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Quiality concerns in laser powder bed fusion (L-PBF) include porosity, residual stresses and
deformations during processing. Single tracks are the fundamental building blocks in
L-PBF and their shape and geometry influence subsequent porosity in 3D L-PBF parts.
The morphology of single tracks depends primarily on process parameters. The purpose
of this paper is to demonstrate an approach to acoustic emission (AE) online monitoring of
the L-PBF process for indirect defect analysis. This is demonstrated through the
monitoring of single tracks without powder, with powder and in layers. Gas-borne AE
signals in the frequency range of 2-20 kHz were sampled using a microphone placed
inside the build chamber of a L-PBF machine. The single track geometry and shape at
different powder thickness values and laser powers were studied together with the
corresponding acoustic signals. Analysis of the acoustic signals allowed for the
identification of characteristic amplitudes and frequencies, with promising results that
support its use as a complementary method for in-situ monitoring and real-time defect
detection in L-PBF. This work proves the capability to directly detect the balling effect that
strongly affects the formation of porosity in L-PBF parts by AE monitoring.

Keywords: process monitoring, balling effect, acoustic emission, additive manufacturing, laser powder bed fusion

INTRODUCTION

Metal additive manufacturing (AM) has grown significantly in recent years in industries such as
aerospace, medical, automotive, and other high-tech areas. Additively manufactured parts can be
produced with high resolution and excellent mechanical properties, in some cases even superior to
cast or forged metal alloys, as described in detail in the review paper (DebRoy et al., 2018). The
current economic and other considerations for cases where AM parts are viable and hold particular
advantages are discussed in detail in DebRoy et al. (2019).

Laser powder bed fusion (L-PBF) is a widely used AM technology (du Plessis et al., 2019; Leary,
2020; Schmidt et al., 2017), with many commercial systems available. The L-PBF process involves
many variables and a non-optimal setting (or variation) of these variables can result in reduced part
quality, and these quality changes cannot always be easily detected. This is further complicated by the
fast-growing field with different types of systems and the general lack of standards (Seifi et al., 2016;
Seifi etal., 2017). The current state is such that published reports on mechanical and especially fatigue
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properties vary widely between different studies (Lewandowski and
Seifi, 2016). The causes of these differences are often attributed to
porosity (du Plessis et al., 2020), surface roughness (Beretta et al.,
2020), microstructure (Gu et al., 2012) and residual stress (Bartlett
and Li, 2019). These issues can be mitigated to some extent by post
processing (du Plessis and Macdonald, 2020; Cai et al., 2016) or by
process optimization (Yadroitsev et al., 2018).

There is a high demand for in-situ monitoring in AM generally,
and especially in laser powder bed fusion, as evidenced by a series
of reviews on the topic in recent years (Tapia and Elwany, 2014;
Everton et al.,, 2016; Spears and Gold, 2016; Grasso and Colosimo,
2017; Lu and Wong, 2018). Possible defects in 3D parts are partly
due to the high number of process variables, as discussed in more
detail in a comprehensive review of in-situ monitoring in (Grasso
and Colosimo, 2017). In this review, the concept of stability of
single track formation is particularly discussed—as single tracks are
the basic building blocks of the L-PBF process. Single tracks are
often used to optimize process parameters for a particular powder
material and L-PBF system. A stable single track is a primary
necessity for fully dense 3D part production. Strictly speaking,
there are no stable processes at the formation of a single track from
powder material. L-PBF is a nonlinear process that depends on a
set of input parameters and environmental conditions. The term
“stable process” is a convention at the macro level, when smooth
and even tracks alongside one another result in smooth and even
layers, followed by the next layer above this with sufficient
penetration depth into the previous layer, and the final result is
the production of non-porous L-PBF parts with excellent
mechanical properties. Hereafter in this paper the term
“stability” is used in this context to define the formation of a
smooth continuous single track/uniform single layer. When
forming uneven tracks, for example in the case of the humping
or balling effects, the tracks are irregular, which lead to adjacent
tracks and successive layers insufficiently melting and, as a result,
lack-of-fusion porosity occurs. The correlation between the shape
and size of the melt pool/single tracks and porosity in 3D parts has
been proven in many investigations (Yadroitsev, 2009; Tran and

Lo, 2019; Kuo et al,, 2020). The occurrence of defects during the
L-PBF process was also described in detail in Kyogoku and Ikeshoji
(2020) and Oliveira et al. (2020).

