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Abstract 

In recent years, the interest in Additive Manufacturing on an industrial scale has risen due to the 
various new processes and the increase in potential use cases. In this thesis, the two Additive 
Manufacturing processes, Wire Arc Additive Manufacturing and Laser Metal Deposition were 
investigated. Both processes belong to the Directed Energy Deposition processes in Additive 
Manufacturing and are already used in different industrial areas such as automotive, aviation, 
railway, or medical engineering. A major challenge for the industrialization of Additive 
Manufacturing is the insufficient quality and repeatability of the manufactured parts due to the 
complexity of the processes and the lack of process knowledge. Therefore, this work focused 
on a deeper understanding of the process characteristics and their correlations with different 
sensors used for in-situ analysis.  

One of the sensors used for in-situ analysis was high-speed imaging. High-speed imaging during 
Wire Arc Additive Manufacturing revealed that different lead angles of the welding torch have 
an influence on fluctuation effects in the manufactured structures. To avoid such fluctuation 
effects, which mainly origin from too low or too high interlayer temperatures, it was found that 
a pushing Wire Arc Additive Manufacturing process with a slightly tilted lead angle is working 
best. Apart from fluctuation effects, oxidation of aluminium can be also critical for the process 
stability of Wire Arc Additive Manufacturing. It was found that the surface oxidation on 
aluminium parts changed from an amorphous oxide layer into a white duplex oxide layer during 
the process. It was also found that oxidation anomalies, which can occur during processing due 
to process instabilities or lack of shielding gas, can be detected by light emission spectroscopy 
during manufacturing as peaks in the light spectrum arise when they occur. 

Another challenge in Wire Arc Additive Manufacturing of aluminium is the porosity in parts as 
it can have a significant impact on the resulting mechanical properties. It has been observed that 
as the shielding gas flow rate increases, the porosity in aluminium parts also increases due to 
the rapid solidification of the melt pool by the forced convection of gas flow. In addition, it has 
been shown that gas inclusions escaping from the melt pool leave cavities on the surface that 
can be observed by process imaging, which reveals information about the porosity of the part. 

Another promising sensor for in-situ analysis of the process characteristics are microphones that 
capture acoustic emissions. For Wire Arc Additive Manufacturing, the investigations showed 
that the main acoustic emissions origin from the plasma expansion of the arc. The acoustic 
emissions and the process anomalies that occur correlate mainly with the size of the arc because 
that is essentially the ionized volume that leads to the air pressure and causes the acoustic 
emissions. For Laser Metal Deposition, it was found that the main acoustic emissions are created 
by the interaction between the powder particles and the laser beam, because they create an air 
pressure when the particles expand from the solid state to the liquid state while melting.  
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Another major area investigated in this thesis was multi-material Additive Manufacturing, as 
process and material characteristics can change significantly. For processing of multi-material 
parts in Wire Arc Additive Manufacturing, it was found that the strength was limited by the 
properties of the individual aluminium alloys and not by those of the material transition zones. 
Process monitoring algorithms have been investigated to determine the chemical composition 
of the processed material. It was shown that the voltage, current, acoustic, and spectral emission 
data can be used for in-situ analysis of the chemical differences between two aluminium alloys. 
For Laser Metal Deposition, the design freedom of Additive Manufacturing with multiple 
materials was also demonstrated. It was shown that material transitions can be implemented 
discrete and graded, but the gradual material transition showed advantages in avoiding cracks 
in the material transition zones. 

In summary, all scientific papers contributed to a deeper process understanding of the process, 
the processed materials, and the resulting mechanical properties. In addition, the contributions 
provided crucial insights into the interrelationships of the process characteristics and the 
physical principles of various sensors used for in-situ analysis of the processes. 
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Introduction 

1. Structure of the thesis 

This thesis is composed of an introduction to the work and of six papers (Papers A-F) as the 
core research. The research focused mainly on process development, part functionalization, and 
process digitalization of the two Directed Energy Deposition (DED) processes, Wire Arc 
Additive Manufacturing (WAAM) and Laser Metal Deposition (LMD). The scientific papers, 
attached in the annex, had different focuses, as shown in Figure 1. Paper A addresses fluctuation 
effects that occur during WAAM and shows why they occur and how they can be avoided by 
using the right lead angle of the deposition torch. Paper B provides insights into the oxidation 
phenomena of aluminium alloys in WAAM and shows the process influences on them. In 
addition, Paper B enables process monitoring of oxidation phenomena by light emission 
spectroscopy, thus advancing process digitalization. Paper C addresses one of the biggest 
challenges in aluminium alloy processing, which is porosity. In this paper, the process 
influences on pore behaviour were shown and a potential process monitoring approach was 
introduced. Paper D links the physical phenomena of WAAM and LMD to the acoustic 
emissions that occur during these processes. Functionalization of components was mainly 
driven by Papers E and F, which addressed multi-material Additive Manufacturing in LMD 
(Paper E) and WAAM (Paper F). Paper E focused more on process development of 
microstructural behaviour and Paper F focused also on process monitoring approaches. In 
addition to the six contributions, the introduction of the thesis presents the general motivation 
of the research, the technological and scientific background, and the methodological approaches 
that link all the scientific contributions together. Furthermore, a summary of all papers, general 
conclusions, and future outlooks drawn from the Papers A-F are also given in the introduction. 

