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Real-Time Observation of Melt Pool in
Selective Laser Melting: Spatial, Temporal and
Wavelength Resolution Criteria

Luca Mazzoleni, Ali Gokhan Demir, Leonardo Caprio, Matteo Pacher, and Barbara Previtali

Abstract—Melt pool monitoring in selective laser melting
(SLM) is a key challenge to enhance the understanding of the
basic process physics as well as the in-situ identification of drifts.
The main issues are related to its fast dynamics and small spatial
extent, which require high performance monitoring systems in
terms of temporal and spatial resolution, often resulting in
unmanageable data rates. Furthermore, the broadband thermal
emission from the process can be viewed in different spectral
ranges depending on the sensor and optical system employed.
Accordingly, a wide range of sensing configurations is possible.
The choice of monitoring parameters is crucial to achieve a
solution capable of describing process dynamics with industrial
applicability in terms of data transport and analysis. This work
discusses the design of a coaxial monitoring module to assess melt
pool dynamics in SLM using temporal and spatial cues related to
the process physics. Restrictions regarding data management
were considered to ensure a future inline process control. The
system was tested with an external illuminator to reveal the
actual melt pool geometry employing an acquisition rate of 1200
fps, 43 mm x 4.3 mm field of view and 14 pm/pixel spatial
resolution. The process emission in visible (640 nm) and near-
infrared regions (850-1000 nm) was also acquired and the band
choice discussed. The proposed solution captured successfully the
melting conditions from both a spatial and temporal viewpoint.
The monitoring system depicted variations of the melt pool shape
when processing different geometries using modulated and
continuous wave laser emission.

Index Terms—Selective laser melting, process monitoring,
thermal emission, infrared imaging, melt pool geometry.

I. INTRODUCTION

ELECTIVE laser melting has been gaining importance in

the industrial scenario, enabling a full-scale production of
complex metal components. Nonetheless, there are still open
aspects preventing the SLM manufacturing technology from
achieving its full potential and diffusion. One major problem
is the quality and reproducibility of produced parts. During the
SLM process different errors can occur, namely incorrect
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powder spread [1], internal defects such as incomplete melting
or pores [2], and even part deformation and cracking [3] due
to high temperature gradients within the process. Detecting
process anomalies during the powder melting is highly desired
in order to undertake corrective actions as soon as they are
detected, therefore avoiding time-consuming and costly
quality inspections [4]. Furthermore, the lack of knowledge on
the SLM process physics represents a major point of weakness
in its development. To date, analytical models and numerical
simulations are still being developed with the aim to provide
an exhaustive description of the complex physical mechanisms
involved in such a dynamic process. Such models require
experimental inputs also for calibration and validation [5].
Consequently, SLM’s progress still relies strongly on
experimental trials and heuristic approaches. Nevertheless, a
deeper understanding of SLM can be highly beneficial for the
improvement of this promising technology.

To overcome some of these challenges, much emphasis has
recently been placed on the observation of SLM melting
conditions. Numerous research efforts address the monitoring
and control of SLM with different instruments, setups and
targets in order to gather information on process stability and
to enhance the fundamental understanding of the underlying
physics. Currently the research for an effective process control
solution remains an open question [6]. The fast dynamics of
the laser beam across the powder bed and the small size of the
laser interaction zone make the observation of the process a
challenging task, since both high spatial resolution and
temporal details are necessary at the same time to assure a
proper visualization of the melting conditions [7]. Spatially
integrated sensors, such as photodiodes and pyrometers, are
widely employed in SLM monitoring thanks to their fast
response and easy integration; they both provide acquisition
rates above 50 kHz, are low cost and generate a low amount of
data [8]-[12]. On the other hand, the integrating nature of
these sensors limits considerably the content of the
information acquired, preventing the extraction of geometrical
indicators of the melting conditions. An alternative approach
to monitor the melting process is to employ spatially resolved
sensors, i.e. cameras. High speed cameras are used in a coaxial
[13]-[15] or in a lateral configuration [16], [17] to acquire the
emission from the process in visible and in the NIR region up
to 1 um wavelength. Also the mid or long-wave infrared
region can be investigated through the use of an IR camera



