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ARTICLE INFO ABSTRACT

Keywords: Crack formation of CM247LC makes fabrication of this alloy by powder bed fusion-laser beam a major
CM247LC challenge. Rather than focusing on prevention strategies, this work investigates the possibility of monitoring
CraCk“}g o crack formation using in-situ acoustic measurements. During printing, impulsive acoustic events are observed
:;;ufgc monitoring in structure-borne acoustic emission recordings, and a signal processing pipeline is proposed in order to

automatically detect these events over the full print. No clear correlation was found between the number of
these acoustic events and the observed crack density. However, the acoustic impulses are hypothesized to be
caused by post-solidification cracks, where either the hot crack or the sharp edges of lack of fusion porosities
act as initiation sites for small scale cracks. This is further validated using operando synchrotron imaging,
showing that the formation of a hot crack does not seem to generate acoustic impulses, but the morphology
change of the crack after solidification does. Finally, these acoustic events were not detectable with an optical
microphone.

1. Introduction

Powder bed fusion-laser beam (PBF-LB) has matured into one of
the most widely adopted metal additive manufacturing (AM) tech-
nologies for producing geometrically complex metallic components
[1]. However, the industrial adoption of high-y’ Ni-base superalloys
remains limited by their high susceptibility to cracking during PBF-
LB manufacturing. Among these alloys, CM247LC is widely used in
the hot sections of gas turbines owing to its excellent creep resistance
and oxidation resistance, yet it is considered a very crack-susceptible
non-weldable Ni-base superalloy when processed using PBF-LB [2].
Improving the understanding of crack formation and eventually its
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mitigation is therefore essential for enabling the reliable manufacturing
and qualification of these alloys.

Cracking in PBF-LB processed Ni-base superalloys can arise through
multiple mechanisms that occur at different stages of a thermal cycle.
Hot cracking encompasses both solidification cracking and liquation
cracking. Solidification cracking occurs during the terminal stages of
solidification, where tensile stresses pull apart thin solute-rich liquid
films between adjacent solidifying dendrites [2,3]. Liquation crack-
ing, on the other hand, results from the localized melting of low-
melting phases or segregation within the heat-affected zone, which then
tears apart under tensile stresses [2,3]. In contrast, solid-state cracking
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occurs after complete solidification, either during post-solidification
cooling or subsequent thermal exposure. Two commonly reported solid-
state cracking mechanisms are ductility dip cracking (DDC) and strain-
age cracking (SAC). DDC is generally associated with a temporary
loss of ductility over a specific temperature range, whereas SAC re-
sults from the combined effect of rapid y’ precipitation and the high
residual stresses retained from the PBF-LB process [2,3]. Importantly,
these cracking mechanisms have distinct physical origins but are of-
ten found at dendritic and/or grain boundaries making post-mortem
identification challenging.

Although hot cracking is generally accepted as the dominant crack-
ing mechanism in as-built CM247LC, some recent studies suggest that
solid-state cracking may also occur during the PBF-LB build process
[4,5]. Furthermore, hot cracks are typically found at dendritic and/or
grain boundaries, whereas solid-state cracking has also been reported
to exhibit transgranular fracture [6].

Operando synchrotron X-ray radiography has provided insight into
crack formation during PBF-LB of CM247LC. Ghasemi-Tabasi et al.
[7]1 demonstrated that solidification and liquation cracking can be
distinguished through real-time observations supported by numerical
finite-element simulations. More recently, Fardan et al. [8] confirmed
that cracks observed in as-built CM247LC predominantly are solidifica-
tion cracking and further demonstrated crack suppression through the
addition of nano-Y,O5 particles and Hf powder.

