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ABSTRACT

This paper compares three distinctive sensors for laser powder bed fusion metal additive manufacturing
process monitoring. A microphone for airborne acoustic emissions, an on-axis two-colour pyrometer for
melt pool temperature measurement and an off-axis thermographic camera are simultaneously applied.
They are challenged with a large build area to investigate their robustness and sensitivity. This paper does
not assess the sensors’ ability to detect specific process flaws, but instead gives a common ground com-
parison of general sensor characteristics. The camera provides a descriptive result in form of a heat-map,
while it exhibits a lack of sensitivity. In contrast, the microphone presents a sensitivity up to 40 times
higher than the camera and is still 15 times more sensitive than the pyrometer. However, with this comes
increased susceptibility; its signal strength is strongly dependent on the distance to the melt pool as a
result of frequency dependent dissipation. The pyrometer’s signal is sensitive enough for relevant process
deviations to be uncovered, while being robust towards different sensing distances. Recommendations
are given for successful implementation of the sensors. Additionally, novel process phenomena were
uncovered: an interaction of the scanning direction with the shielding gas is discussed, plus insights

regarding overhang scanning are acquired.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

1. Introduction

Laser powder bed fusion (LPBF) is a well-established candidate
among metal additive manufacturing (AM) processes. Since its
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industrialization in the early 2000s, it has seen a constant increase
in industry adoption [1]. Process monitoring and control is a key
element for improved quality and performance and thus further
proliferation of the technology [2,3]. Since recently, most commer-
cially available machines provide some sort of sensor equipment
for monitoring the process. However, the calibration and interpre-
tation of the acquired data is usually ceded to the end user, which
demands precautions and compromises [4,5]. The most reviewed
approaches for sensors applicable in an industrial environment
and thus not solely usable in a research facility, are based on opti-
cal and acoustical principles [6,7], with the latter not yet available
in commercial machines. Photodiodes [5,8-13], pyrometers [14-
23], high-speed cameras [5,10,11,16,18,19,24-28], near-infrared
(NIR) spectrum thermography cameras [13,17,29-34] and even
interferometers [35-37] have been implemented into contempo-
rary LPBF (lab) machines; both into the laser beam path (on-axis)
or scanner independent (off-axis). Acoustic sensors either rely on
process emissions or require separate stimuli. They are attached
to the build plate for structure-bound noise (SBN) detection, or
are mounted inside the build chamber to collect airborne noise
(ABN) [38-50].

Although a vast number of different types of sensors are inves-
tigated individually in literature, an overview and direct compar-
ison on a common basis is scarce [51,52]. Furthermore, most
articles focus on specific process phenomena, while neglecting
some fundamental measuring problems: An ideal sensor setup is
able to provide a signal which captures process deviations/phe-
nomena without being influenced by the ever-changing measuring
conditions which are characteristic for the LPBF process. This is
mostly disregarded in the aforementioned literature due to the fact
that the applied lab machines and conditions do not resemble an
industrial size build envelope or industrial process conditions,
and thus intrinsically exhibit a more controlled and stable environ-
ment. Examples of such changing measuring conditions found in
industrial machines are related to large build envelopes, complex
part geometries and restricted sensor placement. E.g., the signal
quality of an on-axis sensor is influenced by the changing measur-
ing distance resulting from the deflection of the beam by the scan-
ner, which is most significant in large build envelopes; another
source of deviation is the associated changing angle of incidence
on the powder bed and on the scanner mirrors, whose coating per-
formance is typically angle dependent [5,11]. Global sensors such
as off-axis cameras and microphones might receive signals from
different areas in the build envelope differently, again due to
changes in distance, angle and sensing direction. Very little inves-
tigation into such topics is presented in the above-mentioned liter-
ature, although this needs to be taken into account when assessing
process monitoring sensors for modern LPBF machines, which usu-
ally have large build envelopes.

The focus of this research is consequently twofold: First, some
basic but coherent sensor comparison of the most promising can-
didates from different domains (optical on- and off-axis as well
as acoustic) is provided during the same build job in the same build
chamber based on the same events. Second, difficulties in mea-
surement are discussed which are faced upon application of such
sensors in an industrial machine with changing measuring condi-
tions. Specific regard is given to the sensors’ temporal resolution,
sensing distance and scan-direction dependency. Based on this
groundwork, an outlook for further improvements regarding sen-
sor selection and integration is given. This paper does not claim
to investigate the individual sensors regarding their general ability
to detect certain process errors since this is already widely covered
in the literature presented above.
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2. Experimental setup

This section discusses the machine, the configuration of the
build job as well as the sensors’ setup and calibration. Additionally,
details about the lab methodologies for specimen analysis are
provided.

The following experiments have been conducted on a labora-
tory LPBF system which was all inhouse built. The scope of the
machine concept is to provide a robust but still versatile platform
for various process related investigations, without compromising
the quality of the process and with the overall objective of obtain-
ing results which are transferable to contemporary industrial
machines. To this end, it is outfitted with a 400 x 400 mm? build
plate, a multi-optics option, an open machine control and an
uncompromised shielding gas setup. Indeed, the machine concept
proves to fulfil industry requirements, since a similar machine is
successfully used for commercial additive manufacturing [53]. It
is furthermore equipped with three distinctive process monitoring
sensors: An on-axis two-colour pyrometer for melt pool monitor-
ing, a microphone with high dynamic range to capture acoustic
emissions from the welding process, and a camera aligned off-
axis to monitor the thermal emissions of the build process globally.

The machine consists of a 3D scan head with an additional
zoom axis integrated for enlarging the beam without the beam
waist leaving the working plane of the machine. The nominal beam
diameter at the waist is measured as 86 um (1/e?) and has a beam
quality factor of M? < 1.06, measured according to ISO 11146-1. It
can be enlarged up to 180 um without defocusing. All optical com-
ponents are thermally stabilized with a water chiller at 22.5 °C + 0.
1 K. The 1 kW IPG YLR type fibre laser in use has a peak wavelength
of 1070 nm. The hermetically sealed build chamber is flushed with
nitrogen and maintained between 20 and 30 mbar pressure above
ambient. The oxygen content throughout the build job is kept
below 1500 ppm. Pure nitrogen is used as inert gas. Besides being
filtered, the circulated gas is constantly cooled, maintaining a tem-
perature of 23 °C, which also results in a constant machine body
temperature. The shielding gas is separated into two streams,
one part flushing the laser and monitoring windows at the top of
the build chamber, and the other part is used to extract fume
and soot from the process. For this purpose, a constant and rela-
tively homogeneous stream across the build plate with a speed
of ~ 2.8 m/s is realised and in detail described by Wirth et al.
[54]. Stainless steel powder of type 1.4404 (316L) from Carpenter
Additive was used. Particle size distribution was characterized as
dip = 8 pm, dsp = 30 um and dgo = 46 wm by using laser
diffractometry.

2.1. Job parameters

This article evolves around one main build job, consisting of two
sets of twelve samples each. Their layout on the 400 x 400 mm?
build plate is depicted in Fig. 1. Sample group 1 is placed in the cor-
ner of the build plate, while group 2 is centred under the off-centre
placed scanner. The sample identifiers Px.y are composed of a pre-
fix P, the sample type x (1-12) and following the dot the group
number y (1 or 2). The scanning order is performed against the
shielding gas direction. Accordingly, each layer started with P1
from group 1 (namely P1.1) and ended with P12 from group 2
(P12.2). The dashed line encircled array gives an overview over
the ordering of the specimens within those two groups and does
not represent a separate group.