 

Figure 1 Classification of the main scientific contributions into the three research areas:  
Part functionalization, process digitalization, and process development
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2. Motivation of the research 

In recent years, the interest in Additive Manufacturing on an industrial scale has risen due to the 
various new processes and the increase in new potential use cases. In this thesis, the two 
Additive Manufacturing processes WAAM and LMD were investigated. Both processes belong 
to the Directed Energy Deposition processes in Additive Manufacturing and are already used in 
different industrial areas such as automotive, aviation, railway, or medical engineering.  

There are several industrial use cases for DED processes, such as the production of spare parts 
for the railroad sector or the energy equipment sector, which extend the life of products and 
make them more environmentally friendly. Siemens is one of the companies pushing AM the 
hardest, calling it one of the core technologies of the future. This applies to both powder-based 
and wire-based AM technologies. An increasing interest is particularly focused on robot based 
DED methods, which was also one of the main reasons for this research work. Two potential 
use cases from Siemens for Directed Energy Deposition are shown in Figure 2. One use case 
for LMD is the maintenance of turbine blades for gas turbines (Figure 2a) used in power plants. 
Since the tips of the turbine blades wear out during operation of the gas turbine and these turbine 
blades are extremely expensive, the tips are simply rebuilt by LMD, then machined and finally 
reinserted. In addition, the production of complex lightweight components by DED offers 
enormous potential, especially when small batches are needed. One example for WAAM is the 
C-arm for robotic X-ray systems (Figure 2b). The C-arm must have a high stiffness-to-weight 
ratio, as this also affects the size of the robot carrying the C-arm. The smaller the robot, the 
cheaper the entire X-ray system, which also makes it easier for many hospitals to purchase such 
a system. 

 

Figure 2 Industrial applications such as a) gas turbines and b) X-ray systems,  
in which DED processes have high technological and economic potential 

However, a major challenge in the industrialization of AM is the insufficient quality and 
repeatability of the manufactured parts. Therefore, process monitoring approaches using 
different sensors based on various physical phenomena such as light or acoustic emissions have 
been investigated to enable stable quality and sufficient repeatability of the produced parts. The 
research areas are based on the scientific gaps of these processes, shown in Figure 3, because 
process reliability, part complexity, processable materials, and mechanical properties are key 
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factors, which must be improved or clarified to enable an industrialization of these processes. 
Figure 3 shows a comparison of the two investigated processes WAAM and LMD with the 
already intensively studied AM process Laser Powder Bed Fusion (LPBF) regarding their 
individual process characteristics. However, these process characteristics are not permanent but 
can be constantly improved by new technological breakthroughs and inventions. One main 
technological gap for all these processes is a reliable process, which is the reason for intense 
research in these areas the last years [1]. In addition, general process knowledge such as the 
limits of part complexity and processable materials, which also correlate with the mechanical 
properties of the manufactured parts, have been extended for both processes, WAAM and LMD. 

Finally, the main research question behind these research activities is the following:  

 

 

To what extent do complex processing effects influence  
the stability and reliability of Directed Energy Deposition? 

 

 

 

Figure 3 Comparison of the Additive Manufacturing technologies Laser Powder Bed Fusion (LPBF),  
Laser Metal Deposition (LMD), and Wire Arc Additive Manufacturing (WAAM),  

including the research focus of this thesis 
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3. Scientific background 

This section of the thesis includes a brief summary of the background about the most important 
aspects of the six papers and the scientific state of the art of the studied processes. It includes 
sections on WAAM, LMD, multi-material Additive Manufacturing, and process monitoring in 
AM. WAAM and LMD both belong to the DED processes within AM of metals (Figure 4). The 
main difference is the feedstock type and the energy source used in the two processes. In 
WAAM, wire is used as the feedstock and the energy source is an electric arc. In the LMD 
process, powder is used as the feedstock and the energy source is a laser beam.  

