to the vaporization of Cr in the melt pool, does not always lead to defects. Optical
systems are unable to identify subsurface defects, and most monitoring systems only pro-
vide information regarding the presence or absence of defects. it is important to note that
powder bed abnormalities can lead to larger defects, such as LOF or delamination, resulting
in failures. While these monitoring systems are effective for detecting large defects, they
may not be as sensitive to smaller abnormalities.

The acoustic method is one of the easiest to implement in powder bed fusion. There
are two main approaches for acoustic techniques: structural-borne and airborne signal
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collection. For the structural-borne approach, surface contact is required to collect data,
whereas for airborne, it is not necessary, making it more easily applicable. However, specific
data still need to be collected and matched with time. By utilizing 3D acoustic signals and
matching them with laser input locations, detection can be achieved. Even though these
systems only require one microphone (acoustic receiver) inside the build chamber, they
show promise in detecting keyholes. They detect keyhole porosities by correlating labeled
keyholes with acoustic signals [98]. However, keyhole porosities are stochastic, making
detection challenging for every in situ technique. Having a labeled keyhole signal in a
specific location may not always result in a pore in the final product due to the remelting
and healing aspects of L-PBF. The acoustic techniques are in the development stage, and
more study is required, especially on multi-track large samples.

Synchrotron X-ray in situ monitoring systems require a specifically designed and modi-
fied powder bed to accommodate the X-ray source. These systems provide a comprehensive
understanding of the physics underlying defect morphology. The X-ray synchrotron pro-
vides a detailed explanation of the underlying physics of defect formation steps. However,
significant modifications to the machine and/or build chamber are required to accommo-
date X-ray scanning. These systems are expensive to modify and operate. Additionally, the
collected data need to be post-processed, which is time-consuming and computationally
intensive. This makes X-ray in situ techniques more of a grand truth method rather than a
fully applicable in situ technique.

Temperature-based techniques offer more robust and precise defect detection by
monitoring the melt pool in real-time. Pyrometers are utilized to collect data at each layer.
High-speed thermal data and/or pyrometer data have proven to be valuable for defect
analysis. The thermal in situ system, focusing on monitoring melt pool geometry, has been
found to be highly correlated with the formation of most defects. Keyhole porosities and low
vapor temperatures have been observed to be correlated in single-track imaging [103]. The
main bottleneck for thermal-based models is the thermal emissivity of the material, which
varies with temperature. Thus, thermal emissivity needs to be precisely defined, making
it challenging to generalize the thermal method for every material. Scholars tackle this
problem by employing two pyrometers with different wavelength filters. Instead of using
a single wavelength to predict the melt pool temperature, the ratio of two wavelengths
is utilized. This approach renders the emissivity of the material irrelevant, enhancing
its generalizability.

Overall, in situ monitoring systems have their limitations, which sometimes stem
from the techniques themselves. However, defect formation mechanisms in metal L-PBF
significantly affect detection capabilities. Large and open surface defects are relatively easy
to detect. For instance, LOF defects caused by insufficient melting result in significant
changes in melt pool geometry, which can be easily detected by most aforementioned
monitoring systems. In contrast, subsurface defects involve more complex thermodynamic
phenomena. For example, keyhole porosities occur when Marangoni forces exceed the
buoyancy force on entrapped gas inside the melt pool. Detecting keyhole melting is
challenging, and identifying entrapped gas within the structure adds further complexity.
Fortunately, these thermodynamic phenomena favor thermal in situ detection methods.

When it comes to ex situ detection systems, destructive techniques lag behind non-
destructive ones in terms of mapping porosity in 3D. Destructive techniques also depend on
the specific location of the harvested sample. This makes non-destructive techniques more
appealing. However, not all non-destructive detection systems are capable of 3D-mapping
porosity. The Archimedes method, while easy to apply, falls short when it comes to locating
the porosity. Ultrasonic detection methods are emerging as inexpensive means of pore and
defect detection. However, ultrasonic testing (UT) signals are sensitive to surface finish
and even microstructural inhomogeneities [124], posing a challenging problem to tackle.
It should be noted that UT is still in the development stage for these applications. On the
other hand, XCT is considered the gold standard for detecting porosity size and location.
CT data need to be processed, and pores and defects need to be identified (labeled) so
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that machine learning algorithms can learn from these labels. Labeling is performed using
certain threshold values, either automatically or manually. Even though it is a time- and
money-consuming operation, it is still the most acceptable porosity detection system. All
in situ and ex situ methods mentioned in this review, which are utilized in L-PBF, are
presented in Table 3.