with a germanium sensor, usually from an off-axis perspective
[18]-[22]. Regardless of the wavelength range of interest,
spatially resolved sensors suffer from the generation of a
massive amount of data (a matrix of data values is generated
for each acquisition instant), which can be difficult to handle
in real-time during the whole fabrication of a part. As a
consequence, this promising monitoring method is often
employed in phenomenological studies [23]-[27], where
specific process conditions are observed by means of a high
temporal resolution camera (20 kHz or more) for a limited
acquisition time, no more than a few seconds, with data
amounts reaching easily the gigabyte per second range. Some
research efforts address the use of cameras within manageable
data rates to monitor the melting conditions in a whole
building process. However, the spatial resolution and the
temporal resolution are in turn sacrificed in order to attain a
lower amount of data. For example, Krauss et al. [28] capture
the thermal emission of the laser processing zone by means of
a long wave infrared camera with an acquisition rate limited to
50 fps, which does not really capture the melting process
dynamics, since the laser beam scanned several hatch lines
between each frame. Berumen et al. [7] reached 10 kHz
acquisition rate, but the spatial resolution was limited by the
use of a 20 x 16 pixels window. While optical sensors are
sensitive only to surface events, in situ X-ray imaging proved
to be a powerful tool to investigate sub-surface melting
mechanisms. Nevertheless, the highly complex architecture
needed to capture the bulk material behavior limited the
application only to phenomenological studies of predefined
process conditions [29]. Recently, industrial SLM systems
have adopted optical monitoring modules for part quality
assurance. Concept Laser QM modules (Concept Laser
GmbH, Lichtenfels, Germany) provides a camera capturing an
observation area of 1 mm? with an acquisition rate of 15 kHz
and a spatial resolution of 35 pum per pixel. Furthermore, a
photodiode was implemented to acquire the IR radiation
emitted from an area of 4 mm? with a temporal resolution of
50 kHz [30]. Renishaw plc (InfiniAM Spectral, Renishaw plc,
Wotton-under-Edge) provides two photodiodes acquiring the
emission from the process in visible and the IR range at 100
kHz. The choice of different monitoring parameters highlights
the need for a deeper understanding of the design criteria. In
particular, further attention is required to identify the sensor
type and its temporal, spatial, and wavelength resolution
specifications, which determine the final capability of the
system to gather relevant information on the process and its
industrial applicability in terms of data rate generated.

The aim of the work presented herein is to provide new
insights in the design of a monitoring module for melt pool
measurement in SLM. In particular, this work analyses the
limiting criteria for spatial, temporal resolutions as well as the
selection of the observation wavelength band together. A
spatially resolved sensor, a CMOS camera, was chosen to
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Fig. 1. Camera acquisition rate and exposure time.

gather spatial information on the melt pool. Physical
phenomenon characteristics, both in the temporal and spatial
domain, were analyzed and a monitoring module for melt pool
observation was designed according to the process physics
requirements. The acquisition of useful information in time
and space within a manageable data rate in terms of real-time
data transport allowed to monitor a whole SLM building
without limitations on the duration of the recording. Once the
camera sensor and the camera lens have been chosen, optical
filters must be carefully chosen to focus on the wavelength
bands of interest. In this work, the process emission in visible
and in NIR wavelength bands were acquired and the choice of
the emission band is discussed. Furthermore, an external
illumination was employed to dominate the emission from the
process, thus enabling the observation of the real melting
conditions and a direct interpretation of the signals acquired.
The melting conditions were observed and compared when
realizing different geometries (a bulk region and a thin
structure) and varying the emission mode of the laser source at
a fixed energy density (continuous wave and pulsed wave).
The comparison between the direct visualization of the melt
pool geometry and the process emission showed that the
emitted radiance in the NIR range with an adequate calibration
could successfully represent the molten pool geometry.

II. DESIGN CRITERIA FOR THE MONITORING MODULE

When designing an imaging system for process
visualization, several design parameters should be taken into
account. They can be listed as follows.

e Temporal resolution determines the capability of the
system to capture the dynamic behavior of the object
under inspection. Two parameters affect the system
resolution in time: the camera frame rate fps (frame per
second), and its exposure time .y, i.e. the temporal
interval during which the sensor is exposed to light, thus
integrating the entire incoming radiation. The exposure
time can be equal or lower than the time interval between
two consecutive frames 1/fps, as schematically
illustrated in Fig. 1.

