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Abstract

Acoustic emissions in directed energy deposition processes such as wire arc additive manufacturing and directed energy
deposition with laser beam/metal are investigated within this work, as many insights about the process can be gained from
this. In both processes, experienced operators can hear whether a process is running stable or not. Therefore, different experi-
ments for stable and unstable processes with common process anomalies were carried out, and the acoustic emissions as
well as process camera images were captured. Thereby, it was found that stable processes show a consistent mean intensity
in the acoustic emissions for both processes. For wire arc additive manufacturing, it was found that by the Mel spectrum, a
specific spectrum adapted to human hearing, the occurrence of different process anomalies can be detected. The main acous-
tic source in wire arc additive manufacturing is the plasma expansion of the arc. The acoustic emissions and the occurring
process anomalies are mainly correlating with the size of the arc because that is essentially the ionized volume leading to
the air pressure which causes the acoustic emissions. For directed energy deposition with laser beam/metal, it was found that
by the Mel spectrum, the occurrence of an unstable process can also be detected. The main acoustic emissions are created
by the interaction between the powder and the laser beam because the powder particles create an air pressure through the
expansion of the particles from the solid state to the liquid state when these particles are melted. These findings can be used
to achieve an in situ quality assurance by an in-process analysis of the acoustic emissions.

Keywords Wire arc additive manufacturing - Laser metal deposition - WAAM - LMD - In situ monitoring - Airborne
acoustic emissions
1 Introduction

1.1 Directed energy deposition processes
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Additive manufacturing can be divided into several sub-
groups, and one of them is the directed energy deposition
(DED). In this work, the two DED processes, wire arc addi-
tive manufacturing (WAAM) and laser metal deposition
(LMD), were in the scope.

WAAM is primarily intended for cost-effective produc-
tion of large components due to its high deposition rates
compared to, e.g. laser-based additive manufacturing pro-
Joerg Volpp cesses [1]. Most WAAM processes are based on gas metal
jorg.volpp@ltu.se arc welding (GMAW), and one of the most promising
GMAW processes for WAAM is the cold metal transfer
(CMT) process which enables a reduced energy input com-
pared to other GMAW processes [2]. Due to the reduced
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energy input in the CMT process, it is easier to keep the
process temperature within a specified temperature range,
which enables a consistent part geometry [3]. In the CMT
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process, the wire is conveyed into the process zone through
a push—pull movement [4]. In one CMT cycle, a pulse of
defined duration melts the wire tip and is fed forward until
the wire tip drops into the melt pool, inducing a short-circuit
and arc extinction [5]. Thereupon, the wire is pulled back,
separating the wire from the melt pool, and the CMT cycle
restarts again [5]. In this work, the processing of the alumin-
ium series 5xxx by WAAM was further investigated because
of its good mechanical properties in the as-built state, with-
out further heat treatments [6]. Zhang et al. investigated
WAAM of Al-6 Mg and showed that parts, manufactured
by this alloy, can achieve an ultimate tensile strength of up
to 333 MPa [6]. The aluminium series 5XxXX is a non-heat-
treatable Al-Mg-based alloy as it is typically strengthened
by solid solution formation and strain and not by precipita-
tion [7].

LMD allows remarkable freedom in the processing of new
materials and in multi-material processes [8]. In LMD, sev-
eral tracks and layers are formed by melting metal powder
with the laser beam. The powder is usually conveyed through
a coaxial nozzle into the process zone with a specified pow-
der focus given by the nozzle geometry. The most important
parameters in LMD are the laser power, travel speed, powder
mass flow rate, powder focus, and laser beam focus. A higher
laser power increases the track width and the penetration
depth of the track [9]. A lower travel speed leads to slower
cooling and consequently to lower residual stresses [9]. A
higher powder mass flow rate increases the track height and
decreases the penetration depth at the same time [9]. The
powder focus is specified by the nozzle used for the process,
and the laser focus is specified before processing. The stand-
off distance is therefore defined by the powder focus and the
laser focus. In the experiments, CrNiMo-alloyed steel powder
was processed by LMD. CrNiMo-alloyed steel is used for
highly stressed gear parts with high demands on toughness
properties [10]. These steels have a tensile strength of up to
770 MPa and a maximum hardness of 229 HB and are usu-
ally not easy to weld [10].

1.2 Acoustic emissions in directed energy
deposition processes

In situ monitoring systems can be used to observe the pro-
cess stability and to initiate countermeasures if necessary.
This reduces the need for subsequent quality assurance, and
the overall process is more reliable and economical. In situ
monitoring systems can be based on different sensors as
shown by Reisch et al. who proposed a context-sensitive,
multivariate monitoring system based on sensor signals
of current, voltage, spectrometer, and acoustics [11, 12].
Acoustic sensors are attracting more and more attention
because they are easy to retrofit, comparably cheap, and can
potentially provide a lot of information. Dong et al. used
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acoustic emissions (AE) to identify different types of weld-
ing penetration (insufficient penetration, normal penetration,
and burning through) using the principal component analysis
in the frequency domain [13]. Pal et al. found that the AE
in GMAW are strongly related to both process parameters
and weld quality [14]. They found a strong correlation of the
AE with the voltage and current signals [14]. Ladislav et al.
investigated AE in GMAW of steel and found correlations
between the AE and nonregularities in arc behaviour such as
arc extinction and burn-through events [15]. They found that
AE in GMAW of steel are mainly produced by short circuit-
ing and arc reignition [15]. Furthermore, they observed that
the main sources of the AE in GMAW are changes in arc
dimensions, arc geometry, and arc intensity [15]. In addi-
tion, they found that the process parameters such as cur-
rent, shielding gas type, and the wire extension length also
influence the AE but not the microstructure changes or the
amount of carbon content in the test parts [15]. Horvat et al.
found that the AE basically consist of impulses and turbu-
lent noise [16]. Furthermore, they found that the acoustic
impulses are more than 10 dB higher than the turbulent noise
and originate mainly from the arc extinction and arc ignition
[16]. Liang et al. investigated the characteristics of metal
droplet transfer in WAAM of aluminium and found that the
periodic characteristics of the arc can be identified in the AE
[17]. Experienced welders use the welding arc sound as a
criterion about an unstable or stable process [15]. Therefore,
acoustic analysis is a promising method for in situ monitor-
ing systems in WAAM. So far, acoustic analysis was focused
on typical welding defects such as burn-through events
or arc extinction but not on defects occurring in additive
manufacturing.