Table 3. An overview of the monitoring techniques used in L-PBE.

. .In situ . Observable Defect  Pore Size Range Ex situ Sensor ML Refs.
Monitoring Techniques Types (um)

LOF >200 XCT DSLR CNN [76,77]

- - XCT Photodiode - [69]

Optical methods - - XCT DSLR - [73]

LOF >250 SEM DIC - [74]

- - - Spectroscopy - [75]

- - XCT Pyrometer - [52]

LOF - XCT Pyrometer KNN [80]

LOF - SEM LWIR - [87]

- - XCT SWIR - [81]

Planted >100 XCT Photodiodes - [82]

Pyrometer (thermal) Irregularities - Optical IR - [88]

- - Optical Pyrometer SeDANN [89]

Irregularities - Optical IR - [90]

Planted >120 XCT Pyrometer - [91]

Keyhole - XCT HS Camera SVM + MLP [92]

Acoustic methods Keyhole - XCT Microphone SVM [98]

Keyhole 10-60 XCT HS X-Ray - [99]

o . LOF - - X-Ray - [54]

Synchrotron X-ray imaging Keyhole ] ] HS X-Ray ] [100]

Spatter - - CT-0OT - [102]

Keyhol - - HS X- IR - 103

Multi-sensor methods eLyOlC:) ¢ B XCT NIR +rEIi\ZVJ\r/IR } [[ 49]]

4. Outlook

The future of in situ monitoring and ex situ characterization is promising for imple-
mentation in real L-PBF machines. Current research shows that the integration of ML is
becoming a key aspect of in situ monitoring. Various ML techniques have been applied to
improve the prediction models of in situ monitoring. Although some studies have reported
that certain ML techniques perform better than others, the same technique may perform
poorly in other research findings. The choice of ML technique depends on the approach
and dataset. However, regardless of the selected in situ technique, ML is necessary for a
better understanding of the dataset. Additionally, most studies detect porosity in either
single tracks or simple geometries. Further studies are needed to implement more complex
geometries, which may be more challenging due to the healing process of keyhole pores.

For in situ monitoring systems, a comprehensive exploration of multi-sensor config-
urations is essential. Integrating various sensing systems can help mitigate individual
limitations. For instance, optical methods employing DIC cameras excel at detecting
powder bed irregularities, while thermal techniques are adept at monitoring melt pool
geometries. The thermal emissivity of materials can be overcome using two thermal sensors
and their ratio. By combining DIC cameras with a dual pyrometer setup, data on both
powder bed abnormalities and melt pool characteristics can be obtained. Alternatively,
dual high-speed thermal cameras can be utilized. Additionally, machine inputs can be
leveraged, as mentioned earlier. The combinations are endless for multi-sensor applications.
For instance, airborne acoustic methods require only one microphone located inside the
build chamber, which will not interfere with any optical and thermal monitoring systems.
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In such cases, a combination of optical (DIC), thermal (dual pyrometer or HS thermal
camera), and acoustic sensors will not impede each other but rather enhance the detection
accuracy. Moreover, these multi-sensor setups can be integrated into closed-loop systems
with the assistance of machine learning, leading to significant time and resource savings
in the long term. With a multi-fail check system like drastic failure, possible failure, etc.,
multi-sensors will verify or correct false positives and train the closed-loop system to the
ultimate fail-safe level. However, implementing a closed-loop system is not straightforward.
Closed-loop systems rely on real-time data collection. When monitoring systems generate
large amounts of data, such as high-speed cameras, executing closed-loop systems requires
very high computational power. Since one of the end goals of a closed-loop system is to
adjust process parameters on the fly to eliminate or reduce defects, computational power
becomes a significant bottleneck. Signal-based monitoring systems are advantageous in
this context because processing signal data requires less computational power. Closed-loop
systems may lead to process optimization at a different level. The ability to change process
parameters on the fly may result in different parameters throughout the build. This can
create another problem with stakeholders needing to be convinced. Thus, a closed-loop
system needs to be robust in terms of process validation and free from false positives. As
mentioned earlier, for ex situ characterization, X-ray CT remains the ground truth method.
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