e Spatial parameters, namely spatial resolution and field of
view, are fundamental in order to visualize correctly the
process signature of interest and avoid data burden. The
spatial resolution 7y, usually expressed as um/pixel,
determines the capability of the monitoring system to
resolve object spatial details. Since the image of the
object under inspection is discretized into a matrix of
grey levels corresponding to the pixels composing the
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camera sensor, the minimum feature size of the object
detectable by the sensor depends both on camera pixels
size s, and on magnification m of the object under
investigation given by the optical system according to the
following equation:

T, = s,/m (D

Eq. (1) shows the importance of a proper choice of the
spatial resolution for an imaging system, since it has an
impact on both the choice of the sensor and the selection
of the optical lenses. Once spatial resolution has been
fixed, the field of view FOV, (mm) X FOV, (mm)
should be chosen, which defines the extent of the area
observed both horizontally and vertically. The number of
pixels n,, needed to assure the desired FOV, can be
calculated for the horizontal direction as:

Npx = FOV, /7, )

The number of pixels in the vertical direction n,,,, can be
evaluated in an analogous way to 1, ,:

n,, = FOV, /7, ©)

All the aforementioned parameters affect the amount of
data generated per unit time R, (bit/s) according to the
following equation:

Ry = Ny, ny, - bd - fps 4)

whereny, , - n is the total number of pixels

Py
employed, fps is the camera acquisition rate and bd is

the bit depth determining the analog-digital conversion
resolution expressed as bit/pixel. In order to assure a
real-time acquisition of data and the transport towards an
elaboration unit, the data rate should not exceed the data
transfer rates allowed by common digital camera
interfaces (for example, theoretical limits for USB3.0
and GigE are 5 Gbit/s and 1 Gbit/s respectively). Fig. 2
shows the data rate as a function of the frame rate fps
and the number of pixels employed. A semilogarithmic
scale was used, and each colored line represents the locus
of points with equal data rate amount as indicated in the
color scale. The different digital interface limits are
depicted with black dotted lines. The graph illustrates
different monitoring and diagnostic solutions used in the
literature for SLM as well as laser cutting and welding. A
first clear distinction between monitoring and diagnostic
approaches can be noticed. Phenomenological studies
show a data rate well above the limits imposed by
industrial interface protocols, thus confirming the
significant data amount necessary to look at the very
heart of process physics. Conversely, monitoring
strategies make use of a compromise between the
number of pixels and the acquisition rate in order not to
overcome data transport limits. Accordingly, lateral
solutions with a field of view extended to the whole build
platform use more pixels at lower acquisition rate.
Whereas, monitoring strategies with a smaller field of
view focused on the melt pool feature a reduced number
of pixels at a comparable spatial resolution, as
highlighted by (2) and (3). This enables higher
acquisition frequencies. In fact, if the number of pixels
employed is lower - i.e. a reduced field of view and an
adequate spatial resolution are chosen - higher
acquisition frequencies are possible within data rate
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Fig. 3. Schematic representation of the final FOV and spatial resolution for
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orientation corresponding to different scan directions (black dotted
arrows).

limits according to (4). In particular, melt pool
observation in SLM shows higher acquisition frequencies
than laser welding or cutting, where the processing
speeds involved are significantly lower. This highlights
the demanding requirements for SLM in terms of the
acquisition rate needed to capture the fast dynamic of the
melting process, decreasing the exploitable amount of
pixels to ensure real-time data transport (top-left position
in the map).

e The wavelength band of interest represents a critical
issue for a successful process visualization. Spectral
filters must be carefully chosen to focus on a predefined
wavelength band in order to reduce chromatic aberration
and to focus on different physical phenomena occurring
during the powder melting process [31].

In order to acquire useful information and avoid data
burden, the monitoring system design should be based on
physical phenomenon requirements according to the following
criteria.

A. Temporal resolution criteria

The dynamic behavior of the melt pool determines the
frequency of the acquisition needed to capture its evolution in
time. Some of the key physical phenomena known from laser
welding as well as the SLM process are related to balling
formation, keyhole dynamics and the melting phenomenon
itself. All the frequencies associated with the melt pool
activity are in kHz range, as reported in Table 1.