The specimens are of cubic shape with edge length of 10 mm.
Inverted pyramid supports of 1 mm additional height ensure
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Fig. 1. Left: Build plate after unpacking, with the microphone in the foreground plus a close-up of the specimen group 1. Right: Setting of the build job, consisting of two
identical groups of twelve specimens. The center of the scan field is marked with a red cross above P8.2. The microphone’s lateral position is depicted, as well as alternative
positions for additional investigations. In the upper region, the alternating hatching is schematically depiced by two sets of vectors of two subsequent layers.

simple removal. The first 8.5 mm of all specimens are built using a
standard reference parameter set, to ensure a solid carrier. Only
the top 2.5 mm of the samples are built using deviating parame-
ters. An exception to this is P12, which involves increased energy
input. To not jeopardize other parts, it is stretched in height for
parameter alteration only to begin when all other parts are fin-
ished. P1 is the reference sample and built without any intentional
flaws or deviations from the standard. P2 and P3 are also being
entirely built with reference parameters, but embody deviations
in geometry, where P2 resembles as wedge shape and P3 contains
deliberate voids (details see Section 3.4). The scanning parameters
can be retrieved from Table 1. Furthermore, the layer thickness is
set at 30 pm for all specimens. All specimens have their number
embossed to the side for easier identification.

The parameters were chosen around a proven reference param-
eter set typically yielding relative densities of above 99.5%. To
increase readability of the monitoring data, border scans were
omitted, which results in a slight, consistent and thus admissible
drop of part density when measured with Archimedes’ principle.
This reference parameter is applied to specimens 1 through 3, as
well as the carriers of all other specimens, as described before.
Aside from specimens 1, 2 and 3, three subgroups of specimens
were created representing different deviations from those standard
parameters: hatch distance, scan speed and volume energy density
ey . The deviation type is also noted in the last column of Table 1.
These groups are to provoke process conditions which typically
lead to phenomena like increased spatter, lack of fusion, balling

etc. while still maintaining a somewhat reliable process condition
to not compromise the whole build job. For subgroups 1 and 2, this
was mainly achieved by maintaining a constant ey;, which is
defined as follows:

P
vn=_——7—%

With P being the laser power, v the scan velocity and h and t
denote hatch distance and layer thickness, respectively.

Since the samples are placed in different regions of the build
plate, the individual distance from the samples to the microphone,
as well as the required inclination of the laser beam, are relevant
for the following discussions. The specific values are given in
Table 5.

2.2. Microphone

As acoustic sensor, a XARION Eta250 Ultra membrane free
microphone is used to record airborne noise (ABN) from the melt
pool, transported by the inert atmosphere. This contact-free optical
microphone utilizes the principle of interferometry to measure
sound in a frequency range of 10 Hz to 1 MHz. Any sound passing
the microphones etalon in a wave form pressure field changes the
local refractive index, which in turn influences the laser beam
passing the etalon. Through interferometry, this shift and thus
the pressure level representing the sound can be measured. The

Table 1
Specimen properties, # 4-12 apply only for the top part of the specimens, starting at layer 284.
# Spot diameter 1/e? [mm] Hatch [mm)] Laser power [W] Scan speed [mm/s] Volume energy [J/mm?] Variable
1 0.086 0.070 200 1200 79.4 Reference
2 0.086 0.070 200 1200 79.4 Geometry (Wedge)
3 0.086 0.070 200 1200 79.4 Geometry (Voids)
4 0.086 0.030 85 1200 78.7 Hatch
5 0.086 0.110 315 1200 79.5 Hatch
6 0.086 0.150 430 1200 79.6 Hatch
7 0.086 0.070 100 600 79.4 Speed
8 0.086 0.070 400 2'400 79.4 Speed
9 0.086 0.070 800 4’800 794 Speed
10 0.12/0.15/0.18 0.070 200 1200 79.4 Defocusing
11 0.086 0.070 100 1200 39.7 Vol energy
12 0.086 0.070 220-360 1200 87.3-142.9 Vol energy
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detailed working principles are thoroughly described by Rohringer
et al. [50].

The device’s etalon/head is placed inside of the build chamber,
taking advantage of a dedicated feed-through for the optical fibre
connecting it to the main device. This allows for an airtight sealing
of the chamber. The sensor head is protected with a dedicated
housing (protection kit) and mounted at the tip of a rod bringing
it close to the actual process with enough room vertically
(100 mm) for the coater and the shielding gas stream to unimped-
edly pass by underneath (see Fig. 1 left). The distance in shielding
gas direction upstream is 200 mm and 100 mm for groups 1 and 2,
respectively. Additionally, group 1 is also 200 mm off to the side
(see Fig. 1). Assuming a speed of sound of 350 m/s in pure nitrogen
according to Costa Gomes and Trusler [55], those distances result
in a delay of 400-900 ps between sound source and microphone.
More detailed numbers, which are being used for the signal syn-
chronization, can be retrieved from Table 5. Since the interferom-
etry happens at the speed of light and the rest of the microphone
electronics is all analogue, no additional significant signal delay
has to be reported. The output signal is recorded using an AC input
of a QASS Optimizer4D device. A high-pass 40 kHz filter is applied
to cut off any machine-auxiliaries related noise (see also Prieto
et al. [42] and Fischer et al. [56]). The signal is sampled with
2 MHz with 24 bit resolution and in parallel, an FFT (31250 spec-
tras/s, window function Hanning raised cosine) is performed with a
frequency resolution of 2 kHz. The resulting amplitude is provided
in arbitrary units [au] and wherever possible normalized to obtain
handy numbers.

2.3. Pyrometer

The two-colour pyrometer in use is a Sensortherm H322 high-
speed pyrometer, based on two InGaAs photodiodes ranging from
1450 to 1800 nm. It has a measuring range of 700-2300 °C with
a sampling frequency of 12.5 kHz. Between the scanner’s x/y mir-
rors and the z-axes sits a semi-transparent mirror with which light
(400-900 nm and 1300-2100 nm) is extracted from the laser beam
path and directed onto the pyrometer’s fibre optic (see Fig. 2).
Hereby, the pyrometers FOV (field of view) constantly follows
the laser-material interaction area. Pre-alignment of the pyrome-
ters FOV, which is between 3 and 4 mm in diameter, to the working
laser is performed with their pointer lasers. Fine adjustment is
accomplished using a portable temperature source HE1200 also
provided by Sensortherm (1200 °C, aperture of @ 0.3 mm) which
is placed in the working area of the machine emulating a melt pool.
Maximizing the single channel signals from the pyrometer when
panning the FOV means, that the heat source is centred in its
FOV. The heat source’s aperture is beforehand aligned to the pilot
laser of the working beam; therefore, the working laser and the

Collimation
and focusing

x- and y-galvo — ______ :
mirrors < 4 /" E

T
g Scanner

|~ Focusing

[ I |

Fig. 2. Optical scheme of the scanner. In solid line depicted is the processing beam,
originating from a fibre laser L. The dichroic element D, extracts the process signal
(dashed line). A second dichroitic mirror D, divides it onto a camera C (unused in
this study) and a pyrometer’s fibre optic P.