Only a few commercial in-situ monitoring systems are
available so far as outlined in Everton et al. (2016), mainly in
the form of imaging devices (cameras) and pyrometers. Cameras
monitor the homogeneity of the selectively melted layer and/or
the powder layer deposited by the powder delivery system.
Thermal cameras are also used to monitor the melt pool size
and shape, temperature, and aim to measure the stability of the
melt pool. Variations in the characteristics of the melt pool are
indicative of potential defect formation or an irregular process
which can lead to porosity formation. Thermal cameras are also
used to check local temperature hotspot generation for example
in sharp corners of parts, as high temperatures lead to an irregular
process with higher likelihood for porosity formation or surface
roughness. Despite the efforts in this domain and the availability
of commercial tools, the approach is still not optimized and limited
success has been achieved. Some of the drawbacks are the large data
sizes and the challenges in handling large data sets at high
processing speed. Not all forms of irregularities or instabilities
are necessarily detectable by these cameras, which also provides a
motivation for additional (possibly complimentary) in-situ
monitoring tools such as acoustic emission (AE).

ASTM E1316 and ISO 12716:2001 on non-destructive
examinations defines AE as a “class of phenomena whereby
transient elastic waves are generated by the rapid release of
energy from localized sources within a material, or the transient
waves so generated”. Online monitoring using AE is a versatile
method as it can be developed and applied in various approaches
for each specific need. In a first approach, called hit-based AE
processing, a signal that exceeds a specific threshold compels a
system channel to accumulate and process this data. In a second
approach, time-driven AE processing, some characteristics of AE
signals are studied on fixed time intervals. In a third approach, long
waveform streams are used: AE signals emitted from the whole
process are recorded to then identify events taking place during the
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process (cracking, damages, other specific defects). This third
method was used in the present work to acquire data as
recommended in ASTM E749-12 “Standard practice for AE
monitoring during continuous welding.”

AE can be divided into gas- and structure-borne emission as a
result of stress waves induced by changes in the internal structure
of the part being processed. For structural monitoring, qualitative
types of AE signals are burst (discrete) and continuous. “Burst” signals
are especially useful for the detection of delamination and crack
initiation under deformation. Acoustic signals from diffusive phase
transformations or coalescence of microcracks can be classified as
continuous signals. AE in materials that undergo phase
transformations, deformations and fractures depends on the
physical properties of the material as well as environmental factors.

AE has been used with great success in laser welding and
cutting (Duley and Mao, 1994; Gu and Duley, 1994; Nakamura
et al., 2000; Schiry et al., 2016; Yusof et al., 2017; Stepanova et al.,
2019). In laser processes such as laser welding, ablation, cutting,
fusion and surface treatment, various phenomena are observed,
such as vaporization, melting and solidification, interaction of
materials with the protective atmosphere, shrinkage, solid-state
phase transformations, plastic deformations and cracking. These
phenomena are all related to unique acoustic signals. It was
shown that the acoustic energy and spectrum for laser-
material interactions showed a strong correlation with laser
power, speed, and laser spot size (Bordatchev and Nikumb,
2006; Yusof et al., 2017; Kacaras et al., 2019; Wu et al., 2020).
Different AE signatures were found to distinguish the behavior of
optimal and faulty laser welding (Eschner et al., 2018).

Acoustic emission was mentioned in reviews of non-
destructive and in-situ monitoring methods for AM (Wu
et al, 2016; Lu and Wong, 2017; Lu and Wong, 2018; Wu
et al,, 2019). AE signatures as a function of various process-
parameters during metal AM was studied in Fisher et al. (2016),
Gaja and Liou (2017), Koester et al. (2018), Wasmer et al. (2018),
Taheri et al. (2019). Fisher et al. (2016) showed measurable and
repeatable differences in the acoustic signatures of the L-PBF
process as a function of laser power. Wasmer et al. (2018) found a
correlation of AE data from a fibre Bragg grating acoustic sensor
and porosity of samples manufactured at different scanning
speeds. Gaja et al. (2017), Koester et al. (2018), Taheri et al.
(2019) recorded AE signals during laser metal deposition (LMD/
DED) processes and found correlations between AE events, various
process conditions and defects. AE has also been applied with
success to the crack monitoring in fatigue tests of additively
manufactured titanium, which also illustrates the sensitivity to
crack detection of the technique (Strantza et al., 2017). A non-
contact acoustic in-situ monitoring method for AM was recently
patented by General Electric (Redding et al., 2017; Gold and Spears,
2018) and Renishaw (Hall, 2016). In Redding et al. (2017), the AE
sensors are used to compare signals from a reference defect-free
part (confirmed by other methods), to real-time AE data of the
printed part. It is alleged that sudden deviations in the amplitude of
acoustic signals indicate a fault in the process.