In addition to Fardan et al. [8], multiple other studies have been
performed in order to try to reduce the cracking severity in CM247LC.
First, several studies have tried changing the alloy composition, most
commonly focussing on changing the Hafnium content as Hafnium has
a significant influence on the solidification interval. One approach is
to lower the Hafnium content in order to reduce the solidification
interval to reduce the solute rich liquid in the mushy zone [9,10].
Contrary, other approaches increased the Hafnium content in order to
increase the solidification range to allow for better backfilling of the
incipient solidification cracks, which also reduced crack density [8,11].
Next, several studies also show that the process parameters have a
significant influence on the crack formation [12-14]. Kalentics et al.
[15] have also shown significant reduction of crack densities through
the addition of laser shock peening. Finally, post-processing techniques
such as hot isostatic pressing are also considered in order to reduce the
crack density of the final part [16].

As the crack density is highly sensitive to a wide variety of parame-
ters, there is still a need for crack detection in CM247LC. Therefore, this
study assesses the possibility of monitoring the crack formation using
in-situ acoustic monitoring. Previously, Seleznev et al. [17] showed
the possibility of monitoring millimeter scale cracks in PBF-LB of
Alg,Mn¢Ce, using a structure-borne sensor, which was later extended to
include a machine learning approach in order to reduce the number of
false positives [18]. Ito et al. [19] showed that micro-cracking can also
be detected using structure-borne acoustic emission sensors. Recently,
Raeker et al. [20] investigated the feasibility of using structure-borne
acoustic measurements for crack detection in laser remelting in single
line scans, where it was found that cold cracking causes an acoustic
emission spike, while for hot cracking mechanisms no such spike
was found. In contrast, Fardan et al. [8] found acoustic impulses in
CM247LC printed with hot cracks while no impulses were found when
the alloy was modified to eliminate the cracking.

In addition to structure-borne acoustic emissions, Moore et al. [21]
showed that the cracking of a cantilever due to thermal stresses, at a
designed failure point, can be monitored using an airborne microphone.
In line with this, Prieto et al. [22] showed that in laser metal deposition,
the internal cracks can be monitored using an optical microphone.

This work aims to investigate the possibility of using acoustic
monitoring of PBF-LB for the detection of cracks in CM247LC. The
crack mechanism, hot cracking or post-solidification cracking, is taken
into account and both structure-borne acoustic emissions and airborne
acoustic emissions are evaluated.
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Fig. 1. Schematic of the laser speeds and powers used in the wHf and nHf
experiments.

2. Materials and methods
2.1. Experimental setup

This work encompasses two experimental campaigns: an experimen-
tal campaign performed on a lab-made PBF-LB machine at EPFL and
measurements performed using operando synchrotron measurements as
shown in [8].

2.1.1. Measurement campaign using lab-made PBF-LB machine

The lab-made PBF-LB machine used for the experimental campaign
at EPFL, as discussed in depth in [23], was equipped with a Raylase
Axialscan-30 scanhead and a 1070 nm 500 W IPG laser. The beam
diameter was 48 pm and the chamber was continuously flushed with
Argon.

Two types of prints are considered, prints with sixteen 10 x 10 mm
cubes of 1.8 mm height, and single line scans. Two sixteen-sample
prints are performed: one with nominal CM247LC powder (CM247LC
wHf) and one with modified powder without Hafnium, from here on
called the wHf and nHf print. The powders were previously discussed in
[24], with the resulting alloy composition as shown in Table 1. The goal
of the sixteen-sample print was to induce different levels of cracking by
changing the scan speed, laser power, and powder composition. The
hatch spacing and layer height were kept constant at 60 pm and 30 pm
respectively (resulting in a 60 layer print). Unidirectional scanning was
employed in two configurations with a relative rotation of 90°, one
scanning directly against the gas flow and one perpendicular to the gas
flow. The two different scanning strategies were alternated between the
layers. The speed was changed from 550 mm/s to 850 mm/s in steps
of 100 mm/s, and orthogonally, the power was changed from 120 W
to 180 W in steps of 20 W, which is shown schematically in Fig. 1.
The resulting samples were cut from the 10 mm thick nickel baseplate
using a diamond wire saw, cut in half in line with the build direction
and embedded. The embedded samples were ground using fine SiC
abrasive paper (2500 grit) and the surface was polished using 3 pm
and 1 pm diamond paste, followed by final polishing with a non-drying
OPS colloidal silica suspension.