Furthermore, the melt pool moves with a certain velocity on
the build platform according to the scan speed v employed

TABLE I
MELT POOL RELATED PHYSICAL PHENOMENA IN TIME AND FREQUENCY
SCALE
Feature Process Time scale  Frequency scale Ref.
Melt pool SLM 1 ms 1000 Hz [32]
solidification
Balling SLM 0.5 ms 2000 Hz [33]
formation
Melt pool EBM 0.5-0.8 ms 1200-2000 Hz [34]
oscillation
Keyhole Laser 0.5-5 ms 200-2000 Hz [35], [36]
formation welding

(typically on the order of 100 to 1000 mmy/s) [7]. The relative
distance dg,; among two consecutive frames is linked to the
camera frame rate fps, according to the following relation:

fps = v/dshot (5)

A reasonable frame distance to assure a detailed observation
of the moving melt pool could be 200 um, roughly the melt
pool width [37]-[39]. Depending on the scanning velocity
employed, a frame rate should be set in order to ensure a
timely imaging of the melting dynamics. For example, at
scanning velocities of 200 and 400 mm/s, acquisition rates of
1000 and 2000 fps respectively are needed to assure the
desired distance between consecutive frames. Consequently,
capturing melt pool dynamics might expect to require a data
collection rate in the kHz range. Furthermore, the exposure
time affects the sensor capability to detect dynamic events that
could be of interest for the on-going process analysis. In
particular, increasing the exposure time implies a reduced
temporal information content of the image, since the sensor
integrates the incoming radiation over a larger time window. If
the incoming radiation is sufficient in exciting the camera
sensor, a low exposure time is suitable in order to capture fast
dynamic events and assure a high image sharpness [40].

B. Spatial resolution criteria

The spatial extent of the physical phenomenon under
inspection determines the field of view (FOV) and the spatial
resolution needed for the detection of geometrical features.
The melt pool size strongly depends on process parameters
such as laser power or scanning speeds. Melt pools are
typically 0.5-1.5 mm long [25], [33] with a width around 150-
200 um [37]-[39]. In order to describe accurately the shape of
the melt pool, the spatial resolution should be at least one
order of magnitude lower than the minimum characteristic
dimension of the physical phenomenon under observation, in
this case the melt pool width. Accordingly, a suitable spatial
resolution can be fixed at 15 pm/pixel. The dimensions of the
field of view are set considering the spatial extent of the
molten pool and the experimental setup employed. A coaxial
setup allows to reduce significantly the FOV dimensions. In
fact, instead of visualizing the whole build platform from a
lateral perspective, the coaxial implementation of the imaging
system via dichroic mirror enables a field of view that moves
together with the laser itself. In that way, the FOV can be



focused only on the process area [7]. Its dimensions should be
set considering the maximum characteristic dimension of the
physical phenomenon under inspection, i.e. the melt pool
length. Since the laser beam can move in any direction, the
melt pool tail can be oriented in any direction in space.
Accordingly, the field of view in a coaxial setup should be
large enough to accommodate at least twice the melt pool
length and to catch variations of the melt pool size.
Accordingly, a 4.5 mm square FOV can be chosen, discretized
in 300 x 300 pixels to have a spatial resolution of 15 pm/pixel.
The final configuration is summarized in Fig. 3. The data rate
related to the designed parameters is below the limit
associated with the real-time data transfer. In fact, assuming a
frame rate of 2000 fps, 300 x 300 pixels and a bit depth of 8
bit, the data rate is 1.44 Gbit/s (Eq. 3). Despite the significant
data rate involved, a real-time data transport is possible using
common digital interfaces.

C. Wavelength band selection criteria

The wavelength band of interest should be set according to
process emission properties. Plume and ionized gas can emit
in the UV-visible range [31]. Another interesting wavelength
band is the IR region, in which most of the thermal radiation is
emitted at typical SLM melting temperatures. Consequently it
can be suitable for monitoring the heating and cooling
behavior of the processed material [41]. Furthermore, the
choice of the observation bands must consider the sensitivity
of the sensor and the transmission curve of each optical
component between the sensor and the object under
inspection, usually optimized for laser wavelength (1070 nm),
in order to assure an effective process band observation.
Although the spectral emission can be exploited to gather
information on the status of the ongoing process, the emission
from the process itself prevents a direct observation of the
surface where laser-material interaction takes place, since it
acts as a non-stable light source both spatially and temporally.
The surface structure and the real melt pool geometry can be
visualized by employing a monochromatic external light
illuminating the processed areca. By placing a narrowband
filter centered on the illuminator wavelength just in front of
the camera, the broadband emission contribution is reduced
and the camera sees the predominant intensity distribution of
the reflected external light, thus imaging the processed surface
[40].