Materials & Design 210 (2021) 110036

pyrometer are concentric. This heat source is also used to calibrate
the pyrometer for any given attenuation originating from the scan-
ner optics. It has however to be noted, that this radiation source
does not perfectly represent a melt pool, since it differs in material,
aggregate state and hence also emissivity. To obtain temperature
values on an absolute scale, the emissivity slope would need to
be determined, for example by melting the material in question
using a melting pot inside the machine. Since this equipment
was not available, and for the results of this investigation relative
temperature values suffice, a standard value for liquid metal was
taken from the pyrometer manual. Therefore, the resulting temper-
ature values are presented as arbitrary units [au], nevertheless the
values are similar to °C. The pyrometer outputs its quotient tem-
perature using an analogue current interface, which is set each
80 ps. In order to simplify data synchronization, this output is sam-
pled with a second input on the afore mentioned QASS Optimiz-
er4D with 100 kHz. This guarantees synchronous signal recording
as both channels are sampled on the same device.

2.4. Thermography camera

An off-axis camera is mounted on top and outside of the build
chamber next to the scanner, to constitute the thermography sys-
tem. It is mounted at an angle of 7.5° to the vertical axis to align the
centre of the image with the centre of the build plate. The indus-
trial computer vision camera with a resolution of 4096 x 4096 pix-
els is based on a CMOS-type chip (ON Semi PYTHON 16 K NIR)
optimised for increased quantum efficiency in the NIR spectrum
(roughly 10% increase compared to a standard chip). Neutral den-
sity and bandpass filters ensure that merely light around 850 nm
(compromise between chip sensitivity and thermal radiation spec-
trum [32]) reaches the sensor. The chip temperature of the camera
is monitored, assuring that no temperature affected sensitivity
shift is happening unnoticed. The temperature increased only by
0.5 K throughout the whole build job, anyway. The acquisition
and subsequent image analysis are performed by the machine’s
programmable logic controller (PLC) in real-time. The camera is
triggered in a quasi-long-exposure mode (5 Hz partial image frame
rate) at which each partial image undergoes certain noise reduc-
tion operations. The final image per layer is adjusted for lens dis-
tortion and the skewness of the camera, for all subsequent
measurements to be easily transformable into the machine coordi-
nate system. For each layer, a contour detection algorithm extracts
the scanned areas and—with the help of the machine coordinates—
assigns them the part numbers extracted from the build job file.
Average emission and its standard deviation are determined for
each such blob (i.e. part) and logged by the PLC. These metrics,
aside from the original images of course, are later used for process
analysis. The camera’s settings are chosen such, that they work for
a variety of different materials and process parameter sets without
changeover. The image, which covers almost the entirety of the
build plate, has an average resolution of 54 um per pixel. The
results of this sensor are referred to as off-axis thermography (OT).

2.5. Lab methodology

Specimens were quantitatively analysed regarding their melt
pool size and material density. Solidified melt pool size was mea-
sured from the vertically cut specimens. The resulting halves were
hot mounted with a Struers CitoPress 5 and afterwards ground and
polished (1 pm) on a QATM Saphir 520. The resulting samples were
then etched using V2A reagent. Light microscopy was performed
on a Keyence VHX-5000 with factor 300 magnification to measure
the width and depth of the top layer solidified melt pools (see Ger-
stgrasser et al. [57] for details on all the methodology). Material
density was determined using pore detection on the microscopy
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images of the pre-etched samples. Threshold intensity above
which a pixel is counted as solid was set to 65%. Furthermore, blobs
with a size equivalent to a circle with diameter 10 um or smaller
are disregarded. Verification was done using Archimedes’ principle
by weighing the samples (before cutting) in air and acetone and
comparing the resulting density with the ideal 7.95 g/cm? bulk
density value [58].

3. Sensor benchmarking

This section serves three goals: first, comparing the sensors
regarding their temporal measurement accuracy (Section 3.1); sec-
ond, discussing overall, location- and direction-dependent sensi-
tivity (Sections 3.2 and 3.3) and third, mutually assessing the
sensors’ general error detectability on several deliberate process
errors (Sections 3.1-3.4).

To that end, the data collected by the three sensors during the
above-described build job (roughly 300 gigabytes, of which
roughly 85% originate from the microphone and 10% from the
pyrometer) is analysed using descriptive statistic approaches to
foster the understanding of the underlying measurement princi-
ples and their peculiarities. Subsequently, a conclusion is drawn
comparing the sensors quantitatively. This work lays the grounds
for future more specific defect detectability benchmarking.

3.1. Temporal resolution

Hereinafter, the sensors’ temporal resolution is investigated by
monitoring an overhang scan and the resulting process anomaly.
The geometry of all carrier bodies of the samples built for this arti-
cle are embossed with their corresponding specimen number to
the side of the body, which is then replicated during the build,
resulting in a recessed number on the wall of each cube. Wherever
there is a horizontal line in that number, there is a potential over-
hang scenario. This is very prominently the case with the upper
horizontal bar of the number ‘5’ of P5. In layer 269, the layers con-
taining this embossed number are surpassed, and thus the cover of
the upper bar of the number ‘5’ is scanned, resulting in an over-
hang situation. This is depicted in Fig. 3 with the resulting OT
image on the left, and the scan pattern of layer 268 and 269 (over-
layed) on the right. 268 still contains the number, while layer 269
shows a full hatching and thus also holds vectors crossing over the
“void” below, where there is only loose powder.
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The first five to six vectors of this layer are compromised by
this. The overhanging surface has, in contrast to normal hatching,
only loose powder underneath, therefore the thermal circum-
stances are vastly different in that region [13,15]. Furthermore,
there is no solid material for the produced melt track to attach
to, which in turn is fully exposed to different forces including its
residual stresses during the cooling down process. All this leads
to increased spatter, as is apparent from the OT image (Fig. 3).
Additional effects can be overheating, dimensional inaccuracies
etc. [8,13]. Fig. 3 demonstrates, that the OT camera is capable of
capturing such a short-lived event, even though the total exposure
time of the image taken for this whole layer is 40 s.

In order to demonstrate the temporal resolution of the other
two sensors involved, Fig. 4 plots the airborne noise (ABN) and
temperature values for one vector affected by the overhang. The
depression in the middle of the vector, between 22.0495 and
22.051 s, is clearly visible for the pyrometer, the microphone’s
readings however are not very indicative.

3.1.1. Temporal resolution of the microphone

Despite the high sampling rate of the microphone, the overhang
depicted in Fig. 4 is not noticeable in the recording. Therefore, its
temporal resolution is further investigated using a more well-
defined incident: the laser-off event. After the last vector of each
part, and hence before the execution of the subsequent jump com-
mand to the next part, the scanning instructions were comple-
mented with a wait command of 100 ms duration. This simplifies
the post-process analysis of the time-based data, as the notable
pause enables to distinguish between two parts. Consequently,
the laser is already turned off and the scanner does not move
any further than the end of the last vector, as skywriting is dis-
abled. This brings the additional benefit of being able to
observe—with the pyrometer—any ongoing events after the energy
input is halted. The visualization of the respective acoustic data,
which is also recorded in parallel, evidently uncovers such a pro-
cess (see Fig. 5). It comprises the final six vectors of a hatching
and the aforementioned wait time in a time-frequency diagram.
Frequencies above 250 kHz rapidly die out after the laser is turned
off, while there is some sort of reverberation in the lower end of
the spectrum, especially notable between 50 and 100 kHz, and per-
sisting for up to 20 ms. This is observable for each instance
throughout the experiment.

