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Abstract

Additive manufacturing (AM) technologies, particularly powder bed fusion-laser beam (PBF-LB/M), offer unique capabilities
in producing intricate components directly, leading to streamlined processes, cost reductions, and time savings. However,
inherent challenges in AM processes necessitate advanced monitoring systems for fault detection and quality assurance. This
study focuses on the development and application of in-situ, layer-by-layer thermal monitoring solutions to detect defects
such as localized overheating and inadequate fusion in thin-walled components produced by PBF-LB/M. An optimal setup
using an off-axis IR thermal camera was devised to monitor the entire slice during processing. Thermographic data, ana-
lyzed using MATLAB, identified thermal parameters indicative of process efficiency and print quality. Micro-tomographic
scans on finished products correlated defects with thermographic data. Results showed influences of sample thickness on
maximum temperatures, effects of powder bed thickness on process temperatures, and identified geometric distortions in
inclined walls due to high thermal stress. Three-dimensional thermograms enabled comprehensive temperature distribution
analysis, crucial for quality control and defect detection during construction. Insights from this study advance thermographic
analysis for PBF-LB/M processes, providing a foundational framework for future additive manufacturing monitoring and

quality control enhancements.
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1 Introduction

Additive manufacturing (AM) has long been regarded as a
prominent method for component production, offering the
unique capability to fabricate intricate three-dimensional
parts directly. This ability not only streamlines manufac-
turing processes but also yields cost reductions and time
savings [1-3]. However, in recent years, AM has faced chal-
lenges attributed to inherent process issues [4]. Conversely,
within the current manufacturing landscape, smart manufac-
turing has emerged as a transformative paradigm. It encom-
passes the integration of advanced methodologies and tech-
nologies, aiming to optimize production processes. Notably,
AM has increasingly adopted intelligent methodologies,

>4 Vito Errico
vito.errico@poliba.it

Department of Mechanics, Mathematics and Management,
Politecnico di Bari, Via Orabona 4, 70125 Bari, Italy

