Figure 42: AE system for powder flow rate measurements during LENS (Whiting et al., 2018)
2.4.6 Summary

Online monitoring is the focus of many research institutions as the need from industry has been
put forward. Research shows that AE can be a promising tool for online monitoring as the
frequency and amplitude change at different AM process parameters. In contrast to the use of
digital signal processing, the implementation of AE with machine learning has lately been
receiving much interest. Many different AE approaches and sensor types have been
implemented in AM. When considering the spatial and temporal resolution of imaging
monitoring methods compared to AE: AE can obtain a high temporal resolution with relatively
inexpensive data acquisition hardware. Imaging systems have high spatial resolution and
depending on the optical setup can typically be in the range of 100 um, whereas the spatial
resolution in gas-borne AE is non-existent for a single microphone setup. A more complex
setup known as a microphone array can be used to pinpoint the origin of the sound based on
difference in time-of-flight. It is shown that AE monitoring during LPBF is able detect residual
stress, cracks, porosity, changes in laser power and scanning speed. Although research has
shown that a microphone can be used for online monitoring during laser welding, the use of a
microphone to monitor LPBF has many possibilities. Some possible features of gas borne AE

that can be taken advantage of are:

e the sensor does not need to be attached to the substrate;
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the sensor is not very sensitive to position;

it can record other events such as recoating and gas flow;

it needs minimal hardware adjustments and easy installation;

it is inexpensive equipment;

it has good temporal resolution (compared to imaging devices);

it has a small data size.

Since many LPBF defects originate from powder delivery issues, this work will set out to

determine whether there is a probability of detection using gas borne AE monitoring.
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Chapter 3: MATERIALS AND METHODS

Firstly, preliminary tests investigating the critical powder layer thickness which causes lack-
of-fusion porosity in 3D LPBF parts were conducted. Secondly, AE signals under different
layer thicknesses and laser powers were studied for single track formation. Lastly, two methods
were explored for defect recognition. The final algorithm can accurately identify three different
powder layer thicknesses: no powder, reference (optimal) powder layer thickness and critical

(thick) powder layer thickness.

3.1 EOSINT M280

All samples were manufactured from Ti6AlI4V (ELI) powder using an EOSINT M280 LPBF
machine (Figure 43). The M280 system’s specification is shown in (Table 5).

Figure 43: EOSINT M280 machine

Table 5: The technical data for LPBF machine

Building volume 250 mm x 250 mm x 325 mm

Laser type Yb-fibre laser, 400 W

Laser 1 075 nm TEMOO Gaussian profile and 80 um spot size
Precision optics F-theta-lens, high-speed scanner

Scan speed up to 7.0 m/s

Variable focus diameter 80-500 pm

Power supply 32A

Power consumption maximum 8.5 kW/typical 3.2 kW

Software EOS RP Tools; EOSTATE Magics RP (Materialise)
CAD interface STL. Optional: converter for all standard formats
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3.2 Powder

Experiments were carried out on a Ti6Al4V extra-low interstitials (ELI) substrate in Ar
protective atmosphere. Pre-alloyed gas-atomized powder Ti6Al4V ELI from TLS Technik
GmbH & Co. Spezialpulver KG (Germany) was used. The equivalent diameters of the powder
particles were d10 = 12.03 pm, d50 = 21.38 pum and d90 = 31.15 um. Values of d10, d50, and
d50 correspond to the 10%, 50%, and 90% of particles (weighted by volume) in the reported
particle size. For the preliminary data for layer recognition, experiments were run parallel with
other experiments that were aimed at obtaining an insight into the development of the single
track and layer formation of in-situ alloying of Ti6Al4V-5 at .% Cu during LPBF. The Ti6Al4V
(ELI) and Cu powders were spherical in shape and argon-atomized. Chemical composition of
Ti6Al4V (ELI) was 89.26 wt% of Ti, 6.31 wt% of Al, 4.09 wt% of V, 0.12% of O, and Cu
powder with 99.9 % purity. The 10th, 50th and 90th percentiles of equivalent diameter
(weighted by volume) were 12.6 pum, 22.9 um, 37.0 um for Ti6Al4V (ELI) powder and 9.45
pm, 21.9 um and 37.5 um for Cu powder, respectively. The building chamber was filled with
an inert (argon) atmosphere.

3.3 Laboratory equipment
3.3.1 Visual testing

Surface and cross-section analysis was done using a scanning electron microscope (SEM) and
optical microscopes. Optical and SEM tests provide detailed, in-depth visual analyses of
components. SEM was carried out with a NeoScope JCM 5000 (Figure 44), operated at 10—
15 kV. The optical microscopes used were a Smartzoom 5 and a Scope Al, both from Zeiss.

mS

Smart:

Figure 44: SmartZoom5 (a) and Scope Al (b) optical microscopes; NeoScope JCM 5000 scanning electron microscope (c)
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For pore analysis and analysis of the cavities’ sizes and shapes, samples were cut with an
electrical discharge machine (EDM). The small templates were incorporated into MultiFast
resin by CitoPress (Figure 45a). Samples were polished with a Tegramine-25 system (Figure
45D), as recommended by Taylor & Weidmann (2009), and etched with Kroll’s reagent.

(a) (b)
Figure 45: CitoPress 1 (a) and polishing machine Tegramin-25 (b)
3.3.2 Microcomputed tomography

General Electric phoenix v|tome|x L240/NF180

X-ray microcomputed tomography (microCT) was used in this study (Figure 46). A General
Electric phoenix v|tome[x L240/NF180 installed in the Central Analytical Facility at

Stellenbosch University was used.

Figure 46: Phoenix v|tome|x L 240 X-ray CT scanner (top) (GE Oil & Gas, 2020) and personal photo (bottom)

X-ray settings were 150 kV and 150 pA with 2 000 images acquired in a full rotation at an
image acquisition time of 500 ms per image, with averaging set to two images and one image
skip per rotation. Detector shift was activated to minimize ring artefacts. Background

calibration was performed, and the scan time was approximately 40 minutes per scan at 40 um
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voxel size. A 1 mm copper beam filter was used. Analysis was performed with Volume
Graphics VGStudio Max 2.1.

3.4 AE data acquisition

AE signal analysis was performed by post-processing, compiled and implemented using

systems engineering software LabView (National Instruments) and its signal processing

algorithms library.

i I
L]Lg“:r—‘;'_-::%—‘-‘r.user

- __l__ R

-»Controller & sound
module

Microphonges—————

Camera

Building
chamber

material

Pt
|4
7z
Solidified sl
sl
Z

+Data analysis
Powder

Camera 1

iCamera 2

(b)

Figure 47: Schematic of experimental setup (a) and building chamber view showing the location of the microphone and

cameras. Laser scanning direction and Ar flow were in Y direction for single tracks and layers

The sound propagating through the surrounding protective atmosphere was recorded and

analyzed after the LPBF process. The data was recorded using NI CompactRIO-9030

Controller and a 24-bit measurement module: NI 9250, specifically designed for recording

signals from microphones (Figure 47). An integrated circuit piezoelectric (ICP) microphone
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(Model 378B02, see appendix for calibration certificate) 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 48). The 378B02 microphone (PCB Piezotronics) has an optimal frequency range of
3.75-20 000 Hz (x2dB). 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, AE data for each test was
acquired at a sampling frequency of 102.4 kHz, i.e. ~5 times higher than the maximum

measured frequency of 20 kHz.

Figure 48: NI CompactR10-9030 Controller, NI 9250 sound module and PCB 378BO2 microphone.

3.5 Design of experiments
3.5.1 Validation of microphone placement in the building chamber

The effects of the environment, noise, location of the sensor, etc. need to be considered before
taking measurements (Alfaro and Cayo, 2012; Horvat et al., 2011; Yusof et al., 2017). Factors
can change for various reasons, for example, absorption of a material is a function of the
frequency, i.e. different frequencies from the process will be reflected and absorbed at different

rates within the machine.