 

Figure 4 Classification of the investigated processes in Additive Manufacturing of metals 

3.1. Wire Arc Additive Manufacturing 

WAAM is primarily intended for large and cost-effective manufacturing of components with 
good mechanical properties. The biggest advantages are the high deposition rates as well as the 
low investment and manufacturing costs compared to other AM processes. The cost of raw 
materials as wires makes wire-based techniques up to 50 times more cost efficient than powder-
based techniques [2]. Since WAAM is intended for big structural parts, most machine set-ups 
are based on an industrial robot shown in Figure 5a. WAAM can be based on three different arc 
welding processes [3]:  

▪ Gas Tungsten Arc Welding 
▪ Gas Metal Arc Welding 
▪ Plasma Arc Welding 

The schematic WAAM process is shown in Figure 5b. Most WAAM processes are based on 
Gas Metal Arc Welding (GMAW) and thus the focus in this thesis is also WAAM based on 
GMAW. One of the most promising GMAW processes for WAAM is Cold Metal Transfer 
(CMT), which enables a reduced energy input compared to other GMAW processes [4]. Due to 
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the reduced 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 [5]. The thermal state 
of the part directly influences the process stability and the resulting material properties [6,7]. 
Especially in WAAM any generated defects are closely related to the material and process 
parameters used [8]. The CMT process is affected by many different parameters such as voltage, 
current, and wire feed speed [9]. Further parameters are the processing speed, the arc length 
correction, the dynamic correction, the type of shielding gas, and many others [10–12].  

 

Figure 5 a) Robot-based WAAM set-up and b) the schematic process in WAAM  

In the CMT process, the wire is conveyed into the process zone through a push-pull movement 
[13]. In one CMT cycle, as shown in Figure 6, the wire tip is pushed forward until the wire tip 
drops into the melt pool, inducing a short-circuit. The wire is then pulled back, separating the 
wire from the melt pool and igniting the arc [14]. The plasma expansion of the arc takes place 
in the area between the wire tip and the part. The duration of one CMT cycle is about 15-25 ms. 

 

Figure 6 High-speed images of one CMT cycle (15-25 ms) 
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WAAM has been recognized as one of the most efficient processing methods for cost-effective 
production of large structural aluminium parts [15,16]. However, the process is not widely used 
for aluminium alloys due to a lack of process understanding. Aluminium alloys are widely used 
in different industrial fields such as aerospace, ship building, train building, and automotive 
industries because of their light weight and high corrosion resistance [17]. Besides ultra-pure 
aluminium (Al), various aluminium alloys are used. The most important alloying elements are 
copper, silicon, magnesium, zinc, and manganese (Figure 7). By subsequent heat treatment, 
some aluminium alloys can be hardened, as shown in Figure 7.  

 

Figure 7 Classification of aluminium into hardenable and non-hardenable materials [18] 

The tasks of the different alloying elements in aluminium alloys are the following [19]: 

▪ Copper (Cu) improves the strength of aluminium alloys. 
▪ Silicon (Si) reduces the melting point and improves the welding flux. 
▪ Manganese (Mn) increases the strength of the aluminium alloy, but reduces its 

toughness. 
▪ Magnesium (Mg) increases the strength of the aluminium alloy, but reduces its 

corrosion resistance. 
▪ Zinc (Zn) gives high strength in combination with Mg and Cu. 
▪ Zirconium (Zr) leads to smaller grain size. 
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Furthermore, aluminium alloys show a lower melting point, a three times higher thermal 
conductivity, a lower electrical resistance, and about double the coefficient of thermal expansion 
compared to steel [18]. A more detailed comparison is shown in Table 1.  

Table 1 Comparison of the most important physical quantities of aluminium and iron [18] 

Material property Unit Al Fe 
Atomic mass g/mol 26.9 55.8 
Density g/cm3 2.7 7.9 
Modulus of elasticity N/mm2 71 * 103 210 * 103 

Rp0.2 N/mm² 10 100 
Rm N/mm² 50 200 
Specific heat capacity J/(g * K) 0.88 0.53 
Thermal conductivity W/(cm * K) 2.30 0.75 
Specific electrical resistance µΩ * m 28 bis 29 97 
Coefficient of thermal expansion 1/K 24 * 10-6 12 * 10-6 
Melting point °C 660 1539 
Melting point of the oxides °C 2050 1400 

Since WAAM is a process with a high deposition rate compared to other AM processes such as 
LPBF or LMD, the layer height in WAAM of aluminium is around 1 – 5 mm and thus functional 
faces must be machined in a subsequent process, as shown for a WAAM part in Figure 8. 
However, as long as they are not functional surfaces, not all surfaces need to be machined, which 
saves time and makes the part more economical. However, the part size has almost no limits 
due to the robot-based set-up. Exemplary parts manufactured in WAAM of aluminium are 
shown in Figure 9.  

 

Figure 8 WAAM part (a) before and (b) after machining of the functional surfaces 
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Figure 9 Exemplary WAAM parts: (a) Small hollow structures, (b) large hollow structures, (c) free-form shapes, (d) 
thin-walled structural parts, and (e) thick-walled structural parts 

The mechanical properties of WAAM are comparable with casting parts, which was already 
proven for various aluminium alloys, as shown in Figure 10. The most investigated aluminium 
alloys for WAAM are the series 2xxx, 4xxx, and 5xxx. 