In the present work, a monitoring system based on AE
was investigated to evaluate the feasibility and accuracy of
such a system. In situ monitoring systems, which observe
process stability, are of high interest for an autonomous
manufacturing system and would be a further step towards
small batch production. However, so far mainly the general
correlations between the GMAW processes and the AE were
investigated but not the changes when larger demonstrator
parts are manufactured. During manufacturing of larger
parts, the AE could be influenced by process anomalies such
as geometrical fluctuations, track deviations, or oxidation
effects. Geometrical fluctuations often occur due to process
temperatures that are too low or too high [3]. Oxidation
effects can reduce the mechanical properties of the part and
occur in particular in WAAM of aluminium due to the high
affinity of aluminium with oxygen [18].

Furthermore, the nozzle-to-work distance is one of the
main parameters which also influences the occurrence of
such process anomalies. Too large nozzle-to-work distances
can lead to geometrical deviations, track deviations, or oxi-
dation effects. Too small nozzle-to-work distances can lead
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to collisions with the already built structure. The nozzle-to-
work distance changes over several layers due to deviating
track heights from process planning and the real track height.
Therefore, the correlation between the AE and the nozzle-
to-work distance was also investigated in the present work
to detect such process anomalies before they even occur.

In LMD processes, in situ monitoring approaches based
on AE were much less investigated compared to GMAW-
based processes. The first research was conducted by Gaja
and Liou who analysed AE during LMD to detect cracks
and pores within the part [19]. Koester et al. investigated
also AE in LMD and found that the AE of the process are
significantly determined by the laser power and much less by
the powder mass flow [20]. In the present work, correlations
between AE and process anomalies such as geometric fluc-
tuations and oxidation effects were investigated. In addition,
the main acoustic source in LMD was further investigated
to better explain the acoustic behaviour when these process
anomalies occur. In LMD, a constant standoff distance is
even more important than in WAAM, since the standoff dis-
tance is defined by the powder and the laser focus. Deviating
standoff distances in LMD can lead to unstable processes
with geometric fluctuations, oxidation effects, or other pro-
cess anomalies. Therefore, the correlation of the AE with a
change of the standoff distance in the LMD was also inves-
tigated in the present work.

2 Material and methods
2.1 Design of experiments

In both processes, WAAM and LMD, the same process-
ing strategy based on a continuous circular movement was
used to build up a rotationally symmetrical part, as shown
in Fig. 1. The process parameters used for WAAM are listed
in Table 1, and the parameters used for LMD are listed in
Table 2.

In WAAM, a wire of the aluminium alloy AX-5087 with
a diameter of 1.2 mm and substrate plates of 6060 with the
dimensions 150 mm X 150 mm X 6 mm were used. In LMD,
steel powder of 18CrNiMo7-6 with a range of particle size
diameter from 45 um to 90 um was used. The chemical com-
positions of both alloys are shown in Table 3.

2.2 Experimental set-up and monitoring framework

In the robot-based WAAM set-up, shown in Fig. 2, a 6-axis
Comau robot, a Siemens motion control, and a Fronius
welding source with CMT functionality were used. For in-
process monitoring, the Cavitar welding camera C300 and
the PreSonus PRM1 air acoustic microphone were used.
The welding camera was used to monitor and analyse the
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Fig.1 Schematic build-up strategies used for the experiments in a
WAAM and b LMD

melt pool during WAAM. The process was monitored with
a frame rate of 30 frames per second. The C300 welding

Table 1 Process parameters used for WAAM of aluminium alloys

Parameter Value
Substrate material 6060
Wire material 5087
Wire feed speed 4.2 m/min
Current — CMT mode 76 A
Voltage — CMT mode 123V
Robot travel speed 0.35 m/min
Shielding gas Argon 4.5
(99.995% purity)
Gas flow rate 8 I/min
Nozzle-to-work distance 14 mm
Torch angle Neutral (0)
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Table 2 Process parameters used for LMD of steels

Parameter Value

X5CrNil8-10
18CrNiMo7-6

Substrate material

Powder material

Powder mass flow 2.2-6.0 g/min

Travel speed 600 mm/min

Laser power 400-800 W

Laser wavelength 1030 nm

Laser beam diameter 800 um

Focal length 300 mm

Collimation 150 mm

Feeding fibre core diameter 400 pm

Standoff distance 11 mm

Carrier gas 6 1/min of argon (99.995% purity)

Additional shielding gas 12 I/min of argon (99.995% purity)

camera contains an integrated laser unit with a wavelength
of 640 nm, which was used as an illumination laser. The
illumination laser combined with a bandpass filter in front
of the camera with a central wavelength of 640 nm filters
all other process-related radiation outside the wavelength of
640 nm and allows an unsaturated view of the melt pool. The
PreSonus PRM1 air acoustic microphone with a frequency
range from 20 Hz to 20 kHz, a sensitivity of —37 dB/PA,
and a limiting sound pressure level of 132 dB was used to
record the AE during processing. The data were captured
at a frequency of up to 44,100 Hz and were saved in the
uncompressed audio file format ‘wav’.