Microphone placement was the only test carried out using maraging steel. Maraging steel MS1
from EQS, with the chemical composition being Ni 17.6%, Co 8.88%, Mo 4.85, Ti 1.06%, was
used. From literature it can be seen that a change can be expected in acoustic signature between
MS1 and Ti6Al4V due to different process parameters that are used. This section only
considers the effects of the experimental setup which stays constant irrespective of the material
being used. Powder layer thickness was 50 pum. The building chamber was filled with nitrogen
atmosphere. Single tracks, 200 mm in length, were scanned at a laser power of 305 W with a
scanning speed of 1.01 m/s.
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To determine if AE differs with respect to the distance from the microphone, the microphone
was fixed above the substrate and the laser scanned at five different positions 40 mm apart.
Each set contained three tracks. Tracks were scanned consecutively from Position 1; Track 1
(P1; T1) on the right, to the left end at Position 5; Track 3 (P5; T3) (Figure 49).

20°

J_ﬁ\
Microphone
Sa

Vi
//// |
i

240

Single

Track\ / 1

Substrate

Figure 49: Correctional view of system layout.

In Figure 49, the distance from the microphone edge to the midpoint of each position is
indicated and their corresponding values are shown in Table 6.

Table 6: Distance from microphone to different scanning position

D1 D2 D3 D4 D5

Distance
240 243.31 | 252.982 | 268.328 | 288.444
(mm)

According to the microphone polar plot (Figure 50), any sound entering the microphone at an
angle greater then 20 degrees will influnce the measurement. The angle of the microphone at

different scanning positions is shown in Table 7.
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Figure 50: Microphone polar plot, frequency in Hz at 10-degree increments (377B02; SN167925)

Therefore, the microphone angle should be < 20 degrees to make accurate comparisons. The

angle between the microphone and the centre of the five positions can be calculated by;
-0
Where:

x= horizontal distance

h= height

6= angle of microphone

Table 7: Angle between microphone at different scanning positions

P1 P2 P3 P4 P5

Angle
-20 -10.54 | -1.57 6.57 13.69
(degrees)

Each individual scan track was extracted from the total data scan to ease analysis. The average
sound pressure at individual scans was calculated. Thereafter, the frequencies at each position
were analyzed to determine whether certain positions might amplify or absorb some
frequencies due to their position in the system. The individual frequency content was analyzed
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using power spectrum and correlated with one another. Since all the process parameters are
physically the same with the only difference being distance from sensor, good correlation
results would indicate the optimal sensor placement (>0.99, results are shown in section 4.2,

Table 12). Microphone placement was the same for all experiments.

3.5.2. Critical powder layer thickness pores

It is important to estimate the critical thickness of the powder layer where irregular track
formation and hence, porosity in 3D objects initiate. This was investigated by manufacturing
3D samples with intentionally designed horizontal cavities where the laser beam does not melt
areas of between 30 to 300 um in height. In this way, the critical layer thickness for porosity
formation can be evaluated. In order to evaluate the porosity quantitatively, samples were
micro-CT scanned and cross-sectioned. After determining critical layer thickness, single tracks
were investigated. As the basic building blocks of the LPBF process, single tracks were

manufactured at different process parameters and with different layer thicknesses.

A test sample with artificial rectangular cavities was designed to find at what critical powder
layer thickness pores start to form. The thickness of the designed cavities varied from one to
six times that of a single powder layer (30 pum to 180 um), as shown in Figure 51. Each step is
1 mm in height and 5 mm in width and length. The resulting porosity found by CT scans and
cross-sections, as shown in section 4.1, in each of these cases in the final part aim to

demonstrate what the critical layer thickness is for optimal process parameters.

Prescribed height of the pore:

180 pm

150 pm
G 120 pm

v F 90 um
——— E 60 um
D 30 um
C

B Solid
‘——\A—\

6 layers skipped 5 layers skipped 4 layers skipped 3 layers skipped 2 layers skipped 1 layer skipped without pore

Building direction —

Figure 51: Test sample: solid part (A) and parts with prescribed internal cavities of 30-180 um (1-6 powder layers skipped)
(B-G)
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3.5.3 Experiments with single tracks at different process parameters

Various papers on the use of AE and machine learning for online monitoring are available,
however, none really investigating the effect of the AE under different circumstances. This
section establishes some fundamental basis of how variables might change the AE. This

information can then be used later for development.

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. Firstly,
two tracks per set, 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 um) 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 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 W, 170 W and 340 W at fixed scanning speed of 1.2 m/s.

Thirdly, to evaluate the effect of different laser operating modes, laser power was varied at
between 100 W, 170 W and 340 W and this time the scanning speed was constant at - 0.6 m/s.
This resulted in two tracks positioned 40 mm apart for each layer and set of process parameters.
Two tracks were sintered without powder, then a powder layer was delivered, and the laser
scanned two tracks next to the previous tracks (1 mm apart). This procedure was repeated for
the corresponding layers.

Each track’s corresponding sound waveform was extracted from the recording and analyzed
with Fast Fourier Transform (FFT) and the sound pressure level (SPL) calculated as shown in
the results, section 4.3. For optical microscopy, top and cross-sectional images were obtained.
The data was used to correlate the track morphology to the frequency spectrum for the specific
layer thickness.

3.6 Layer thickness recognition algorithms

After considering the critical layer thickness and understanding the relationship between the
AE and process variables, the following section investigates possible ways in which the LPBF
process can be monitored online, although these results were obtained using recordings. It was
shown that rapid heating by laser beam, melting, solidification and cooling of powder and

substrate materials generate temperature gradients in gaseous medium, and in turn, gas pressure
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changes. Pressure gradients lead to the generation of the acoustic waves and create a “voice of
the process”. The emission of acoustic vibrations in the protective Ar atmosphere is registered
by the microphone. From a mathematical point of view, analysis of the AE signal during
processing is based on a pattern recognition problem. For this section only, layer thickness
recognition will be variable. Two methods were proposed: the first method that was
investigated was as a preliminary proof of concept. The second method only considered the

audible range (0—20kHz), and being superior to the first with a greater statistical significance.

Layer thickness recognition algorithm 1

These research experiments were run parallel with other experiments that were aimed at
obtaining an insight into the development of the single-track and layer formation of in-situ
alloying of Ti6Al4V-5 at % Cu during LPBF. To determine the effect of powder thickness on
AE during laser scanning, single tracks with a length of 20 mm were manufactured. Three
tracks were produced at two different layer thicknesses: one layer (30 um) and five layers. Two
tracks from each layer thickness were used to create the models. The third track of each sample
that was not used in the generation of these models was then evaluated against the models to
see whether the model could predict from which layer the track was produced. Laser parameters
were constant at 170 W and 1.2 m/s. Data was then analyzed by making use of an FFT. The

proposed method is described in section 4.4.1

Layer thickness recognition algorithm 2

To investigate the repeatability of the AE signals, three sets of ten tracks, each 90 mm
in 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 um thick layer were
produced. This series of experiments simulates extreme scenarios of non-homogeneous powder
layer thickness in LPBF. From the preliminary test, a critical powder layer thickness (120 pm)
was chosen to trigger the balling effect that is known to provoke porosity in 3D-printed LPBF
parts. Single layers of 10 mm x 10 mm were produced at the same laser parameters with a one-
directional scanning strategy and 100 um hatch distance.

To identify the model required for the identification of irregular morphology of tracks
through AE, the recorded data was also processed using STFT. To obtain an initial general
conception of the sound emitted during the LPBF process, STFT was selected as it is relatively
easy to implement and interpret. An STFT spectrogram of ten tracks for each set was done

without powder (0), one layer (1, reference 30 um layer) and critical (thick 120 um layer)
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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 models.

