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A B S T R A C T   

Additive Manufacturing (AM) processes allow the creation of complex parts with near net shapes. Wire and arc 
additive manufacturing (WAAM) is an AM process that can produce large metallic components with low material 
waste and high production rates. Typically, WAAM enables over 10-times the volumetric deposition rates of 
powder-based AM processes. However, the high depositions rates of WAAM require high heat input to melt the 
large volume of material, which in turn results in potential flaws such as pores, cracks, distortion, loss of me
chanical properties and low dimensional accuracy. Hence, for practical implementation of the WAAM process in 
an industrial environment it is necessary to ensure flaw-free production. Accordingly, to guarantee the 
production-level scalability of WAAM it is fundamental to monitor and detect flaw formation during the process. 
The objective of this work is to characterize the effects of different contaminations on the acoustic spectrum of 
WAAM and lay the foundations for a microphone-based acoustic sensing approach for monitoring the quality of 
WAAM-fabricated parts. To realize this objective, WAAM parts were processed with deliberately introduced 
flaws, such as material contamination, and the acoustic signals were analyzed using the time and frequency 
domain techniques, namely, Power Spectral Density, and Short Time Fourier Transform. The signatures obtained 
were used to pinpoint the location of flaw formation. The results obtained in this study show that the effects of 
contamination in WAAM can be identified through the analysis of the acoustic spectrum of the process.   

1. Introduction 

Additive manufacturing (AM) processes have the potential to revo
lutionize design and manufacturing barriers due to their ability to build 
complex parts with near-net shape. Compared to traditional subtractive 
and formative manufacturing technologies, AM processes enable mul
tiple key features including as mass customization, one-piece-flow, 
elimination of complex assemblies, reduced production time and ma
terial waste. 

Two types of AM processes have emerged as the choice for the pro
duction of metal components that use powder-based feedstock material, 
and these are: powder bed fusion (PBF) and direct energy deposition 
(DED) [1]. For example, in PBF systems thin layers of metal powder are 
spread (raked or rolled) on the build platform and selectively melted 

using an energy beam (a laser or an electron beam). Likewise, in powder 
DED processes the feedstock material is sprayed from nozzles onto a 
substrate and melted, typically, using a laser. Although the powder DED- 
and PBF-based AM processes allow the manufacturing of complex parts 
with high dimensional accuracy, they present low deposition rates [2]. 
Moreover, the powder material is relatively expensive, with the price 
per kilogram of stainless steel powder ranging between 30 and 80$ for 
example, depending on the powder quality and production method. 
While large volume parts can be created (some commercial DED ma
chines have a build volume larger than one cubic meter [3]), the size of 
parts created with PBF with a typical production-scale machine are 
within 25 cm × 25 cm × 50 cm [4]. 

An alternative approach to overcome the low production rates and 
high cost of PBF and powder DED metal AM is the wire and arc additive 
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manufacturing (WAAM) process, which is also a DED process. The 
WAAM process uses an electric arc as a heat source and a metallic wire 
as the feedstock material [5]. This process combines the concepts of 
conventional fusion welding processes [6] with an automated system to 
control the torch path and process parameters [7]. WAAM trades the 
dimensional accuracy and surface finish of PBF and powder DED for 
high deposition rates and ability to produce large parts, the lower cost of 
raw materials (stainless steel welding wire costs ~$10 per kg), reduced 
material waste and high deposition rates (up to 5 kg per hour) that lead 
to a high production rates [8]. 

For example, Martina et al. [9], studied the cost of producing tita
nium parts with WAAM in comparison to subtractive processes and 
verified that cost savings up to 70% can be achieved. Depending on the 
process parameters, i.e. welding current, voltage or travel speed, the 
microstructure and the material properties and forming accuracy can be 
drastically modified for different materials, as evidenced for steels [10, 
11], or stainless steels [12]. Several WAAM variants have also been 
developed to improve the process capabilities, such as the Hot Forging 
WAAM [13], Ultracold-WAAM [14], in-situ strengthening using high 
temperature particles [15] or ultrasonic vibration [16]. 

Despite its ability to create large parts in a cost-effective manner, 
WAAM has certain limitations that hinder its industrial application 
when compared to other AM processes, such as poor surface quality, 
distortion, variation in mechanical properties, and geometric accuracy. 
The non-uniform temperature distribution and the comparatively high 
input in WAAM is the root cause of flaw formation during the process. 
Considering the limitations mentioned before, the quality of the parts 
produced must be assured. However, the use of Non-Destructive Testing 
(NDT) in WAAM is a very demanding task, both in-line or off-line situ
ations, due to the high surface irregularity, high temperature of the 
surface parts and the small dimensions of the generated defects [17,18]. 
In some situations the ability to inspect the parts post-production is also 
decreased due to the geometric complexity which does not allow the 
inspection of critical areas [5]. Accordingly, and to avoid the loss of the 
total part on advanced stages of production, there is a need for an online 
monitoring system to detect and identify flaw formation in WAAM parts 
during the process, as the part is being printed. The implementation of 
monitoring systems can also improve productivity and reliability while 
reducing production costs [19,20]. 

