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ABSTRACT 

The increased use of metal additive manufacturing in production 
components makes quality control essential. The performance of parts 
produced by laser powder bed fusion depends on optimal process-
parameters and the careful selection of scanning and building strategies 
for complex parts. In-situ acoustic emission provides a suitable solution for 
directly monitoring the laser powder bed fusion process during 
manufacturing. This paper shows the effect of different melting modes on 
the sound pressure and frequency spectrum during the laser powder bed 
fusion process. The results present valuable information for online 
monitoring development. 

OPSOMMING 

Die verhoogde gebruik van metaal toevoegingsvervaardiging in produksie 
onderdele maak gehaltebeheer noodsaaklik. Die werkverrigting van 
onderdele wat deur ‘n laserpoeierbed smeltproses vervaardig word, hang 
van optimale proses parameters en die noukeurige keuse van skandering- 
en boustrategieë vir komplekse onderdele af. In situ akoestiese emissie 
bied 'n geskikte oplossing vir die direkte monitor van die laserpoeierbed 
smeltproses. Hierdie artikel beskryf die effek van verskillende 
smeltmodusse op die klankdruk en frekwensie spektrum. Die resultate bied 
waardevolle inligting vir aanlyn moniteringsontwikkeling. 

 

1 INTRODUCTION 

Metal additive manufacturing (AM) has shown great application in industry. The metal AM market has grown 
more than 40% in the last 5 years [1]. The complex nature of the laser powder bed fusion (L-PBF) process 
makes slight variation in process variables detrimental to the quality of the parts. At a low laser energy 
density, a shallow wide track forms (conduction mode) and at a high energy density deep penetration occurs 
due to vapour recoil pressure which pushes back on the melt pool and forms a depression in the surface of 
the melt pool (keyhole mode). During keyhole mode, laser reflection within the cavity increases energy 
absorption. In the transition between the two modes the keyhole is present but has shallow penetration, 
characterised by a melt pool with an aspect ratio of ~1. The formation of defects during keyhole mode is 
dependent on various process parameters while the keyhole shape is greatly influenced by the speed of the 
laser. Formation of porosity in keyhole mode is attributed to an unstable melt pool that solidifies before 
the molten material can fill the cavity, trapping gas bubbles at the bottom [2]. Therefore, process 
monitoring for quality control of additive manufacturing is very important, especially for parts in safety 
critical applications. Gas-borne acoustic emission (AE) has been reported to be a feasible method for online 
monitoring of laser welding [3,4] and additive manufacturing processes, such as direct energy deposition 
[5] and laser powder bed fusion [6,7]. Acoustic emission generally refers to waves that arise from various 
energy sources which induce vibration or pressure waves which are monitored by a sensor and correlated 
to specific events. During additive manufacturing, some systems monitor the waves traveling through the 
substrate. Any energy released during the laser-material interactions, will be measured by the sensor. The 
use of acoustic and machine learning has been investigated for laser powder bed fusion; different porosity 
forming process parameters can be detected using machine learning [8-10]. Process monitoring for L-PBF 
is based on measuring various physical phenomena and correlating it to the process quality. Commercial L-
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PBF process monitoring systems are still in its infancy and mostly makes use of cameras and pyrometry. 
Considerable work is needed to establish closed loop quality control [11]. This work sets out to show the 
correlation of audible acoustic emission of single tracks at different keyhole process parameters using an 
EOSINT M280 system. 

2 METHODOLOGY 

First, Ti6Al4V (ELI) powder and substrate was used for single track experiments. TLS Technik GmbH & Co. 
Spezialpulver KG (Germany) supplied a pre-alloyed gas atomised powder with the following chemical 
composition: Ti – balance, Al – 6,34%, V – 3,94%, O – 0,082%, N – 0.006%, H – 0,001%, Fe – 0,25%, C – 0.006% 
(weight %). The equivalent diameters (by volume) of the powder particles were d10 = 12 μm, d50 = 21 μm, 
and d90 = 31 μm.  
 
The experiments were performed with an EOSINT M280; a microphone was placed inside the building 
chamber, 240 mm above the substrate. To achieve different modes of L-PBF, the laser power was varied 
between 100 W, 170 W, and 340 W, and the scanning speed was constant at 0.6 m/s. The optimal process 
parameters for this system were found to be at a laser power of 170 W with a scanning speed of 1.2 m/s [12] 
– that is, twice that used in this investigation. Two single tracks, 48 mm in length, were produced: one with 
powder and one without. The thicknesses of the powder layers were 1, 2, 4, 5, and 10 layers (a single layer’s 
thickness being 30 μm). This resulted in two tracks positioned 40 mm apart for each layer, and a set of 
process parameters. First, two tracks were sintered without powder, then a powder layer was delivered, 
and the laser scanned two tracks next to the previous tracks (1mm apart). This procedure was repeated for 
the corresponding layers. 
 