The steps in the forming of the algorithm are:

e Apply a 2 kHz high-pass filter to remove the noise from the signal
e Calculate the frequency domain and identify the frequency content of each layer

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 "balling-humping"-forming phenomena, scanning without powder or on a thick layer of

powder that can cause lack-of-fusion defects in parts manufactured by LPBF.
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Chapter 4: RESULTS AND DISCUSSION

4.1. Powder layer thickness and pore formation in 3D samples

The height of the rectangular cavities in 3D samples were designed in the range of 30-180 pum.
Up to 180 um (six skipped powder layers), an open cavity was not produced as expected, and
the designed rectangular pore had the appearance of a chain of irregular pores, as observed in
CT scans (du Plessis et al., 2016) and physical cross-sections (Figure 52). The cross-section of
the sample showed that the internal cavities had irregular shapes and pronounced lack-of-fusion
defects which only started at 120 pum thickness of the powder layer (samples E-G), Figure 52.
In samples with defects designed at 30, 60 and 90 um in height, only random small pores with
sizes less than 50 um were found. Thus, at the selected laser power and scanning speed, a layer
thickness designed at and above 120 um led to a chain of pores, or lack-of-fusion porosity
samples E-G in Figure 52.

The shape of single tracks at different powder layer thicknesses, at similar laser power and
scanning speed, was analyzed further in section 4.3. The progression of increasing track

irregularity with increasing powder thickness is clear, up to balling effect at high thickness.

Surfaces and size resolution for fine structures remain a limitation in LPBF, even after applying
special scanning strategies. CT in combination with physical sectioning has proved to be a
powerful analysis combination. Critical layer thickness for porosity in LPBF samples is
120 pum. Powder inside pores and component mass (due to removal from substrate) remains a
concern for LPBF components. Establishing the limitations of AE, i.e. minimum size and the

typical defects, will assist as a quality control method for LPBF components.
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Figure 52: Images from optical microscope of cross-sections of the 3D test sample with designed internal cavities of 30—
180 um (a) and pore volumes from CT reconstruction (b) and transparent image with pores (c)

4.2. Validation of microphone placement for AE processing during metal LPBF

Factors like the effect of sound reflections, machine environment, noise and the location of the
recording device need to be considered as a basis of qualification. This section shows the
analysis of the results of AE sensor placement as sampled in the actual metal LPBF machine.
These results include all the environmental factors as well. The tracks were visually analyzed
and no major irregularities were present. A section of the tracks at Position 1 is shown in Figure
53.

70

© Central University of Technology, Free State



T3 B R SR e L F UL o s e e

T1

5mm

NN et e

Figure 53: Track 1 to 3 of Position 1 on maraging steel tracks on the substrate at 305 W laser power and scanning speed of
1.1 m/s at 50 pm powder layer thickness

The entire signal of the process, from start to finish, is shown in Figure 54. Here it can be seen
that the EOSINT M280 has various processes that emit sound, but no clear scanning is shown
until the filtering and processing is applied. When listening to the recording, one can hear two
distinct sounds of valves opening/closing at ~6 and ~17 seconds, thereafter the sound of a
blower starting at ~25 seconds and ending with a laser scanning at ~52 seconds. A high-pass
filter was used to remove the low-frequency noise from the blower and ambient noise. It was
found that by applying the 2 kHz high-pass filter, the tracks were clearly distinguishable in the
time domain. The scanning time of each track is equal to the time that it would take to scan a

track 200 mm in length at a speed of 1.1 m/s, as shown in the bottom of Figure 54.

2-

0.8-
0.6-
0.4-

-
1

Amplitude
?

1 1 1 1 1 I 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60
Time Time ‘

0.1+

Figure 54: Graph of entire process recording over time in seconds (top right), signal of first three tracks before filtering
referenced from zero (top left) and after applying signal filtering (bottom) (note the amplitude of the actual scanning)

After the tracks were identified, some calculations were carried out to determine what the effect

of the machine and scanning position were. The individual RMS value sound pressure level
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(SPL) showed no large variations in relation to the distance from the microphone. Variations
could be attributed to slight differences in powder layer thickness over the platform. Table 10
shows the SPL of scanning at each position. The maximum fluctuations in sound pressure
during the process were calculated by taking the maximum and minimum value of Track 1, 2
and 3, as shown in Table 8 and Table 9.

Table 8: SPL at each position (dB)

P1 P2 P3 P4 P5
Average 83.25 83.12 83.17 82.85 83.39
Standard deviation 0.657 0.351 0.760 0.472 0.198

The maximum expected difference due to the distance to scanning is given by
d
ASPL = 20log i
dp1

0.288

ASPL = 20log 024

ASPL = 1.579dB

Table 9: Maximum and minimum SPL value and corresponding SPL difference

Track Max Min A SPL
T1 83.52 82.35 1.17
T2 84.01 83.29 0.72
T3 83.59 82.50 1.10

The speed of sound in argon; T = 298 K, R = 208.13 J/kg-K, y = cp / cv =1.667 is equal to
321.006 m/s and for nitrogen (R = 296.8 J/kg-K, y=1.4) is equal to 351.807 m/s. Based on this
speed, the maximum change in frequency at 2 kHz, due to the Doppler effect, at a scanning
speed of 1.2 m/s is calculated;

321
fp(ZkHz at 1.2m/s) = 2000 321 —1.2

fp(ZkHz at 1.2m/s) = 2007.50Hz
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Table 10 shows how different scanning speeds will change the perceived frequency at different

laser parameters for different frequencies.

Table 10: Doppler frequency at various frequencies and scanning speeds in argon

Scanning Perceived f Af

speed (m/s) (H2) (H2)

0.6 2003.75 3.75

2 kHz 1.2 2007.50 7.50
2.4 2015.07 15.07
0.6 20037.45 37.45
20 kHz 1.2 20075.05 75.05
2.4 20150.66 150.66
0.6 50093.63 93.63
50 kHz 1.2 50187.62 187.62
2.4 50376.65 376.65

The maximum change in frequency due to scanning speed can be ignored for this study, since

we will not consider such small changes.

Assuming the shape of the chamber to be a simple rectangle with dimensions; | = 675, w = 338

and h = 430mm, the mean free path between reflections is;

4(0.675 x 0.338 x 0.43)

MFP =
2(0.675 x 0.43) + 2(0.675 x 0.338) + 2(0.338 x 0.43)

MFP = 0.296m

Thus, the time for average reflection = % = 0.001 sec which is equivalent to 1 kHz (this is

smaller than filter discussed later in the section).

The reflection in the LPBF chamber will be complex due to the nature of the components
present and the changing environment. The absorption coefficient for powder varies with
thickness of the layer. Absorption is strongly dependent on the frequency. Okudaira et al.
(1993) measured absorption for non-metal powder beds: for frequencies below 1.2 kHz,
absorption has very distinct high peaks, thereafter it remains constant at approx. 0.2-0.4,
depending on the material, type and particle size distribution. Smaller particle sizes have lower
absorption at high frequencies (Okudaira et al., 1995). Fine powders (~50um) with a higher
bulk density do not seem to have high absorption values (<0.2) (Sakamoto et al., 2019). As for
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the metal powder used in AM, we can assume that absorption coefficient is equal to 0.1 (the
author is not aware of any literature regarding the sound absorption coefficients for metal
powder). For an estimation, assuming all surfaces are treated as having the same absorption
coefficient, the absorption coefficient can be approximated for a constant value that is similar
for powder and sheet metal; 0.1 (NRCratings.com., 2020), then the time it takes for the

reflections to die out, i.e. reverberation time, is given by

55.25 (0.675 x 0.338 x 0.43)