Overhang

Fig. 3. On the left a small section of the OT image from L269 containing only P5.2. Spatter and overheating in the lower region, where the number ‘5’ is located, are visible as
dark blobs (colours are inverted for better legibility). Since this is a small image section of the whole OT image, the resolution is low and thus the image appears blurry. The
depicted specimen has an edge length of 10 mm. On the right the scanning pattern overlay of that lower central region of P5.2 is depicted. The blue vertical lines represent

L268 and the grey horizontal lines L269.
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Fig. 5. Dying down of ABN after the scanning of layer 43 (P1.2) has finished. Howev:
attenuated by a high-pass filter.

Fig. 6 plots a dedicated frequency band (70-80 kHz) of this
residual ABN together with the corresponding temperature values
from the pyrometer. Although both data sets are triggered simulta-
neously, they need to be synchronized post-process by considering
their respective delays caused by propagation of sound and digital-
ization of the pyrometer signal, as presented in Section 2.

er, reverberation is apparent in the region of 50 - 100 kHz. Frequencies bellow 40 kHz are

The temperature signal exhibits some behaviour similar to a
hyperbolic temperature decay, until a value of 700, which is the
lower limit of the device, after which it outputs a constant floor
value of 700. The acoustic signal mainly follows this behaviour,
which raises the question of whether the two measurements are
interrelated.
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Fig. 6. Plot of temperature and acoustic emission of P1.2 on layer 43 for the final five vectors and some appended delay time. Both signals are smoothed with a central floating
mean of 640 ps for better visualization. The arbitrary units of temperature can be interpreted as °C.

The hyperbolic nature of the temperature signal decay can be
interpreted as the ongoing cooling process, which in fact can be
approximated with the hyperbolic Rosenthal equation. This is a
simplified but fundamental model for spot-welding; as explained
by Radaj [59] it represents a point source in a half-body, which is
comparable with the present conditions at the vector terminus. A
rise time and/or propagation delay of the involved electronics
can be ruled out as an alternative reason for this decay, based on
the following two arguments: The pyrometer’s output signal can
be set manually for configuration and test purposes. When doing
this, a step response is generated on the output electronics. When
measuring this response for both rising and falling signals with the
given recording system, no overshoot or linear rise time can be
detected for the rising case. With a sampling rate of 100 kHz, this
means that the signal correctly responses within 10 ps. For the fall-
ing step response, four steps are required for the signal to fall from
100% to 0%, resulting in a maximum fall time of 40 ps, which is still
below the timescale of the above phenomenon and also faster than
the proclaimed 12.5 kHz sampling rate of the pyrometer itself. The
second argument then covers the whole signal chain in a qualita-
tive manner: When initiating a jump between two vectors which
are far enough apart, such that the vector’s (potentially still emit-
ting) terminus leaves the pyrometers FOV, the decay is again faster
than what can be observed in Fig. 6. Since the scanner’s accelera-
tion and deliberate delays (like mark-delay, laser-off delay etc.)
are involved, it is difficult to determine an absolute value, however.
Nevertheless, it can be concluded, that in this present case, the
pyrometer is in fact measuring the cooling down of the final seg-
ment of the vector, without any noticeable impact of the involved
electronics’ latency.

3.1.2. Reverberation

The source for the matching acoustic signal, which shares the
same delay time, can be either originating from the ongoing cool-
ing and solidification process, or be a result of simple reverberation
within the build chamber. To investigate reverberation, a theoret-
ical and an experimental path are taken. For the experimental
examination, an artificial source of sound is required to generate
a strong and extremely short burst—preferably across all frequen-
cies. Such an event, which is ideally like a Dirac delta function
equally strong across all frequencies, can be mimicked by breaking
a pencil lead [60,61]. This so-called pencil lead break test is con-
ducted as follows: A pencil lead of hardness HB and diameter
0.5 mm is extended by 10 mm out of the pencil and broken by

pressing its tip against a solid surface to initiate a fracture caused
by the bending. An initial test is performed in atmospheric condi-
tions with 16 mm distance to the microphone. The resulting spec-
trum is depicted in Fig. 7. The ABN overall lasts only for about
0.6 ms and then dies out immediately, with some exceptions in a
few frequencies, lasting up to 4 ms. So, in general, the microphone
setup shows no sign of reverberation in free atmosphere, as
expected.

A second test is performed inside the chamber during a paused
build process, to most accurately reflect the process conditions.
The process is halted, and the pencil is mounted onto the coater
at the powder level. This is done in such a way, that upon moving
the coater, the tip of the pencil lead collides with a built part and
breaks. The shielding gas stream remains activated for this test.
The results are plotted in Fig. 8.

First of all, due to the increased distance to the microphone
compared to the primary test, the intensity level is reduced. This
is especially the case for the higher frequencies as a result of dissi-
pation. Nevertheless, a reverberation, very similar to what is
observed during the process, is detected. Again, most notably
around 70-80 kHz, and congruently lasting for about 20 ms. These
tests were repeated without the protection kit which encapsulates
the etalon. There were no significant differences detected regard-
ing reverberation.

With the reverberation proven experimentally, the theoretical
path can be approached for verification. The reverberation time
Teo is defined as the time it takes for the sound pressure to drop
by 60 dB (i.e., by a factor of 1000) after an abrupt ceasing of the
source. According to Sabine [62], this time is approximated by
the following, empirically developed equation:

24In(10) V
Too=—--—""
Cs ZiAiOCi

The volume V and surface area A of the machine are known. The
speed of sound c; in nitrogen around room temperature is given at
350 m/s [55]. The absorption coefficient «; depends on the material
and surface condition of the associated area A;, as well as the fre-
quency. For the most part of the machine, which consists of alu-
minium and steel with low surface roughness, this coefficient is
assumed to be 0.01, meaning a good reflector. The powder bed
and the shielding gas nozzles are approximated to be total absor-
bers with a coefficient of 1. This results in a reverberation time
of 24 ms, which is similar to the experimental results. Unfortu-
nately, available tables provide absorption coefficients to a maxi-
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Fig. 7. Pencil lead break test under atmospheric conditions, performed right beside the microphone. The resulting ABN is only 0.6 ms long.
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Fig. 8. Pencil lead break test under process conditions inside the build chamber. A relevant reverberation is clearly visible in the expected range below 100 kHz. The

resolution is deliberately reduced for visualization purposes.

mum of a few kHz and are thus below the relevant frequency
range, therefore, the above assumptions are conservative estimates
only.

To conclude, the detected acoustic decay can be attributed to
reverberation. This reduces the temporal resolution of the micro-
phone in the frequencies below 100 kHz, since it causes a smearing
of the amplitude across time. This is the reason for the signal in

Fig. 4 to be almost unaffected by the overhang. This effect therefore
needs to be considered in the following analysis.

3.1.3. Results regarding temporal resolution

When plotting the ABN above the reverberation spectrum, as
shown in Fig. 9, the microphone’s signal is now indicative for the
overhang (signal drop below 0.45), but still not as distinctive as
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the pyrometer. The hump in the ABN curve in the middle of the
overhang region could be a result of a spatter particle being ejected
or landing in the powder bed.