In addition to the sixteen cube prints, a single scan line was printed
directly against the gas flow on the same machine with the nominal
powder, where a single line of a single layer is printed at 550 mm/s and
180 W. The printed single line was then remelted three times, using
the same speed and power, as it has been shown that remelting can
possibly influence the level of hot cracking [6]. The single line scan
was manually ground until approximately the midpoint of the scan line
and polished parallel to the laser scanning direction in order to obtain
a complete microstructural overview of the entire track. The polished
samples were then etched for 10 s in a boiling solution consisting of 75
mL HCI, 25 mL HNO3, and 200 mL distilled water.
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Table 1

Composition of the CM247LC powder and the modified powder without Hafnium.
wt% Al B C Co Cr Fe Hf Mo Ni Ta Ti w Zr (0]
CM247LC wHf 5.71 0.017 0.06 9.24 8.62 0.02 1.37 0.54 Bal 3.08 0.73 9.93 0.006 0.01
CM247LC nHf 5.56 0.01 0.07 9.14 8.36 0.07 0.005 0.53 Bal 3.18 0.63 9.48 0.018 0.01
CM247LC Operando 5.60 0.010 0.06 9.30 8.00 0.03 1.30 0.50 Bal 3.20 0.80 9.70 0.009 0.01

The acoustic monitoring was performed using both a structure-
borne acoustic emission sensor and a XARION optical microphone. The
structure-borne acoustic emission sensor was an VS370-A3 from Vallen
Systeme with a frequency range from 150 kHz to 600 kHz which was
mounted on the bottom of the 10 mm thick nickel baseplate. In addition
to the structure-borne acoustic emission sensor, a XARION ETA 250
ultra optical microphone was installed for the wHf print, which features
a bandwidth up to 1 MHz, with an integrated high-pass filter set at 10
kHz.

Both sensors were sampled at 2 MHz using an Elsys TPCE-0216-4S
DAQ card, accompanied by a voltage signal from the laser card which
indicated when the laser was on. For the sixteen-sample prints, the data
was only analyzed starting from layer 31 (the last half of the layers)
as the bottom of the cubes was removed during the cutting process
and thus could not be characterized. For the nHf print, layers 40 and
59 were not analyzed as a short print interruption caused the data
acquisition setup to not capture the printing of all cubes in these layers.

2.1.2. Synchrotron experiment

In addition, an experiment inside a synchrotron beamline was per-
formed using nominal powder, CM247LC Operando in Table 1. A
miniaturized PBF-LB machine was placed at an X-ray imaging beamline
[25], where the top surface of a thin wall (150 pm thick) was remelted
three consecutive times with a laser with a spot diameter of 50 pm,
100 W laser power and 200 mm/s scan speed. The operando X-ray
imaging was conducted at the TOMCAT beamline of the Swiss Light
Source (SLS), the Paul Scherrer Institute (PSI). The X-ray beam was a
polychromatic beam with a peak energy of 20 keV, where, after passing
through the thin wall, the X-rays were transformed into visible light
through a 50 pm thick LuAG:Ce scintillator. The light was subsequently
captured using a high numerical aperture microscope (4x magnifica-
tion; Optique Peter, Lentilly, France) and recorded using an in-house
developed GigaFRoST detector [26]. The images were captured at 10
kHz with an effective pixel size of 2.75 pm. More information of this
experimental set-up can be found in Fardan et al. [8]. The obtained
synchrotron video was subsequently filtered using a three point mean
filter over the x,y, and time axis in order to reduce the amount of noise
present. The resulting images were then finally enhanced by subtracting
a Gaussian-blurred version of the image using openCV [27].