The LMD set-up, shown in Fig. 3, consists of a motion
control SINUMERIK 840D, a Precitec laser processing
head, a three-axis motion system, a TRUMPF laser TruD-
isk 8002, and a vibration powder feeder from MediCoat.
For in-process monitoring, a PreSonus PRM1 air acoustic
microphone and a hema welding camera were used. The
PreSonus PRMI air acoustic microphone was used to cap-
ture the AE at a frequency of up to 44,100 Hz during the
LMD process. The data were saved in the uncompressed
audio file format ‘wav’. The hema welding camera was used
to correlate the AE with the process characteristics. The pro-
cess camera images were captured with a frame rate of 30
frames per second.

The physical reasons for the acoustic process emissions
are expected to be different for LMD and WAAM. How-
ever, the analysis of the recorded acoustic emissions was
chosen as follows for both processes. Since it has already
been shown that experienced operators can hear process
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Fig.2 Set-up of the robot-based WAAM cell

changes, the promising approach to emulate the human
sense of hearing in acoustic data analysis was used in this
work. The emulation based on human hearing was done
according to the Mel scale, where the frequency resolution
is adapted to the characteristics of the human ear [22]. The
Mel scale is the result of a non-linear transformation of the
frequency scale. The Mel spectrogram is based on the Fast
Fourier transformation of the raw audio data (44,100 Hz).
The raw audio data are first separated in several data
streams with a window size of 2048 data points and a hop
length of 512 between the individual windows. Then, the
Fast Fourier transform is calculated, and upon this, the Mel
scale is divided into 128 evenly distributed frequencies,
and for each window, the signal is decomposed into its
components according to the frequencies of the Mel scale.
In the Mel spectrum, the frequency with the highest inten-
sity was given as a reference value with 0 dB, and therefore
all other intensities are below 0 dB. Since the Mel spectrum
can only be visually analysed, the average intensity of the
Mel frequencies over time was plotted. In some cases, the
frequencies which were significant for certain anomalies were
filtered from the Mel spectrum, and the average intensity of
those significant Mel frequencies was plotted over time.
Furthermore, the AE were correlated with the pro-
cess camera images, which were recorded by the welding

Table 3 Chemical compositions

o ; Alloy Al Fe Mg Cr Ni Si Mn Zr Ti Mo C
of AX-5087 aluminium wire
and 18CrNiMo7-6 steel powder, — AX_5087 Bal 45-52 0.15 0.7 02 0.1
in wt.% [21] 18CNiMo7-6 Bal 15-1.8 14-17 <04 0.5-09 0.25-035 0.15-021
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Fig.3 Set-up of the LMD process cell

camera C300 in the WAAM process (Fig. 4a) and by a
hema welding camera in the LMD process (Fig. 4b). The
resulting parts manufactured by WAAM and LMD accord-
ing to the presented build-up strategy are also shown in
Fig. 4.

3 Results

3.1 Acoustic emissions in wire arc additive
manufacturing

The acoustic emissions of a stable process in WAAM with a
constant nozzle-to-work distance, a uniform geometry, and
consistent parameters are shown with+/—1.5 dB around
the mean low fluctuation in the data of the AE (Fig. 5). The
acoustic emissions show a peak when the gas flow starts

“ Nozzle
" ’ Welding spot

Fig.4 Process camera images of a a stable WAAM process and b a
stable LMD process with the resulting parts in ¢ WAAM and d LMD

and stabilizes at a lower level after some seconds. As soon
as the arc ignites, the acoustic emissions rise to a higher
intensity and keep that intensity until the deposition pro-
cess ends (Fig. 5b). The characteristic CMT frequency could
not be determined because the data are too noisy for this.
Background noise caused by the robot or by cooling devices
of the motion control is negligible compared to the AE of
the process (differences of up to 80 dB), as shown in the
breaks during processing (Fig. 5a). Various process anoma-
lies occur in WAAM, and the main process anomalies that
occur have been investigated in this paper.

3.1.1 Geometrical fluctuations

One of the typical process anomalies is geometrical fluctua-
tions (waves in height) which are caused by inappropriate
process parameters or the chosen deposition strategy. In the
experiment of Fig. 5, the second layer is processed on top of
the first layer, which significantly changes the temperature pro-
file, resulting in poor thermal management and an unstable
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Fig.5 Acoustic emissions for a stable WAAM process and an unsta-
ble WAAM process shown in a the Mel spectrum and its b unfiltered
average intensity of the Mel frequencies over time with its corre-
sponding process camera images
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process in the second layer. The experiments showed that the
resulting AE are similarly affected for all cases in which geo-
metrical fluctuations appear. The AE during processing show
a noisier signal over the entire frequency range when geometri-
cal fluctuations appear (Fig. 5a), which is even more clearly
visible in the average intensity of the Mel spectrum (Fig. 5b).