The fundamental phenomena in WAAM are similar to arc-based 
welding. In traditional arc welding processes, manual welders rely on 
visual and acoustic information to monitor the quality of the weld. In 
fact, experienced welders can spot welding defects just by hearing the 
sound during the process. Monitoring systems replicate the welder’s 
judgment by using sensors to collect information about the weld pool 
and electric arc. Defects in WAAM can be attributed to several factors 
such as deficient parameter setup, poor deposition strategy, machine 
malfunction, or contamination [21]. The presence or introduction of 
contaminant materials during the printing of layers may disrupt the 
deposition process and ultimately lead to weld discontinuities and/or 
defects. These discontinuities lead to the variations of parameters that 
can be measured while the part is being produced. Since different types 
of sensors can capture various aspects of the process, the right choice of 
sensing and monitoring (diagnostic) system is of utmost importance. 

The objective of this work is to characterize the effects of contami
nations on the acoustic spectrum of WAAM and lay the foundations for a 
microphone-based acoustic sensing approach for monitoring the quality 
of WAAM-processed parts. Although some studies have been published 
regarding the use of acoustic sensors to identify the metal transfer mode 
[22], estimate the arc length [23] and assess the quality of arc welding 
processes [24], there are still few publications regarding WAAM 
acoustic data analysis, its correlation with process parameters and the 
identification of defects during part production. One of the pioneer 
studies in this field was conducted by Horvat et al. [25] which showed 
that from the sound emitted by the welding process, it is possible to 
identify the ignition and extinction of the electric arc and associate this 

with current and voltage data. Our work lays the foundations for the 
development of an acoustic monitoring system for WAAM and demon
strates the ability to identify and characterize defects generated during 
production of parts through this method thus opening new potential 
venues for adoption of acoustic sensing technology by the industry. 

2. Experimental setup 

2.1. Materials 

The experimental setup consisted of a customized welding torch 
assembled on a three-axis positioning system [13]. The welding torch 
was connected to a welding machine Kempi Pro MIG 3200 with a Kempi 
Pro MIG 501 control unit. The feedstock material used was a commercial 
stainless steel 316L wire with 1 mm in diameter. The chemical compo
sition of the wire feedstock material is detailed in Table 1. 

2.2. Samples and processing 

Thin-wall parts were deposited consisting of a single hatch (pass or 
bead per layer). Each part is comprised of 11 layers. Each layer had a 
thickness of 1.2 mm and a length of 120 mm and was deposited using a 
zig-zag deposition strategy. To maintain the heat transfer conditions 
similar for all the samples produced, the 316L stainless steel walls were 
built onto carbon steel substrates with dimensions of 200 × 60 × 10 mm. 
The wire feed speed was fixed at 4 m/min, the torch speed was set at 
360 mm/min, the contact-tip-to-work distance was 8 mm, while the 
dwell time between deposited layers was 2 min. Argon (99.999%) was 
used as the shielding gas at a flow rate of 15 L/min. The process pa
rameters used to produce the stainless steel parts were determined in 
such a way that no major process defects (cracks and/or pores, for 
example) were expected. These process parameters are detailed in  
Table 2. 

To evaluate the effect of flaw formation on the acoustic signal during 
WAAM, flaws were embedded at predefined heights. Accordingly, two 
2.5 mm diameter holes were drilled on layers #6 and #10, as sche
matically depicted in Fig. 1. These holes were then filled with foreign 
materials to simulate contamination during processing. These foreign 
materials include chalk, oil, and sand. WAAM, unlike powder bed fusion 
processes, occurs in open environments. For this, contamination of the 
part being produced can be fairly common as it occurs during conven
tional fusion welding. In fact, oil is one of the most typical contamina
tions during fusion-based arc processes, while other particles, mainly 
dust, can be picked up by the melt pool during production. For this 
reason, we have chosen to evaluate the impact of different contami
nants, namely oil, chalk and sand on the acoustic emission of the WAAM 
process. All these contaminants can have different impacts on the pro
cess stability and defect formation. Chalk contaminations are not ex
pected to occur during WAAM but this material was used to cause an 
exaggerated disturbance on the electric arc. 

The intention of adding these different contaminants was to promote 
the disruption of the electric arc in a controlled manner. Being poor 
electrical conductors, chalk and sand were expected to change the fre
quency of formation of the electric arc, making the process more un
stable. Oil was expected to generate porosity in the part while having a 
more subtle effect on the electric arc stability when compared to the 
other two contaminants, i.e., arc generation would be less affected. The 
effect that each of these contaminants will have on the arc disruption 
and subsequent defect formation during the WAAM process will be 
further discussed in Section 3. 