The AE was measured using an ICP microphone with an optimal frequency range of 3.75–20 000Hz (±2dB). 
The data was acquired at a sampling frequency of 102.5 kHz. For the analysis, post-processing was 
implemented using a 2 kHz high-pass filter to remove the effect of ambient operating noise that was 
unrelated to the laser scanning. Although some information might have been present below 2 kHz, it was 
not considered in this study. The data analysis was carried out using LabView and microscopy. Each track’s 
corresponding sound waveform was extracted from the recording and analysed with Fast Fourier Transform 
(FFT), and the sound pressure level (SPL) was calculated. For optical microscopy, top and cross-sectional 
images were obtained. The data was used to correlate the track morphology with the frequency spectrum 
for the specific layer thickness. 

3 RESULTS AND DISCUSSION 

For the current system (EOSINT M280), the conduction mode was obtained at a laser power of 100 W, and 
the keyhole mode at a laser power of 170 W and 340 W (Figure 1). From the top view it can be seen that 
the track width for all of the laser powers was uniform throughout the length of the track. The depth of 
the tracks increased greatly with the increase in laser power. 
 

 

Figure 1: 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 L-PBF process. 
At 340 W and 0.6 m/s, various defects were observed (Figure 2). Increase in layer thickness produced 
massive irregular tracks, with large volumes protruding above the substrate; and at 300 µm, unmelted 
particles were attached to the irregular track.  
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Fig 1: 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. 
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Figure 2: Cross-sections showing keyhole porosity and irregular surface of single tracks without 
powder (left), layer thickness of 120 µm (middle), and 300 µm (right) at 340 W laser power and 0.6 

m/s scanning speed 

At the laser power of 100 W and a powder layer thickness of 300 μm, the single tracks did not have contact 
with the substrate. A microscopic analysis of the tracks found that the contact zone decreased with 
increased layer thicknesses for all three laser powers. The contact zone was found to be the only dimension 
that had a distinct relationship with the sound pressure level. In Figure 3 it can be seen that the SPL 
decreases with a decrease in contact zone; note the increase for 100W at 30 µm. The width of the tracks 
followed the same pattern as the contact zone up to 120 µm; above 120 µm, ‘ice cream cone’-shaped tracks 
formed, resulting in higher width measurements. At 30µm, 340W laser power produced a wider shallow 
track than those with the other layer thicknesses. 
 

 

 

Figure 3: Geometrical characteristics of single tracks at different process parameters 

The SPL was highest for 340W with no powder, at 89.58 dB. Figure 4 shows that the SPL increased with 
laser power and decreased with increasing powder thickness; the opposite results were found for 1.2 m/s 
[13], which showed that the SPL increased with powder layer thickness at a higher scanning speed of 1.2 
m/s. This change in AE could be attributed to the melt pool dynamics, which change at higher scanning 
speeds [14]. 
 
The frequencies emitted at the two different keyhole parameters (170 W and 340 W at 0.6 m/s) were very 
similar (Figure 5). This suggests that, at these two parameters, the melt pool dynamics were similar and 
very stable. The same shape was present at both 170 W and 340 W (Figure 1), but 340 W showed a deeper 
penetration. 
 

 
Fig 2: Cross-sections showing keyhole porosity and irregular surface of single tracks without 
powder (left), layer thickness of 120 µm (middle) and 300 µm (right) at 340 W laser power 
and 0.6 m/s scanning speed. 
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Figure 4: 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 are shown 

 

Figure 5: 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 the ‘no powder’ case at 100 W, the linear energy density (P/V) was 166.667 J/m, resulting in conduction 
mode L-PBF. It is interesting that, for conduction mode produced with a similar linear energy density 
(P/V=141.7 J/m) but at a higher scanning speed (1.2m/s), a different frequency response was reported 
with a single high peak at ~7 kHz [13], which cannot be seen for 0.6 m/s (Figure 5). 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 the amplitude varying for 30 μm 
to 300 μm powder thickness. In Figure 6, at 300 μm the different laser power spectrums’ shapes almost 
seem to merge. This is possibly because the melt pool loses contact with the substrate and cannot conduct 
heat away rapidly, leading to similar melt pool dynamics for the different laser powers. 
 

 

Figure 6: FFT spectrum single tracks with 300 µm powder layer thickness at 100 W, 170 W, and 340 
W laser powers and 0.6 m/s scanning speed 

4 CONCLUSION 

Gas-borne acoustic emission results were reported for keyhole mode L-PBF. The sound pressure level 
decreased with increased layer thicknesses, and showed a relationship with the contact zone 
measurements. From this data it is clear that track morphology cannot be used alone to correlate to 
acoustic emission, but that one should also consider the different combinations of process parameters. The 
frequency response between 170 W and 340 W laser power is similar with varying amplitudes, which seem 
to merge as contact with the substrate is lost. Information about the acoustic emissions of different melting 
modes at different powder thicknesses could be valuable for increasing the probability of defect detection 
during online monitoring. 
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Fig 4: 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.  
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Fig 6: FFT spectrum single tracks with 300 µm powder layer thickness at 100 W, 170 W 
and 340 W laser powers and 0.6 m/s scanning speed   
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