However, different process strategies with a stable process
can also influence the fluctuations in the data of the AE. For
example, the difference in the deposition strategy changes also
the fluctuations in the AE, as shown in Fig. 6. For an oscillating
strategy, which is used to manufacture thick-wall parts, a higher
fluctuation of +/—2.5 dB was observed. Therefore, process sta-
bility cannot be determined only on the basis of the AE but
must also be assessed on the basis of the build-up strategy used.

3.1.2 Track deviations

Another process anomaly which is typical for WAAM is
track deviations (deviations in the plane) that were initiated
by distortions in the part, too strong overhangs, or an inap-
propriate chosen deposition strategy. Small track deviations
can be compensated by the WAAM process, but larger track
deviations (in the experiments track deviations of more than
3 mm) lead to an unstable process with a material deposition
in unforeseen areas on the part, for example, on the sidewalls
as shown in the process camera images in Fig. 7b. The track
deviations were mainly detected in the frequencies from 6
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Fig.6 Acoustic emissions for a stable WAAM process with an oscil-
lating path shown in a the Mel spectrum and its ¢ unfiltered average
intensity of the Mel frequencies over time with b its corresponding
process camera image
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to 10 kHz as shown by the changing intensities (bright and
dark areas) in the Mel spectrum (Fig. 7a). After correlation
with the welding camera, it was observed that the average
intensity of those frequencies increased when track devia-
tions occurred (Fig. 7b).

3.1.3 Gas shielding effect

Varying gas flow rates can influence the processes in terms
of porosity and oxidation. Therefore, the influence of a
changing gas flow rate on the AE was investigated. Changes
in the AE were observed in the higher frequencies from 4
to 10 kHz as shown in the Mel spectrum (bright and dark



The International Journal of Advanced Manufacturing Technology (2022) 119:3517-3532 3523

areas in Fig. 8a). In this particular experiment, the gas flow
rate was reduced from 10 1/min to 5 I/min to 3 1/min, which
also affects the AE, as shown by the average intensity of the
frequencies from 4 to 10 kHz (Fig. 8b). Once the gas flow
rate was reduced from 8 to 5 I/min, a slight decrease of the
average intensity in the AE was detected. However, the drop
in the intensity of AE at 5 1/min was not as relevant as the
drop in AE at 3 I/min. In the process camera images, it was
observed that a significant process change started at 3 1/min
(Fig. 8b). Consequently, a significant drop in AE due to a
more silent process was observed in the average intensity of
the filtered Mel frequencies (Fig. 8b). In the process camera
images (Fig. 8c), it was observed that the arc (visible as
white cloud in the images) was wider in diameter during
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Fig.8 Influence of lacking shielding gas on acoustic emissions in
WAAM shown in a the Mel spectrum and in b the average intensity
of the characteristic Mel frequencies (4—10 kHz) for oxidation effects
with c¢ its corresponding process camera images

processing at a gas flow rate of 8 /min compared to the arc
during processing at a gas flow rate of 3 I/min.

3.1.4 Nozzle-to-work distance

The experiments showed that a changing nozzle-to-work
distance can be observed in the AE. In the Mel spectrum,
no specific frequencies were found to be characteristic for a
change in the nozzle-to-work distance, as shown in Fig. 9a,
but the general trend was visible in the average intensity of
all frequencies, as shown in Fig. 9b. The intensity of the
AE decreased for an increasing nozzle-to-work distance and
increased for a decreasing nozzle-to-work distance. How-
ever, the differences in AE are not as clear as for the process
anomalies. The AE change for a changing nozzle-to-work
distance within 2 dB and for the process anomalies within
5 dB.
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Fig. 9 Influence of increasing and decreasing nozzle-to-work distance
on acoustic emissions shown in a the Mel spectrum and the b unfil-
tered average intensity of the Mel frequencies over time with its cor-
responding process camera images
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3.1.5 Acoustic emissions of complex structure processes

The AE were also captured for a more complex structure
manufactured by WAAM as shown in Fig. 10a. The pro-
totype manufactured is an air cooler with six blades. The
six blades of an air cooler were built on a tube, which in
this case was the substrate (Fig. 10a). During processing of
over 400 s, the nozzle-to-work distance increased because
the layer height was set slightly higher in the process plan-
ning as the deposited layer height in order to demonstrate
the impact of an increasing nozzle-to-work distance. The
same trend, which was proven by the base experiments
for a changing nozzle-to-work distance in the previous
chapter, was also observed and verified in the AE of the
air blades. The average intensity of the whole acoustic
spectrum decreased for a larger nozzle-to-work distance
as shown in Fig. 10b.

Average intensity [dB]

Time [s]

Fig. 10 a Demonstrator of an air blade manufactured by WAAM and
b the unfiltered average intensity of the Mel frequencies for a process
section in which the nozzle-to-work distance increased with its cor-
responding process camera images

@ Springer

3.2 Acoustic emissions in directed energy
deposition with laser beam/metal

3.2.1 Process stability

The AE of a stable process in LMD which is shifting to an
unstable process after 80 s is shown in the Mel spectrum
(Fig. 11a) and in the averaged intensity of the characteristic
frequencies of an unstable LMD process (Fig. 11b). After
the tenth layer (~80 s), the process turned unstable due to
heat accumulations which caused geometrical deviations in
the part. Those geometrical deviations were observed in the
welding camera and by peaks in the AE of the characteristic
frequencies (Fig. 11b). Further experiments showed that geo-
metrical fluctuations can be caused by heat accumulations
which occur through wrongly chosen process parameters. In
all cases, the process turned unstable and showed a similar
behaviour in the AE. Therefore, the specific reason for an
unstable LMD process could not be distinguished in LMD so
far. In addition, the LMD process is much more silent than
the WAAM process, which makes the AE of the LMD pro-
cess more sensitive to environmental AE. In the experiments,
it was recognized that at higher travel speeds, the three-axis
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Fig. 11 Acoustic emissions of a stable LMD process and an unsta-
ble LMD process shown in a the Mel spectrum and in b the aver-
age intensity of the characteristic Mel frequencies (1-10 kHz) for an
unstable LMD process with its corresponding process camera images
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motion system was more noisy which makes the comparison
of the AE results at different travel speeds more difficult.