2 ENEA, Centro Ricerche di Brindisi c/o Cittadella della
Ricerca, S.S.7 Appia km 706, 72100 Brindisi, Italy

Published online: 26 September 2024

leveraging in-situ sensors, diagnostics, and online/offline
monitoring systems. These systems are designed to detect
faults or anomalies during the manufacturing process. By
harnessing artificial intelligence for autonomous decision-
making, this approach effectively mitigates material waste,
reduces energy consumption, and minimizes process down-
time, thus ensuring uninterrupted regulation of the manu-
facturing process [3, 6]. The convergence of AM with intel-
ligent methodologies has propelled notable advancements in
AM processes. This is particularly evident in the realm of
powder bed fusion-laser beam (PBF-LB/M) technology [5,
7, 8]. As per the ASTM 52900:2015 standard, PBF-LB/M
is a technique that uses a high-energy laser to fuse metallic
particles layer by layer [9]. Given the myriad of variables
that impact the PBF-LB/M process, real-time and in-situ
monitoring tools have become essential to maintain stringent
quality standards and maximize productivity while minimiz-
ing waste [10]. These tools are designed to detect specific
process signatures and associate them with specific defects
or inaccuracies within the manufacturing process. They
also serve as the foundation for more advanced real-time
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monitoring systems capable of automatically detecting and
classifying anomalies as they occur [11, 12]. Such capa-
bilities are essential for real-time control and adjustment
of manufacturing processes to ensure optimal results [13].
Therefore, the integration of input parameters, process sen-
sor data, and comprehensive part analysis along with an
adaptive decision framework facilitates rapid optimization
of both the final product and manufacturing parameters [5].
Consequently, efforts to refine the control of the AM manu-
facturing process include a significant focus on the innova-
tion of novel process sensors, the improvement of current
detection methods, and the evaluation of the most effective
combination of sensors tailored to specific processes, materi-
als, or components [5]. Within the realm of the PBF-LB/M
process, certain geometries present distinct challenges due
to their critical nature. These challenges include compo-
nents with overhanging structures, thin geometries and sharp
angles [14]. These geometries entail specific process condi-
tions, wherein the melt pool generated by the laser beam,
during the scanning of such geometries, finds itself sur-
rounded by virgin powder with lower conductivity compared
to the solid material [15]. Consequently, local overheating
phenomena occur in overhanging regions and in angles,
which generate defects such as raised edges and/or local geo-
metric distortions. To address these issues, the PBF-LB/M
process typically involves the insertion of support structures
aimed at allowing heat dissipation in these critical regions
[16, 17]. However, such geometries would lead to prolonged
manufacturing times and distortions during their detachment
from the final component [16]. A notable challenge arises
when constructing structures with protruding surfaces with-
out the use of supports. In these cases, the overhanging areas
are built on unfused metal powder, impacting the physical
mechanisms occurring during the PBF-LB/M process [14].
This results in prolonged solidification times for the molten
pool, slower heat transfer, and a higher concentration of heat
in the laser beam irradiation zone [18]. Consequently, local
sintering of the powder occurs, resulting in surface rough-
ness and geometric distortions that compromise the qual-
ity of the final component [19, 20]. While several studies
have focused on identifying optimal process parameters and
scanning strategies to mitigate these defects and improve
the fabrication of overhanging surfaces, there remains a
lack of literature examining the in-process monitoring of
these structures [18]. In addition, detecting geometric dis-
tortions caused by variations in wall thickness and building
angle remains an area for exploration. Krauss et al. [21, 22]
conducted a comprehensive investigation utilizing thermal
imaging technology to analyze alterations in thermal pat-
terns resulting from changes in processing parameters. Their
study specifically examined the effects of scanning vector
length, laser power, and layer thickness on the thermal dis-
tribution within specimens. Through meticulous analysis of
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key indicators across layers, they developed a robust three-
dimensional quality assessment method for detecting defects
during the solidification process. Similarly, Bartlett et al.
[23] addressed critical inquiries regarding infrared (IR) mon-
itoring in PBF-LB/M processing. Their research successfully
employed IR monitoring to identify lack of fusion defects
in PBF-LB/M parts. Notably, they emphasized the signifi-
cance of defect size in IR imaging detectability and proposed
enhancements in spatial resolution and camera positioning.
Furthermore, their findings showcased the potential of full-
field IR monitoring to improve PBF-LB/M part qualification
methods, facilitating real-time defect detection and process
consistency analysis. Our study builds upon these works by
addressing the gaps identified in the existing literature. Spe-
cifically, we focus on implementing and applying in-situ,
layer-by-layer thermal monitoring methodologies (moni-
toring systems combined with image processing) to detect
defects such as geometric distortions, localized overheating
and inadequate fusion. By meticulously monitoring the 2D
temperature profile across each layer, our research aims to
improve the precision, efficiency, and overall quality of AM
processes. In doing so, we contribute to the advancement of
additive manufacturing technology and pioneer more precise
control, increased efficiency, and higher quality standards in
the industry. By addressing critical gaps in the literature and
pushing the boundaries of in-process monitoring technology,
our study aims to realize innovative advances in additive
manufacturing technology. This research effort circles back
to the critical study of the “slice” process signature and the
meticulous identification of the aforementioned defects. As
highlighted by Colosimo et al. [8], navigating these interre-
lationships is a significant challenge within the scientific lit-
erature. Few studies, mentioned earlier, have been conducted
on this topic. This is primarily due to the existing limitations
in commercialized thermal monitoring systems (utilization
of low spatial resolutions to achieve extensive field of view
(FOV) sizes for monitoring the entire slice and low data
acquisition frequencies to strike a balance between the nec-
essary information and manageable file sizes) and the com-
plexities involved in extracting accurate quantitative data
related to the thermal evolution of components produced
by the PBF-LB/M process. Practical limitations related to
the experimental setup, including space constraints and data
acquisition times, also needed to be considered. Ultimately,
our efforts aim to advance the field and enable more precise
control, increased efficiency, and higher quality standards in
additive manufacturing.

The study followed a structured approach. First, the main
parameters of the PBF-LB/M process and the geometry of
the parts were defined. In particular, the focus was on the
production of “thin walls” with variations in thickness and
inclination relative to the building axis. The aim was to evalu-
ate the process stability during the production of thin-walled
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components, especially as the inclination increase and thick-
ness decrease. An optimal setup was then devised to imple-
ment the monitoring system, using an IR thermal camera in
an off-axis configuration to monitor the entire slice during pro-
cessing. An image acquisition rate of 100 Hz has been set, with
an integration time of 50 ps. This choice allowed to observe a
temperature range between 260 and 1100 °C. Thermographic
data were captured and immediately analyzed using MAT-
LAB to detect different wall behaviors and identify thermal
parameters indicative of process efficiency and print quality.
In addition, micro-tomographic scans were performed on fin-
ished products to identify defects and potential correlations
with thermographic data.