Table 1 
Chemical composition of stainless steel 316L, in wt%.  

C Mn Si P S Cr Mo Ni N 

0.03 1.80 0.75 0.045 0.03 18.50 2.6 12.5 0.1  
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The distance between the two holes within the same layer was of 
40 mm to assess the duration and impact of the arc disruption as an 
effect of contaminant material. The schematic of the WAAM wall with 
the drilled holes is depicted in Fig. 1. 

Table 3 details the sample identification used throughout the paper 
to identify each of the produced 316L stainless steel WAAM parts ac
cording to the contaminant used to disrupt the electric arc. 

2.3. Process instrumentation 

To acquire the acoustic signal during the WAAM process, a micro
phone was connected to the welding torch through a rigid support that 
allowed a constant distance of 250 mm between the microphone and the 
electric arc. The angle between the microphone and the substrate sur
face was set at 20º. Fig. 2 depicts the position of the microphone rela
tively to the welding torch. 

The microphone used was a Shure SM57 dynamic microphone, with 
a cardioid polar pattern and a frequency response in the range of 40 Hz 
to 15 kHz. To record the acoustic signal, a National Instruments 9234 
data acquisition card was used. Considering the frequency range limi
tations of the microphone and, according to the Nyquist-Shannon sam
pling theorem [26], the sampling rate used to acquire the acoustic signal 
was fixed at 25.6 kHz. 

Apart from measuring the acoustic signal during the WAAM process, 
the electric voltage, and the electric current intensity of the arc were also 
acquired. With these measurements it is possible to identify, with pre
cision, the time range in which the changes on the welding signal occur. 

The electric voltage was measured near the arc, between the tip of the 
torch and the substrate of the part, while the electric current was 
measured with a Hall effect current transducer (LEM HTA 600S). Both 
voltage and electrical current were recorded with a sampling rate of 
3 kHz through a National Instruments 6008 data acquisition card. Fig. 3 
details a schematic representation of the experimental setup. 

Being a fully automated process, WAAM requires the use of several 
devices that guarantee its correct functioning. Each of these devices 

Table 2 
Process parameters used for WAAM of the 316L stainless 
steel parts.  

Number of layers 11 
Layer length [mm] 120 
Torch speed [mm/min] 360 
Wire feed speed [m/min] 4 
Dwell time [s] 120 
Gas flow rate [L/min] 15  

Fig. 1. Schematic representation of the placement of the contaminant materials and layer deposition process (Y is the deposition direction).  

Table 3 
Sample identification according to the contaminant 
material.  

Contaminant material Sample ID 

Chalk C1 
Oil O1 
Sand S1  

Fig. 2. Microphone placement relatively to the welding torch.  
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have their own acoustic signal that could interfere with the sound 
spectrum generated by the WAAM process and subsequently with the 
identification of potential defects. Considering this possible interference 
on the acoustic data, the following sound signals were isolated and 
analyzed for the selected operating conditions:  

● Y axis bipolar step motor for a torch speed of 360 mm/min on;  
● Shielding gas open;  
● Fume extraction system on;  
● Wire extruder with a wire feed speed of 4 m/min on; 

Stratifying and isolating the acoustic signal from each of these ma
chine elements is the critical first-step to eliminate ambient noise from 
the sensor data for effective characterization of the acoustic spectrum of 
the WAAM process, thus avoiding false alarm and failing-to-detect errors 
(Type I and type II errors, respectively). 

After WAAM, the samples were analyzed using X-ray Computed 
Tomography (XCT) with a Nikon XTH255 ST system. The porosity 
analysis was performed at a resolution of 17 µm per voxel using the 
native Volume Graphics software. 

2.4. Data processing 

To identify potential arc perturbations or disruptions induced by the 
introduction of contaminant materials during WAAM, it is necessary to 
couple responsive sensing with signal analysis techniques that can 
capture evanescent phenomena from the recorded data. Accordingly, 
the acoustic data acquired during the WAAM process were examined 
using time domain, frequency domain and time-frequency domain 
signal analysis. The electric current and voltage data were only analyzed 
in the time domain to identify with precision the contamination 
intervals. 

Time domain representation of the acoustic data captured through 
the microphone depicts the sound pressure as a function of time. The 
frequency distribution for each data set was analyzed by calculating the 
Power Spectral Density (PSD). Time-frequency domain analysis was 
performed using Short Time Fourier Transform (STFT). This type of data 

analysis allows the user to capture frequency changes over time. When 
applied to audio processing, STFT is usually used with window lengths 
ranging from 10 to 120 ms that overlap by 50 or 75% [27]. Through 
extensive offline tuning, the optimal settings for the STFT analysis were 
selected as a window length of 2500 samples (approximately 98 ms) and 
a window overlap of 75%. Time, frequency, and time-frequency domain 
plots illustrated in this study were carried out using in-house developed 
MATLAB codes. 