 

Figure 10 Comparison of the tensile strength of WAAM parts with casting parts [16,17,20–25]  
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3.2. Laser Metal Deposition 

Another Directed Energy Deposition process, which was investigated in this thesis, is Laser 
Metal Deposition. LMD allows remarkable freedom in processing of new materials and in multi-
material processes [26]. In LMD, several tracks and layers are formed by melting metal powder 
with the laser beam, as shown in the schematic of Figure 11a. The typical particle size of the 
powder used for LMD is approximately 45 µm to 90 µm [27]. The powder is usually conveyed 
through a coaxial nozzle into the process zone with a specified powder 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 [28]. A lower travel speed leads to slower cooling 
and consequently to lower residual stresses [28]. A higher powder mass flow rate increases the 
track height and decreases the penetration depth at the same time [28]. The powder focus is 
specified by the nozzle used for the process and the laser focus is specified before processing. 
The standoff distance is therefore defined by the powder focus of the nozzle and the laser focus. 
LMD does not usually use support structures, but the process still has a high degree of design 
freedom, especially the systems based on robots. The LMD setup used for the experiments in 
this thesis (Figure 11b) is based on a three-axis Computer Numerical Control (CNC) machine 
and a preheating system using an inductor run by a medium-frequency generator. 

 

Figure 11 a) LMD set-up and b) the schematic LMD process 

LASER is the abbreviation for Light Amplification by Stimulated Emission of Radiation. A 
laser beam can achieve high power density, which is used in different industrial areas e.g., for 
welding, cutting, hardening, and Additive Manufacturing. The absorptivity of laser power varies 
for different materials, as shown in Figure 12. Therefore, different laser types were developed 
and depending on the application a corresponding laser type or wavelength can be selected. In 
this thesis, mainly steel and iron-aluminium alloys were processed by LMD and therefore a fibre 
laser was used in this work as steel shows a high absorption for this laser wavelength. 
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Figure 12 Wavelength-dependent absorptivity for different metals [29]  

In LMD, small to large parts are manufactured such as turbine blades, screw conveyors, and 
structural parts, as shown in Figure 13. The main advantages of LMD are the possibilities of 
deposition on individual substrates such as tubes (Figure 13b) or Additive Manufacturing on a 
generic part in order to customize it, which is also known as hybrid manufacturing. Because 
LMD can be used for Additive Manufacturing on a wide variety of substrates, it is often used in 
industrial applications for repair purposes to extend the life of the product, which has a positive 
impact on sustainability. Another major advantage of LMD is one of the greatest freedoms in 
material processing, as it can also process materials that are difficult to process with 
conventional methods, such as molybdenum or nickel-based alloys. However, steel is still the 
most common engineering material and for LMD the most common steels used are austenitic 
stainless steels and tool steels [30]. 

 

Figure 13 Exemplary LMD parts: a) Turbine blade b) Screw conveyor @Trumpf c) Structural part @ILT 
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3.3. Multi-material Additive Manufacturing 

Economic and environmental benefits are pushing different industries to realize unique designs 
and material combinations to minimize weight and to maximize functional integrity [31]. The 
aim of multi-material processing is the combination of different materials to optimize the 
properties of a product, such as tensile strength, stiffness, processability, environmental impact, 
low cost, and many more [32,33]. For example, the hardness in the inner core can be different 
from that in the outer shell of the component or the magnetic properties can change over the 
part, as shown in Figure 14. Therefore, functionally graded materials have become an additional 
design parameter in product design [34].  

 

Figure 14 Magnetic graded part made by SS430 and SS316 (a) as-fabricated by LMD, (b) machined with the 
substrate, (c) machined without substrate, and (d) experiment for the local magnetic properties [35] 

One main challenge to overcome in multi-material processing are cracks in the material 
transition zone due to brittle phases, caused by mixing the different materials, or by the 
differences in the coefficients of thermal expansion [34]. Research in multi-material Additive 
Manufacturing has been conducted, especially in the field of Directed Energy Deposition 
processes [26,36]. In LMD for example, material transitions can be realized in different ways. 
One option is a simple discrete transition, which is never completely achieved in practice but is 
applied in theory. However, sharp transitions often lead to high stresses and cracks in the part 
[37]. Another option are functionally graded materials, which are characterized by the gradual 
transition [38]. A graded material transition can decrease the residual stresses and the 
susceptibility to cracking which leads to enhanced material properties [37]. Gradual material 
transitions can avoid common failures such as delamination and cracks [39]. 
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3.4. Process monitoring in Additive Manufacturing 

The general state of the art nowadays is the analysis of part properties after their manufacturing. 
However, more and more approaches are coming up, which detect anomalies during the process. 
Anomalies are indicated by irregular behavior compared to the stable system and are rare by 
definition [40]. In Additve Manufacturing typical anomalies are pores, cracks, cavities, 
oxidation, delamination effects, geometric deviations, distortion, and more (Figure 15).  