2 Materials and methods

2.1 Experimental setup and materials for PBF-LB/M
process

Experiments were conducted using the concept laser M1
plant, which was equipped with a solid-state laser (Nd: YAG,
diode-pumped) with the following parameters: a wavelength
of 1064 nm, a maximum laser power of 100 W, and a laser
spot diameter of 200 pm. The machine was operated using
two interfaced software programs, one for the machine and
one for the laser. The laser beam, guided by a PC-controlled
scanning system and galvanometric mirrors, fuses the pow-
der particles on a powder bed surface using slicing data from
Magics® 11 software. Nitrogen was also introduced into the
chamber to reduce oxidation and maintain the initial oxygen
level below 0.8%. The stainless steel powder used in this study
is AISI 316L, supplied by Mimete metal powders (Italy). The
powder exhibited a spherical morphology and had particle
sizes ranging from 15 to 45 pm. It was produced through gas
atomization.

2.2 Experimental plan: PBF-LB/M of straight
and inclined thin walls

inclination for the PBF-LB/M process, generating defects [24]
and thus being interesting to monitor. Table 1 displays the
complete experimental plan. Both batches were manufactured
using process parameters optimized in previous works, as men-
tioned in Table 2 [25, 26]. The scanning strategy was selected
to maximize the local overheating phenomena occurring in
overhanging regions and angles, which lead to defects such as
raised edges and/or local geometric distortions. Specifically, a
unique scanning strategy was adopted for all fabricated walls,
involving “contour” scanning followed by “core” scanning.
For “core” scanning, a random island scanning strategy, pat-
ented by Concept Laser, was chosen. This scanning strategy
reduces thermal stresses by dividing the core into smaller
islands, creating a grid. These islands, whose optimal size to
mitigate residual stresses mentioned in the literature is 5 X5
mm? [27-29], are scanned in random order with parallel vector
tracks oriented at 45° to the principal directions of each island.
Finally, in the subsequent layer, the islands are shifted by 1 mm
in both the x and y directions to prevent the formation of fusion
voids at the edges of the islands as the layers progress. Figure 1
illustrates the thin walls produced in this study.

2.3 Systems and procedures for thermal monitoring
and computed tomography

Thermal monitoring during the PBF-LB/M process is crucial
for identifying defects and optimizing parameters. In this
study, a FLIR SC7200 cooled thermal imaging camera with
a mid-infrared sensor was employed outside the machine
(see Fig. 1c). The camera, with a high acquisition speed
and <25 mk at 25 °C NETD, captured thermal and radiomet-
ric measurements. The camera has a programmable image
acquisition rate up to 190 Hz and a resolution of 320X 256
pixels. The camera used Altair proprietary software for
remote control and real-time observation. To optimize ther-
mal monitoring, the camera was placed off-axis externally

Table 2 Processing parameters for PBF-LB/M experimental tests

In this study, thin walls were fabricated by varying two geo- ~ Processing parameter  Notation  Unit Value
metric parameters: wall thickness and inclination relative to Contour  Core
the build direction (z-axis). The other two dimensions of the L b W 100 100
wall were set at 10 mm for height and 30 mm for length. Two Laser powet q v Mms! 180 200
different printing batches were produced: straight walls (with a aser Scfm spee s s
11 o .o . [ Layer thickness L, pm 30 30
building angle of 0°) and inclined walls (with a building angle Hatch di H 140
of 45°); the latter was chosen because it represents a critical atch distance d Hm _
Table 1 .Design of experiment: Geometric parameters Notation Unit Factor levels
geometrlc parameters and
relative levels varied for the WTI WT2 WT3 BAl BA2
thin-wall fabrication
Building angle BA ° - - - 0 45
Wall thickness WT mm 1 3 5 - -
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sapphire shielding
glass

Fig. 1 a, b Visual representations of the thin walls produced through
the PBF-LB/M manufacturing technique. ¢ Overall configuration of
the thermal monitoring setup: mid-wavelength infrared (MWIR) ther-
mal imaging camera, sapphire shielding glass and data acquisition
and processing desktop