III. EXPERIMENTAL SETUP AND MONITORING MODULE

A. Selective laser melting system

A SLM machine prototype, called Powderful, was used in
this work [13]. It allowed to process small powder quantities
(<0.5 kg) with an available workspace area of 60x60x20 mm?’.
The whole process was operated in a closed chamber where an
inert Argon atmosphere was created. A single mode fiber laser
with a 250 W maximum power and an emission wavelength of
1070 nm (IPG YLR-150/750-QCW-AC, Cambridge, MA,
USA) was employed. The laser optical chain was composed of
a 50 mm collimating lens, a two-lens system for regulating the

TABLE II

CHARACTERISTICS OF THE MONITORING MODULE IMPLEMENTED
Symbol Description Value
fps Frame rate 1200 fps
texp Exposure time 29 us
bd Pixel bit depth 8 bit/pixel
ROI Region of interest 304 x 304 pixels
Fov Field of view 4.3 mm x 4.3 mm
rs Spatial resolution 14 pm/pixel
A Wavelength band VIS emission 650 + 40 nm

NIR emission 850-1000 nm
External illumination 640 nm

focal plane position (VarioScan 20, Scanlab, Puchheim,
Germany) and a 420 mm f-theta lens. The resulting beam
waist diameter was calculated as 70 um. The open architecture
allowed a full control and customization of the SLM system
and a flexible integration of the optical elements into the
existing laser optical chain.

B. Implemented monitoring module characteristics

The sensor chosen for the implementation was a compact
and industrial CMOS camera (Ximea xiQ —-USB3 Vision
Camera, MQO13xG-ON model). A CMOS sensor was
investigated due to its lower cost, smaller pixel size (favorable
for achieving high spatial resolution according to (1)) and
higher frame rates than comparable infrared cameras. The
adoption of a high sensitive CMOS sensor and USB 3.0
interface for data transport together with the possibility to set
the active region of pixels resulted in acquisition rates over
1000 Hz. The pixel size was 4.8 um x 4.8 um. The camera
was implemented coaxially via dichroic mirror transparent to
the laser radiation and reflective between 400-1000 nm, thus
deflecting the process radiation towards the camera sensor.
Once the camera sensor has been chosen, the proper optical
magnification unit should be implemented according to (1) in
order to assure the desired spatial resolution of 15 pum/pixel. A
lens objective unit with a 120 mm focal length was added after
the dichroic mirror in order to assure the correct magnification
of the object image, equal to 0.34, thus obtaining a final
spatial resolution of 14 um/pixel. Accordingly, the number of
active pixels was fixed at 304 x 304 pixels, corresponding to a
FOV equal to 4.3 mm x 4.3 mm by using (2) and (3), which
allowed a maximum frame rate of 1200 fps. The resulting data
rate calculated with (4) was approximately 887 Mbit/s. Fig. 2
depicts the position of the working point in terms of frame
rate, number of pixels employed and resulting data rate, which
is shown to be consistent with the melt pool monitoring
solutions employed in SLM works. The exposure time of the
camera was set at its minimum allowable value, equal to 29
us. All the parameters are summarized in Table II.

A short pass filter at 1000 nm was placed before the
objective unit to prevent the laser back reflection from
damaging the imaging lens system and the camera sensor. The
wavelength band of interest could be set by interchanging the
optical filter just before the camera sensor. The emission from
the process was viewed in visible range at about 650 nm
setting a bandpass filter (Thorlabs, FB650-40, Newton, NIJ,
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Fig. 4. View of the SLM system with monitoring module.

USA) and in the NIR range between 850-1000 nm employing
a long pass filter (Thorlabs, FEL0850, Newton, NJ, USA).
The observation of the NIR region is possible with a common
silicon-based sensor since CMOS sensors are sensitive in the
NIR spectrum up to 1 um. Moreover, if the intensity of the
emitted radiation is sufficiently high, they allow for a higher
frame rate at a lower cost than comparable InGaAs cameras. A
narrow band observation was intentionally chosen to avoid
chromatic aberrations due to the f-theta lens, which is not
designed for imaging purposes. A wider wavelength band was
chosen in the NIR range to have a sufficient radiation intensity
exciting the CMOS camera sensor, less sensitive outside the
visible range. This also compensates for an optical attenuation
caused by the galvanometric mirrors, which feature around
80% transmittance in the observed NIR band. Along with the
emission from the process, also the melt pool geometry was
investigated directly by using an external illuminator emitting
at 640 nm (Cavitar, Cavilux HF, Tampere, Finland). The
external light was synchronized with the camera and a
narrowband filter around the illuminator wavelength was
employed within the coaxial chain (Thorlabs, FB650-40,
Newton, NJ, USA). The illuminator was positioned in an off-
axis configuration with respect to the monitoring module. Fig.
4 depicts the open SLM machine with the monitoring module.