For both, the pyrometer and the microphone, the overhang
results in a reduced signal level. This is counter intuitive, since
the heat conductivity in loose powder is significantly decreased
[13,15]. For the pyrometer, this observation can be reasoned with
the argument, that the excessive laser power as a result of the
decrease in heat dissipation does not necessarily result in
increased temperature, but instead in a larger melt pool and poten-
tially more spatter ejection [8,51,63]. Chivel and Smurov [15] also
detected larger melt pool dimensions in overhanging regions and
even demonstrated temperature drop for that region with a two-
colour pyrometer. A spatially resolving two-colour pyrometer
high-speed setup by Hooper [19] yields similar conclusions; com-
pared to conventional vectors, the maximum melt pool tempera-
ture is significantly lower for overhang scans (laser power is also
lowered, but only marginally). Regarding the microphone, opposite
results were found by Plotnikov et al. [52]: They detected increased
structure-borne noise (SBN) in unsupported overhanging areas.
The details of this discrepancy between ABN and SBN is subject
for subsequent studies, however. In this investigation, the encoun-
tered decrease for ABN in overhang situations is confirmed by P2
with its wedge shape, where the signal level is similarly decreasing
for vectors approaching the overhang.

In conclusion it can be found that all sensors’ temporal sensitiv-
ity is high enough for recording events happening within a fraction
of a vector, where the microphone and pyrometer are deemed
superior due to their precise temporal resolution. Since reverbera-
tion is present, the analysis of short-lived phenomena is preferably
performed above 100 kHz for ABN, although some intrinsic blur
still needs to be taken into account. The pyrometer’s temporal res-
olution is reflected by its sampling frequency and can thus be
accounted as 80 pus. The microphone without reverberation is
equally fast (the actual speed depends on the nature of the effect
to be observed and thus the frequency it emphasises), while the

resolution of the OT is undetermined but for prominent events cer-
tainly in the same order of magnitude.

3.2. Sensing distance and angle

To assess the sensors regarding their susceptibility to the sens-
ing distance and angle as changing measuring conditions, a large
build platform and equal process conditions across that platform
are required. Fig. 10 provides the signals of all sensors from most
of the specimens across the build platform from a layer, where
their carrier is being manufactured and thus, they all share the
same process parameters and therefore comparable process condi-
tions (except for specimens 2 and 3, hence they are excluded from
this analysis).

3.2.1. Non-perpendicular laser beam

The pyrometer’s signal and the emission captured by the OT
camera perfectly agree. Additionally, for group 1, they exhibit a
pattern, which seamlessly maps to the theoretical laser beam
roundness (see plot). Due to the extreme deflection in the region
of group 1 and the related skewness of the laser beam, the circular
Gaussian profile shows some ellipticity in the material-interaction
plane. This is expressed as beam diameter aspect ratio in Table 5.
The resulting ellipsis covers a larger area, which in turn results in
a reduced laser intensity. The observation from Fig. 10 implies a
causality between laser intensity and melt pool emissions/temper-
ature. To further investigate this, melt pool dimensions are mea-
sured from metallographic images for P1.1 (representing group 1,
skewed laser) and P1.2 (group 2, perpendicular laser), Fig. 11
depicts a section of the images used. The results are summarized
in Table 2, the methodology is described in Section 2.5. Measure-
ments are taken from the top layer of the specimen, and the first
and last ten vectors are neglected. Additional specimens could
not be considered, since their last layers were manufactured using
different parameter sets, as described in Section 2.1.
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Fig. 10. Average signal of each sensor for each specimen P1.1-P12.2 (excl. P2/3) from layer 41. Each of the six signal-sets is individually normalized to their max. value for
better comparison. Beam roundness describes theoretical laser beam ellipticity (ratio of half-axis), where 1 equals a perfect circle (see appendix). The ABN is plotted in two
frequency bands. ABN 101 - 200 kHz for group 1 is below 0.5 and thus not visible. ABNc is compensated for dissipation (described in the following).

Fig. 11. Exemplary sections of the images where the solidified melt pool width and depth was measured. The top image depicting P1.1, the bottom P1.2.

Table 2
Melt pool dimensions for P1.1 and P1.2, the first and last ten vectors are neglected.

Melt pool width [um]

Melt pool depth [um]

# Average Std Dev Average Std Dev
1.1 131 20 70 16
1.2 111 14 61 14

The increase in melt pool width for P1.1 compared to P1.2 is in
conjunction with the respective skewness of the laser beam. To
verify whether an expanded beam actually results in the observed
signal decrease, or whether the signal decrease originates from the
tilted measurement, P10.2 is examined. It provides data from the
process where the diameter of the perpendicular beam is expanded
without changing any other parameter. Indeed, Fig. 12 provides
proof that with an expanded beam (which inherently results in
lower intensities) proportionally lower acoustic and IR emissions
are the consequence. The latter is also evident from the OT data,
where the scatter between consecutive layers increases when
defocusing. To rule out an additional measurement error, the
homogeneity of the camera’s sensitivity was investigated using
the same heat source which was already applied in Section 2.3
for the pyrometer’s calibration. It was placed in the area of group
1 and 2, and several measurements were performed. They showed
a consistency with average discrepancy below 1%. This can be
interpreted as the camera’s sensitivity being homogeneous in the
relevant area. This deems the two optical sensors capable of
detecting laser defocusing and the potential errors associated to
it and a fortiori rules out an overlaying optical measurement error.

10

3.2.2. Acoustic signal attenuation theory

Concerning the acoustic signal (dotted line) in Fig. 10 however,
the following observation is instantaneously apparent: Sound com-
ing from a source farther away (group 1) is received at a much
lower sound pressure level p which cannot only be attributed to
the deflected beam described above. This is primarily due to the
half-spherical propagation of sound originating from the melt pool
(inverse distance law), which results in a scaling of the pressure
reciprocally to the radius p(r) o« 1/r. This holds true for free field
acoustics. However, since some reverberation was detected in Sec-
tion 3.1 for frequencies below 100 kHz, this decay is counteracted,
and the hereby given analytical result is not directly applicable.

Aside from the distribution of the energy across an ever-
growing area, there is another factor at play reducing the received
signal with travelled distance: damping. Atmospheric absorption o
[dB/m] is well described by Bass et al. [64,65] for still air under
standard climatic conditions, by the following equation:
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Fig. 12. ABN and temperature signal both decrease with expanding beam diameter. Signal from P10.2 where the beam is expanded deliberately.

The resulting damping is not only scaled by distance, but also a
function of frequency f [Hz]. Where higher frequencies are subject
to more intense damping. The transporting media’s pressure p
[atm] and temperature T [K], as well as its composition (especially
humidity) also play a role. They are taken into account using the
relaxation frequency of the two major components of air: nitrogen
fr~ and oxygen f, ,. Empirical equations describing those two enti-
ties, depending on temperature, pressure and humidity, are given
by Bass et al. and are not covered in detail here.

The conditions within the process chamber, however, do not
resemble the ones for which the above equation necessarily holds
true, since there is an intentional absence of oxygen in the shield-
ing gas. The equation is therefore adjusted by neglecting the term
covering the oxygen'’s relaxation frequencies and accordingly scal-
ing the nitrogen’s part. Since ideal gas conditions can be assumed,
the simplified equation is the following:

. <T0>5/2 (0.1068 33352/Tfr.N>
T 0.7809 f* 4 f2,

According to Knudsen [66], N, has an absorption coefficient in
the same order of magnitude as dry air; at least up to a maximum
frequency of 10 kHz, up to which he was able to verify. Hence it is
admissible to compare the original equation with humidity set to 0
to the simplified equation for verification. The results demonstrate
an almost constant difference of 0.0014 dB, a difference which still
lacks in significance beyond 700 kHz.