The acoustic monitoring in the synchrotron experiment was per-
formed using the same type structure-borne acoustic emission sensor
sampled at 1.5 MHz using an Advantech 1840 PCle DAQ card. The
acoustic measurement and the video were synchronized by triggering
the start of the video based on the laser signal and by recording this
laser signal synchronously with the acoustic emission signal.

2.2. Acoustic signal processing pipeline

Initial data observation showed clear acoustic events being present
as shown in Fig. 2. Therefore, an acoustic signal processing pipeline was
developed with the aim of extracting all of these events. The pipeline
is based on a differentiation step, a filtering step, an enveloping step,
detecting sudden energy increases and a thresholding step.

First, the signal is differentiated, as this can increase the prominence
of impulsive events in acoustic signals [28] and also increased the peak
values of the following proposed detector. Looking at the signal and
its differentiation in Fig. 2, one can observe that next to augmenting
the impulsive content, the differentiation operation has the additional
benefit of removing the mean offset in the recorded AE signal.

Next, the signal is filtered with a highpass filter. Based on the
short time Fourier transform (STFT) as shown in Fig. 3, the cutoff
frequency was set at 200 kHz. Afterward, as the aim is to monitor the
instantaneous energy of the signal, the signal is squared and lowpass
filtered (at the same frequency as the highpass filter), resulting in the
square envelope [29].

Now, as the goal is to detect sudden energy increases, the signal
is processed by taking the difference between the acoustic energy in a
window and in a subsequent non-overlapping window. This is imple-
mented through the use of a convolutional filter in order to compute
the energy difference for every time point inside the signal. However,
the unnormalized energy difference gives higher values during the laser
scanning. This was caused by the significantly higher acoustic energy
in this segment originating from the melt pool acoustic emissions.
Therefore, the energy difference between the two windows is divided
by the average energy in the first window, and thus one obtains an
event detector which monitors the relative change of energy between
two consecutive time windows. Formally, the resulting unitless detector
can be computed as follows:

~ o xli+ kP = xli = 1=k,
Yo xli—1 -k 2

with x[n] the preprocessed signal and L,, the window length. In order to
determine the window length, several window lengths are compared in
Fig. 4, where one can see that a window length of 250 points (0.125 ms)
results in the highest value of the detector at the acoustic event in
addition to having the highest peak value compared to the average
value over the scan vector.

For the threshold selection, a sensitivity analysis is performed and
discussed in Section 3. In addition to monitoring the threshold cross-
ings, a hysteresis effect is built in, where the value needs to fall to the
set threshold minus 5 in order to prevent multiple detections when the
peak of the indicator is hovering around the threshold.

DIi] @

2.3. Characterization of samples printed in lab-made PBF-LB machine

The prepared cross-sections of the cubes were imaged using a
Keyence Confocal microscope using twenty times magnification and
images of 2048 by 1536 pixels with a corresponding pixel size of
0.34 um by 0.34 pm. The images were then stitched using MIST stitching
[30]. A section was then cut manually from the cross-section in order
to obtain a rectangle as large as possible fully within the boundaries of
the cross-section. The image was then converted in Python to grayscale
and thresholded at a fixed pixel value of 100, where the values below
this pixel value were set to zero. As care was taken to have consis-
tent lighting conditions in the confocal microscope, this resulted in
a consistent binary image for all the samples. Then, a binary closing
operation was performed with a disk footprint with a radius of 5
pixels. The closing operation was added as it was observed that without
this closing operation a single crack would be segmented in different
segments. Following this, the binary image was divided into its distinct
continuous regions. The obtained regions were filtered based on three
criteria in order to retain only the cracks and exclude other voids due
to porosities induced during printing. First, a minimum pixel area of 4
was enforced in order to remove single pixel outliers. Then the ratio of
the major and minor axes was set to a minimum of five to only retain
the thin regions [31]. Finally, the regions needed to have a minimum
angle of 10 degrees with respect to the horizontal axis, as the cracks
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Fig. 4. The proposed detector, of scan vector 21 of layer 31 of sample 6 in the nHf print, with different filter lengths.

are expected to be in line with the build direction and the horizontal
thin sections are likely lack of fusion porosities [10]. The result of this
operation for a zoom of the cross-section of nHf sample 4 is shown
in Fig. B.15. Note that the cracks connected to the porosities are not
quantified, as in the optical images it is ambiguous where the porosity
ends and where the crack starts.