Acoustic emission holds promise as a simple, low-cost process
monitoring tool, however, AE in-situ monitoring devices are not
yet commercially available. In a L-PBF process, a simple
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microphone was used to monitor the process signature in Ye
et al. (2017) and machine learning methods were employed to
find process signals correlating to irregular track formation and
porosity formation due to balling and overheating, showing great
promise for the method (Ye et al, 2018). Under less severe
conditions with smaller porosities, a similar approach was
recently found to be successful, though using a more
specialized microphone (fiber Bragg grating) (Shevchik et al,
2018; Wasmer et al., 2018; Wasmer et al., 2019). A similar concept
is under development and preliminary results reported in
(Eschner et al., 2018). All the above-mentioned methods
combine machine learning with AE, with the aim to find
irregular process signatures and potentially correct these—for
example by inducing a full remelting of a defective layer.

An ultrasonic probe attached to the bottom of the build plate
was shown to be sensitive to residual stress and also some forms
of porosity formation in-situ (Rieder et al., 2014). Another related
approach which showed some promise is Spatially Resolved
Acoustic Spectroscopy, first demonstrated in an offline case in
Smith et al. (2016) and later demonstrated for online inspection
using deep learning in Williams et al. (2018). Recently, the
method was used to identify crystallographic textures, initially
in an offline scenario but potentially also deployable for in-situ
process monitoring (Dryburgh et al., 2019). The detection of artificial
cavities of only 0.2 mm in size has recently been demonstrated using
laser-induced phased arrays, although the response is not equal
throughout the volume (Pieris et al, 2020). All these afore-
mentioned techniques are technologically challenging in some
ways, either in hardware or in machine learning required.

Overall, the ultimate aim is to contribute to the in-situ
detection of process-induced defects for improving part quality
and even assisting in efforts to create a digital twin of AM
processes (Redding et al, 2017; Gaikwad et al, 2020). At
optimal process-parameters, L-PBF of Ti6Al4V ELI samples
can show very high density (>99.9%) and only randomly
distributed small pores (Yadroitsev et al., 2018). However,
non-homogenous powder delivery or redistribution of the
powder layer during processing of complex-shaped samples
can cause too-thick powder layers or, inversely, create areas
without powder. In the case of a critically thick powder layer,
there will not be metallurgical contact between the melt pool and
the previous solidified layer/substrate. Laser processing of areas
without powder will only result in re-melting of the previously
solidified layer. When applying the subsequent powder layer, a
thicker layer will be obtained, which can cause a balling effect
characterized by irregular tracks with highly varying widths and
heights up to a chain of beads. Early online detection of the
unstable or irregular formation of single tracks due to these
problems could prove to be an effective way of preventing
porosity and other defects in L-PBF manufactured parts.

It is important to estimate the critical (threshold) thickness of
the powder layer where irregular track formation and hence
associated porosity in 3D objects initiate. This was investigated
in the present study by manufacturing 3D samples with
intentionally designed horizontal cavities where the laser beam
does not melt areas of between 30 and 300 pm in height. In this
way, the critical layer thickness for porosity formation can be
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evaluated at a certain laser power density and scanning speed,
since when these parameters change, the critical layer thickness
will also change. In order to evaluate the porosity quantitatively,
samples were micro-CT scanned and also cross-sectioned for optical
microscopy. Single tracks were subsequently manufactured at
different process parameters and with different layer thicknesses.
The present work demonstrates the analysis of unique AE signatures
associated with the formation of a single track with optimal process
parameters, as well as identification of tracks manufactured at
powder-free areas and at too-thick powder layers.

As is known, there are different instabilities in the L-PBF
process; some have a stronger effect on the appearance of defects
than others. In this investigation, we studied the influence of the
balling effect on changes in the acoustic signal, with the constant
presence of other instabilities, since the balling phenomena due to
thick powder layers is one of the most important effects that
influences the porosity of L-PBF parts. The novelty in the work
lies in the direct detection of specific markers of unstable conditions
leading to the balling effect, which in turn causes lack of fusion
porosity. The simple algorithm and methodology demonstrated can
potentially be applied in-situ for correcting errors in a feed-back
control scheme, which is extremely important in manufacturing
high quality L-PBF parts (Hall, 2016; Druzgalski et al., 2020).