RT,, =
60 ™ 321 x 2(0.675 X 0.43) + 2(0.675 X 0.338) + 2(0.338 x 0.43) x 0.1

RTgo = 0.127sec

With the critical distance being

d. = 0.057 4
¢ RT,,
4 — 0,057 0.098
¢ 0.13
d. = 0.05m

meaning that the measurements were taken in the reverberant field. This will not influence the
comparisons since the environment remains the same. The axial resonance mode has the
greatest effect (tangential having half the energy and oblique a quarter), and the fundamental

of each wall of the rectangular area are given by

Frnoae = 3 | &2 + G2 + ()2

)2

321 1 - 0 -
fist axiar = = (0.675) (0.338) (0.430

f1st axial = 238Hz

The first twelve modes for this rectangular chamber are given in Table 11.
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Table 11: First 12 resonant modes of LPBF chamber

Resonant frequency

P g ' (Hz) and mode
1.00 0.00 0.00 238, axial
0.00 1.00 0.00 475, axial
0.00 0.00 1.00 373, axial
1.00 1.00 0.00 531, tangential
2.00 0.00 0.00 476, axial
1.00 0.00 1.00 443, tangential
0.00 1.00 1.00 603, tangential
2.00 1.00 0.00 672, tangential
1.00 1.00 1.00 649, oblique
2.00 0.00 1.00 604, tangential
3.00 0.00 0.00 713, axial
0.00 2.00 0.00 949, axial

The frequency range where modal resonance end is

0.13
fcrossover = 2000 m

fcrossover = 2277 Hz

Since no strong modal resonances are present above 2 kHz and the crossover frequency is close
to 2 kHz, the possibility of resonance or standing waves influencing the results can be excluded.
In order to understand the machine environment, the signal-to-noise ratio (SNR) of the AE can
be calculated. The AE registered signal was comprised of a sound from the environment and
from the LPBF process. Therefore, the useful and noise signals were chosen as opposed to
extraction of a predetermined/known background noise signal. It was found that after applying
a 2 kHz high-pass filter, the signal level was about half that of the noise level with SNR
equalling to -4.731 dB. Signal-to-noise ratio was calculated from a FFT as ratio of summing
the amplitudes from 0-2 kHz for the noise and 2-20 kHz for the signal. The sound pressure
levels reaching the microphone were relatively consistent over the baseplate. To be sure no

other frequency distortion was present, the individual frequency content for each track was
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calculated (power spectrum) and correlated with Track 1 at Position 1. Table 12 shows that all

the positions had good correlation with one another.

Table 12: Power spectrum correlation value of Track 1 with other tracks

P1 P2 P3
TL T2 [ T3 [ Tt [ T2 [ T3 [ 71 | T2 | T3
1 10.993 | 0.999 | 0.994 | 0.991 | 0.993 | 0.988 | 0.991 | 0.994
P4 P5
TL T2 T3 | T1 | T2 | T3
0.997 | 0.994 | 0.991 | 0.9995 | 0.992 | 0.993

The resonances associated with start-stop of consecutive single tracks need to be considered.
Two aspects need to be considered: one being the time between start and stop of the track itself
and the other being the time delay between the stop of the previous track and the start of the
following track (for a square layer, the electrical signal which turns the laser on and off will be
modulated by rectangular wave). For the start-stop of the track itself the frequency can be
calculated by approximating the time between the start and stop of the laser to be equal to the
time taken to scan each track. For the core of the part, EOSINT M280 uses a scanning strategy
that uses a 5 mm and 10 mm long series of tracks (stripes) for Ti6AI4V and MS1 respectively.
The 3™ harmonic of a square layer scanned at 1.2 m/s is shown in Table 13, included isa 1 mm
square to see the effect of shorter tracks. Varying tracks (shorter than stripe size) are always

present in complex part due to the shape of the part being produced.

Table 13:Resonant frequency of laser start-stop modulation for 1, 5 and 10mm square layer at 1.2m/s

Length (mm) Time (ms) fglarlﬁ?@;?ﬁ;) 3" harmonic (Hz)
0.833 1200 3600
4.167 240 720
10 8.333 120 360

For the time delay between stop and start of consecutive tracks, a delay time of 1.5 ms will

result in a fundamental frequency of 666.667 Hz. These modulation calculations do not take
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into consideration the effect of the AE frequencies emitted due to melting and solidification
phenomena. If we assume that the higher harmonics (>3") contain negligible amplitudes, this

will not contribute to FFT amplitudes of this study but does warrant further investigation.

In the present study, using a 2 kHz high-pass filter, good correlation and similar RMS values
were obtained and one can conclude that the current sensor position in this setup was not
influenced by the environment or scanning position. Analysis was done inside the EOSINT
M280 machine using maraging steel; placement with chosen distances seem to be adequate,
but care should be taken if any variable, such as machine, sensor or material, is changed. Thus,
quality of online AE measurements can be trusted for non-contact AE during online detection

of porosity-forming phenomena during metal LPBF.

4.3 AE for LPBF process at different process parameters

This section establishes some fundamental basis of how different variables affect the AE. Since
single layer is a superposition of the synthesized single tracks, surface morphology of the layers
depend on geometrical characteristics of single tracks, scanning strategy and hatch distance.

Therefore, a fundamental knowledge of the single tracks and corresponding AE are needed.

4.3.1 Powder thickness variation

The extracted sound signal of Track 2 after filtering is shown in Figure 55. The amplitude of
signals clearly increases with powder thickness. The start of the track can be identified by the
increase in activity (red colour). A clear initial spike is observed at the beginning of scanning
without powder which agrees with the development of AE shown by Luo et al., (2019). With
powder layer processing, the sound does not exhibit the initial peak at the start of scanning.
The amplitude of the average signal reaches a maximum at a certain powder thickness,

thereafter the amplitude decreases, as seen when comparing two and ten layers in Figure 55.

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 thickness, (Figure 56).

Note the uniform smooth tracks on the substrate without powder. Regular continuous tracks

were produced up to layer thickness of 60 um.
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Figure 55: Extracted and filtered AE signal of Track 2 without powder (a), two layers (b) and 10 layers (c) showing
registered amplitude versus time

Irregular tracks started at 120 um powder layer thickness. At this thickness 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 pum 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 energy from the laser beam was not enough to melt both the 300 um

powder layer and the substrate material.
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Figure 56: Typical view of single tracks on the substrate at different powder layer thickness: top view (left) and cross-
sections (right) at scanning speed of 1.2 m/s and 170 W

With increased powder layer thickness, more material is involved in the process which
increases the size of the top part of the track and decreases the depth of penetration into the
substrate and contact zone (Figure 56 and Figure 57). With increasing powder layer thickness,
variations of geometrical characteristics also increased (Figure 57); tracks lost a stabilizing
factor such as joint melt pool with the substrate and became irregular. A decreased penetration
depth into the substrate material ultimately caused lack-of-fusion porosity (Yadroitsev, 2009;
Oliveira et al., 2020). During the process of 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
is reached (Figure 57). The analysis of the cross-section showed similar behaviour in the
contact zone, which also reached a maximum at a layer thickness of 120 um (Figure 57). 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. At laser power of 170 W and scanning speed of 1.2 m/s, and layer thickness above
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60 um, single tracks start to lose metallurgical contact with the substrate. Thus, the substrate
begins to be excluded from the process and, therefore, AE is emitted. Any further increase in
the powder thickness will lead to absorption of sound by the powder and ultimately stabilize
the SPL value.
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Figure 57: Geometrical characteristics of single tracks at 170 W and 1.2 m/s and the corresponding total SPL (a); evolution
of the cross-section shape with powder layer thickness (b)