The flowchart depicted in Fig. 4 shows the sequential steps used to 
process the acoustic data acquired from the WAAM process, with the 
intent of characterizing the effects of contaminations on the acoustic 
signal. 

3. Results and discussion 

3.1. WAAM parts characterization 

As discussed in Section 2.2, contaminants were placed on the surface 
of the part to induce flaw formation. Fig. 5(a) depicts the side view of the 
thin-wall S1, contaminated with sand. Fig. 5(b) and (c) illustrates the 
XCT scan and a cross section of the top layer respectively. Referring to 
the XCT from Fig. 5(b), small pores are observed with an irregular 
morphology (represented by the small blue dots) throughout the layers. 
Additionally, two large pores are pointed out by arrows on Fig. 5(b). The 
location of these larger pores is coincident with the location of sand 
contaminant particles (layer #11). Pertinently, the sand particles 
located in layer #7 were not detected in the XCT analysis. This is likely 
because the flaw was suppressed due to partial remelting of the layer 
when depositing the next one. 

After confirming that the contaminant materials did generate defects 
on the walls produced by WAAM, the acoustic data from the components 
that comprise the WAAM equipment were analyzed to avoid misiden
tification of defects. 

3.2. Sound spectrum external to the WAAM process 

Prior to analysis of the signals, we isolated the noise resulting from 

Fig. 3. Schematic representation of the experimental setup.  
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the machine elements and examined the acoustic data on the time- 
frequency domain with the STFT algorithm, to identify the main fre
quencies and intensity of the associated signals. Fig. 6 depicts the STFT 
representation of the acoustic signal generated by the fume extraction 
system, shielding gas, wire extruder, and welding torch movement at a 
travel speed of 360 mm/min, respectively. For these time-frequency 
representations, the operating period of the components is marked 
with a dashed black box and the characteristic frequencies generated by 
each of the components are signaled with a red arrow in the yy axis.  
Table 4 summarizes the main frequency ranges identified for each of the 
WAAM components through time-frequency domain analysis. 

The STFT plots represented in Fig. 6 show that in the absence of any 
functioning component there is constant background noise in the fre
quency range of 0–500 Hz. Due to this background noise, this frequency 
range was discarded from the analysis performed in this work. Although 
this frequency range could have been removed from the signal by using a 
high pass filter, the application of this filter did not improve defect 
identification or characterization on the time nor the frequency do
mains, so it was chosen to show the full frequency range captured by the 
microphone. In contrast with the low operating frequencies presented in 
Table 4, the causal phenomena of the WAAM process occurs over the 
frequency ranges of 3.15–4, 4.2–5, 5.8–7.3 and 7.7–9.2 kHz as it will be 
evidenced on Section 3.5.1. Although the frequency response of the 
shielding gas overlaps with the process frequency ranges, the shielding 
gas has a considerably lower intensity. 

The power contained on each of these frequency ranges was calcu
lated for all the equipment and for a flaw free layer using the PSD 
average over those ranges and plotted in Fig. 7. 

From Fig. 7 it is evident that the acoustic signal generated by the 
machine elements presents a significantly lower intensity over the 
selected frequency ranges, when compared to the WAAM process 
showing that the acoustic signal of the external equipment has no impact 
on the signal that originates from the process. Thus, the effect of the 
WAAM equipment can be suppressed during analysis of the acoustic 
signal generated by WAAM (further detailed in Fig. 11). It should also be 
noted that a 95% confidence interval was represented for each of points 
plotted, however, due to the high number of samples and large scale of 
the yy axis in Fig. 7, the confidence interval cannot be observed. 

3.3. Acoustic spectrum of the electric arc 

As documented in the existing literature, the sound emitted by the 
WAAM process originates from two separate mechanisms [25,28]. The 
dominant noise in the WAAM acoustic is referred to as impulse noise and 
is caused by the metal droplet transfer and subsequent arc ignition 
(characterized by peaks of higher intensity) and arc extinction (char
acterized by peaks of smaller intensity). The other acoustic generating 
mechanism is referred to as turbulent noise and consists of low ampli
tude noise mainly caused by the oscillation of the electric arc and molten 
pool, as well as release of internal tensions. 

The acoustic signature was isolated layer-by-layer for each part.  
Fig. 8(a) depicts the acoustic signal for the deposition performed in layer 
#6 from sample S1 (sand contamination). The zoomed in portion of the 
signal shown in Fig. 8(b) details the sound pulses from the region 
highlighted in green in Fig. 8(a). Fig. 8(c) depicts the respective voltage 
and current values, represented in black and red, respectively. 