 

Figure 15 Typical process anomalies in metal Additive Manufacturing 

In-situ monitoring systems, detecting the occurrence of such anomalies, are of high interest for 
an autonomous manufacturing system to initiate countermeasures, prevent further anomalies, or 
stop the process because of insufficient part quality. This reduces the need for subsequent quality 
assurance, leading to a process which is more reliable and economical. Various research groups 
are working on non-destructive process monitoring concepts for Additive Manufacturing, which 
are based on different physical phenomena as for example the following: 

▪ Spectroscopy to obtain more information about the process, e.g. regarding element 
distribution or process stability [41,42], 

▪ Laser opto-ultrasonic dual detection for simultaneous compositional, structural, and 
stress analyses of parts [43], 

▪ Radiography and ultrasound used for in-process and off-line inspection of AM parts 
regarding defects such as pores and cracks [44], 

▪ Ultrasonic inspection of AM parts to detect pores and cracks within the part [45], 
▪ Eddy current sensor to detect defects during AM [46], 
▪ Process imaging in combination with convolutional neural network models to 

monitor porosity or process instabilities during AM [47,48], 
▪ Acoustic sensors as they are easy to retrofit, comparably cheap and can provide a lot 

of process information [49–52]. 
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However, even if such anomalies can be detected, it might be too late for corrections. Therefore, 
closed-loop controls based on the sensors used for process monitoring are the next step to either 
avoid the occurrence of such anomalies or to initiate countermeasures. One approach is to 
remove the layer which includes the anomaly by a subsequent milling process, as shown in 
Figure 16. In this case, an eddy current sensor was used to detect defects such as cracks and 
pores. 

 

Figure 16 Quality monitoring with an eddy current sensor integrated into a hybrid DED process [53] 

As process monitoring is widely recognized as a key point to enable a stable AM process with 
reliable part quality, further research in process monitoring is still needed. Furthermore, the high 
demand for process monitoring concepts shows that the processes are still not fully understood, 
which is essentially due to a lack of knowledge about the process characteristics. 
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4. Methodology 

Based on the research question to what extent do complex processing effects influence the 
stability and reliability of Directed Energy Deposition; various hypotheses were verified. The 
main hypotheses of the scientific papers were the following: 

▪ Lead angle and temperature influence process characteristics in WAAM (Paper A). 

▪ Oxidation behaviour changes with varying process characteristics in WAAM (Paper B). 

▪ Pore formation differs for changing process characteristics in WAAM (Paper C).  

▪ Process characteristics of WAAM and LMD reveal in the acoustic emissions (Paper D). 

▪ Mixing effects influence material transitions in multi-material LMD (Paper E). 

▪ Multi-material-processing influence the part properties in WAAM (Paper F). 

All these hypotheses and related research can contribute to a deeper process knowledge and a 
higher reliability of the process, which is crucial for the use of LMD and WAAM in an industrial 
scale. Several steps were necessary to prove the hypotheses with experimental data. The 
methods can be divided into three subsections (Figure 17). The simulations were primarily used 
for validation of the experiments. Post-process analyses were used to correlate the resulting 
mechanical and chemical properties with the process characteristics and the collected data from 
the in-situ analysis. The main common point of all contributions is the in-situ analysis on which 
potential process monitoring approaches can be based. In summary, the defined experiments 
based on simulations, the post-process analysis of local part properties, and the in-situ analysis 
of process characteristics during processing make it possible to correlate process characteristics 
with physical phenomena, on which the process can be further developed or process monitoring 
can be based. The tools and analytical methods used in this work are described in more detail in 
the following section. 

 

Figure 17 Methods used in this work are divided into three subsections 
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4.1. Simulations 

Before the experiments and the manufacturing of bigger parts, pre-processing was necessary to 
define the geometry, the tool path, the process parameters (Wire feed speed, robot travel speed, 
laser power, etc.), etc. In addition, simulations (Machine simulation, Computational Fluid 
Dynamics simulation) were carried out ahead of the experiments to evaluate the correct 
execution of the experiments in advance and to obtain more information about the process. 

Digital tool chain for Directed Energy Deposition  

The parts for the respective experiments were initially designed using the Computer Aided 
Design (CAD) software Siemens NX. Certain design constraints needed to be considered in part 
design. The biggest design constraint is probably that no support structures are used in WAAM 
and LMD, so the part must be built on its own previous layers. Therefore, especially overhangs 
are critical for the production. However, these limitations can be compensated by better access-
ibility through kinematics with a higher degree of freedom, such as robot based cells. After the 
part was designed, Computer Aided Manufacturing (CAM) was used to create the tool path with 
its deposition (purple) and non-deposition (blue) movements, shown in Figure 18. In this way, 
the processing times can be calculated with the associated heating and cooling times allowing 
an estimation of the temperature profile during DED. Subsequently, the build-up of the 
individual tracks was simulated with the set parameters (track width, track height, created tool 
path). If the simulation went well up to this point, the machine simulation was performed based 
on the created tool path. Potential collisions and limits reached by the axes, which would cause 
the unintended process end, were determined in machine simulations (Figure 19). Different 
parameters needed to be defined in the machine simulation such as the location of the part or 
the orientation of the deposition nozzle. Furthermore, for robot-based cells, as shown in Figure 
19, robotic rules needed to be defined as robots have more axes than degrees of freedom.  