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 changed, but also the spectral frequency of the
sound (Figure 58). At low layer thickness it is very difficult to deliver a homogenous powder
layer due to individual particle sizes in the same order of magnitude. Some heterogeneity in
the layer thickness will be present and will affect the morphology of the single track and the
corresponding AE. Thus, non-parametric median values of AE frequency spectrum were
studied.
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All processed layers had high median values of AE intensity amplitudes at 2 and 3 kHz.
Without powder, the peaks were low, especially beyond 10 kHz (Figure 58). At the reference
30 um powder layer the amplitude of the signal increased for all frequencies. The signal was
stable without expressed peaks. With an increase in the layer thickness to 60 um, peaks were
found at 12 kHz. Further increasing layer thickness up to the critical value of 120 um led to the
appearance of high signals, near 6-7 kHz, with amplitudes 1.5 higher than without powder. At
150 um layer thickness, peaks shifted to lower frequencies. Some high amplitude peaks were
found for 300 um single tracks 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 thereafter.
As the powder layer increases beyond 10 layers (300 pum), the melt pool will not touch the
substrate at all as the penetration depth into the powder bed stays at maximum regardless of
the thickness of the powder layer beneath the track and, therefore, the intensity of sound at all
frequencies stayed the same (Figure 58). In general, due to the high variability of the
amplitudes, it was difficult to find a trend between the dominant frequencies and the thickness
of the layer at the studied frequencies. A correlation was not readily apparent, therefore not

quantitatively assessed.
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Figure 58: Frequency spectrum and median intensity of AE signals for single tracks produced without powder and 30—

300um powder layer thickness

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 7-10 kHz, but this
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assumption should be studied on a larger number of single tracks forming a single layer at

different layer thicknesses.

4.3.2 Influence of laser power on AE signal during scanning single tracks

AE signal for laser processing of the substrate without powder at 100 W, 170 W and 340 W
and 1.2 m/s scanning speed was studied. At 100 W, the amplitude of frequencies above ~7 kHz
was low, and the cumulative amplitude was almost constant (Figure 59). At 170 W and 340 W,
high frequencies started to contribute more in AE and the cumulative amplitude increased 1.5
and 2.7 times in comparison with 100 W processing, correspondingly.
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Figure 59: Typical FFT spectrum and photos of single tracks without powder at 100 W, 170 W and 340 W laser powers and
1.2 m/s scanning speed (a) and cumulative amplitude at 2—20 kHz (b)

Increasing laser power leads to a wider and deeper melt pool (Figure 59a) and the AE energy
that is integral to the FFT power spectrum over all frequencies also increased (Figure 59b). The
SPL at the formation of single tracks without powder was 73.5 + 1.49 dB, 75.3 + 1.48 dB and
78.6 £ 3.0dB at 100 W, 170 W and 340 W laser power, respectively. The generation of
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acoustic waves during melting and solidification of the material can be due to phase
transformations in the powder and substrate, instantaneous change in the volume of the gas in
the region of the melt pool, and the ejection of particles in the process of spattering. An increase
in the laser power leads to an increase in the temperature and size of the melt pool with deeper
penetration into the substrate up to keyhole regimes. As shown in Mao et al., 1993, keyhole
mode dramatically raised AE for laser welding. In LPBF, changing scanning parameters has a
drastic effect on the melt pool shape, denudation zone and spattering effects (Bidare et al.,
2018a; Yadroitsev, 2009). As shown in Figure 57, the intensity of the AE signal increased when
more material was involved in the process. With increasing laser power, the temperature of the
melt pool and the vapour pressure significantly increases, which leads to a change in AE signal.
Higher energy input also increases the spatter process (Taheri et al., 2018; Wang et al., 2017)
which will certainly affect the frequency and intensity of the AE signals. In the present
experiments, the spatter effect increases with powder layer thickness and corresponds with the

SPL and frequency changes.

4.3.3 LPBF modes and AE

This section sets out to show the characteristic audible AE of single tracks at different keyhole
process parameters using the EOSINT M280 system. Conduction mode is obtained at laser
power of 100 W, and the keyhole mode at laser powers of 170 W and 340 W (Figure 60). From
the top view it can be observed that the track width for all laser powers is uniform throughout

the length of the track. The depth of the tracks increased greatly with increase in laser power.

100 W

170w

340 W

Figure 60: Top view and cross-sections of single tracks without powder at 100 W, 170 W and 340 W laser power and 0.6 m/s
scanning speed

Keyhole-mode process parameters are undesirable since they can cause porosity during the

LPBF process. At 340 W and 0.6 m/s, various defects are present (Figure 61). An increase in
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layer thickness produced vastly irregular tracks with great volume protruding above the

substrate, and at 300 um, there were unmelted particles attached to the irregular track.

Figure 61: Cross-sections showing keyhole porosity and irregular surface of single tracks without powder (left), layer
thickness of 120 um (middle) and 300 um (right) at 340 W laser power and 0.6 m/s scanning speed

At laser power of 100 W and powder layer thickness of 300 um, the single tracks did not have
contact with the substrate. From the microscopic analysis of the tracks, it was found that the
contact zone decreased with an increase in layer thickness for all three laser powers (Figure
62). The contact zone proved to be the only dimension that has a distinct relationship with the
sound pressure level. In Figure 63, it can be observed that the SPL decreases with decrease in
contact zone; note the increase for 100 W at 30 um. The width of the tracks followed the same
pattern as the contact zone up to 120 um, and above 120 pm “ice cream cone”-shaped tracks
formed which resulted in higher width measurements. At 30 um, 340 W laser power produced
a wider shallow track in comparison to the other layer thicknesses.

The SPL was highest at no powder with 340 W being 89.58 dB. Figure 63 shows SPL increased
with laser power and decreased with increasing powder thickness; opposite results were found
in the previous section (4.3.1 Powder thickness) which showed that the SPL increases with
powder layer thickness at a higher scanning speed of 1.2 m/s. This change in AE can be

attributed to the melt pool dynamics that change at higher scanning speeds (Bidare et al. 2018).
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Figure 62: Geometrical characteristics of single tracks at different process parameters, error bars represent standard
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Figure 63: SPL of single tracks at 100 W, 170 W and 340 W laser power and 0.6 m/s scanning speed. Cross-sections at
corresponding layer thickness shown.

The frequencies emitted at the two different keyhole parameters (170 W and 340 W at 0.6 m/s)
are very similar (Figure 64). This suggests that at these two parameters, the melt pool dynamics
are very stable and similar. The same shape is present in both 170 W and 340 W, but 340 W

has deeper penetration.
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Figure 64: FFT spectrum of single tracks without powder at 100 W, 170 W and 340 W laser power and 0.6 m/s scanning
speed

For “no powder” case at 100 W, the linear energy density (P/V) is 166.667 J/m and resulted in
conduction-mode LPBF. It is interesting that for conduction mode produced with similar linear
energy density (P/V = 141.7 J/m), but at higher scanning speed (1.2 m/s), a different frequency
response was found in the previous section 4.3.2 with a single high peak at ~7 kHz, which
cannot be seen for 0.6 m/s (Figure 65). This implies that there is no definite clear relationship
between AE spectral peak identification and the linear energy density. Each combination of

process parameters produces a unique morphology of tracks and unique sound.
The FFT spectrum for the different laser powers had a similar shape with varying amplitude

from 30 pum to 300 um powder thickness. In Figure 65, for 300 um the different laser power
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spectrums’ shapes almost seem to merge. This is possibly, due to the melt pool that loses
contact with the substrate and cannot conduct heat away rapidly leading to similar melt pool

dynamics for the different laser powers.
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Figure 65: FFT spectrum single tracks with 300pm powder layer thickness at 100 W, 170 W and 340 W laser powers and
0.6 m/s scanning speed

Gas-borne AE results are reported for different layer thicknesses, laser powers and LPBF
modes. From this data it is clear that track morphology cannot be used alone to correlate to AE,
but one should consider the different combinations of process parameters. This information on

the single tracks can be used to aid development of a monitoring system.