due to limited access inside the build chamber. It was angled
at 26.7° to the building platform and equipped with a 25 mm
focal length lens with an f/2 aperture. This configuration
provided a horizontal field of view (HFOV) of 22° and a
vertical field of view (VFOV) of 17°. With known view-
ing angles and lens distance, an instantaneous field of view
(IFOV) of approximately 0.5 mm/pixel was determined. In
addition, filtering lenses were employed to evaluate different
wavelengths, ensuring precise temperature measurements
and accurate thermal imaging during the PBF-LB/M pro-
cess. The employed thermal camera can detect temperatures
up to 2500 °C, but the actual range depends on the integra-
tion time (IT), according to the calibration curves provided
by the manufacturer. An integration time of 50 ps was set.
This selection allowed to detect temperatures in the range
260-1100 °C. To accurately calibrate the camera, extensive
literature review was conducted, reflecting on studies such as
Refs. [30, 31], which highlighted the challenges of real-time
temperature measurement and emphasized the importance
of emissivity considerations. Emissivity, a critical parameter
in thermal imaging, denotes an object’s ability to emit ther-
mal energy and varies based on surface properties, material
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composition, and temperature. In practice, determining the
exact emissivity is complex due to material heterogeneity
and temperature variability. For this study, an approximate
emissivity value (¢ =0.35) was assumed based on prior
research [25, 32] on AISI 316L powder material. This
value, though constant across temperatures, was deemed
appropriate for capturing temperature variations within the
powder bed, considering the limitations posed by pixel size
and melt pool dimensions. Furthermore, to ensure efficient
data acquisition without compromising resolution, the cam-
era’s acquisition interval was meticulously optimized. Given
the rapid nature of the PBF-LB/M process, a frame rate of
100 Hz was selected for real-time monitoring, striking a
balance between the amount of necessary information and
manageable file sizes. This choice was guided by the need
to observe the powder bed around the building area, accord-
ing to considerations outlined in Refs. [30, 31]. The thermal
imaging setup, although positioned externally due to space
constraints within the build chamber, was meticulously
calibrated to ensure accurate temperature measurements.
The original glass, transparent to visible light but not to the
laser wavelength, was replaced with a new one transparent to
radiation in the 1-5 pm range. A 7-mm-thick sapphire glass
was installed, which is particularly suitable for this applica-
tion. Sapphire is transparent to infrared radiation across a
broad range of wavelengths, ensuring that it does not affect
the measurements. The camera’s advanced features, coupled
with rigorous calibration protocols and optimization strate-
gies, enabled comprehensive thermal monitoring throughout
the PBF-LB/M process, facilitating detailed analysis of tem-
perature distributions and defect identification.

For computed tomography, a GE Phoenix ‘nanotom s’
system was utilized. This system employed a high-perfor-
mance nano-focus X-ray tube (180 kV/15 W) with a tungsten
or molybdenum transmission target. Equipped with a 5-meg-
apixel CMOS detector, it produced 2D X-ray images with a
pixel size of 50 x 50 pm? and a dynamic range of 12 bits. The
selected magnification of 2.5 times resulted in a resolution of
20 pm. During each scan, 1800 radiographs were recorded
with an angular step of 0.20°, and each X-ray was averaged
from three acquisitions to improve signal-to-noise ratio. The
total acquisition time for each scan was approximately 2 h.
These systems and methodologies provided comprehensive
thermal monitoring and computed tomography for in-depth
analysis of the PBF-LB/M process and characterization of
manufactured samples.

2.4 Data analysis methodology

This section provides a detailed discussion of the data analy-
sis techniques and methodologies devised to characterize the
identified case study, along with addressing critical printing
issues detected using an off-axis thermal monitoring system.
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Multiple algorithms were developed using MATLAB to
process the thermographic data gathered during the PBF-
LB/M process. These MATLAB routines, custom-built for
the study, are standardized to facilitate their application in
other PBF-LB/M thermographic analyses, aiming to estab-
lish a consistent approach for processing in-situ and real-
time thermographic data. Specifically, the following analyses
were conducted:

e Evaluation of the temperature profile across the entire
slice area.

e Determination of the maximum temperature attained.

e Assessment of geometric distortions.

All routines offer the following capabilities:

e Generating results as a function of time (or frames
acquired) based on the input acquisition frequency.

e Adapting the graphs to reflect the actual deposition pro-
cess instead of considering the entire acquisition period.

e Adjusting the graphs according to the temperature cali-
bration range.

e Modifying the graphs to suit the geometries under analy-
sis.

2.4.1 Temperature variation over time

An analysis of temperature trends and distributions during
the printing process serves as the initial steps in the exami-
nation of thermographic data. Understanding temperature
readings is crucial for comprehending the melting and
solidification phenomena inherent in the process. The first
implemented routine evaluates the maximum temperature
trend of the image over time, providing qualitative insights
into the thermal behavior of the observed area. By analyz-
ing this trend, distinct phases of the process, namely con-
tour scanning (A) and core scanning (C), can be identified.
These phases involve scanning the contour (A) of the walls
followed by a pause (B) before scanning the core (C), as per
the predetermined strategy (see Fig. 2).