In Fig. 8(c), the large upward spikes correspond to a short circuit, i.e., 
a positive current peak and a voltage drop. To explain further, Fig. 9 
depicts the sound spectrum for the ignition and extinction of one electric 
arc. Such one-to-one comparison between the acoustic and electric data 
enables identification of the acoustic signatures correlated to arc fluc
tuations. In Fig. 9 the impulse noises were identified and was seen that 
these are evanescent, impulse-type signatures. Between these two peaks 
a period of turbulent noise was also identified. After the arc extinction, 
only background noise is captured, with the voltage values dropping to 
approximately zero. 

After the identification of the main frequencies of each of the com
ponents of the WAAM system and validation of the acoustic data ob
tained, it is now possible to analyze the sound spectrum during 
production of the 316L WAAM parts. 

3.4. Reference signal characterization 

To identify any anomaly in the acoustic data recorded we first 
delineate, a so-called characteristic reference signal that is representative 
of a flaw-free layer. In Fig. 10, the PSD plot for three flaw-free layers, one 
layer from each of the samples, is depicted highlighting the similarity of 

Fig. 4. Flowchart of the processing of the acoustic signal of the WAAM process.  

Fig. 5. Sample S1, contaminated with sand. (a) Side view of the build (b) XCT 
scan of the build (c) cross section of the top layer. The arrows detail the location 
of the defects generated. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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the signal for all three different layers. 
Fig. 10 shows that the deposition of flaw-free layers produced 

acoustic signals that were very similar to each other despite some small 
local variations in magnitude. This change in the frequency of the 
acoustic data can be attributed to the high intrinsic instability of the 
WAAM process when compared to other AM processes, such as those 
based on laser or electron beam. Since the WAAM acoustic signal dis
plays such consistency, i.e., the same trend and very similar magnitudes 
for most of the frequency ranges for flaw-free layers, this allowed for the 
selection of one single signal (reference signal) that is representative of a 
flaw-free deposition. 

Exemplified in Fig. 11(a) is a reference signal captured from a flaw- 
free layer (layer #6) of sample O1. The flaw-free nature of this layer was 
based of our previous knowledge on building 316L stainless steel parts 
by WAAM [13] and subsequently confirmed by XCT analysis and 
post-process materials characterization. From Fig. 11 (a), the challenges 
of pinpointing the effects of flaw formation on the acoustic signal are 
further magnified – the acoustic signal obtained from the WAAM process 

is complex, replete with high-frequency, short-lived sharp peaks with 
variable amplitude. 

The STFT procedure is applied to the reference signals, the results of 
which are shown in Fig. 11(b); therein it is possible to identify four 
prominent frequency ranges, limited by the dashed black boxes, that are 
observed throughout the deposition process (apart from the noise from 
the equipment). These frequencies spectra regions are:  

● 3.15–4 kHz.  
● 4.2–5.5 kHz.  
● 5.8–7.3 kHz.  
● 7.7–9.2 kHz. 

Further, on comparing Figs. 8(a), 9(a), and 11(a) from the time 
domain analysis, it is evident that the acoustic signature from the WAAM 
process has a significantly higher intensity than the equipment-related 
noise. The main frequencies on the reference signal are also higher 
than those from the equipment thus allowing separation of the process 

Fig. 6. STFT representation of the acoustic signal generated components that comprise the WAAM equipment. (a) Fume extraction system. (b) Shielding gas. (c) Wire 
extruder. (d) Welding torch movement at 360 mm/min. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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signatures from extrinsic noise. Next, we define the acoustic variations 
caused by processing defects induced by the presence of contaminating 
materials. 

3.5. Effects of different contaminant materials on arc stability 

3.5.1. Effect of process faults induced due to chalk particle contaminants 
Fig. 12(a) and (b) depicts the time domain and STFT plots for the 

acoustic signal from layer #7 of sample C1, upon which chalk was added 

to aid in arc disruption aiming to create defects. Since the chalk particles 
are a poor conductor of electricity, their presence on the part surface 
creates a momentary instability in the electric arc. The few seconds 
where the electrical arc cannot be established between the electrode and 
already deposited material are liable to cause flaw formation, such as 
lack-of-fusion and/or porosity that will ultimately affect the mechanical 
performance of the as-built part. In the time series plot show in Fig. 12 
(a), the regions highlighted in green are affected by the presence of chalk 
particles. In this time series plot, a low amplitude region manifests in the 
region of contamination due to arc instability. Fig. 13 depicts a zoomed 
in portion of the first region highlighted in green (also on time domain). 
This representation shows that the presence of the chalk particles 
resulted in low amplitude turbulent noise followed by intervals where 
only background noise was captured. Similarly, the STFT plot in Fig. 12 
(b), shows that the region with contamination is characterized by low 
intensity intervals interspersed with short sound peaks. 