 

Figure 18 Digital tool chain for a robot based WAAM cell 
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Figure 19 Kinematic simulation of a robot-based WAAM process for a) a feasible traversal movement and b) a 
traversal movement of the robot during which it encounters axis limits 

Computational Fluid Dynamics 

In order to increase the understanding of process behaviours, Computational Fluid Dynamics 
(CFD) simulations were performed to visualise and analyse the process. Siemens STAR-CCM+ 
was used to simulate different cases. Therefore, both two-dimensional axisymmetric and three-
dimensional simulation models were applied. In addition, the CFD simulations were validated 
also by experimental measurements such as the residual oxygen analysis in the shielding gas 
flow. For a CFD simulation, the area of interest needed to be first defined and meshed, as shown 
in Figure 20a. Afterwards, the boundary regions of the solid parts need to be defined and the 
proper physical equations needed to be chosen. After the calculations have been performed, 
various results such as velocity profiles, oxygen concentrations, or streamlines (as shown in 
Figure 20b) were visualised. The influences were analysed and discussed in papers B and D. 

 

Figure 20 a) Meshing of the area of interest, in this case the WAAM nozzle and b) an exemplary result of the CFD 
simulation, the streamlines of the argon gas flow with recirculation effects (marked orange) 

5008693_Inlaga.indd   335008693_Inlaga.indd   33 2022-02-01   10:092022-02-01   10:09



Methodology Tobias Hauser 

18 
 

4.2. In-situ analysis 

Different sensors, as shown in Figure 21, were investigated for in-situ analysis of DED. The 
various sensors provide a large amount of information about the process, and some of them will 
be used in the future to analyze the real-time data on an edge device and pass it on to the operator 
in an industrial cloud such as "MindSphere", where a digital twin of the product can be created.  

 

Figure 21 Different sensors for in-situ analysis of the process characteristics 

Process imaging 

Process imaging can reveal a high amount of information. It is a very useful tool to get more 
insights into the process. Two different approaches of process imaging were used in this thesis, 
high-speed imaging, and real-time imaging.  

High-speed imaging is a technique, where images are captured at a very high frame rate to 
provide deep insights into events that cannot be observed with the human eye or a conventional 
camera. In the experiments of this thesis, a high-speed camera with a frame rate of 2000 frames 
per second was used. In addition to the high-speed camera, an illumination laser system was 
used to illuminate the intended zone with a certain wavelength and thus also filter disturbing 
light sources, for example the bright arc in WAAM. Exemplary images, resulting from high-
speed imaging is shown in Figure 22a. However, to monitor a longer period of the process, real-
time imaging was used with a much lower frame rate of about 30 frames per seconds. Real-time 
imaging was used for WAAM (Figure 22b) and LMD (Figure 22c) in this thesis. Based on the 
captured images during high-speed and real-time imaging, manual and software supported 
analyses were performed. Manual and software-based analyses were carried out based on the 
images captured during process imaging.  
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Figure 22 a) High-speed imaging pictures of WAAM, b) real-time imaging of WAAM,  
and c) real-time imaging of LMD 

Time series analysis 

Since process imaging always requires a direct view of the process, which is often not possible 
due to visual restrictions or possible collisions with the already built structures or other 
interfering contours, other sensors, based on time series data instead of process images, have 
also been used to analyse the process characteristics of DED processes. The analysed time series 
data can be divided into process-related input and output parameters. The investigated input 
parameters are parameters such as voltage, current, or material feed (wire feed rate, powder 
mass flow). The input parameters specify the basic process characteristics irrespective of 
external influences unless the internal control of the equipment used controls based on these 
parameters. The process-related output parameters are more affected by external influences than 
the input parameters. Process-related output parameters that were monitored in-situ were 
spectral light emissions, acoustic emissions, and temperature behaviour. Temperature sensors 
were for example used to monitor the temperature balance during DED. In DED processes, the 
temperature balance is a decisive parameter that determines a stable process. In the experiments 
performed in the scientific papers, the process temperature was measured by contact measure-
ments with NiCr-Ni thermocouples or contactless with a pyrometer. This enabled the tempera-
ture acquisition between the individual layers of the part to be monitored and, if necessary, the 
waiting times between the layers to be extended to remain in the stable temperature range 
through longer cooling. The time series data of the acoustic process emissions were, among 
others, used to analyse the nozzle-to-work distance. For data analysis, correlations with other 
sensor data such as the process imaging recordings were performed, as shown in Figure 23. 
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Figure 23 Time series data of the acoustics emission during WAAM with changing nozzle-to-work distances 

Spectral analysis 

Spectral analysis was based on the captured time series data of the previously mentioned 
sensors. The big advantage of such sensor data is that they provide a high amount of information 
about the process characteristics. In a spectral analysis, the time series data were transformed 
into the frequency domain, which was done by a Fast Fourier transformation in this thesis. 
Spectral analysis deals with the challenge of determining the spectral content, which is the 
distribution of power over frequency [54]. Figure 24a shows an exemplary spectrum with a 
distribution of normalized energy of a certain frequency range. A three-dimensional 
representation of several spectra combined in one plot is called spectrogram and is shown in 
Figure 24b. Such a spectrogram provides even more information than a spectrum as it also 
shows the change of the spectrum over time. 