However, due to overlapping temperature fields between
different samples and phases, it is challenging to evaluate
the thermal cycle of each wall separately. Algorithms were
developed to calculate the durations of individual phases
and identify corresponding layers in the processed images,
taking advantage of the laser beam’s moments inactive. In
addition, an algorithm was devised to identify the layers cor-
responding to the processed images by extrapolating infor-
mation from the laser machine’s log file. This facilitated
matching camera videos with specific layers of the printing
process. These methodologies enhance the understanding of
temperature dynamics during printing, laying the ground-
work for further analysis.
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Fig.2 An illustration of the highest temperature profile for the 125
layer of straight thin walls over the whole slice area

2.4.2 Image processing

A routine was developed to analyze the thermogram cor-
responding to a generic frame, enabling observation of the
movement of the laser beam and resulting surface thermal
signature as frames change. This visualization was essential
for understanding what could be monitored based on the
thermal camera’s resolution. However, due to the camera’s
limited resolution, precise monitoring of parameters related
to the melt pool was not feasible, as the melt pool size was
smaller than a single pixel (200 um and 500 pum, respec-
tively). It should be noted that the “real” temperature cannot
be determined in the absence of precise information on the
emissivity value. Therefore, the following graphs represent
radiant temperature rather than true temperature. The cam-
era’s calibrated “radiant” temperature range and color scale
range were 260-1100 °C. Figure 3 illustrates the sequence
of image processing steps implemented in this study. To
provide a comprehensive view of the process, an algorithm
was implemented to generate a “global” thermogram, rep-
resenting the maximum temperature reached in each pixel
of the slice (see Fig. 3a). Increasing image resolution was
employed to improve thermogram clarity, with interpola-
tion techniques used to distribute temperatures among newly
created pixels (see Fig. 3b). However, this image often con-
tained background noise due to spatters, a typical defect
in PBF-LB/M processes. Masks were applied to eliminate
spatter-related noise, enhancing image clarity (see Fig. 3c).
This ensured accurate removal of spatters throughout the
printing process. In Fig. 3d, the resulting thermographic
map with isotherms added provides a detailed visual rep-
resentation of the geometry and temperature distribution of
the realized slice. In addition, to address the movement of
inclined walls during printing, an automated algorithm was
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Fig.3 a Global thermographic map with a resolution equal to 100x 40 pixels. b Global thermographic map with a resolution equal to 200 x 80
pixels. ¢ Removal of spatters through mask application. d Isotherms applied to a generic thermographic map of a slice representing straight walls

devised to identify characteristic points in each layer and
adjust masks accordingly (see Fig. 4). The resulting ther-
mographic maps provided a comprehensive depiction of
slice geometry and temperature distribution. It is important
to note that the graphs presented are based on the original
image resolution to save temperature accuracy derived from
the thermal camera.

3 Results and discussion

3.1 Thermal examination of straight thin walls
After processing the thermogram images depicting the
maximum temperature reached in each pixel, the indi-

vidual straight walls with thicknesses of 5 mm, 3 mm, and
1 mm underwent detailed thermal analysis. To ensure a

(a) Layer 1

T[C)

x [mm]

comprehensive examination, the contouring and core scan-
ning phases were studied separately. This involved utiliz-
ing the algorithm described in Sect. 2.4.1 to process the
thermograms for each phase independently. The algorithm
facilitates the sequential analysis of the contour and core
scanning phases, providing valuable insights into the ther-
mal behavior of the walls.

3.1.1 Thermal investigation of straight thin walls
during the contour scanning phase

With knowledge of the initial and final moments of the
slice perimeter scan, the corresponding maximum tempera-
ture distribution in the XY plane was defined, as shown in
Fig. 5a. It is notable that for the 1-mm-thick wall, detect-
ing the core area with this representation was particularly
challenging. In addition, the infrared camera was unable

(b) Layer 334

1000

800

T[C)

600

400

x [mm]

Fig.4 Inclined thin walls: a global thermographic map of the layer 1; b global thermographic map of the final layer
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to detect temperatures higher than the melting tempera-
ture (~ 1450 °C) at any point in the scan. This limitation is
attributed to the low resolution of the sensor, indicated by
the high pixel size in relation to the size of the melt pool.
Furthermore, the calibration curve of the chamber correctly
detects temperatures in the 260—1100 °C range. The varia-
tion in temperature distribution across different layers and
walls of varying thicknesses was of interest. To assess this,
the average maximum temperature as the layers varied was
evaluated. This parameter calculates the average value of the
maximum temperatures reached at all points of the analyzed
wall for a given layer. It is important to note that only pixels
with a non-zero temperature were considered in this cal-
culation. Comparing the results for the three straight walls
summarized in Fig. 5b, a noticeable temperature increase is
observed for the 1-mm-thick wall compared to thicker walls.
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Fig.5 a Global thermogram representing the contour phase of the
straight thin walls layer 311. b The contour phase’s average maxi-
mum temperature for the straight thin walls. ¢ Global thermogram

1100
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This behavior can be explained by the extreme proximity
between the two larger sides of the perimeter, resulting in a
greater accumulation of heat. This observation aligns with
findings reported in literature [33], which suggest that an
increase in hatch distance leads to a reduction in the sen-
sor’s signal (temperature). On the other hand, analyzing the
contour of the 3 mm and 5 mm walls did not reveal signifi-
cant differences, as the thickness was sufficient to prevent
substantial heat build-up. Figure 5a shows that the two larger
sides of the contour are well spaced in both cases.