Even though the existence of a contaminant that promotes arc 
disruption is obvious through the time domain and STFT analysis, to 
understand the nature of change in the frequency components due to the 
presence of chalk particles, we calculated the PSD of the acoustic signal.  
Fig. 14 depicts the PSD plots of the contaminated layers (#7 and #11), 

Fig. 6. (continued). 

Table 4 
Main frequency ranges identified in each component of the WAAM equipment.  

Equipment Main frequency ranges [Hz] 

Fume extraction system 45–60 
Shielding gas 4600–5100 

5800–7000 
8000– 8800 
9300–10,500 

Wire extruder 140–290 
Welding torch at 360 mm/min 560–590  
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and of the reference layer (#6). All the PSD plots analyzed in this study 
generated variable results, even for layers printed on similar conditions, 
so only the main frequencies of each contaminated zone will be further 
characterized and discussed. 

The PSD plots show variations on both signals from contaminated 
layers (black and red curves in Fig. 14) when compared to the reference 
signal (green curve in Fig. 14). However, the frequency components of 
the acoustic signals for the contaminated layers do not exhibit variations 
in agreement with each other, so, from the PSD of the full depositions, it 
was not possible to identify a range of frequencies that were altered by 
the presence of the contaminating material and subsequent arc disrup
tion. This lack of significant variation in frequency shows that the effect 
of the contaminant material on the acoustic data was not enough for this 
to be noticeable when the whole deposition is considered. 

To avoid the attenuation of the contaminated region due to the 
length of the signal, the PSD algorithm was applied to a 1 s interval in 
the contaminated area, as illustrated in Fig. 15. The reference signal 
illustrated in Fig. 15 was defined from a 1 s interval of the reference 
layer defined for this study (refer to Fig. 11). This time range was 
selected considering the smallest time interval on which the chalk 
affected the deposition process. To further demonstrate the repeatability 
of results, contaminated regions from different layers were also 
considered. 

The data for both contaminated layers present a lower intensity than 
the reference for most of the frequencies analyzed since the regions 
affected by the chalk particles resulted in a low intensity acoustic signal, 
as previously stated. In addition to the difference in signal intensity, 
frequency variations that are consistent for the contaminated signals 
were also identified (black regions in Fig. 15). The differences between a 
reference layer and layers with chalk are quite pronounced in the fre
quency ranges of [3.1; 4], [4.5; 5.3], [5.8; 7.1], and [8; 9.2] kHz, as 
detailed in Fig. 15. These differences in frequency were verified for the 
four chalk contaminated areas introduced in this sample. 

The results obtained from the layers contaminated with chalk lead to 
the conclusion that the presence of chalk during a layer deposition with 
the WAAM process is identifiable on time domain and through the STFT 
representation. These representations, however, do not allow for the 
frequency characterization induced by the preplaced contamination. To 
define these frequency variations, the application of the PSD to a 1 s 
interval proved to be a successful method. To verify how the changes 
caused by the preplaced contaminants are affected by the selection of 
the time interval (1 s vs full signal) used on the PSD analysis, the 
characterization of frequency alterations triggered by the presence of oil 
and sand was carried out using the same procedure used for the char
acterization of the defects that result from the chalk contamination. 

3.5.2. Effect of process faults induced due to oil contaminants 
Similarly to what was observed for the chalk contamination, the oil 

contamination will also affect the stability of the electric arc even 
though in a less impactful way. Due to the high temperatures, the 

Fig. 7. Power spectral density (PSD) average over the main frequency ranges of 
the acoustic signal of the WAAM process. 

Fig. 8. (a) Acoustic signal generated by the deposition of layer #6 from sample S1. (b) Acoustic signal of the zone highlighted in green (c) Correspondent electrical 
current and voltage signals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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hydrogen from the evaporation of the oil will be absorbed by the molten 
pool thus resulting in porosity. Fig. 16 depicts the acoustic signal for 
layer #11 of sample O1. On both time and time-frequency representa
tions, the areas where the contamination occurred were highlighted. 

As evident from Fig. 16, the presence of oil is not as perceptible on 
the time domain as it was for chalk since oil does not fully inhibit the 
formation of the electric arc during WAAM. Since the STFT represen
tation in the contaminated areas does not show mutually concordant 
frequency variations that can be attributed to the presence of oil on the 
deposited layer, it is necessary to apply the PSD algorithm as detailed in  
Fig. 17, in which the signals for the complete deposition of layers #7 and 
#11 from sample O1 and the reference layer (#6) were represented. 