Finally, the lengths of all major axes of all segmented cracks are
summed (in mm) and divided by the surface area of the cross-section
(in mm?) in order to obtain the crack density (in mm/mm?).

In addition to the confocal microscope, the samples were also
characterized using a Zeiss Gemini 450 scanning electron microscope
(SEM) equipped with an Electron Backscatter Diffraction (EBSD) detec-
tor (CMOS Symmetry camera, Oxford Instruments). EBSD maps were
acquired with a step size of 86.3 nm scanning an area of 513*481 pixels

with a hit rate of 89.5%, where the lower hit rate is caused by the
porosity and cracks in the image. Accelerating voltage and working
distance were 20 KeV and 13.9 mm respectively. The exposure time
for EBSD detector was set to 6 ms. The raw EBSD data were processed
using AztecCrystal software, applying standard cleanup procedures that
modified less than 10% of the original data points.

3. Results and discussion

The first results shown in Fig. 6(a) give the detected cracks for every
sample in the nHf and wHf with respect to the normalized enthalpy,
based on the normalized enthalpy calculation of [10]. Note that, while
on average the nHf print did have a reduced observed crack density,
the choice of speed and power seems to have a larger influence than
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Fig. 5. Cross-section of sample 1 of the wHf test.
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the alloy modification [32,33]. Interestingly, the crack density was
also greater at the right-hand side of the cross-section as illustrated in
Fig. 5, which corresponded to the start of the scan vectors that were
parallel to the cross-section. Note that the chosen scan strategy resulted
in alternating layers with scan vectors going right to left and coming
out of the image plane. In addition, Fig. 6(b) shows the normalized
enthalpy in function of average number of acoustic events per layer,
with a threshold on the detector (1) output set at a value of 15. From
these figures, no clear correlation can be seen initially.

In order to validate this, the observed crack density is compared
against the number of acoustic events per layer across the different
cubes in Fig. 7(a). The correlation between the two shows a Spearman
correlation coefficient of 0.005 and an associated p-value (with a null
hypothesis of them being uncorrelated and the alternative of them
being positively correlated) of 0.976 [34]. Therefore, it can be con-
cluded that there is no correlation found between the observed crack
density and acoustic events. Note that the two datasets are considered
together, as the same type of cracking is observed. However, even
when considering the datasets separately, there is also no significant
correlation found.

Observing the cross-sections using SEM, the detected cracks using
optical microscopy were investigated showing indeed hot crack char-
acteristics such as the dendritic-like crack surface as can be seen in
Fig. 8.

As no correlation was found, the impulsive acoustic events are
unlikely to be generated by the hot cracking initiation. This could be
expected given that these acoustic events occur several milliseconds

Fig. 8. Observed crack in sample 1 of the nHf print.

after the scan line is finished, as observed in Fig. 2, and thus most of
the scan line is already fully solidified. The question then arises what
the origin is of these impulsive events.

In addition to these hot cracks, smaller cracks were also observed
at the edge of porosities. One such crack is shown in Fig. 9(a). When
visualizing the grains using EBSD, as shown in Fig. 9(b), it can also
be observed that the crack goes through the grain. As the hot cracking
mechanisms observed in CM247LC, liquation and solidification crack-
ing, only occur at grain boundaries, the observed crack is likely a
crack that occurred post-solidification. However, the size of the cracks
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(a) An observed crack using SEM at the edge of a
pore.