MATERIALS AND METHODS

The system used for L-PBF manufacturing was an EOSINT M280
machine (EOS GmbH) with building platform of 250 x 250 mm,
equipped with an ytterbium fiber laser operating at 1,075 nm
wavelength, TEMy, Gaussian profile and 80 um spot size. The
experiments were carried out on a Ti6Al4V substrate in Ar
protective atmosphere. Pre-alloyed gas atomized powder
Ti6Al4V ELI (extra low interstitial) from TLS Technik GmbH
& Co. Spezialpulver KG (Germany) was used. The equivalent
diameters of the powder particles were dj, = 12.03 pm,

dsp = 21.38 um, and dgp = 31.15 um. Values of d;y, dsg, and
dgp correspond to the percentages 10, 50, and 90% of particles
(weighted by volume) under the reported particle size.

Firstly, preliminary tests investigating the critical powder layer
thickness which causes lack of fusion porosity in 3D L-PBF parts
were conducted. Secondly, AE signals under different layer thickness
and laser powers were studied for single track formation. The third
part of the experiments was performed with three powder layer
thicknesses: no powder, reference (optimal) powder layer thickness
and critical (too large) powder layer thickness in order to develop
and demonstrate a simple layer thickness recognition algorithm
using AE.

Preliminary Tests on 3D Sample With

Artificial Porosity

A test sample with artificial rectangular cavities was designed to find
the critical powder layer thickness at which pores start to form (du
Plessis et al., 2016). The thickness of the designed cavities varied from
1-6 times that of a single powder layer (30-180 um), as shown in
Figure 1. The resulting porosity found by CT scans and cross-sections
in each of these cases aim to demonstrate what the critical layer
thickness is for optimal process parameters.

Design of Experiments With Single Tracks

for Acoustic Emission Tests

To establish a correlation between the sound pressure level (SPL),
the frequency spectrum of the sound and the shape of the single
tracks, a series of experiments were performed. First, two tracks
per set with individual tracks 48 mm in length were manufactured
on a substrate without powder and with different thicknesses of
the powder layer (30, 60, 120, 150, and 300 ym) at a laser power of
170 W and scanning speed of 1.2 m/s, which is optimal for 30 um
layer thickness (Yadroitsava et al., 2015). The signals from each
set of tracks were split into four parts, and average values of eight
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FIGURE 2 | Schematic of experimental setup (A) and building chamber view showing the location of the microphone and cameras (B). The laser scanning direction

signals were analyzed. Secondly, to study the effect of laser power,
single tracks (two tracks in each set) were produced on a substrate
without powder at 100, 170, and 340 W at a fixed scanning speed
of 1.2 m/s. The lengths of these tracks were also 48 mm.

Layer Thickness Recognition Algorithm

To investigate the repeatability of the AE signals, three sets of ten
tracks each with 90 mm length were produced at 170 W and
1.2 m/s scanning speed. Tracks for the reference layer thickness of
30 um, tracks without any powder and tracks with a 120 pm thick
layer were produced. This series of experiments simulates extreme

scenarios of non-homogeneous powder layer thickness in L-PBF.
From the preliminary test, a critical powder layer thickness (120 um)
was chosen to trigger the balling effect, which is known to provoke
porosity in 3D-printed L-PBF parts. Single layers (square areas) of
10 mm x 10 mm were produced at the same laser parameters with a
unidirectional scanning strategy and 100 pm hatch distance.

Acoustic Emission Signal Processing

AE signal analysis was performed by post-processing, compiled
and implemented using LabView (National Instruments) and its
signal processing algorithms library. The sound propagating
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FIGURE 3 | Images from optical microscope of cross-sections of the 3D test sample with designed internal cavities of 30-180 pym (see also Figure 1).

200 um

1 mm

N

through the surrounding protective atmosphere was recorded and
analyzed subsequent to the L-PBF process. A 1/2" pre-polarized
free-field condenser microphone 378B02 model (PCB
Piezotronics, Inc., United States) was installed at an angle of 20°
to the vertical and 240 mm above the edge of the building platform
and used to record the AE signal (Figure 2). The microphone has
an optimal frequency range of 3.75-20,000 Hz (+2 dB). According
to the Nyquist criterion, the sampling frequency for Fast Fourier
Transform (FFT)-based measurements is required to be at least
twice the maximum frequency component in the signal. In the
present investigations, the AE data for each test was acquired at a
sampling frequency of 102.4 kHz, ie., ~5 times higher than the
maximum measured frequency of 20 kHz.

In order to develop an AE signal model that can recognize the layer
thickness, one would firstly need to calculate the signal-to-noise ratio
(SNR) of the AE. The AE registered signal was comprised of a sound
from the environment and from the L-PBF process. It was found that
after applying a 2 kHz high pass filter, the start and end of the tracks
were clearly distinguishable. The signal to noise ratio was calculated
from FFT as the ratio of cumulative amplitudes at 0-2kHz to
2-20kHz frequency components. The signal-to-noise values were
-10.2, —4.7, and —3.7 dB for tracks without powder, with 30 um and
with 120 pm powder thickness, respectively. Analysis of the dominant
frequencies was performed using FFT.