3.1.2 Thermal investigation of straight thin walls
during the core scanning phase

With knowledge of the initial and final instants of the
core scanning phase, it became possible to evaluate the
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representing the core phase of straight thin walls layer 245. A red
area indicates where heat is accumulating. d The core phase’s average
maximum temperature for the straight thin walls
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temperature distribution among the various samples and at
varying build heights. An example of temperature distribu-
tion at a generic build height is depicted in Fig. 5c; circled
in red is highlighted the area with higher temperatures
than the rest of the surface. This behavior could stem from
the presence of defects like lack of fusion and porosity in
the underlying layers, hindering heat dissipation towards
lower layers. Studies, such as the one referenced in Ref.
[21], associate this phenomenon with unidirectional heat
dissipation towards the lower layers due to the presence
of unmelted powder and voids, which have lower thermal
conductivity compared to the solidified material. Similar
to the contour analysis, the average maximum temperature
for all three specimens during the core scanning phase
was examined (Fig. 5d). This analysis revealed an initial
peak followed by signal stabilization. The first slice, made
without powder, recorded low temperatures due to the high
thermal conductivity of the substrate. The subsequent tem-
perature increase observed for the first 10 layers (as seen in
Fig. 6a) is linked to a 150% increase in powder bed thick-
ness. This adjustment, known as the ‘dose step’, aims to
improve powder bed distribution at the start of the process

900
800
700
600
500
400

300

100 120 140 160 180
X

20 40 60 80

(c)

1100

1000

until a stable regime is reached for the recoating phase. As
highlighted in the study by Pavlov et al. [33], the tempera-
ture increase with powder bed thickness is attributed to the
energy balance between powder melting and heat loss in
the substrate or previously fabricated layer. The lower ther-
mal conductivity of the powder bed, due to gaps between
particles hindering heat transfer, leads to heat build-up
difficult to dissipate to lower layers. This phenomenon is
most visible in the first 10 layers, reflecting the tempera-
ture distribution in Fig. 6a, and becomes less pronounced
in subsequent layers, as shown in Fig. 6b. In addition, as
the wall thickness increases, there is a corresponding rise
in temperature perceived by the thermal imaging camera.
This trend is linked to the presence of larger islands as the
wall thickness increases, resulting in greater heat accu-
mulation. In Fig. 6¢, scanning islands are depicted by red
squares with 45° inclined vectors, while sample sections
are represented by thicker black rectangles. The portion of
the island affecting the core increases with wall thickness,
contributing to the temperature increase, especially nota-
ble in the first 10 layers, as depicted in Fig. 6a, becoming
less pronounced in subsequent layers.
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y 40 700
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Fig.6 Global thermographic maps: a layer 5 with a 150% dose step increase; b layer 299 without layer thickness increase. ¢ The real section of

the island that was scanned for the three thin walls investigated
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3.1.3 3D thermograms analysis of straight thin walls

Three-dimensional thermograms were generated by over-
laying two-dimensional heat maps to gain a comprehen-
sive understanding of the temperature profile across the
entire slice area at varying construction heights. This
approach allows for a clearer visualization of the vertical
development of the manufactured samples and facilitates
the identification of overheated zones in 3D space. In
Fig. 7, with reference to the color bar, it is evident that
the contour of the individual thin walls exhibits lower
temperatures compared to the inner core area. The theo-
retical volume of the individual walls is outlined by black
segments, and no geometric distortions were observed
for the samples depicted. However, due to the high pixel
size of the thermal imaging camera, no direct correlation
between superheated areas and porosity could be estab-
lished. Analysis of porosity was conducted using micro-
tomographic analysis instrumentation, as discussed in
Sect. 2.3.

3.2 Thermal examination of inclined thin walls

Similarly to the analysis conducted for the straight thin
walls, surface temperature distributions were acquired for
the inclined thin walls, and both the contour and core
scanning phases were thoroughly examined. In addi-
tion, due to the non-perpendicular growth of the build-
ing plane, the two major sides characterizing the three
fabricated specimens were analysed separately. This
approach allowed for a detailed investigation into the
thermal behavior of the inclined thin walls during both
the contour and core scanning phases.