The PSD analysis of the full deposition of the oil contaminated layers 
shows clear differences between the reference layer and the contami
nated layers. The frequency ranges [2.2;3.5], [4.1;4.4] and [7.2;7.8] 
kHz show peaks of higher intensity for the contaminated layers while the 
reference signal displays a much lower intensity for the same ranges. 
The frequency range [5.1;5.7] kHz shows a clear drop in intensity for all 
the signals represented, however the minimum for this interval is 
located at 5.3 kHz for the contaminated signals while for the reference 
signal it is at 5.5 kHz. Although some variations can also be identified 
above 9.2 kHz, these were not considered as indicative of a defect 
because these are outside of the frequency spectra regions previously 
defined for the WAAM process (refer to Fig. 11). 

Similarly to what was applied for the chalk particles contamination, 
the PSD was applied to a 1 s interval inside of the contaminated areas 
(refer to Fig. 18). From this analysis it is observed that the frequency 
ranges [7.3;7.8] and [8.5;9.2] kHz have a higher intensity than the 
reference signal while the intervals [4.7;5.2] and [6.1;6.5] and kHz are 
below the reference. This highlights the ability of such procedure to 
indicate potential regions where non-stable processing conditions, in 
this case induced by introduction of a contaminant material, during 
WAAM may occur. 

Since the PSD represented on Fig. 18 only considers the contami
nated region (for layers #7 and #11) this leads to the conclusion that the 
frequency ranges highlighted on the figure can be indicative of a po
tential arc instability induced by the presence of oil at those predefined 
locations. The application of the PSD to the contaminated zones shows 
that it is possible to identify the changes in the acoustic spectrum caused 
by the presence of oil on the deposited layers using both 1 s interval and 
full signal analysis. However, this feature becomes more evident when 
the 1 s analysis is applied. 

On both PSD plots for the deposition of layer #7 it can be noted that 
the frequency range of [0; 0.24] kHz shows a significantly higher in
tensity than the other signals represented. However, as mentioned 
earlier, this frequency range was not considered due to the constant 
background noise that was captured. Further studies are planned to 
address the analysis of this low frequency region. 

Fig. 9. Acoustic signal generated by one electric arc. (b) Corresponding electrical current and voltage signals.  

Fig. 10. PSD plot for three flaw free layers.  
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3.5.3. Effect of process faults induced due to sand particle contaminants 
Sand, just like chalk, is a very poor electrical conductor and is ex

pected to disturb the electric arc. Comparatively to chalk, sand has a 
lower compaction ratio which can result in partial particle removal from 
the shielding gas, thus reducing the impact of the contamination on the 

deposited layer. The acoustic signal for the deposition of layer #7 from 
sample S1 is illustrated on Fig. 19, with the contaminated zones high
lighted on both time and time-frequency domains. Despite not being 
able to identify the presence of sand through the time domain analysis 
on Fig. 19a), the effect of this contaminant material is visible through 

Fig. 11. Acoustic signal from layer 6 of sample O1. (a) Time domain representation. (b) Time- frequency domain representation.  

Fig. 12. Acoustic signal obtained during deposition of layer #7 of sample C1. a) Time domain representation. b) Time- frequency domain representation. The green 
regions in a) indicate where perturbation of the sound pressures occurs, which correspond to the areas outlined by the red boxes. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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the STFT representation depicted in Fig. 19b). 
From the analysis of the time-frequency domain representation a 

sudden drop of intensity can be noted on the frequency range of 
[7.09;7.35] kHz, so it is expectable that this is one of the frequency 
ranges that will allow the identification of the effect of sand on the 
WAAM process. Time-frequency domain analysis from Fig. 19b) also 
showed the existence of variations, that have no known cause, for fre
quencies above 8.9 kHz. These apparently random signal changes only 

occurred in sample S1. 
To make a more precise identification of how the sand is altering the 

frequency of the acoustic signal, the PSD was applied, as illustrated in  
Fig. 20, to the entire deposition of layers #7 and #11, contaminated 
with sand. 

As was observed for the signals plotted in Fig. 17, the frequency 
range [2.2;3.5] kHz has a higher intensity for the contaminated signals. 
However, there is a large variation between the signals with 

Fig. 13. Time domain representation of the first chalk-contaminated area of layer #7 from sample C1.  

Fig. 14. PSD plots for the deposition of the contaminated layers (#7 and #11) from sample C1 and reference (defect-free) layer #6 from sample C1, used as 
reference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 15. Power Spectral Density (PSD) plot for a 1 s interval inside the contaminated layers #7 and #11 from sample C1 and layer 6 from sample C1, taken as 
reference. The black arrows indicate the frequencies that differ greatly from the reference signal. 
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contaminants. Due to this clear discrepancy between the contaminated 
signals, the 1 s PSD analysis (inside the sand contaminated region), 
illustrated in Fig. 21, was applied. 