Further findings by Knudsen are, that the presence of humidity
in a nitrogen environment is almost irrelevant for the absorption
coefficient, therefore the lack of a moisture measurement for the
herein conducted experiment is nullified and assuming zero
humidity is justified, especially considering that the build chamber
is regularly flushed with dry nitrogen. Knudsen furthermore states
that major absorption in air is attributed to an interaction between
the H,0 and O, molecules. This can be confirmed when inspecting
the significance of the water vapour concentration factor in the
two relaxation frequencies f, y and f, provided by Bass et al. With
this knowledge, the oxygen content of the above equation can
safely be omitted entirely, although the real concentration was
maintained only below 0.15%. All of this further substantiates the
above taken measures to simplify the equation.

Fig. 13 shows a plot of the two discussed phenomena (distribu-
tion and damping) combined for several frequencies and neglect-
ing reverberation. The line for 1 kHz mainly represents the

1.84-107"1
1/2
(RS

20f*
*=Th(0)
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distribution effects, since the share of damping remains negligible
up to a frequency of 16 kHz, where it still accounts for slightly less
than 1% of the total loss.

Three messages follow from the graph and the analysis: First,
the acoustic signal mainly decays inverse proportionally to the dis-
tance, rendering the sensor placement an important task. Due to its
limited amplitude, reverberation does not play a crucial role in
mitigating this decay. Second, frequency dependent damping is
practically irrelevant below 16 kHz for the given circumstances
but plays a major role above 100 kHz with the present distances.
And third, some potential deviation (+/— 5 K or +/— 10 mbar) from
the presented process conditions apparently has no noteworthy
impact (max deviation 0.3 dB/m) on the analysis above, rendering
the results stable and thus (after verification) industrially applica-
ble for compensation.

Due to this distribution and damping, frequencies beyond
300 kHz are not received from group 1 (distance 250-320 mm).
Any future investigation on higher frequencies will be carried out
using group 2 samples.

Section 3.1 demonstrated the presence of reverberation below
100 kHz in the given chamber. However, since the reverberation
is on a low level, the analytical results presented here are never-
theless applied for compensation. The solid lines in Fig. 10 repre-
sent such compensated values. And by that amplify a second
observation: A declining trend for the signal in group 2, which is
already present in group 1 and extremely subtle also in the optical
measurements from group 2. The skewness of the beam cannot be
hold accountable for this anomaly, since the samples of group 2 are
symmetrically arranged around the scanner’s origin (see Fig. 1).
Shielding gas fluctuations could be responsible for this instead,
since the overall trend decreases towards the shielding gas nozzle.
In fact, a corresponding linear trend is present in the shielding gas
speed across the build plate, with minimal speed of 2.6 m/s at the
outlet and a maximum of 3.0 m/s on the inlet side. An additional
reason for this trend can be found in the angle under which the
sound approaches the microphone. According to Preisser et al.
[67], the present etalon demonstrates a certain directional
response at least in water. The difference in media (water versus
nitrogen) plus the fact that the studies at hand were carried out
using a protection kit, prevent the direct application of the results
of Preisser et al. The given reasons need further investigation and
solid proof, which is beyond the scope of this work. Anyhow, met-
allographic images of the involved samples do not highlight any
corresponding trend in the resulting material quality. Thus, it
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Fig. 13. Plot of acoustic pressure decrease over relevant distance range (for LPBF systems of comparable size) due to intensity distribution and atmospheric damping for
different frequencies in a free field. Assuming an ideal point source with 1 Pa sound pressure at 0.1 m distance for 1 Hz, and uniform intensity distribution across all

frequencies at the source.

needs to be assumed, that the relevance of this regarding the parts
is negligible. Since this trend is position dependent, it can be coun-
teracted by appending an additional term to the compensation
derived above.

3.2.3. Results on sensing distance and angle susceptibility

It can be summarized that there exists a distance and angle
dependent signal attenuation which affects the ABN, especially
critical for frequencies above 300 kHz. Basic means for compensa-
tion are presented. According to this study, no such limitations
were detected on the optical instruments. Furthermore, two posi-
tion dependent process deviations were exposed as a by-product.
First, the impact of a tilted laser beam on the melt pool tempera-
ture and acoustic emissions are discussed. And second, a trend in
the shielding gas flow quality was uncovered. While the micro-
phone exhibited a sensitivity regarding this trend of 15% for the
frequency band of 10-100 kHz (measured between P5.2 and
P12.2, see Fig. 10), the pyrometer is deemed less sensitive with a
sensitivity for the same scenario of only 1% and the OT is practi-
cally insensitive to it with only 0.4% change in signal intensity.

3.3. Directional sensitivity

A sensor’s potential susceptibility to different scan directions is
difficult to differentiate from process related discontinuities origi-
nating from those scan directions, especially when the sensor inte-
gration is rigid, or the process circumstances are anisotropic to
begin with (e.g. fixed shielding gas direction). With the micro-
phone being free to be positioned throughout the machine volume,
a fundamental evaluation is established on the acoustic signal. The
hereby acquired data is additionally used to affirm the overall sen-
sitivity benchmark established in the previous section.

3.3.1. Shielding gas interaction
By detailed examination of the acoustic signal for different
hatchings, a pattern emerges on every other layer throughout the

12

whole build, an example can be found in Fig. 14. While the acoustic
signature of layer 42 exhibits a hair-comb pattern, layer 43 of the
same part is more constant in amplitude on the time scale
throughout the whole bandwidth.

This can be explained with the global orientation of the hatch-
ing. The bi-directional pattern is rotated by 90° every layer, see
Fig. 1 or Fig. 3, where the hatching of two subsequent layers is
depicted. The angle of 90° is chosen to allow for easier metallo-
graphic analysis of the resulting melt tracks, since they align paral-
lel to the edge of the cube. As a result, the melt pool moving
direction either aligns perpendicular to the shielding gas direction
or parallel (see Fig. 1 again). For the orthogonal orientation, the
moving direction (left-right versus right-left) apparently does
not have a significant influence on the signal (see Fig. 14, right),
which is plausible. When scanning parallel to the shielding gas
stream however (back versus forth), it apparently plays a crucial
role whether the scanning direction is with or against the gas
direction. The former is expected to be compromised by the
increased interaction with soot, since the relative speed between
laser and trail of soot is decreased. A second reason could also be
the orientation of the microphone with regards to the melt pool
(directional sensitivity). To further investigate this theory, scans
with the same parameters but without powder (less noise) were
performed on a bare build plate. The microphone was then placed
in the original position (upstream), as well as to the side and
downstream of the process, all while still maintaining the same
distance and orientation to the process (see the alternative posi-
tions in Fig. 1). No significant difference regarding the pattern
could be extracted, leaving the microphone-melt pool orientation
dependency negligible and the source of the observed pattern a
real process deviation: The laser beam interacting with the soot.