Fig. 7 Straight thin walls: 3D
thermograms

120

3.2.1 Thermal investigation of inclined thin walls
during the contour scanning phase

By identifying the initial and final instants of the slice
perimeter scan, it was possible to establish the maximum
temperature distribution in the XY plane, as illustrated in
Fig. 8a. Unlike straight thin walls, in inclined thin walls,
one of the two largest sides consistently exhibits higher tem-
peratures than the other. This observation was consistent
across all three samples of varying thicknesses. The vertical
inclination of the walls leads to the presence of a protruding
side (overhang), continuously built up on powdery material
rather than on previously solidified layers. The lower ther-
mal conductivity of the powdery material compared to the
solid state contributes to heat accumulation on the overhang
side [14], depicted as red, compared to the non-overhang
side, shown in blue (see Fig. 8a). Examining the average
maximum temperature variation during the contouring phase
(Fig. 8b), a nearly constant trend is observed. The effect of
the overhang side is balanced by the lower temperatures of
the non-overhang side. Unlike straight walls, no significant
differences are observed between different sample thick-
nesses, as the two larger sides of the perimeter are suffi-
ciently spaced to avoid heat build-up or measurement errors.
This outcome is attributed to the increased cross-sectional
width of the inclined samples compared to straight ones.
Given the oblique growth of the samples, analyzing the two
largest sides forming the perimeter of the wall slice sepa-
rately was of interest. In Fig. 9a—c, it is evident that for all
three thin-wall thicknesses, the overhang section consistently
exhibits higher temperatures than the non-overhang section.
This behavior is due to the inclined development of the wall,
where the overhang side is built on powder rather than on
previously solidified material, leading to slower heat con-
duction and higher absorbed energy [34]. For the 5-mm and
3-mm-thick specimens, there is a steady average temperature
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Fig.8 a Global thermogram representing the contour phase of the
inclined thin walls layer 89. b The contour phase’s average maximum
temperature for the inclined thin walls. ¢ Global thermogram repre-

trend for both sides of the contour. However, the 1 mm speci-
men shows an unusual trend, with decreasing temperatures
on the overhang section (hot side) and increasing tempera-
tures on the non-overhang section (cold side). This anomaly
is attributed to increasing geometric distortions with con-
struction height. The vertical distortion on the overhang side
reduces the powder bed thickness locally, leading to reduced
temperatures due to hindered remelting. In addition, a dis-
tortion in the XY plane causes the hot side to deviate from
the inspection zone (mask), resulting in reduced tempera-
tures (see Fig. 10a, b). On the 1 mm non-overhanging side
(cold side), a bending in the XY plane causes part of this
side to be built on powder rather than on the previous layer,
explaining the temperature increase. Figure 10c, d provides
a schematic representation of the distortion phenomenon in
the XY plane, illustrating how temperature increases occur
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senting the core phase of inclined thin walls layer 147. A red area
indicates where heat is accumulating. d The core phase’s average
maximum temperature for the inclined thin walls

when the laser scanning path of layer n+ 1 does not overlap
with the previously constructed layer n but with the pow-
der. Thermal stress build-up during manufacture can lead
to stress and distortion in components, potentially lead-
ing to part failure [35]. An upwardly deformed component
increases the risk of contact with the coating blade, while
a horizontally deformed component may fail to provide a
solid base for subsequent deposition [35]. Figure 11 shows
a micro-tomographic scan of the 1-mm-thick inclined thin
wall, in which the presence of geometric distortion in the last
layers is evident. Lastly, examining individual thermograms
of the last layers reveals a distortion of the overhang side
for the 3 mm sample, albeit to a lesser extent than the 1 mm
sample. This explains the absence of significant temperature
decrease in the overhang side (Fig. 9b).
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Fig.9 Average maximum temperature trend of the two major sides of inclined thin walls: a 1 mm thickness; b 3 mm thickness; ¢ 5 mm thick-

ness

3.2.2 Thermal investigation of inclined thin walls
during the core scanning phase

The surface temperature distribution between the differ-
ent samples and varying building heights can be assessed
determining the initial and final instants of the core scan-
ning phase. Figure 8c illustrates the maximum tempera-
ture distribution reached in each pixel of a generic layer.
Similar to straight walls, the presence of overheated zones
is evident, which could indicate porosity in the underlying
layers, as discussed previously. Voids in the underlying
material, containing non-sintered powder, would retain
heat, leading to a localized increase in the IR signature on
the surface [36]. Overheated areas are marked in the fig-
ure by red circles. Analyzing the average maximum tem-
perature reached in all recorded layers of the three walls
(Fig. 8d), an initial heating phase due to the 150% increase

in powder bed thickness is observed, similarly to samples
with orthogonal development from the base platform. As
observed with straight walls, the first slice exhibits lower
temperatures as only remelting of the exposure slice occurs
without additional powder. Subsequently, after the first 10
layers, there is an increasing temperature trend with build-
ing height. This behavior is attributed to the phenomenon
of ‘overheating’ characteristic of overhanging structures.
The lower thermal conductivity of powdered material
compared to bulk metal results in localized ‘overheating’
and a larger melt pool size [37]. In addition, the powder
bed cannot adequately support the liquid metal, leading
to unstable melt pool behavior due to gravity, capillarity,
turbulent fluid flow, and other related physical phenomena
[38]. These factors often result in slag formation and fail-
ure on the downward face, negatively impacting surface
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overhanging edge