3.2.2 Gas shielding

Similar to the evaluation conducted during WAAM, the
influence of a decreasing gas flow rate on the AE in the
LMD process was investigated. The only gas flow rate
changed during LMD was the main gas flow rate and not
the carrier gas flow rate because that would influence the
whole powder flow. During the LMD process, the main
shielding gas flow rate was reduced from 12 to 0 1/min
for a period of 3 s at a time stamp of 12 s and for a period
of 2 s at the end of the process, at a time stamp of 31 s.
The characteristic frequencies in which the main differ-
ences in the Mel spectrum were observed, when the gas
flow rate was reduced to 0 I/min, were from 2 to 10 kHz
(Fig. 12a). The average intensity of the characteristic
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Fig. 12 Acoustic emissions for a LMD process with temporarily
insufficient shielding from the environment shown in a the Mel spec-
trum and b the average intensity of the characteristic Mel frequencies
(2-10 kHz) for oxidation effects in LMD of steel with its correspond-
ing process camera images

Mel frequencies increases when the main shielding gas
flow rate was reduced to 0 1/min, as shown by Fig. 12b.
The correlation with the process camera images showed
an increase in sputters and an increase in brightness in
the melt pool when the shielding gas flow rate dropped
(Fig. 12b).

3.2.3 Process parameters

Further experiments with changing powder mass flows and
laser powers showed that the AE in LMD are mainly influ-
enced by the correlation between powder mass flow and
laser power (Fig. 13). The intensity of the AE is not sim-
ply increased by a higher laser power or a higher powder
mass flow. Although there is a certain trend towards a slight
increase of the mean intensity in the AE for a higher laser
power, the ratio between laser power and powder mass flow
has a bigger influence on the AE.

In the average intensity of the Mel frequencies (Fig. 13b),
a noisier signal was observed when the energy input, intro-
duced by the laser power, is high and the powder mass flow
rate is low. For example, the process with a laser power of
600 W and a powder mass flow rate of 6 g/min shows less
fluctuation around the mean in the data of the AE than the
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Fig. 13 Acoustic emissions for a LMD process with a focused stand-
off distance with changing laser power and powder mass flow in a the
Mel spectrum and in b the average intensity of its Mel frequencies
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same process with a lower powder mass flow (Fig. 13b).
The same trend was observed at a laser power of 800 W.
The experiments show that the influence of powder mass
flow and laser power on the AE cannot be considered inde-
pendently. However, both parameters affect the process sta-
bility, and a noisy signal in the AE was observed once the
process turned unstable. In Fig. 13a, it was observed that
the higher intensities and the fluctuation around the mean
in the AE occur mainly in the higher frequencies from 1 to
10 kHz.

3.2.4 Acoustic emissions without substrate

In order to gain more insights into the origin of the AE in
LMD, further experiments with a changing laser power and
powder mass flow were carried out. The experiments were
conducted with a standoff distance of 200 mm, so the laser
and powder focus are basically in the air, in order to isolate
the AE of the LMD process from the interaction between the
melt pool and the substrate. The results show that the AE
increase especially in the higher frequency range from 1 to
10 kHz for both, a higher powder mass flow and a higher
laser power (Fig. 14).
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Fig. 14 Acoustic emissions for a LMD process with the LMD nozzle
in the air with changing laser power and powder mass flow in a the
Mel spectrum and in b the average intensity of its Mel frequencies
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4 Discussion

4.1 Origin of the acoustic emissions in wire arc
additive manufacturing

The WAAM experiments showed that the AE can be
related with different process anomalies or process
changes. Stable processes show a consistent average inten-
sity of AE with low fluctuation of +/—1.5 dB around the
mean (Fig. 5). However, it is still unclear what causes the
higher intensity and fluctuation around the mean during
an unstable process. Therefore, the results of this work are
used to find indications where the AE for different process
anomalies come from.

The changes in the AE for geometrical deviations and
general changes in the nozzle-to-work distance without fur-
ther process anomalies were in the range of 12% of the mean
intensity of the AE (Fig. 5). In both cases, the intensity in the
whole AE spectrum reduces if the nozzle-to-work distance
increases (Fig. 9). Geometry deviations and general changes
in the nozzle-to-work distance showed both variations in the
whole AE spectrum, which indicates that the same physical
reasons cause the AE response. Therefore, it is suspected
that the larger wire length, through which the electric cur-
rent passes to ignite the arc, increases the electrical resist-
ance and thus the preheating of the wire itself (Fig. 15b).
If the wire is preheated, less energy is necessary to melt
it, and therefore the arc extinction period decreases. If the
whole arc extinction period decreases, the time to produce
the AE also reduces, which was confirmed by the decrease
of the mean intensity of the AE spectrum in the experiments
(Figs. 9 and 10).