(b) EBSD map of the crack at the edge of a pore.

Fig. 9. A porosity-connected transgranular crack.

relative to the porosity and the fact that they are connected to the
porosity, prevents the optical characterization of the cross-section from
detecting these cracks.

Instead, the total porosity, which captures both the lack of fusion
pores and the larger-scale hot cracks, as quantified by the number of
dark pixels after thresholding, is shown as a function of the acoustic
events in Fig. 7(b). With a Spearman correlation of 0.752 and an
associated p-value of 6.9 x 1077, there is a clear correlation between
the porosity level and the acoustic events [34]. Therefore, a possible
explanation for the acoustic events are post-solidification cracking
phenomena during printing instead of the hot cracks observed in the
optical images, where the sharp edges of the lack of fusion porosities
and the previously existing hot cracks act as an initiation site for the
formation of cracks after solidification.

In line with these results, Raeker et al. [20] investigated acoustic
emissions of crack formation in laser melting of CMSX-4 and TZM,
where CMSX-4 exhibited hot cracks and TZM exhibited cold cracks.
They also observed that hot cracks in CMSX-4 did not generate impul-
sive acoustic signatures recorded by a structure-borne acoustic emission
sensor, while the cold cracks in TZM did. It can be hypothesized that
this is due to the fact that there is little stress build up in hot cracking,
the liquid present when hot cracks are formed cannot withstand signif-
icant levels of stress and thus the opening of the liquid is likely to not
generate a significant stress wave.

Additionally, two single line experiments were performed in order
to verify that the initial formation of the hot cracks does not cause
these acoustic emission spikes. The first experiment considered is the
synchrotron experiment as shown in Fig. 10. During the scanning the
acoustic signal is dominated by the melt pool signal and no clear events
can be observed, despite numerous hot cracks forming. Right after the
laser turns off, it is observed that a hot crack still gets formed at the end
of the scan line as shown in the first two images in Fig. 10(c). These
hot cracks were formed at the edge of the solidifying melt pool at the
leftmost edge of the scan. The formation of these hot cracks at the edge
allowed for the investigation of the acoustic signatures of the formation
of a hot crack without the laser active. However, both in the raw signal
in Fig. 10(a) and in the STFT in Fig. 10(b) no clear acoustic signature
can be observed. Later, a first impulsive event can be observed, and
in parallel it was found that one of the previously formed hot cracks
had a significant change in its morphology. As this area of the scan
line was further away from the edge and should therefore already be
fully solidified, it is hypothesized that the previously formed hot crack
propagated further after solidification.

To verify these same conclusions hold in the machine used for the
cube print, a single scan track experiment was performed on the same
machine as the cube prints. The printed scan line was remelted three
times in order to induce hot cracking [6], sectioned longitudinally, and
imaged using SEM as shown in Fig. 11. Some cracking is visible in

Table 2
Spearman correlation coefficients between the number of acoustic events and
porosity or crack density as a function of detection threshold.

Threshold Porosity Crack density
7.5 0.749 —0.006

10.0 0.759 —-0.007

12,5 0.751 0.009

15.0 0.752 0.005

17.5 0.755 0.006

20.0 0.752 0.008

this scan line, but no acoustic events were recorded in the structure-
borne acoustic emissions. All the acoustic emissions of the remelting
experiment are visualized in Appendix A.

Finally, in order to verify that these findings are not related to the
specific chosen threshold, the Spearman correlation coefficients were
evaluated for a wide range of thresholds as shown in Table 2. It can be
clearly seen that for a wide range of thresholds, the same conclusions
hold. In addition to the values reported in the table, a separate exper-
iment was run with a threshold at a factor of 2 and requiring a drop
below 1.5 in order to detect the next one. This experiment resulted in a
Spearman correlation coefficient of 0.250 between the acoustic events
and the crack formation and —0.161 between the acoustic events and
the porosities. Therefore, one can conclude that the results obtained
were consistent as long as the threshold is put high enough to not have
excessive false positives due to the melt pool acoustic emissions.