3.3.2. Quantitative analysis of the shielding gas interaction

For simplified data analysis, the following quantitative compar-
ison neglects the jumps between vectors and the related laser-on
and -off effects with their characteristic spikes in signal, and hence
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Fig. 14. ABN of P1.2 from layer 42 (left) and 43 (right). Even numbered layers are scanned parallel to the shielding gas direction, odd numbered layers are scanned

perpendicular.

leaves the bare readings from the core of each vector. More pre-
cisely, 550 ps around each local minimum (jump) are neglected.
Additionally, the first and last ten vectors of each layer are
neglected as well to exclude boundary effects. Fig. 15 quantifies
the content of Fig. 14 and can be condensed to two statements:

First, the overall acoustic emissivity is indeed much lower for
scanning parallel (-32%) to the gas stream compared to orthogonal.
The aforementioned soot which reduces the laser input—and by
that affecting the melt pool temperature and thus reducing acous-
tic emissions—could be hold accountable for this.

The second remark about Fig. 15 is regarding the difference of
results between successive vectors. Which is larger for the parallel
case by a factor of 2.6. The reason for this can again be found in the
soot trail: Since the parallel scanning combines the best- and
worst-case scenario—scanning against and with the shielding
gas—the large difference in amplitude between the two is
plausible.

o
o

o
<)
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Average acoustic emission [au]

I
N}
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3.3.3. Detection of shielding gas interaction by the pyrometer

This behaviour is also observed by the pyrometer, although less
notable. The vectors’ temperature values T;; are compressed into
two numbers for each vector j: namely the mean temperature
Uy; and the associated standard deviation gr;. Those numbers of
the vectors constituting layers 42 (parallel) and 43 (orthogonal)
under investigation here, are compared twofold:

Firstly, the meanvalues i;;Vj € [10..130] are plotted (see Fig. 16).
They show the same pattern as their acoustic counterpart, however,
onalesssensitivelevel.Overall, thereisonly 2% decrease fromorthog-
onalto parallel (compared to-32%for theacoustic case, the same sen-
sitivity difference as demonstrated in Section 3.2).

The resemblance is also retrieved from the standard deviation
or; (not plotted): The parallel scanning exhibits a 17% increase in
standard deviation compared to the steadier orthogonal scanning.

The two findings are congruent with the results from the micro-
phone while showing a limited sensitivity.

80 100 120 140

Vector number

=142 (parallel)

L43 (orthogonal)

Fig. 15. Mean acoustic emission for each vector of layer 42 and 43 from P1.2. The first and last ten vectors are neglected.

13



K. Gutknecht, M. Cloots, R. Sommerhuber et al.

1700

1650

1600

1550

Mean melt pool temperature [au]

1500

20 40 60

Materials & Design 210 (2021) 110036

80 100 120 140

Vector number

—_—142

L43

Fig. 16. Mean vector temperature values of layers 42 (parallel) and 43 (orthogonal) of P1.2, the first and last ten vectors are neglected.

3.3.4. Detection of shielding gas interaction through OT

The off-axis camera is also able to detect this phenomenon. In
the region below the scanner (group 2), the average intensity is
4% lower in layers scanned parallel to the shielding gas direction
compared to layers scanned orthogonal. For this analysis, the
images of layers 34 through 283 from parts P1.2 and P4.2-P12.2
were considered. One manageable reason for this insensitivity lies
in the fact, that the exposure settings of the camera are chosen
such, that they yield satisfactory results for a variety of process
parameters and even different materials. Therefore, for a single
material and parameter set, the already limited dynamic range of
the camera (8 bit) is usually not fully exploited.

3.3.5. Influence of shielding gas speed on signal scatter

The presented findings first of all confirm that vectors oriented
parallel to the shielding gas exhibit a larger discrepancy in mean
melt pool temperature. Since the shielding gas stream across the
build plate is believed to be the main driver of this observation,
it is natural to investigate the impact of the relative speed between
melt pool and shielding gas. This is done by additionally inspecting
the signal scatter of P7 to P9, which are built using different scan
speeds while maintaining a constant energy input. The results
are summarized in Table 3 and obtained through each sample’s
overall signal imbalance o, 4. Which for a given sample with speed
v (0.6, 1.2, 2.4 and 4.8 m/s) and direction d (parallel and orthogo-
nal) is determined by the following equation:

130

Gea=NT 10

Table 3

where o7; is the standard deviation of a vector j's temperature. o7
denotes the average of the standard deviation of the n = 120 vectors
involved. Thus, the above equation basically presents the standard
deviation of the individual vectors’ standard deviations, and hence
represents how the vectors’ signal scatter level changes between
individual vectors.

The results clearly indicate two findings: First, the shielding gas
parallel bi-directional scanning always yields a higher signal scat-
ter compared to orthogonal scanning, which is considered negative
in general, since it indicates consecutive vectors with larger differ-
ence in process conditions. Second, the discrepancy between paral-
lel and orthogonal is indeed maximum for the case which is the
closest to the shielding gas stream velocity.

The investigations unveil two additional results regarding the
sensors: First, the pyrometer with its 12.5 kHz sampling frequency
is found unsuitable for providing reliable data at scan speeds of
4.8 m/s. Second, the thermography camera can be considered prac-
tically insensitive regarding the phenomenon of shielding gas
influenced melt pool dynamics. Considering the unimportance of
the effect, the pyrometer is reasonably sensitive, while the micro-
phone is most sensitive.

3.3.6. Results on sensor sensitivity

To conclude the actual scan-direction investigation, the relative
material density of the involved samples is determined using met-
allographic images for pore detection. The density of samples P1.2,
P7.2 and P8.2 is 99.8% or higher. Only P9.2, the candidate with the
highest scan speed, exhibited a density of only 97.9%. This is not
surprising, since the speed was deliberately chosen to cause unsta-
ble processing conditions. To further investigate the impact of

Sensor signal scatter between successive vectors as a result of scanning parallel or orthogonal to the shielding gas (~2.8 m/s). Lower is better, results are normalized sensor-wise

for comparability.

Scan speed ABN Pyrometer oT
[m/s] Parallel Orthogonal Parallel Orthogonal Parallel Orthogonal
0.6 0.5 03 0.6 0.5 0.8 0.9
1.2 0.7 0.2 0.6 04 0.7 0.7
24 1.0 0.1 1.0 0.4 0.7 0.7
4.8 0.4 0.2 - - 1.0 1.0
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shielding gas parallel scanning on material density, P2.2 is consid-
ered. This specimen is built with shielding gas parallel bi-
directional scanning only (no 90° rotation between layers). Its den-
sity is just as high as the reference specimen. All measurements
were verified using Archimedes’ principle for density determina-
tion. The data found leads to the following conclusions: While
allowing to exclude directional sensitivity for all of the involved
sensors as a sensor related measurement issue, this investigation
uncovered a real process deviation incidentally: Scanning in
shielding gas direction results in more process scatter. Material
density-wise however, when only scanning in shielding gas direc-
tion every other vector (bi-directional), no negative impact was
determined. Nevertheless, unnecessary shielding gas synchronous
scanning should be omitted, since the increased signal scatter
reduces readability and by that might conceal other process phe-
nomena in the monitoring data.