However, the geometry of the arc has an even more sig-
nificant influence because that is essentially the ionized
volume leading to the air pressure which causes the acous-
tic emissions. The process anomalies that occur during the
WAAM also correlate with the size of the arc. One effect

Shielding
gas

Acoustic
emissions

Fig. 15 Schematic representation of the origin of the acoustic emis-
sions in WAAM for a stable processes and b increasing nozzle-to-
work distances
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is the constriction of the plasma when the nozzle-to-work
distance increases. The plasma expansion of the arc takes
place in the area between the wire tip and the closest point to
the part. Therefore, the medium in which the arc ignites has
a significant influence on the arc geometry. The medium in
between is always a gas mixture of the shielding gas and the
ambient air. However, as long as the process runs with stable
process parameters, the shielding gas, in this case argon,
is the main component in this gas mixture (up to 99.99%).
If the nozzle-to-work distance increases, the proportion of
ambient air within the gas mixture also increases because
the distance to the inert gas outlet from the nozzle also
increases (Fig. 15). As the ionization limit of ambient air,
with nitrogen (14.53 eV [23]) and oxygen (13.61 eV [23])
as main components, is lower than the ionization limit of
argon (15.76 eV [23]), a lower voltage is needed to create
and stabilize the arc with the same current when the nozzle-
to-work distance increases. Since the arc ignites with lower
voltage, the volume of the arc also decreases. Therefore,
a smaller volume of ambient air is stimulated during the
plasma expansion, and consequently the average intensity
of the AE, which are basically generated by the stimulation
of the air through the arc, decreases.

These observations are also consistent with the experi-
ments conducted with decreasing gas flow, where a decrease
in the mean intensity of the AE was also observed for a
lower gas flow rate because the size of the plasma is reduced
with an increasing amount of ambient air in the ignition area
(Fig. 8c). At a certain point, the gas flow rate is too low (3 1/
min in this case), and the mean intensity of the AE drops
because the shielding gas can no longer cover the processing
zone from the ambient air, and an additional effect occurs,
in the form of oxidation defects in the deposited material.
The reason for the drop in the mean intensity of the AE is
the same as for an increasing nozzle-to-work distance, as the
constriction of the plasma increases with lower shielding gas
coverage, as shown in Fig. 16. In the case of oxidation, the
AE showed especially a drop in high frequency ranges (4
to 10 kHz, Fig. 8a). The drop in the high frequency ranges
indicates that the dynamic of the arc changed when the gas
flow rate was not sufficient to protect the process from the
ambient atmosphere. Probably the plasma oscillates at lower
frequencies when the gas flow rate is too low, as the melting
process is no longer as controlled and continuous as it is
when the gas flow rate is sufficient.

Different to the oxidation defects, the track deviations
resulted in a higher mean intensity of the AE (Fig. 7). In
the case of track deviations, the AE showed higher intensi-
ties in the high frequency ranges (4 to 10 kHz, Fig. 7). The
higher intensities can be also related to the arc and its plasma
which had to burn on the sides of the built structure when
the wire missed the intended location. If the wire misses the
intended location, the arc ignites over the entire sidewall

Shielding gas
--------- Acoustic emissions

i U up

B Oxidized layer

Fig. 16 Schematic representation of the origin of the acoustic emis-
sions in WAAM for a stable processes, b processes with lower shield-
ing gas flow rate, and ¢ processes with insufficient shielding gas

and the AE rise, as shown in Fig. 17. The larger volume of
the plasma also stimulates a larger area of air which causes
arise in the AE.

The AE and the occurring process anomalies are therefore
concluded to be mainly correlated with the size of the arc
because that is essentially the ionized volume leading to the
air pressure which causes the acoustic emissions. The plasma
expansion of the arc happens within the atmosphere between
the wire tip and the closest point to of the part. If the volume
of the plasma expansion is smaller, the surrounding air is
also less stimulated, and consequently the mean intensity of
the AE decreases. Therefore, the mean intensity of the AE
decreases with a larger nozzle-to-work distance and a lower
shielding gas flow rate as the atmosphere, in which the arc
ignites, shows a higher proportion of ambient air.

Besides the AE of process anomalies such as oxidation or
track deviations, the AE before the occurrence of these pro-
cess anomalies is of even higher interest, e.g. for a monitor-
ing system to detect the build-up of anomalies. One decisive
parameter, which has an impact on the process anomalies, is
the nozzle-to-work distance. As shown by the experiments,
changes in the nozzle-to-work distance can be detected and
therefore deviated between the realized layer height in the

Shielding gas
----------- Acoustic emissions

Fig. 17 Origin of the acoustic emissions in WAAM for a stable pro-
cesses and b processes with track deviations
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process and the set layer height from the process planning.
Since this behaviour can be detected, countermeasures can
be taken before process anomalies such as oxidation defects
or track deviations occur.

4.2 Origin of the acoustic emissions in directed
energy deposition with laser beam/metal

Different to the WAAM process, the AE in the LMD process
cannot be caused by the arc. In order to find the origin of the
sound from the LMD process, experiments on the substrate
and without substrate were conducted (Figs. 13 and 14). The
experiments without substrate were conducted to investigate
if the sound is produced already during the interaction of
powder and laser beam.