To identify the model required for the recognition of irregular
morphology of tracks through AE, the recorded data was also
processed using Short Time Fourier Transform (STFT). To obtain
an initial general conception of the sound emitted during the L-PBF

process, STFT was selected as it is relatively easy to implement and
interpret. A STFT spectrogram of ten tracks for each set was done
without powder (0), one layer (1, reference 30 um layer), and critical
(thick 120 pm layer) powder thickness. To create the models, ten
tracks for each layer thickness were used. These ten tracks were then
split into two groups. One group was used to build the model and
another group for testing. The model was built using the first six
tracks. The remaining four tracks were each tested against the model.
The steps in the forming of the algorithm are:

e Apply 2 kHz high pass filter to remove the noise from the signal;

e Calculate the frequency domain and identify the frequency
content of studied thickness;

e Use the identified frequency content and create a model that
could recognize a deviation.

The aim of the model is to make use of the identified frequency
content to determine regimes of scanning without powder or on a
thick layer when the “balling” phenomena starts.

RESULTS

Powder Layer Thickness and Pore
Formation in 3D Samples

The heights of the rectangular cavities in the 3D test sample were
designed in the range of 30-180 pm. Up to 180 pum (six skipped
powder layers), an entirely open cavity was not produced as
expected, and the designed rectangular pore has the appearance
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FIGURE 4 | Typical view of single tracks on the substrate at different powder layer thickness: top view (A) and cross-sections (B), scanning speed of 1.2 m/s and

of a chain of irregular pores as observed in CT scans (du Plessis
et al, 2016) and as shown in physical cross-sections (Figure 3).
The cross section of the sample showed that the internal cavities
had irregular shapes and pronounced lack of fusion defects
started only at 120 um thickness of the powder layer (E-G),
Figure 3. In areas with rectangular cavities designed at 30, 60, and
90 um in height, only random small pores with size less than
50 um were found. Thus, at the selected laser power and scanning
speed, a designed thickness at (and above) 120 um led to a chain
of pores, or extensive “lack of fusion porosity”.

The shape of single tracks at different powder layer thickness
was analyzed further at similar laser power and scanning speed
(Figure 4). The progression of increasing track irregularity with
increasing powder thickness is clear, up to the balling effect at
high thickness.

Morphology and Acoustic Emission of
Single Tracks Manufactured at Different
Layer Thicknesses

In the first series of AE experiments with single tracks, clear
differences in track morphology were observed from the top and
cross-sectional views at different layer thicknesses (Figure 4).
Note the uniform smooth tracks on the substrate without powder,

while regular continuous tracks were produced with powder up to
layer thickness of 60 pm.

Irregular tracks started at 120 um powder layer thickness. At
this thickness, a pre-balling effect begins, where tracks were still
continuous but had an irregular shape in the form of a sequence
of beads interconnected by curved tapering tracks. The tracks on
the 300 um thick powder layer had no regular metallurgical
contact with the substrate—only some molten beads were
slightly attached to the substrate at random areas. This means
that at this laser power, spot size and scanning speed, the laser
power is not enough to melt both the 300 um powder layer and
the substrate material.

With an increase in powder layer thickness, more material is
involved in the process that increases the size of the top part of the
track and decreases the depth of penetration into the substrate
and reduces the contact zone (Figures 4, 5). A decreased
penetration depth into the substrate material (or previously
remelted/processed layer) ultimately caused lack of fusion
porosity (Yadroitsev, 2009; Oliveira et al., 2020). During the
process of the formation of a single track, the value of the
recorded SPL increases with increasing layer thickness up to
120 um and then a turning point occurs (Figure 5). The analysis
of the cross section showed a similar behavior of the contact zone,
which also reached a maximum at a layer thickness of 120 um
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(Figure 5). When more powder and substrate material were
involved in the process, this corresponded to higher AE
intensity. Then, when the track lost continuous contact with
the substrate, the SPL decreased. For the selected laser power of
170 W and scanning speed of 1.2 m/s any layer thickness greater
than 120 pm results in insufficient metallurgical contact with the
substrate. Thus, the substrate begins to be excluded from the
process. Any further increase in the powder thickness will lead to
absorption of the emitted sound by the powder and ultimately
stabilize the SPL value.