4.4 Recognition algorithms

At optimal process parameters, LPBF 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 a layer of powder layer, 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. Early online detection of the unstable formation of single tracks due to these
problems could prove to be an effective way of preventing porosity and other defects in LPBF-

manufactured parts.

The present work analyzes the unique AE signatures at the formation of a single track with
optimal process parameters as well as the identification of tracks manufactured on powder-free

areas and thick powder layers. The simple algorithm and methodology demonstrated can
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potentially be applied in-situ for correcting errors in a feedback control scheme, which is

extremely important in manufacturing high-quality LPBF parts (Druzgalski et al., 2020).

4.4.1 Layer thickness recognition algorithm 1

Measurements of the single tracks from the top view and their cross-sections showed that width
and height of the tracks depend on the powder layer thickness, because it defines the amount
of material involved in the process (Figure 66). The energy input was enough to fuse all powder
under the laser beam and to penetrate into the substrate with a depth of about 70 um. The
conductive mode of the laser fusion promoted U-shaping of the molten pool when the selected

process parameters were applied. Thus, tracks were different in width and height.

(a)
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160  C)
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140 |
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Figure 66: Cross-sections of single tracks: one layer (a), five layers (b) and their geometrical characteristics.
Figure 67 shows the signal obtained at frequencies between 2-50 kHz for the three tracks at
each layer at the two different layer thicknesses. Signals were sampled at 100 kHz and
according to the Nyquist rate, the maximum frequency measured can be 50 kHz. A 2 kHz high-
pass filter was used to remove low-frequency environmental noise. The recorded signal
indicated a strong correlation between the AE signal amplitude and the sequence of tracks.

Since the low level of the signal shows a short pause between the scanning, this type of filtration
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could also be used as one of the qualitative characteristics of the presence or absence of defects
during LPBF.
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Figure 67: Signal registered for three scans after a 2 kHz high-pass filter: one layer (top) and five layers (bottom) with
amplitude in a.u.

Figure 68 presents acoustic spectra of the first two tracks after FFT with threshold lines (red
colour). A threshold is introduced to remove low energy components, which is always present
in both, thus making it plausible to distinguish between differences in the models. The
threshold near 70 000 for the one-layer model and 50 000 for the five-layer model was found
to give the best correlation to the ground truth when it is 15% of the maximum value. The
percentage is calculated from maximum to reduce the negative effect of slight changes in sound

amplitude.
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Figure 68: FFT spectra of AE from one layer (top) and five layers single tracks (bottom). Threshold value for FFT peak
classification is indicated by red line.

The spectra from the five-layer tracks had more intensive high-frequency components.
Probably, this was due to a higher temperature of the molten pool which resulted from a thicker
powder layer. Since the powder has higher effective absorptivity than solid material, maximum
temperature of the molten pool can be reached with the thicker powder layer. Another possible
reason is the creation of the deeper channel in the melt pool for the generation of AE at higher

layer thickness. Sparking effect can also be taken into account for future analysis.

To find significant difference in the frequency spectrum of the tracks, all frequencies present
in the FFT above the threshold lines were recorded as “1” and the rest as “0”. This procedure
normalizes the magnitude and gets rid of low energy components. The resulting classification

of AE signals according to this criterion is shown in Figure 69.

Results of classifications for both layer thicknesses were combined (multiplied) to see what

frequencies were presented in both models. The combined coded frequencies were subtracted
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from the original signals to make a model that should only consist of the unique frequencies

present for each powder layer thickness (Figure 70).
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Figure 69: Coded FFT signals for the two tracks after classification: one layer (a) and five layers (b).

The third track of each sample that was not used in the generation of these models was then
evaluated against the models to see whether the model could predict from which layer the track
was produced. The evaluation tracks (third tracks) at one layer and five layers were subtracted
from the model and then all the points added up. All the points of the one-layer and five-layer
model were summed. The evaluation sum was then divided by the model sum as a percentage
correlation corresponding to the model used. It was found that the one-layer track had 80%
correlation with the one-layer model and only 50% correlation with the five-layer model. The
five-layer track had 70.3% correlation with the five-layer model and only 52.2% correlation
with model derived from the one-layer model.
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Figure 70: Coded signals for the two tracks after classification: one layer (a) and five layers (b).

As was indicated, tracks were manufactured at the same process parameters but at different
powder layer thicknesses. Differences were found in the width of molten pool and the track
height. Changes in the powder layer can occur when the previously sintered layer was very
rough and keyhole or balling started. The newly delivered layer will be inhomogeneous and
thick. The proposed approach can be useful in the prediction of a larger molten pool when more
powder material is involved in the process. The high-frequency band at 25-35 kHz with

enhanced AE from the molten pool looks promising for defect detection.

The typical AE frequency bands for different process parameters when keyhole or balling effect
arises can be determined and used for in-process monitoring and spatial recognition of defects.
A real-time monitoring AE system could be realized using these models. This real-time
monitoring AE system could be achieved using the 1’s and 0’ of the models, seen in Figure 69

and Figure 70 as pole, zero placement in the real-time filter design.

4.4.2 Layer thickness recognition algorithm 2

This section only considers audible sound. FFT for AE signals from three sets of ten tracks,
each with a length of 90 mm produced at 170 W and 1.2 m/s scanning speed, shows similar
results. The case without a powder layer showed low AE, especially at a higher frequency;

about 50% of signal strength was concentrated between 2—7 kHz (Figure 71). There is a clear
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corresponding rise in cumulative amplitude of AE signals after 6 kHz with layer thickness.

These types of indicators can be used to develop online monitoring identifiers. Analysis of SPL

and dominant FFT frequencies averaged over the entire signal time intervals suggested that the

AE signal can correlate with processed layer thickness and with the size of the melt pool.
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Figure 71: FFT spectra and average intensity of AE signals for 10 single tracks produced without powder, 30 zm and 120

um powder layer thickness.

In the present experiments, the spatter effect increased with powder layer thickness and

corresponds with the SPL and frequency changes. No spattering was observed without powder

(Figure 72).
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Figure 72: Images of scanning of 10 sequential, non-overlapping tracks at different layer thicknesses (scanning direction

from left to right) with layer thickness: (a) no powder, (b) and (c) with powder: 30 #m powder layer and 120 xm powder

layer, correspondingly. Spectrograms of the scans showing increasing intensity of AE signal (right). The colour indicates
amplitude: green is low values and red is higher values

In the case without powder, the SNR value was -10.185 dB, for one layer of powder (30 pum)
and the thick layer of 120 um, or for “optimal” and “non-optimal” conditions it was -4.731 dB
and -3.688 dB, respectively which indicates that the signal strength increases with thicker
powder layers. In general, due to the high variability of the amplitudes, it was difficult to find
a correlation between the dominant frequencies and the thickness of the layer at the 2-20 kHz
range in these studies (Figure 72). Apparently, the main sign of an increase in the layer
thickness and the associated balling effect is the presence of high amplitudes in the spectrum
at frequencies of 6-10 kHz, but this assumption should be investigated on a larger number of

single tracks forming a single layer. FTT amplitudes of single tracks varied significantly with
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time during processing, so STFT was used to evaluate the effect of powder layer thickness on

the AE process.

Summing up all the SFFT values at individual frequencies over time can indicate how much of
each frequency was present as AE signal for each powder thickness (without powder, 30 um,
120 um), Figure 73a. The proposed layer recognition algorithm works by creating a signature
for each deviation from 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 As for each frequency f was calculated as
Af =Y[Z0 STFF 5 )
and then it was scaled to [-1; 1] by equation (2):

Ap—0.5 (MAX(Af)—MIN(Af))

AScaledf = 05 (MAX(Af)—MIN(Af)) (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 AAs in amplitudes for each

frequency is calculated by:

AAr = ARefScaledy — ATestScaledAs 3)

The results of the two signature/characteristic curves for the thick powder layer and scanning
without powder calculated from Equation 2 are shown in Figure 73c. The
signature/characteristic curves ¢ 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”), Figure 73.