The experiments without specimen show that the inten-
sity of AE correlates with the dimension of interaction
between the laser beam and the powder, since at higher
laser power and higher powder mass flow rate, the mean
intensity in AE increased, as shown in Fig. 18a. Apparently,
the laser energy transfer to the powder particles induces the
sound. Two reasons for the AE are the volume expansion
during melting and the volume contraction during solidifi-
cation of the particles, which stimulate the surrounding air,
as shown in Fig. 18b. The volume of steel (measured for a
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Fig. 18 a Correlation of acoustic emissions with powder mass flow
and laser power for LMD processes outside a suitable process win-
dow and b the possible physical origin of the acoustic emissions in
LMD
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chromium-nickel-molybdenum steel [24]) expands linearly
by 6.5% from room temperature to right before the melting
point and shows a rapid expansion due to the phase change
from solid state to liquid state of another 2% (relative to the
volume at room temperature). Overall, a volume expansion
of at least 8.5% takes place, which could be even higher if
the molten material is heated up more. Due to the energy
introduced by the laser beam, the volume expansion takes
place in a short time interval, in which the surrounding air
molecules are stimulated. The higher the laser power and the
greater the mass of powder that can absorb the introduced
energy, the more particles are melted, which stimulates the
surrounding air stronger and increases the mean intensity of
the AE. The time interval in which the particles are melted
and resolidify depends on the particle velocity, which mainly
depends on the carrier gas flow [25]. In this case, the car-
rier gas flow was 6 1/min, which causes a particle veloc-
ity of about 7.5-8.25 m/s [25]. At a standoff distance of
11 mm, the time interval of the interaction of powder and
laser beam and thus the expansion time of the particles is
about 1.47-1.33 ms.

The volume expansion probably also takes place if the
process shows a proper incorporation of the particles into the
melt pool. However, since the molten particles in an unstable
LMD process do not end up in the melt pool, the individual
particles end up around the process zone and solidify. The
volume contractions, happening from liquid state to solid
state, stimulate again the air and increase the mean intensity
of the AE. The total surface area of the individual particles
is higher than the surface area of the melt pool, which also
explains the higher AE if the particles show no sufficient
incorporation into the melt pool.

The main frequencies which were observed in the acous-
tic analysis were the general process emissions (<600 Hz),
which occur for stable and also unstable processes, and
the process emissions at unstable processes (2 kHz up to
10 kHz). The assumption of the origin during LMD is the
interaction of the single particles with the laser beam. The
powder consists of single particles with a particle diameter
from 45 to 90 pm with a gaussian distribution. Therefore, the
average mass of a single particle can be calculated, and the
number of particles introduced into the process per second
can then be calculated for the different powder mass flow
rates used in the experiments. The resulting frequency of the
individual particles introduced into the interaction zone is
shown in Table 4. It is assumed that each expansion of a par-
ticle triggers a small sound wave, and the number of sound
waves results in the emission frequency of the process,
which explains the significant frequencies in the Mel spec-
trum. However, because of the high powder loss in LMD
due to the powder efficiency of around 30%, as discussed
by Renderos et al. [26], the particle melting frequency is
70% lower (Table 4). The particle melting frequency range
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Table 4 Particle feeding frequency and particle melting frequency in
LMD processes for powders with a Gaussian distribution of the parti-
cle diameters for different powder mass flows

Powder mass flow 22 g/min 4.4 g/min 6 g/min

Particle feeding frequency~90 um 2.25kHz 5.5kHz  7.5kHz
(10% of the total powder mass

flow)

Particle feeding
frequency ~67.5 um

(50% of the total powder mass
flow)

Particle feeding frequency ~45 um
(10% of the total powder mass
flow)

Particle melting frequency ~90 um
(After powder efficiency of 30%)

Particle melting
frequency ~67.5 um
(After powder efficiency of
30%))

Particle melting frequency ~45 um
(After powder efficiency of
30%))

11.25kHz 27.5kHz 37.5kHz

225kHz 55kHz 7.5kHz

0.675kHz 1.65kHz 2.25kHz

3.375kHz 8.25kHz 11.25kHz

0.675 kHz

1.65kHz 2.25kHz

is quite low at 2.2 g/min, but it is likely that with a higher
laser power, the powder loss would also be lower, so that
the frequency of the melted particles would be above the
assumed 30%. The particle melting frequency range for
4.4 g/min and 6 g/min matches with results from the Mel
spectrum (Fig. 14), in which high intensities occur between
2 and 10 kHz as soon as the process turns unstable. This
indicates that the assumption is correct, and that the AE
originate from the volume expansions and volume contrac-
tions of the single particles.

However, another reason for the higher AE may be the
increasing number of collision events among the molten par-
ticles, since at a greater distance not only the interaction time
between the laser beam and the powder particles increases
but also the time for collisions among these particles. These
collisions would also generate sound waves as soon as the
particles collide.

This knowledge can be transferred to the actual process
with substrate. Stable LMD processes show constant mean
intensities of the AE, which can be related to a proper incor-
poration of the particles into the melt pool, where a mini-
mum of previous interaction of particles with the laser beam
is expected and a low intensity in AE is created. If the LMD
process runs stable, the intensity of the laser power and the
powder mass flow do affect the AE only slightly (within
3 dB in the experiments, Fig. 13) because less volume con-
tractions of single molten particles and less collisions among
the particles take place. Therefore, the influence of the laser
power level and the amount of powder on the AE is com-
paratively small. However, if the LMD process acts without

substrate, the mean intensity of the AE is much higher for
a higher laser power or a different powder mass flow (up to
10 dB difference in the experiments, Fig. 14) as the particles
do not incorporate into a melt pool and the interaction time
between the single particles and the laser beam increases.