Spectral analysis of the signal for the single tracks showed that,
with an increase in the thickness of the powder layer, not only the
total SPL changes, but also the spectral frequency of the sound
(Figure 6). FFT amplitudes of single tracks had 20-150%
coefficients of variation (i.e., ratio of standard deviation to
average value). Thus, non-parametric median values of the AE
frequency spectrum were used.

All processed layers had high median values of AE intensity
amplitudes at 2 and 3.5 kHz. Without powder, the peaks were
low, especially after 10 kHz (Figure 6). At the reference 30 um
powder layer, the intensity of the signal increased for all
frequencies. The signal was stable, without expressed peaks.
With an increase in the layer thickness to 60 pm, peaks were
found at 12 kHz. Further increasing layer thickness up to the
critical value of 120 pm led to the appearance of high signals near
7kHz with amplitudes 1.5-2 higher than without powder. At
150 um layer thickness, peaks shifted to lower frequencies. Some
high amplitude peaks were found for single tracks at a layer
thickness of 300 um at 5.5-8 kHz, the high frequency spectrum
had lower amplitude and shifted left. The overall amplitude of the
frequencies follows the same pattern as with the SPL in that the
energy increases up to 120 um layer thickness and then decreases.

As the powder layer increases beyond 10 layers (300 um), the melt
pool will not touch the substrate at all due to the penetration
depth into the powder bed staying at maximum, regardless of the
thickness of the powder layer beneath the track and, therefore,
amplitudes at all frequencies are flattened (Figure 6).
Apparently, the main sign of an increase in the layer thickness
and the associated balling effect is the presence in the spectrum of
high amplitudes at frequencies of about 7-10kHz, but this
assumption should be studied on a larger number of single
tracks, forming a single layer at different layer thicknesses.
Acoustic phenomena such as reflections, resonances etc. can
drastically affect the AE measurements, this needs to be
considered along with the sensor specifications and placement.

Morphology and AE of Single Tracks
Without Powder at Different Laser Powers

The AE signals for laser processing of the substrate without powder
at laser power of 100, 170, 340 W and 1.2 m/s scanning speed was
studied (Figure 7). At 100 W, the presence of frequencies above
~7 kHz was low (Figure 7A), and the cumulative amplitude was
almost constant (Figure 7B). At 170 and 340 W, high frequencies
started to contribute more to the AE signal and the cumulative
amplitude increased 1.5 and 2.7 times in comparison with 100 W
processing, correspondingly.

DISCUSSION AND ACOUSTIC EMISSION
LAYER RECOGNITION ALGORITHM

Increasing the laser power leads to a wider and deeper melt pool
(Figure 7A) and correspondingly the AE energy also increased
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FIGURE 6 | Frequency spectrum and median intensity of Fast Fourier Transform (FFT) acoustic emission (AE) signals for single tracks produced without powder
and 30 um (A), 60 and 120 um (B), 150 and 300 pm (C) powder layer thickness.
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FIGURE 7 | Typical FFT spectrum and photos of single tracks without powder at 100, 170, and 340 W laser powers and 1.2 m/s scanning speed (A) and
cumulative amplitude at 2-20 kHz (B).

over all frequencies, (Figure 7B). The SPL at the formation of  melt pool and consequently affect the progression of the AE. With
single tracks without powder was 73.5 + 1.49dB, 75.3 + 148dB  increasing laser power, the temperature of the melt pool and the
and 78.6 + 3.0dB for the laser power of 100, 170, and 340 W,  vapor pressure significantly increases, which leads to a change in
respectively. The generation of acoustic waves during melting and ~ AE signal. Higher energy input also increases the spatter process
solidification of the material can be due to phase transformations, ~ (Wang et al., 2017; TaheriAndani et al., 2018) which will certainly
instantaneous changes in the volume of the gas in the region of the ~ affect the frequency and intensity of the AE signals. In the present
melt pool, and the ejection of particles in the spattering process. An  experiments, the spatter effect increases with powder layer
increase in the laser power leads to an increase in the temperature  thickness and this correlates well with the SPL and frequency
and size of the melt pool, deeper penetration into the substrate up  changes.