C. Experimental plan

A specific test geometry was designed, built and monitored,
which was composed by a large scanning area (5 x 5 mm?),
denoted in this work as bulk geometry, and two rectangular
thin walls (1 x 10 mm?), as depicted in Fig. 5(a). The scan
direction was set parallel to the shorter side of the thin walls.
Two test specimens were built, varying the emission mode
employed, i.e. CW continuous wave or PW pulsed wave,
keeping a fixed energy density input. In the CW emission
regime, energy density E.y, is defined as [42]:

Ecw = “peak (6)

where P,q, represents the power continuously emitted by the
CW laser source and, as visible in Fig. 5(b), corresponds to the
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Fig. 5. (a) Test geometry chosen for the experimental campaign. Same energy
delivered with different emission modes: (b) CW, (¢) PW with =0.6, ton=200
us.

TABLE III
PROCESS PARAMETERS EMPLOYED IN DIFFERENT EMISSION REGIMES

Process parameter Emission mode

CW PW
Peak power, Ppear (W) 200 200
Average power, Pag (W) 200 108
Layer thickness, z (um) 50 50
Hatch distance, 4 (um) 70 70
Energy density, E (J/mm?) 143 143
Scan speed, v (mm/s) 400 216
Duty, d (-) 1 0.6
Pulse duration, fon (US) / 200

peak power, h the hatch distance, vy, the scan velocity and z
the layer thickness employed. The energy density for PW
regime Epyy, is obtained substituting the power level in the CW

emission with the average power level of the PW regime P,,4:

o )

In order to evaluate the effect produced by varying the
temporal profile of the laser source at equal energy density,
hatch distance, layer thickness and peak power should be
maintained at the same level for both emission modes. The
concept of varying the temporal emission profile at an equally
delivered energy and peak power is illustrated in Fig. 5(b) and
(c). As shown, the time required to deliver the same amount of
energy increases when modulating laser power. Accordingly,
the PW regime requires a lower scan speed to maintain the
same energy density. The scan speed in the PW regime can be
calculated for a real pulse shape by equaling (6) and (7) [42]:

. Pavg (8)
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The process parameters were set starting from the CW regime,
where the laser power Py Was set at 200 W and scan speed
Vew at 400 mm/s, while for the PW mode a duty cycle § of
0.6 and a pulse duration t,, of 200 us were selected. In these
conditions, the average power in the PW emission P, is
measured as 108 W, thus the scan speed vp,, was fixed at 216
mm/s according to (8) in order to have equal energy density E
of 143 J/mm?. For both regimes, the layer thickness z and
hatch distance h were 50 um and 70 pm respectively. Through
the monitoring system, the emission from the process was
viewed in visible and NIR bands as well as reflected external
illumination. A summary of the process parameters employed
is shown in Table III.

IV. RESULTS

A. Real melt pool shape from externally illuminated images
Fig. 6 shows typical images acquired by employing the
external light source, with a schematic representation helping
the understanding of the physical phenomenon acquired. The
melt pool geometry was clearly distinguishable from its dark
appearance and occasional bright liquid reflections. An
elongated molten pool was visible when scanning bulk zones,
while a wide molten area formed when scanning the thin wall
geometry. Not only the part geometry, but also the emission
mode employed proved to have a large influence on the
melting conditions. Even from a visual analysis of external
illumination videos, it was possible to note the difference
between CW and PW emission regimes at equal energetic
input. The temporal modulation of the laser source resulted in
reduced melt pool dimensions for both the bulky and the thin
wall geometry. This difference was especially evident in the
thin wall zone, where the CW regime caused a wide molten
area, extending to several scan lines, while the PW regime
succeeded in keeping a controlled melt pool dimension. Also
the powder bed and the highly reflective solidifed material

were revealed by the use of an external illumination source.
Accordingly, redeposited spatters onto the powder bed or
irregularities on the powder distribution could be detected.
Fig. 6(b) shows denudated zones, i.e. areas without a correct
powder spread, distinguishable thanks to the bright reflections
coming from the uncovered solid material. This problem was
present in the CW regime-thin walls zone, and could be linked
to the excessive heat accumulation encountered when
scanning consequent short vector lengths in a continuous
regime [43]. Modulating the laser power with the same level
of energy density resulted in a reduced thermal overload, thus
avoiding part protrusion from the powder bed.