Unstable LMD processes show strong fluctuations in
the data of the AE (Fig. 11). LMD processes can turn
unstable for different reasons as for an increasing standoff
distance, a decreasing standoff distance, oxidation effects,
or too high energy input due to too high laser power. Most
unstable processes cause the deposited part to remelt,
resulting in geometrical fluctuations as shown in Fig. 19.
Those surface geometry fluctuations result in distance
variations between the nozzle and the melt pool, which
also changes the interaction time between powder particles
and the laser beam. In the case of a surface valley, the
interaction time between powder and laser is longer, and
fewer particles incorporate into the melt pool, resulting
in a higher average intensity in the AE. Another possible
reason for increased AE at unstable processes can be the
higher energy input which leads to heat accumulations in
the part, causing not only geometrical fluctuations but also
an increase in sputters (Fig. 19b). Sputters can also inter-
act with the laser beam and can increase the AE even more
due to the larger dimensions of the sputters compared to
the powder particles. The peaks in the AE for an unstable
process might be caused by the increasing number of sput-
tering events.

This observation also matches to the rising intensity in
AE, when oxidation effects occur due to lacking shielding
gas, because in these cases the number and size of sputters
increase as detected by the process camera images (Fig. 12).
Furthermore, it also makes a difference whether the sound
source originates from the argon atmosphere or from the air,

Laser beam

Laser beam

--------- Powder =«s-+--== Acoustic Emissions

Fig. 19 Influence on the acoustic emissions in LMD for a stable pro-
cesses and b unstable processes with an increase of sputters
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as the characteristic impedance Z of the two gases is dif-
ferent (air: Zz=428,3 Ns/m> and Ar: Zz=550 Ns/m?). Due
to the higher characteristic impedance of argon, the sound
transmission should be better. However, in the experiments
with insufficient shielding gas (Fig. 12), the mean intensity
increased; even so, the transmission should be weaker in an
atmosphere with less argon. Therefore, the sputter events
obviously exceeded this effect.

It can be concluded that the mean intensity of the AE
rises when the interaction period of powder and laser beam
increases. Most likely, the reason for the rise in AE is the
larger surface of the individual particles causing all a sepa-
rate sound wave compared to one big melt pool with a lower
surface, stimulating a smaller area of air as shown in Fig. 19.

5 Conclusions

The experiments for WAAM and LMD showed that the
acoustic emissions correlate with different process anoma-
lies or process changes. The methods among the Mel spec-
trum were suitable for processing the acoustic emissions and
to enable an in situ quality assurance with a specification
of the respective process anomaly based on these data. In
the present work, acoustic phenomena for wire arc additive
manufacturing were observed and justified with the follow-
ing hypotheses:

The main acoustic source in wire arc additive manufactur-
ing is the plasma expansion of the arc.

The acoustic emissions and the occurring process anoma-
lies are mainly correlating with the size of the arc because
that is essentially the ionized volume leading to the air
pressure which causes the acoustic emissions.

The plasma expansion of the arc takes place in the area
between the wire tip and the closest point to the part.
Therefore, the medium in which the arc ignites has a sig-
nificant influence on the arc geometry. If the nozzle-to-
work distance increases, the proportion of ambient air
within the gas mixture also increases because the distance
to the inert gas outlet from the nozzle increases. As the
ionization limit of ambient air, with nitrogen and oxygen
as main components, is lower than the ionization limit of
argon, a lower voltage is needed to create and stabilize
the arc with the same current when the nozzle-to-work
distance increases.

In case of geometrical fluctuations in the part, the nozzle-
to-work distance constantly changes, resulting in fluctua-
tions around the mean in the data of the acoustic emis-
sions because the ratio of the inert gas and the ambient
air also changes.

The acoustic emissions increase for track deviations when
the wire misses the intended location and burns into the
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side of the part because the dimensions of the arc and
consequently the area of stimulated air increase.

For laser metal deposition, the following hypotheses can
be drawn:

The main acoustic emissions are created by the interac-
tion between the powder and the laser beam because the
powder particles stimulate the air pressure by the thermal
expansion of the particles from the solid state to the liquid
state when they are melted and by the volume contraction
of the particles from liquid state back to solid state when
they solidify again. Another source of acoustics emis-
sion in LMD is the number of collision events among the
molten particles, which increase for unstable processes.
Stable processes show a constant mean intensity in the
acoustic emissions, and as soon as the process turns
unstable, a strong fluctuation in the data occurs because
the interaction time between powder particles and the
laser beam increases, leading to higher intensities in the
acoustic emissions. In case of geometrical fluctuations in
the part, the interaction time in a surface valley is longer,
and more acoustic emissions can be produced, leading to
peaks in the data.

This also allows oxidation effects to be detected, as the
sputter events increase during oxidation and increase
the mean intensity of the acoustic emissions, even if the
atmosphere has a higher air/argon ratio during oxidation
effects, which would suggest lower acoustic emissions
due to the lower wave impedance of air.

In summary, the acoustic emissions of the two directed
energy deposition processes WAAM and LMD were
mainly influenced by the respective process characteristics.

All frequencies were involved in the various acoustic
phenomena, so no frequency spectrum was found to be
particularly important. Acceptable average intensity vari-
ation also depends on the process strategy, wire feed rate,
and several other parameters. However, the observations
and hypotheses made in this work are of great interest
for process monitoring concepts based on acoustic emis-
sions. The manual analysis of spectral data can be replaced
by artificial intelligence approaches, in which the models
are trained on labelled images of the spectra, allowing
the model to analyse the spectra itself. Furthermore, the
repeatability of the acoustic data for the same part would
be of high importance for a future monitoring system and
needs more investigations. In addition, further steps could
include multiphysics simulations to gain even more insight
into the physical phenomena.
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