to the keyhole regime. As shown in Mao et al. (1993), the keyhole FFT for AE signals from three sets of ten tracks each with
mode dramatically raised AE for laser welding. In L-PBF, changing 90 mm length that were produced at 170 W and 1.2 m/s scanning
scanning parameters have a drastic effect on the melt pool shape,  speed shows similar results. The case without powder layer showed

denudation zone and spattering effects (Yadroitsev, 2009; Bidare ~ low AE, especially at a higher frequency, about 50% of signal
et al,, 2018). As shown in Figure 6, the intensity of the AE signal  strength was concentrated between 2 and 7 kHz (Figures 5, 8).
increased when more material was involved in the process (thicker ~ There is a clear corresponding rise in cumulative amplitude of AE
layers). Since a layer consists of multiple tracks that are nexttoeach  signals after 6 kHz with layer thickness. These types of indicators
other, depending on the position of the single track, varying  can be used to develop online monitoring identifiers. Analysis of
amounts of solid and powder material will be involved in the  the SPL and dominant FFT frequencies averaged over the entire
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FIGURE 8 | FFT spectra and average intensity of AE signals for 10 single tracks produced without powder, 30 and 120 pm powder layer thickness at 170 W laser
power and 1.2 m/s scanning speed.

signal time intervals suggested that the AE signal can correlate with
processed layer thickness and with the size of the melt pool.

In general, due to the high variability of the amplitudes, it was
difficult to find a simple direct correlation between the dominant
frequencies and the thickness of the layer for the studied 2-20 kHz
range (Figures 5, 8). Apparently, the main sign of an increase in the
layer thickness and the associated balling effect is the presence in the
spectrum of high amplitudes at frequencies of 6-10 kHz, but this
assumption should be investigated on a larger number of single tracks,
forming a single layer. FFT amplitudes of single tracks varied
significantly with time during processing, so STFT was used to
evaluate the effect of powder layer thickness on the process AE.

Summing up all the STFT values at individual frequencies over
time, can indicate how much of each frequency was present for
each powder thickness (without powder, 30, 120 pm), Figure 9A.
The proposed layer recognition algorithm works by creating a
signature for each deviation from the reference signal, one
signature for the deviation from “reference-to-no-powder
layer” and another signature for the deviation from “reference-
to-thick powder layer”.

The amplitude Ay for each frequency f was calculated as

T-1
Ap =) STFF,

t=0

1
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and then it was scaled to [-1; 1] by Eq. 2:
Ap = 0.5[MAX(Ay) - MIN(4y)]
0.5[MAX(Ay) - MIN(Ay)]

AScaledy = (2)

Each set of track data was subtracted from the reference set to
obtain the two signature/characteristic curves: “reference layer”
minus “no powder layer” and “reference layer” minus “thick
powder layer”. The characteristic difference AAfin amplitudes for
each frequency is calculated by:

AA; = ARef Scaleds — A Test Scaled As 3)

The results of the two signature/characteristic curves for thick
powder layer and scanning without powder calculated from Eq. 2
are shown in Figures 9B,C. The signature/characteristic curves
shown in Figures 9B,C were used in the algorithm to test the
remaining tracks. This was done by subtracting the new AE signal
from the reference signal and correlating the answer to the two
signature curves (“reference-no powder” and “reference-thick
layer”).

For the quantitative data comparison algorithm, normalized
correlation between the remaining set of tracks and the two
characteristic curves from model were calculated by:

1
C=—————"% AAModel; x AAModel 4
\/ETesthModel; oaey X 0dey “
where:
EModel = Z|AAModelf|2
/ 5)

ETest = ) |AATesty|
7

The models showed high correlation values >0.8 for the
“reference-no powder” model and >0.6 for the thick powder
layer (Table 1). The reference tracks showed very low correlation
with either model, as expected.

To implement this approach for online monitoring by AE, the
recorded sound must be compared to both the models
(Figure 10). Low correlation to either model means that the
L-PBF process occurs within the specified parameters and
presumably without defects. High correlation with the “no
powder” model indicates that tracks were processed with
lower powder thickness than expected, this will increase the
probability of thick powder being present on the next layer.
High correlation with the “thick powder layer” model
indicates a high probability of balling effect and subsequent
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TABLE 1 | Correlation coefficients for experiments with single tracks. The values in bold are the that should correspond to that column i.e., data should correlate to that

column.
“Reference—no powder” model “Reference-thick powder layer”
model
No powder Tracks 1-6 1 0.087
Track 7 0.867 0.078
Track 8 0.936 0.079
Track 9 0.926 0.081
Track 10 0.873 0.071
Reference thickness (30 um) Track 7 0.340 0.122
Track 8 0.034 0.135
Track 9 0.000 0.202
Track 10 0.000 0.415
Thick (critical) powder layer (120 pm) Tracks 1-6 0.087 1
Track 7 0.093 0.801
Track 8 0.116 0.779
Track 9 0.168 0.683
Track 10 0.218 0.713
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FIGURE 10 | Flowchart for recognition of layer thickness by AE signals.
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FIGURE 11 | Cumulative amplitude of AE signals for single layers in different sets of powder thickness: 1 layer (30 um as reference, solid line), four layers (120 pym,
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TABLE 2 | Correlation coefficients for model/test experiments. The values in bold are the that should correspond to that column i.e., data should correlate to that column.