 

Figure 24 a) Spectrum of a normalized sensor signal and b) spectrogram of acoustic emissions 
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Closed Loop Control 

Once the in-situ analysis of the process characteristics was successful and the interrelationships 
were understood, the logical next step to industrialise the DED processes is a closed loop 
control. A closed loop control introduces countermeasures to keep the process within the 
specified process window. An exemplary concept of a closed loop control is shown in Figure 
25. In this concept, acoustic emission are captured, transformed, filtered, analysed, and used as 
input for the closed control loop, which in turn changes process parameters such as travel speed, 
nozzle-to-work distance, material deposition, or others. The in-situ analysis concept, which 
were investigated in this thesis can be used for such closed loop controls in the future. 

 

Figure 25 Schematic concept of a closed loop control based on an acoustic sensor 

4.3. Post-process analysis 

After the parts were manufactured, several tests were performed to investigate the mechanical 
properties of the AM parts. Cross-sections, microstructure analysis, tensile tests, and hardness 
tests were performed. 

Cross-sections 

Cross-sections are one of the simplest methods for process and material analysis but reveal a 
high level of information about the material/part properties (grain structure, cracks, pores, 
delamination effects, track width, track height, etc.) and the influence of process parameters on 
these properties. In most cases, the parts produced were test geometries such as walls or cubes, 
which were then cut in sections, etched to visualise the grain structure and anomalies, and then 
analysed by optical light microscopy, as shown in Figure 26. The grain structure, pores, and 
cracks were correlated with the process parameters used for manufacturing. 
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Figure 26 Cross-sections of a) walls manufactured by WAAM and of b) structures manufactured by LMD 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was used for analyzing the microstructures of the 
manufactured parts even more precisely compared to optical microscopy in the range of a few 
micrometers. Furthermore, based on SEM, Energy-dispersive X-ray spectroscopy (EDX) was 
also performed to analyze the elemental composition of the test samples. The elemental compo-
sition was either analysed by a one-dimensional EDX line scan or by a two-dimensional EDX 
image. 

 

Figure 27 a) EDX line scans and b) EDX images to study the elemental composition of the analysed part 
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Mechanical tests 

Tensile strength and hardness tests were performed on test parts manufactured in DED. The 
mechanical properties of AM parts often differ from the properties of the same parts produced 
by conventional processes such as machining or casting. Therefore, mechanical testing of AM 
components is essential for designing potential use cases. Tensile tests were performed on 
additively manufactured walls, which were machined to the dimensions of the international 
standard, as shown in Figure 28. Due to the international standard test geometry (E8/E8M – 
16a), the tensile tests were comparable with the test results from conventional methods. 
Hardness tests were also performed according to the international standards with the Vickers 
hardness method. The hardness tests were carried out on the prepared cross-sections to test the 
material's resistance to plastic deformation. 

 

Figure 28 Detailed view of the fracture surface after tensile testing of tensile specimens made from the additively 
manufactured wall according to the international standard specimen dimensions E8/E8M − 16a [55] 
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5. Summaries of the scientific contributions 

The methods mentioned in the previous chapter were used in the various scientific contributions 
(Papers A-F) which are summarized in this chapter. 

Paper A:  Fluctuation effects in Wire Arc Additive Manufacturing  
of aluminium analysed by high-speed imaging 

Abstract: Wire Arc Additive Manufacturing is a near-net-shape processing technology which 
allows the cost-effective manufacturing of big and customized metal parts. In the present work, 
the Wire Arc Additive Manufacturing of AW4043/AlSi5(wt.%) with different lead angles of 
the welding torch was investigated. It has been shown that for some lead angles fluctuation 
effects occur in the structures produced, if the interlayer temperature is either too low or too 
high. All experiments were analysed by high-speed imaging whereby the welding phenomena 
could be observed. In the case of Wire Arc Additive Manufacturing with a lead angle above 10° 
at lower interlayer temperatures, the deposited track consists out of several, separated WAAM 
globules and is no longer in a uniform track. In the case of the dragging and neutral Wire Arc 
Additive Manufacturing processes at higher interlayer temperatures, fluctuation effects occur. 
In addition, by evaluating the high-speed videos with computer vision, it was found that such 
fluctuation effects can be detected at the arc frequency of the process. To avoid fluctuation 
effects caused by too low or too high interlayer temperatures, a pushing Wire Arc Additive 
Manufacturing process with a slightly tilted lead angle should be used. 