For the quantitative data comparison algorithm, normalized correlation between the remaining

set of tracks and the two characteristic curves from the model were calculated by:

1
C =
VETest X EModel

Z AAModelf X AAModelf ()
f

Where
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EModel = Z |AAModel |* ETest = Z |AATest; | (5)
f f

The models showed high correlation values: >0.8 for the “reference-no powder” model and
>0.6 for the thick powder layer (Table 14). The reference tracks showed very low correlation

with either model, as expected.
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Figure 73: Cumulative amplitude of AE signals for six tracks in different sets: no powder (blue colour), one layer (30 pum as
reference, green colour) and four layers (120 um, red colour) of powder thickness (a). Signature curves of “reference
powder layer—no powder” (b) and “reference-thick powder layer” (c).

To implement this approach for online monitoring by AE, the recorded sound must be
compared to both the models. Low correlation to either model means that the process is stable
and defect-free. 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 lack-of-fusion porosity in
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the corresponding area of the part. Additionally, other types of defect signatures can potentially

be created and added to expand the type of defects which the system can recognize).

Table 14: Correlation coefficients for experiments with single tracks

“Reference—no powder” “Reference—thick
model powder layer” model
Tracks 1-6 1 0.087
Track 7 0.867 0.078
No powder Track 8 0.936 0.079
Track 9 0.926 0.081
Track 10 0.873 0.071
Track 7 0.340 0.122
Thelfce;ﬁgscf Track 8 0.034 0.135
(30 um) Track 9 0.000 0.202
Track 10 0.000 0.415
) Tracks 1-6 0.087 1
(;n;g‘;) Track 7 0.093 0.801
powder layer Track 8 0.116 0.779
(120 pm) Track 9 0.163 0.683
Track 10 0.218 0.713

The same steps were used to create and test the algorithm for the layers. The results appear to
be similar in that: the AE energy increases with powder layer thickness; the same peaks are
present at ~6 to 8kHz and for no powder the energy is low at higher frequencies (Figure 74).

Amplitude, a.u

Frequency, kHz

Figure 74: Cumulative amplitude of AE signals for single layers in different sets of powder thickness: one layer (30 pum as
reference, green colour), four layers (120 um, red colour), and without powder (blue colour)
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One notable difference between single tracks and single layers is observed for no powder. At
60 um and 120 um there is an increased amplitude at ~3.5 kHz. 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, i.e. layer, which is absent in the manufacture of single track (Yadroitsev
and Smurov, 2011). The layers correlated very well with the two models (Table 15).
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 of a
defect powder layer.

Table 15: Correlation coefficients for experiments with single layers

“Reference—no powder” “Reference—thick
model powder layer” model

No powder Model 1 0.017
Test layer 0.996 0.020

Reference
thickness Test layer 0.469 0.103

(30 um)
Thick (critical) Model 0.017 1
po("l"ggru'%er Test layer 0.042 0.947
4.4.3 Summary

A detailed analysis of airborne AE signals for LPBF of single tracks 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 irregular: it can identify between cases when there is no
powder, reference powder layer and thick powder layer (lack of fusion) when the balling effect

starts, and when tracks are irregular in shape.
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CONCLUSIONS AND FUTURE RESEARCH

Manufacturing components for industries where quality is crucial requires that the parts be
tested before being commissioned into service. “How does the quality compare to that of
conventional manufacturing methods?” Manufacturing standards and testing procedures need
to be in place to give the end-user peace of mind. When new technologies emerge, formal
issued standards always lag, which hinder technology growth. Each alloy has a unique
processing window within which optimal tracks are produced. Literature shows that many
researchers are looking to develop optimal process parameters for new materials. Parallel to
this, companies and researchers are developing machines and equipment to enhance the
capabilities and quality of LPBF, real-time control using online monitoring being one of the
major drives seen from LPBF platform suppliers. Quality of aerospace and medical
components must be verified. Current methods depend much upon post-processing methods
such as CT scanning. Post-processing is time-consuming and adds significant cost to the parts
being produced. The nature of adding single tracks to form layers which are then added to form
3D parts exhibits specific defects and material properties. It is, therefore, very important to
understand LPBF, design for AM and the capabilities of the online monitoring equipment
(probability of detection).

Intricacies of defects are dependent on many factors: material, build orientation, layer
thickness, geometry, laser parameters, etc. All these factors interplay making it difficult to
predict the type of defect that might arise; this is also why the idea of creating a digital twin is
currently receiving much attention from the AM community. Single track morphology under
different process parameters is shown. The critical layer thickness for lack-of-fusion porosity

was found for the 3D objects and correlated well to the shape of the single track.

Regarding online monitoring, gas-borne AE is relatively easy to implement, inexpensive and
able to give valuable information. For online monitoring the current equipment, microphone
placement, scanning position and signal filtering were verified for the M280 environment.
Online AE can distinguish events within the time domain. The AE during the LPBF process
presented promising results in that it changes with the powder thickness, laser power and laser
operating modes. Track morphology at different layer thicknesses and laser powers were
compared to their corresponding AE signals. Different combinations of process parameters
yielded different acoustic signals. When comparing different parameters, tracks might look the

same and even be processed with equal energy density but yield a completely different acoustic
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signal, therefore, track morphology alone cannot be used to correlate to AE; one should

consider a process parameter set.

A detailed analysis of airborne AE signals of single tracks and layers were presented.
Determining the typical AE frequency bands for different process parameters when keyhole or
balling effect arise can be used for in-process monitoring and spatial recognition of defects in
LPBF manufacturing. The results show that a simple algorithm could accurately identify
problematic situations where the thickness of the powder layer is irregular — it can identify
between cases when there is no powder, optimal powder and a thick powder layer (lack of
fusion) when balling starts, and when tracks are irregular in shape. These post-processing
algorithms can be used in the design of online process monitoring of LPBF. As shown in this
study, changes in layer thickness have a great effect on AE. The SPL and spectral analysis can,
therefore, be used to identify keyhole mode or lack-of-fusion defect scenarios. This AE
approach can possibly be implemented using a device such as a Field Programmable Gate
Arrays (FPGA). A FPGA can record new data and do signal processing simultaneously. The
correlation values can then be used to interrupt the building process.

The complex nature of the LPBF process leaves much space for investigation of the sources of
AE and how each parameter may affect the signal along with the limitations. The limit of the
smallest thickness deviation that this method can detect should be investigated. 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 LPBF
process. For example, factors like laser modulation, scanning strategies which influence melt
pool temperature and part geometry containing overhang areas could also affect this. The
proposed algorithms can be fine-tuned and extended to include different events other than layer
thickness. This approach can then be integrated with the software to either alarm or adapt

system parameters when AE does not correlate to the required reference values.