B. Comparison between visible and NIR wavelength bands

Fig. 7 shows two distribution maps of the emitted radiance
in visible and NIR bands captured while scanning the bulky
zone in continuous regime. Looking at the images in visible
band, the extraction of the spatial distribution of the emitted
radiation resulted in difficulties. While a strong emission was
clearly visible in the zone of interaction between the laser and
the powder material, the molten pool tail could be extracted
with difficulty from the visible emission band. Looking at the
Planck spectral radiance of a black body in the neighborhood
of typical SLM temperatures around 2000 K [44], the emitted
spectral radiance increased strongly with temperature in
visible band. Therefore, the dynamic range of the camera
sensor was not sufficient to resolve the intensity distribution,
resulting in a saturated zone at higher temperatures where the
laser hit the material and non-appreciable intensity values as
the molten material cooled down. Conversely, moving towards
the IR allowed to resolve the heat distribution in space since
the emitted radiance increased more slowly with temperature,
thus better exploiting the dynamic range of the camera sensor.

Fig. 8 illustrates images of process emission in the NIR
band according to the different combinations of scanned
geometry and emission mode employed. The emission shape
approximated sufficiently the molten pool geometry observed
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Fig. 7. Intensity distribution map acquired in a) visible and b) NIR band.

in illuminated images. In the bulky geometry, an elongated
emission zone was captured, wider in the laser interaction
zone and narrower as the laser moved away and the liquid
material cooled. The emission region extended when scanning
the thin geometry, where the small adjacent scan vector and
the surrounding low conductive powder generated an
overheating effect. Again, the emission zone narrowed as the
laser moved further, with a final shape that resembled the real
molten pool geometry observed with the external light. In both
scanned geometries, the modulation of the laser power led to a
reduced emission area, resulting in a greater control over the
thermal load especially in the thin geometry, where the melt
pool enlargement may prove to be detrimental for geometrical
precision and part density [45], [46], [47]. In addition, spatter
ejections were detected by the sensor and they were
distinguishable from their small size and fast movement from
the melt pool to the outside.

The extraction of the geometrical properties of the molten
pool such as length, width and area to gather in-depth
information on the course of the melting process is proven to
be possible by observing the NIR range. In common pratice,
emission images are not physically interpreted, and arbitrary
threshold values are set without extracting the real molten pool
shape [15], [48]. Other approaches use discontinuities of the
acquired gray levels which corresponds to liquidus-solidus
transition, succeding in dimensioning the molten area only if a
sufficient number of pixels is measuring the intensity gradient
[37], [38]. Manara et al. used a probe laser to identify the
phase transition zone by detecting the oscillations of the
reflected light intensity from the liquid material [49].
Alternatively, temperature measurement can be made by
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Fig. 8. NIR images acquired in bulk and thin wall geometry when employing
different emission modes. The white arrows indicate the beam trajectory.

employing a two wavelength optical setup composed of two
cameras [44] or a pyrometer [50]. According to the measured
temperature, the molten pool shape can be undirectly
estimated. With the monitoring setup hereby developed, it is
possible to calibrate the process emission images by
comparing them with the real molten area seen through the use
of the external light, as reported in [51]. The complementary
use of process emission and illuminated images allows to
measure the molten pool geometry directly from the NIR
emission images, exploiting a simpler image analysis
procedure, not possible with illuminated images, and limiting
the use of the costly illumination equipment only for
calibration purposes.