“Reference—no powder” model

No powder Model
Test

Reference thickness (30 pm) Test

Thick (critical) powder layer (120 um) Model
Test

“lack of fusion” porosity in the corresponding area of the part.
Additionally, other type of defect signatures can potentially be
created and added to expand the range of defects which the
system can recognize.

The same procedure was used to create and test the algorithm
for the layers. The results show to be similar in that: the AE energy
increases with powder layer thickness; the same peaks are present
at ~6-8kHz and for no powder the energy is low at higher
frequencies (Figure 11).

One notable difference between single tracks and single layers
are observed for no powder, 60 and 120 um: an increased
amplitude at ~3.5kHz peak is present for layers which was
not observed for tracks. This can be due to an increase in
local heating and in the regular change of the denudation
zone in the manufacturing of a sequence of tracks, ie., a layer,
which is absent in the manufacture of single track (Yadroitsev and
Smurov, 2011). The layers correlated very well with the two
models (Table 2). Correlation values of the reference thickness
showed some correlation to “reference-no powder” model. The
threshold for the layers can be set as high as 0.9 to warn the
system for a defective powder layer.

This AE approach can possibly be implemented using a device
like a Field Programmable Gate Array (FPGA). The AE can be
analyzed during the building process, once the correlation
threshold is exceeded a signal can be sent to the operating
system either to adapt or interrupt the building process or
stop a specific defect part. Future work could include other
linear time invariant algorithms with the identified frequencies.

CONCLUSION

In this paper, a detailed analysis of airborne AE signals for laser
powder bed fusion of single tracks and layers is presented. Track
morphology at different layer thickness and laser powers are
compared to AE signals. The results show that a simple algorithm
could accurately identify problematic situations where the thickness of
the powder layer is uneven or above a critical value: it can identify
between cases when there is no powder, a reference powder layer and
a thick powder layer when the balling effect started, and when tracks
were irregular in shape (resulting in lack of fusion).

In real conditions, if we consider the process of manufacturing the
core area of a L-PBF part, the process parameters do not change and
are constant for a certain material. The only variable is the layer
thickness, due to uneven delivery of the powder layer, material
shrinkage, denudation zones, scanning strategy, and so on. This

“Reference —thick powder layer”

model

1 0.017

0.996 0.020

0.469 0.103
0.017 1

0.042 0.947

study has shown how the AE signal changes depending on the
layer thickness and how this can be implemented as an online
monitoring tool.

The post processing algorithm can be used in the design of a
real time online process monitoring of laser powder bed fusion.
Changing the layer thickness has a great effect on the AE. It is
therefore proven to be viable to detect and directly correlate AE
signals with process instability leading to the balling effect. AE
might be a valuable missing complementary tool in online
monitoring systems.

The complex nature of the L-PBF process leaves much space for
investigation of the sources of AE and how each parameter may affect
the AE signal along with the limitations of using these signals. The
limit of the smallest thickness deviation that this method can detect
should be investigated. Also, most definitely, some of the defects
associated with the balling effect can be eliminated by manufacturing
subsequent layers. Therefore, one should consider not a single marker
indicating a possible defect in a specific location, but a set of signals
arising in a specific location on a certain number of layers, which will
indicate a high probability of a defect in this location.

Future work involves finding what information might be
hidden within the machine noise (0-2 kHz) and using other
signal processing tools. To develop an online monitoring
method, further research is needed to determine how other
factors can change the sound emitted during the L-PBF
process. For example, factors like scanning strategies
which influence melt pool temperature, and part geometry,
especially those containing overhang areas could also affect
this. When looking at the scanning strategy—changing
scanning parameters at the border of the part, should not
be recognized as a defect. When considering an overhang, the
thickness of powder layer and scanning parameters may
change and this must be taken into account with
monitoring by AE. These factors make it difficult to find a
generalized solution and not to mention others like different
platforms and technologies that are being used: physical
dimensions, materials, and hardware such as build
platform heating and multi-beam laser technology. This
limits one from simply applying a method without
considering all the detail of each specific case, but this
limitation is inherent to all process monitoring tools. The
proposed algorithm can be fine-tuned and extended to
include different events other than layer thickness, this
approach can then be integrated with the L-PBF software
to either alarm or adapt system parameters when AE does not
correlate to the required reference values.
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