3.4. Detecting interlayer defects

Two process phenomena (spatter as a result of overhang and
defocusing which results in lack of fusion) have been exploited in
the previous sections to compare the sensors’ general ability to
deal with changing measuring conditions. This investigation serves
to affirm the quantitative findings of previous sections. Therefore,
in P3, a flawed layer is deliberately triggered in three instances
by creating horizontal voids through omitting several layers from
scanning (see Fig. 18). The first subsequent layer which again con-
tains all vectors practically faces an unnaturally deep powder bed,
as it would result from a recoater defect or short-feed of powder.
Scanning this results in a horizontal collection of voids. A detailed
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investigation on this topic was carried out by du Plessis et al.
[68,69].

The gap heights were set to 120 um, 300 um and 480 um. The
results of Fig. 17 lead to the following verdict: The initial gap
was low enough for the laser to melt through the whole stack with-
out creating any persisting lack of fusion. This happened unnoticed
by the OT camera, while both pyrometer and microphone show a
signal reduction (see Table 4). On the contrary, the third gap was
extreme: The layer 317, which was basically welded into loose
powder, did not sufficiently attach to the fins on either side. This
is evident from the OT image of the first layer after the gap (see
Fig. 18) and was visible during the process with the naked eye.
Moreover, this undefined process state resulted in one of the
pyrometer’s two channels exceeding an upper or lower bound,
which results in the retention of any further values for as long as
this condition persists. As this was the case with the investigated
layers for more than 30% of the measurements, it renders the given
values useless. After some layers, the geometrical integrity was
restored, and the process returned to normal conditions.

According to Table 4, both the microphone as well as the
pyrometer response to this underlying inhomogeneity with a sim-
ilar signal reduction. The OT camera is less sensitive for the small
gap heights, the 480 um gap however is received more intense.

4. Conclusion

In this study, the comparison of a microphone, an on-axis two-
colour pyrometer and an off-axis thermography camera was per-
formed on an LPBF laboratory machine under process conditions.
The sensors were tried for three domains of fundamental measure-
ment challenges: temporal resolution, impact of different sensing

Fig. 17. On the left, P3 with three gaps causing layered defects. On the right, metallography of the specimen P3.2. The dashed region indicates the area of the smallest gap.

Fig. 18. OT images of the first layer after each void. Left, L171 (unimpeded process), middle L244 some hotspots and spatter visible, and right L317 containing a large hotspot
in the area of loose powder as well as some spatter due to the layer not attaching to the fins on the side.
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Table 4

Materials & Design 210 (2021) 110036

Results from the gap scans in P3.2. Reference is taken from L77 where no gap was present, to which all results are sensor-individually normalized. ABN covers 100 - 700 kHz.

Results in brackets indicate invalid measurement conditions.

Scenario Layer ABN [%] Pyrometer [%] OT [%]
Reference 77 100 100 100
120 pm gap 1st subsequent layer 93 95 100
120 pm gap 2nd subsequent layer 95 96 101
300 pm gap 1st subsequent layer 78 83 99
300 um gap 2nd subsequent layer 88 88 95
480 pm gap 1st subsequent layer 75 (116) 255
480 pm gap 2nd subsequent layer 91 97) 137

distances and location, and different scanning directions and
speeds. Moreover, process deviations in form of interlayer flaws,
lack-of-fusion, defocusing and spatter are recorded.

With a sampling frequency of 12.5 kHz, the pyrometer exhibits
the necessary temporal resolution for sub-vector phenomena to be
observable, provided scan speeds are below 4.8 m/s. The extremely
high temporal resolution of the microphone was found to be
mainly applicable in higher frequencies, as reverberation happen-
ing within the build chamber causes smearing of the results below
100 kHz. Nevertheless, short-lived phenomena in the millisecond
scope were detected, especially in the higher frequency bands,
which provides justification for such a high-bandwidth micro-
phone. The camera does not provide a temporal resolution, still,
it was able to capture spatter at almost the same level of detail
as its two counterparts. Furthermore, by its spatial resolution, it
is the only sensor capable of recording the extent and direction
of spatter deposition. With its two-colour design, the pyrometer
is able to compensate for changes in spot fill factor and angle of
incidence, arising from working in different areas of the scan field
and thus with a deflected beam. Similar results are obtained for the
camera. The acoustic signal on the contrary demonstrates distance
dependent sensitivity and potentially also an angular response. The
melt pool moving direction relative to the sensor does not trigger
different sensitivities on any of the reviewed sensors. Overall, the
sensitivity regarding any process deviation is the highest with
the microphone. The pyrometer and the camera are less sensitive
by a factor of up to 15 and 40, respectively.

Aside from the sensor performance, the study at hand unveiled
the following general LPBF findings: The pyrometer and the micro-
phone received a reduced, instead of an increased signal as a result
of scanning an overhang area. This can be the result of a melt pool
enlargement and needs further investigation. Scanning parallel and
in the same direction as the shielding gas imposes up to double the
amount of scatter on the measurement and therefore conceals
other process anomalies. This is most prominent if the scan speed
and shielding gas velocity are equal. Deflection of the laser beam to
reach the corner of the scan field results in a reduced signal emis-
sion (acoustic and electromagnetic) and a wider melt track in the
material. The acoustic and IR emission is inverse proportional to
the beam diameter.

From the findings above, the following sensor specific recom-
mendations are projected: For melt pool intensity recording, a
two-colour pyrometer appears to be a promising and robust candi-
date. Aside from the Q-temperature, the single channel tempera-
tures should be recorded likewise, in order to obtain more
information about the melt pool and potential measurement errors
resulting from signal saturation. The microphone appears to be
interesting for independent signal validation and general process
development. In order for it to provide more straight forward data
however, the most equidistant location to the powder bed needs to
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be selected for the sensor head. For future studies on the given sys-
tem, it will be mounted at the ceiling of the chamber near the laser
window. Additionally, analytical compensation approaches are
provided to compensate for the remaining distance dependent
attenuation. Additional terms for the sensor’s angular response
are to be determined, and their application related scaling needs
to be specified. The pencil-lead-break-test was found helpful in
providing a reliable and broad band impulse sound source for such
undertakings inside a machine. The thermography camera is a sim-
ple, robust and inexpensive device. In this study, it did provide
additional insights by recording the amount and landing area of
spatter, additionally it helped in verifying the signals of the other
sensors. To increase its mediocre sensitivity, process parameter
specific exposure settings should be considered to exploit its whole
dynamic range. Additionally, a higher resolution can avoid smooth-
ing and thus hiding of local effects.
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Table 5
Optical and acoustic conditions for the specimens’ placement in the build envelope.
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# Laser angle of incidence [deg] Laser diameter aspect ratio [%] Distance to microphone [mm] Acoustic delay [ms]
1.1 21 107 319.8 0914
21 20 106 304.9 0.871
31 18 105 290.5 0.830
4.1 20 107 305.1 0.872
51 19 106 289.7 0.828
6.1 17 105 275.0 0.786
71 19 106 291.1 0.832
8.1 18 105 275.2 0.786
9.1 16 104 260.0 0.743

10.1 19 106 277.7 0.793

111 17 105 261.5 0.747

121 15 104 245.8 0.702
1.2 4 100 165.4 0.473
2.2 3 100 160.9 0.460
3.2 3 100 158.8 0.454
4.2 2 100 150.1 0.429
5.2 1 100 145.7 0.416
6.2 2 100 144.2 0.412
7.2 2 100 1359 0.388
8.2 1 100 1319 0.377
9.2 2 100 130.9 0.374

10.2 3 100 1235 0.353

11.2 2 100 119.8 0.342

12.2 3 100 119.6 0.342
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