In addition to the structure-borne acoustic emission sensor, a XAR-
ION optical microphone was also present in the wHf print. The com-
bination of the two signals (after z-normalization for illustrative pur-
poses) is shown in Fig. 12. Note that after the scanning, there is a clear
impulsive event in the structure-borne recording around time point
16 ms, which is not visible in the microphone data. When looking at
the STFT of the two signals, as shown in Fig. 13, the same conclusion
can be drawn: while the microphone carries information when the melt
pool is active, the event present after the laser turned off is not visible
in the microphone recording. When applying the previously proposed
signal processing pipeline to the microphone signal (using the initial
threshold of 15) one detects five events over the full wHf print. All five
detected events occurred during the scanning and could therefore be
caused by sudden changes in vapor gas generation [35]. It is therefore
hypothesized that the microphone is unable to detect these acoustic
events due to the combination of the bad coupling of the subsurface
events with the airborne signal [35] and the scale of the transgranular
cracks as shown in Fig. 9(a). Note that the previous studies showing the
possibility of monitoring the formation of cracks using airborne signals
were investigating larger scale cracks [21,22].
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Fig. 10. The relation between the measured acoustic emissions and operando synchrotron imaging where the top surface was scanned three times, with the final

scan going right to left.

Fig. 11. Zoomed-in section of the stitched SEM image of a longitudinally cross-sectioned single line track which was remelted three times on the in-house

machine.

4. Conclusion

This work investigates the possibility of monitoring crack formation
in CM247LC using acoustic emission monitoring. Several experiments
were performed: sixteen-sample cube prints both with unmodified and
modified powder without Hafnium and single line scans with unmodi-
fied powder. Clear impulsive events are detected in the structure-borne
acoustic emission sensor recordings, and a signal processing pipeline is
proposed to detect these events automatically.

No correlation was found between the impulsive acoustic events
and the crack densities quantified using optical microscopy. How-
ever, a clear correlation was found between the total porosity, caused
by the lack of fusion pores and the hot cracks, and the number of

acoustic emission events. In addition, transgranular cracks were ob-
served at the sharp edges of these porosities resulting in the hypothesis
that these acoustic events are generated through post-solidification
cracking mechanisms. In order to verify these conclusions, single line
scan experiments were performed, including one with operando syn-
chrotron imaging, showing no clear impulsive events for hot cracking.
However, based on the presented results, one cannot conclude that
post-solidification cracks are the only cause of the impulsive events.
These conclusions remained consistent over a wide range of considered
thresholds for the crack detection mechanism. Furthermore, the use of
an optical microphone is investigated, where the acoustic events that
were visible in the structure-borne acoustic emission sensor were not
visible in the microphone recording, likely due to the small scale of the
post-solidification cracks.
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Fig. 12. Structure-borne acoustic emissions and microphone recording of scan vector 121 of layer 40 of sample 8 in the wHf print with dashed black line
indicating when the laser turned off. Signals normalized for visualization purposes.
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Fig. 13. STFT of scan vector 121 of layer 40 of sample 8 in the wHf print, black dashed line indicating the time the laser turned off.
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Appendix A. Structure-borne acoustic emissions for single-scan
remelting

See Fig. A.14.
Appendix B. Optical image analysis

See Fig. B.15.
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Fig. B.15. The image processing pipeline applied on a zoom of the cross-section of nHf sample 4. (a) a zoom of the greyscale image. (b) the resulting segmented

cracks.
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line indicating when the laser is turned off.
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Appendix C. Effect of laser power on melt pool acoustic emissions

Fig. C.16 shows the effect of laser power on the acoustic emissions
when the melt pool is active, where the measured signal energy when
2

the laser is active drops from 30 VT in cube 1 to 18 VT in cube 13.
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