C. Observation of the thermal emission behavior in time

The temporal evolution of process emission in the NIR band
can be extracted from the acquired frames. The approach
proposed consinsted in the extraction of the intensity
distribution along the center of the molten region. By plotting
the intensity profile over consecutive frames, a waterfall
diagram was obtained, as shown in Fig. 9 for the bulky region.
Bearing in mind that the interaction point between laser and
material is always centered on the acquired image in a coaxial
perspective, each scan line can be identified according to the
changing direction of the molten pool tail. A cyclic behaviour
in time of the molten pool can be noticed for both the CW and
PW regimes. At the beginning of each scan vector, a transient
behaviour was observed, with the molten pool length reaching
a peak. Then, the molten pool stabilized at an intermediate
length up to the end of the scan line, where the molten length
decreased. This cyclic behaviour was not related to
unpredicted process instabilities, but it was imputed to the
dynamic response of the galvanometric mirrors, which
featured acceleration and deceleration periods in each scan
line. Accordingly, the scan strategy should be improved,
adopting a sky writing technique, or the laser power should be
adapted in order to keep melting conditions stable. Again,
strong differences can be noticed between the CW and PW
emission modes, not only in terms of the emission length
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observed. In fact, a pulsating intensity profile of the laser-
material interaction can also be extracted, as illustrated in Fig.
9. Finally, ejected particles can be detected and tracked in time
as well. Fig. 9(c) shows an example of a molten particle
moving along the line chosen for the extraction of the intensity
values, distinguishable as a detatched hot particle moving
from the molten pool to the outside among consecutive
frames.

The same approach was applied to the thin wall geometry,
but in this case the intensity profile was extracted
perpendicularly to the scan direction in order to extract the
evolution of the emission width, as depicted in Fig. 10(a). This
was chosen as the representative dimension of process
dynamics for the geometry under analysis since the emission
length (the dimension parallel to the scan direction)
immediately covered the entire thin wall size (1 mm), while
the overheating effect propagated further along the melt pool
width. Looking at Fig. 10, a progressive growth of the
emission width was encountered when employing the CW
regime. After about 50 ms, corresponding to 17 scanned lines,
the emission size stabilized. On the contrary, the PW emission
mode featured a smoother temporal trend without an excessive
width enlargement, thus succeeding in keeping the thermal
load under control in the small geometry.

The proposed solution for the monitoring of the melting
conditions in SLM succeeded in acquiring a detailed view of
the melting conditions in SLM both in the spatial and temporal
domain. Unlike several research approaches that restrict the
field of view only to the interaction point of laser and material,
thus eliminating the molten pool tail from the imaged area
[15], [49], here the field of view was extended to capture the

whole molten pool extension and to accommodate its
variations in length. The larger field of view implied a higher
number of pixels, resulting in a frame rate slightly lower than
other literature works, as noticeable in Fig. 2, but still around
1 kHz, which resulted to be sufficient for resolving melt pool
evolution in time. Of course, higher scan speeds around 2000
mm/s encountered in some industrial systems and literature
works [52], [53] may require higher acquisition frequencies.
Furthermore, the proposed system should be tested and
adapted to different powder materials, which are expected to
form different molten pool shapes according to the chemical
and thermodynamic properties.

V. CONCLUSIONS

This work presented the design of a monitoring module for
melt pool observation in SLM. The choice of the sensor and
the imaging optical chain was discussed in order to assure the
continuous monitoring of the melting process without
limitations on the duration of the recording, but at the same
time ensuring a sufficient spatial and temporal resolution to
observe the molten pool shape evolution in time. Furthermore,
the choice of the emission band was discussed and validated
through the use of an external illumination source. The main
conclusions are as follows.

e A common CMOS sensor with an adjustable ROI
(number of active pixels) in a coaxial configuration was
suitable to gather information on the melting conditions,
owing to the fast acquisition rate in the kHz range and
the sensor sensitivity up to the NIR band. The only issue
was the emitted radiance in the NIR band reaching the



camera sensor, which should be sufficient to excite the
camera sensor at low exposure times. Accordingly, an
ad-hoc implementation of the optical chain may be
necessary to avoid emitted light losses in the observation
band.

The use of an external illumination proved to be a
powerful tool to obtain a direct view of the process
conditions and interpret the emission images.
Consequently, a more in-depth analysis of emission
images was possible, moving towards a physical
description of the intensity values acquired, otherwise
difficult to realize.

The NIR band revealed to be more suitable than the
visible range to acquire emission from the process. In
fact, moving towards the IR allows to better exploit the
dynamic range of the camera sensor. Consequently, the
spatial distribution of intensity at different temperatures
can be acquired.

The monitoring system employed succeeded in capturing
the dynamic behavior of the melting conditions. Time
trends captured variations of emission shape, spatter
ejections, periodic phenomena and changes in melt pool
dimensions when varying the part geometry and the
emission regime employed. Consequently, in-depth
information on the SLM process physics can be gathered
from the monitoring system implemented. Furthermore,
the continuous monitoring of the melting conditions,
with data available in real time, might lead to the
development of a feedback control scheme in the near
future.
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