On the 1 s interval analysis it was noticed that the frequency in
tervals [5.4; 5.7], [7; 7.5] and [8.2; 8.6] kHz have a lower intensity than 
the reference. No significant variations on these frequency ranges were 
perceptible on the PSD analysis for the full deposition of the contami
nated layer, which indicates that for the identification of this potential 
process disruption it is necessary to analyze the 1 s interval PSD plot. 
The frequency ranges identified on the full signal analysis (refer to 
Fig. 20) are not observed on the 1 s interval PSD analysis which indicates 
that they are not related to the presence of sand on the layer. 

The analysis of the set of data collected from each of the samples, 

allow us to conclude that contaminations in the WAAM process can be 
characterized through the analysis of the acoustic spectrum of the pro
cess. By using different contaminant materials, which in turn have 
distinct effect on the arc disruption and stability, it was possible to 
clearly identify the regions where these process instabilities occurred. 
Through the analysis of the frequency components of the signals it is 
possible to characterize the effect that the pre-placed contaminations 
have on the acoustic signal. The consistency of the frequency variations 
also show that different contaminant materials result in the alteration of 
distinct frequency ranges allowing their differentiation. The application 
of the PSD to an interval of 1 s inside the contaminated areas was the 
method that displayed the greatest difference between contaminated 
regions and the reference signal. As it was previously demonstrated on 

Fig. 16. Acoustic signal from layer #11 of sample O1. a) Time domain representation. b) Time- frequency domain representation.  

Fig. 17. Power Spectral Density (PSD) plots for the deposition of the contaminated layers #7 and #11 from sample O1 and layer #6 from sample C1, used 
as reference. 
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the time and time-frequency representations of the acoustic data, refer 
to Fig. 12a) and b) respectively, the use of the STFT and the graphical 
representation of the sound pressure allow to determine the location of 
the potential defects (in this case induced by pre-placed contaminants) 
along the deposited layers. Future and ongoing work will focus on 
detection of defects through the application of machine learning algo
rithms, either through supervised and/or unsupervised learning, to aid 
in the implementation of acoustic monitoring for the WAAM process. 

4. Conclusions 

This study aimed to evaluate the effects of contaminant materials on 
the acoustic spectrum of the WAAM process based on the analysis of the 
corresponding time and frequency domains. The identification and 

location of process disruptions, promoted by the insertion of contami
nant materials at predefined positions within the fabricated WAAM 
walls, was evidenced. The following major conclusions can be drawn: 

The existence of a constant noise in the frequency range of 0–500 Hz 
limits the available frequency range of analysis, making it only viable to 
clearly evaluate the 500–12,600 Hz interval. 

The characterization of the acoustic spectrum of the functioning 
components showed that these produce low intensity sounds and low 
frequencies when compared to the WAAM process, and therefore can be 
suppressed during analysis since they have no significant effect on the 
acoustic spectrum generated by the deposition process. 

A reference signal was defined considering a flaw free layer 
(confirmed by XCT analysis and post-process materials characteriza
tion). The STFT analysis of this reference signal allowed for the 

Fig. 18. Power Spectral Density (PSD) plots for a 1 s interval inside the contaminated layers #7 and #11 from sample C1 and layer #6 from sample O1, taken 
as reference. 

Fig. 19. Acoustic signal from layer #7 of sample S1. a) Time domain representation. b) Time-frequency domain representation.  
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identification of four frequency ranges with high intensity and small 
variation over time. 

The data collected for the deposition of the contaminated layers 
showed that the location and identification of the process instabilities is 
possible through the analysis of the acoustic spectrum. Time domain and 
time-frequency domain analysis allowed for the spatial location of the 
disruption of the electric arc induced by the presence of contaminants. 
Even though the STFT plot shows the frequency variations over time, the 
subtle frequency variations caused by the preplaced contaminants are 
hard to characterize using this method. 

The PSD plot of the contaminated layers allowed for the identifica
tion of different frequency variations for each of the contaminants used 
in this study. The characterization of the effect of the contaminant 
materials was carried out by applying the PSD analysis to both full 
deposition and 1 s interval in the contaminated region. The identifica
tion of these potential defective regions became more evident when 
applying the PSD at the 1 s interval, enabling the identification of subtle 
variations, indicating that this should be the method to apply when 
analyzing the acoustic spectrum of the process. 

The ability to differentiate a flaw free layer from a flawed layer by 
using the methods of acoustic data analysis considered in this study, 

paves the way for an expedite online monitoring methodology. 
Although it was possible to identify the signal variations with the 

methods used, these show many variations even for layers deposited 
under identical conditions. This indicates that other methods of digital 
signal analysis that allow for a more effective analysis of a signal 
composed of sharp peaks, can and should be applied. 

Future and ongoing work will focus on the detection of defects 
through the application of machine learning algorithms, either through 
supervised and/or unsupervised learning, to aid in the implementation 
of acoustic monitoring for the WAAM process. 
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