Future work can include investigating other AE systems such as air-coupled ultrasound and
other signal processing methods such as using other linear time invariant algorithms with the
identified frequencies. Establishing the limitations of AE online monitoring, i.e. minimum size
and the typical defects, will assist as a quality control method for LPBF components. AE data
in combination with x-ray CT can be used to develop a digital twin for production parts. The
establishment of standards in terms of what type of defects are allowed would assist not only

the end-users but also the development of online monitoring systems, because these systems
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are considered with respect to the probability of detection. AE might be a valuable missing

complementary tool in online monitoring systems.
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Appendix

~ Calibration Report ~

Model: 378802 Serial Number: 132756
Microphone Model: 377B02 Serial Number: 179115 Description: 1/2" Free-Field Microphone
Preamplifier Model: 426E01 Serial Number: 051802 and Preamplifier
Calibration Data
System Sensitivity @ 251.2 Hz:  48.28 mV/Pa Polarization Voltage, External: 0V

-26.32dB re 1V/Pa

Temperature: 69 °F  (21°C) Ambient Pressure: 981 mbar Relative Humidity: 36 %
Frequency Response (0 dB (@ 251.2 Hz)
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Frequency (Hz)

Freq Lower  Upper Freq Lower  Upper Freq Lower  Upper Freq Lower  Upper
(Hz) (dB) (dB) (Hz) (dB) (dB) Hz (dB) (dB) (Hz) (dB) (dB)
7499 - -

20,0 011 0.11 1679 -0.11 0.12 -2.41 0.66 -
251 0.10 0.10 1778 -0.12 0.14 7943 -2.74 0.65 - - -
316 0.08 0.08 1884 -0.13 0.16 8414 -318 0.55 - - -
398 0.06 0.06 1995 -0.13 0.18 8913 -3.64 0.47 - - -
0.1 0.06 0.06 2114 -0.14 0.20 9441 -4.17 0.35 - - -
63.1 0.04 0.04 2239 0.13 0.22 10000 -4 86 0.09 - - -

794 0.04 0.04 2371 -0.19 0.22 10593 -5.36 0.05! - - -
100.0 0.03 003 2512 -0.21 0.25 11220 -6.13 -0.27 - - -
1259 0.02 0.02 2661 -0.26 025 11885 -6.57 -0.25 - - -
158.5 0.01 001 2818 -0.27 029 12589 -6.92 -0.15 - - -
199.5 001 0.01 2985 -0.30 032 13335 =720 -0.01 - - -
2512 0.00 0.00 3162 035 033 14125 -748 0.11 - - -
3162 -0.01 0.00 3350 -0.38 0.36 14962 -167 0.30 - - -

398.1 -0.01 -0.01 3548 -0.44 0.39 15849 -790 0.45 - = -
5012 -0.02 0.02 3758 -0.50 0.40 16788 -8.15 0.57 - - -
631.0 -0.03 001 3981 -0.56 0.44 17783 -849 0.62 - - -

7943 -0.04 0.05 4217 -0.65 047 18837 -9.14 0.37 - - -
1000.0 -005 007 4467 -0.73 0.50 19953 -9.94 -0.01 - - -
1059.3 -0.06 0.07 4732 -0.83 0.54 - - - - -
11220 -0.06 008 5012 -0.95 0.58 - -

11885 -0.07 008 5309 -1.10 0.60 - - - - o
1258.9 -0.07 0.09] 5623 -1.25 0.64 - - - - =
13335 -0.08 010 5957 -1.43 0.64 - - - - = N
14125 -0.08 011 6310 -161 0.69 - - - - - -
14962 -0.09 011 6683 -1.85 0.67 - - - - = %

15849 -0.10 0.12 7080 -2.14 0.65 - - - - - -
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Figure 76: Photo of M280 while setting up for an experiment
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Table 16: Summary of key process parameters in LPBF (Adapted from Spears and Gold, 2016)

Laser and scanning parameters

1. Average power Measure of total energy output of a | Controlled
laser

2. Mode Continuous wave or pulsed Predefined

3. Peak power Maximum power m a laser pulse Predefined

4. Pulse width Length of a laser pulse when | Predefined
operating in pulsed mode

5. Frequency Pulses per unit time Predefined

6. Wavelength Distance between crests m laser | Predefined
electromagnetic waves

7. Polarization Orientation of electromagnetic waves | Predefined
in laser beam

8. Beam quality Related to intensity profile and used to | Predefined
predict how well beam can be focused
and determine minimum theoretical
spot size (equal to 1 for a Gaussian)
(Steen and Mazumder, 2010)

9. Intensity profile Determines how much energy added | Predefined
at a specific location

10. Spot size Length and width of elliptical spot | Controlled
(equal for circular spots)

11. Scan velocity Velocity at which laser moves across | Controlled
build surface

12. Hatch distance Distance between neighbourmg laser | Controlled
passes

13.2 Scan strategy Pattern in which the laser is scanned | Controlled

across the build surface (hatches, zig-

© Central University of Technology, Free State
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zags. spirals, etc.) and associated

parameters

Powder material properties

14. Bulk density Material density, limits maximum | Predefined
density of final component
15. Thermal Measure of material’s ability to | Predefined
conductivity conduct heat
16. Heat capacity Measure of energy required to raise | Predefined
the temperature of the material
17. Latent heat of Energy required for solid-liquid and | Predefined
fusion liquid-solid phase change
18. Melting Temperature at which material melts: | Predefined
temperature for alloys the difference between the
liquidus and solidus temperature is
typically of greater interest
19. Boiling Temperature at which matenal | Predefined
temperature vaporizes; may only be important in
certain process conditions
20. Melt pool viscosity Measure of resistance of melt to flow | Predefined
21. Coetticient of Measure of volume change of | Predefined
thermal expansion material on heating or cooling
22. Surface free energy Free energy required to form new unit | Predefined
area of solid-liquid interfacial surface
23. Vapour pressure Measure of the tendency of material to | Predefined
vaporize
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24. Heat (enthalpy) of Energy associated with a chemical | Predefined
reaction reaction of the material (e.g. oxide
formation), not always relevant
25. Material Measure of laser energy absorbed by | Predefined
absorptivity the material, as opposed to that which
is transmitted or reflected
26. Diffusivity Important for solid state sintering, not | Predefined
as critical for melting
27. Solubility Solubility of solid material in liquid | Predefined
melt. unlikely to be significant
28.2 Particle Measures of shape of individual | Predefined
morphology particles and their distributions. e.g.
aspect  ratio, circularity, and
clongation
29. Surface roughness Arithmetic mean of the surface profile | Predefined
30. Particle size Distribution of particle sizes, usually | Predefined
distribution diameter, is a powder sample
31.7%Pollution Ill-defined factor deseribing change in | Predefined
properties of powder due to reuse as
dust and other particles added to
powder
Powder bed properties and recoat parameters
32. Density Measure of packing density of powder | Predefined
particles, influences heat balance
33. Thermal Measure of powder bed’s ability to | Predefined
conductivity conduct heat
34. Heat capacity Measure of energy required to raise | Predefined
the temperature of the powder bed
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35. Absorptivity Measure of laser energy absorbed, | Predefined
dependent on materal absorptivity
and state of powder bed
36. Emissivity Ratio of energy radiated to that of | Predefined
black body
37.2 Deposition system Recoater velocity, pressure, recoater | Controlled
parameters type. dosing (Van der Schueren and
Kruth, 1995)
38. Layer thickness Height of a single powder layer, | Controlled
limiting resolution and impacting
process speed
39. Powder bed Bulk temperature of the powder bed | Controlled
temperature
Build environment parameters
40. Shield Gas Usually Ar or N2, but may also be He, | Predefined
or something else
41. Oxygen level Probably most important | Controlled
environmental parameter: oxygen can
lead to oxide formation m metal,
changes wettability, energy required
for welding
42. Shield gas Influences heat balance, diffusivity | Predefined
molecular weight into and out of part
43. Shield gas May influence free surface activity of | Predefined
viscosity melt pool, convective heat balance
44. Thermal Term 1n heat balance Predefined
conductivity
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435. Heat capacity of Term in heat balance Predefined

gas

46. Pressure Influences vaporization of metal as | Controlled
well as oxygen content

47. Gas flow veloeity Influences  convective  cooling, | Controlled
removal of condensate

48. Convective heat Convective cooling of just-melted | Predefined

transfer coefficient part by gas flowing over the surface

49. Ambient Appears i heat balance, may impact | Controlled

temperature powder preheat and residual stress

50. Surface free energy Between liquid and surrounding gas. | Predefined
influences melt pool shape
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