S

(© &8 (d)

Fig. 10 Representation of the slice geometric configuration before
(a) and after (b) distortion of the 3- and 1-mm-thick walls. The
examination area of the protruding side of each sample is shown in
red. Diagrammatic depiction of the distortion phenomena in the XY
plane, with layer n represented by the blue line and layer n+ 1’s laser
scanning route by the black line. Cases ¢ and d exhibit distortion and
absence of distortion, respectively

Fig. 11 Micro-tomographic scan of the 1-mm-thick inclined thin
wall. The specimen’s entire reference system is displayed, with the
existence of the last layers’ 3D distortions denoted in yellow

roughness and dimensional accuracy [39]. To illustrate
this, Fig. 12a, b depicts cross-sections, obtained via micro-
tomography, of walls inclined at 45° with thicknesses of
1 mm and 3 mm, respectively (the ideal geometry of the
section under examination is outlined in red). These issues
are typically addressed through the use of supports, which
are load-bearing structures. Supports serve to conduct
heat to the base plate, acting as a heat sink or providing
mechanical stabilization to the printed part, or both.
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Fig. 12 Micro-tomographic scan of the inclined thin walls: a cross-
section of the 1 mm thick; b cross-section of the 3 mm thick

3.2.3 3D thermograms analysis of inclined thin walls

To understand the surface temperature distribution as the
construction height varies, three-dimensional thermograms
were generated by overlaying two-dimensional heat maps.
This approach provides insights into the vertical develop-
ment of the fabricated samples and facilitates the detection
of overheated zones in three-dimensional space. The theo-
retical geometry of the individual walls is outlined by black
segments. Notably, the last layers of the 1 mm wall exhibit
a deviation from the ideal geometry due to the previously
discussed distortions. In contrast, the 3-mm and 5-mm-thick
samples closely follow the geometry derived from the CAD
file (refer to Fig. 13).

4 Conclusions

The study has focused on the thermographic monitoring
of the powder bed fusion-laser beam process, aiming to
enhance process inspection and quality monitoring in high-
tech and precision industries. An optimal setup for in-situ,
layer-by-layer thermal monitoring using an off-axis IR ther-
mal camera was implemented, enabling real-time obser-
vation of the entire slice during processing. Through the
analysis of thermographic data using MATLAB algorithms,
several key findings emerged:

e Variations in sample thickness significantly impact maxi-
mum temperatures during contouring and core scanning
phases.

e The thickness of the powder bed exhibits a discernible
effect on process temperatures, in line with the previous
literature.

e Geometric distortions, particularly in the overhang zones
of inclined walls, result from high thermal stress.

e Three-dimensional thermograms provide comprehensive
temperature distributions within parts, facilitating early
defect detection and quality control during construction.
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Fig. 13 Inclined thin walls: 3D
thermograms
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The developed methodology serves a dual purpose:

e It acts as a real-time analysis tool, supporting machine
operators in making immediate process stop decisions.

o [t facilitates offline post-processing, serving as a diagnos-
tic tool for subsequent qualification steps.

The analysis confirms the effectiveness of this monitor-
ing technique in detecting and localizing defects generated
during the process, both in-situ and in-process. Results dem-
onstrate its efficacy in detecting geometric distortions during
the construction of overhanging structures.

However, it is imperative to acknowledge the limitations
of this work, such as issues related to resolution, speed, and
implementation challenges. While these limitations are not
unique to this study and are inherent in current monitor-
ing systems, they highlight areas for further research and
improvement. Future endeavors could focus on:

e Refining monitoring systems to overcome limitations and
improve overall process control and quality monitoring.

e Exploring advanced imaging techniques and sensor tech-
nologies to enhance resolution and speed.

¢ Investigating novel methodologies for real-time process
control and quality assurance.

In conclusion, the study offers innovative insights into the
challenges and opportunities in additive manufacturing pro-
cess monitoring. By leveraging advanced monitoring tech-
niques and acknowledging the limitations, the groundwork is
laid for further advancements in optimizing the manufactur-
ing process and ensuring product quality.
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