 

Figure 29 Graphical abstract of Paper A 

Conclusions:  

▪ For WAAM with CMT mode at a lead angle above 10° the track results in separated 
WAAM globules and not in a uniform track. This effect is due to the low interlayer 
temperature, the low heat input in CMT mode, and the high thermal conductivity of 
aluminium which causes the applied material to solidify very quickly. For a lead angle 
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above 10° this leads to a bulging of the WAAM globules. The fluctuation is more pro-
nounced with a larger lead angle, as the wire is fed through the steeper angle over a 
longer period into these bulging WAAM globules.  

▪ The anomalies of the low temperature fluctuation of the track through bulging of 
WAAM globules can also be detected in the arc frequency. The noisy arc frequency 
signal in this case results from a time delay between the CMT cycles which is related 
to the fluctuation in the track as shown in the high-speed videos. 

▪ Fluctuation effects also occur in the dragging and neutral WAAM processes at higher 
interlayer temperatures because the melt pool stays molten for a longer period and both 
the dragging and neutral WAAM processes push the melt pool against the processing 
direction by the oscillating wire and arc pressure, resulting in an accumulation of 
material after the process zone. This leads in an accumulation of material behind the 
process zone which results in a wave pattern for a ten-layer wall. In the pushing 
WAAM processes no fluctuation effects occur at higher interlayer temperatures 
because the oscillating wire and arc pressure push the melt in the processing direction. 
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Paper B:  Oxidation in Wire Arc Additive Manufacturing of Aluminium 
Alloys 

Abstract: Wire Arc Additive Manufacturing is a near-net-shape machining technology that 
enables low-cost production of large and customized metal parts. In the present work, oxidation 
effects in Wire Arc Additive Manufacturing of the aluminium alloy AW4043/AlSi5(wt.%) were 
investigated. Two main oxidation effects, the surface oxidation on aluminium parts and the 
oxidation anomalies in aluminium parts were observed and analysed. The surface oxidation on 
aluminium parts changed its colour during Wire Arc Additive Manufacturing from transparent 
to white. In the present work, it was shown by high-speed imaging that this change in the surface 
oxidation took place in the process zone, which was covered by inert gas. Since the white surface 
oxidation formed in an inert gas atmosphere, it was found that the arc interacts with the existing 
amorphous oxide layer of the previously deposited layer and turns it into a white duplex 
(crystalline and amorphous) oxide layer. In addition to the analysis of the white surface 
oxidation, oxidation anomalies, which occur at low shielding from the environment, were 
investigated. It was shown by physical experiments and Computational Fluid Dynamics 
simulations, that these oxidation anomalies occur at inadequate gas flow rates, too big nozzle-
to-work distances, process modes with too high heat input, or too high wire feed rates. Finally, 
a monitoring method based on light emission spectroscopy was used to detect oxidation 
anomalies as they create peaks in the spectral emission when they occur. 

 

Figure 30 Graphical abstract of Paper B 

Conclusions:  

In the present work, surface oxidation and oxidation anomalies in Wire Arc Additive 
Manufacturing of AW4043/AlSi5(wt.%) were investigated and the experimental observations 
were supported by CFD simulations. Furthermore, light emission spectroscopy was used to 
capture process emission data for a monitoring approach of oxidation anomalies. The following 
conclusions can be drawn: 
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▪ The experiments with different gas flow rates, the corresponding process images, the 
high-speed videos, and the EDX line scans, showed that the observed white oxidation 
layer formed in the area around the melt pool, where the plasma of the arc acted. Since 
this area is covered by inert gas and thus a very low amount of oxygen/ambient air is 
available to react with the aluminium, it can be stated that the high temperatures of the 
arc turn the existing amorphous surface oxidation of the previously deposited alumi-
nium layer into a white duplex oxide layer. 

▪ The decreasing thickness of the surface oxidation from the substrate to the layers 
manufactured by WAAM can be mainly explained by the existing surface oxidation of 
the substrate before processing. In addition, the repeated heat input of the arc and the 
high conductivity of the aluminium, keep the entire part heated and increase diffusion 
effects during processing. 

▪ If the shielding during WAAM is too low, a threshold of oxygen contamination (in the 
current case: 100 ppm) is exceeded in the processing zone and oxidation anomalies can 
occur in the part and trigger uneven material accumulations which can be detected by 
process imaging. These oxidation anomalies also show a whitish surface, indicating a 
duplex oxide layer. Different from the white surface oxidation, this duplex oxide layer 
forms immediately when the material is deposited. 

▪ The experiments and simulations showed that shielding decreases with a lower gas 
flow rate, a process mode with higher heat input (CMT+P), a bigger nozzle-to-work 
distance, and a higher wire feed rate, while the robot travel speed does not have a 
measurable impact. 

▪ Light emission spectroscopy can be used to detect changes in the intensity of the 
emitted spectral wavelengths which were found to correlate with the occurrence of 
oxidation anomalies due to the exothermic reaction, which takes place when the 
material oxidises.  

▪ The most significant peaks in the time series data of the spectrometric measurements 
when oxidation anomalies occurred, were detected in the ultraviolet wavelength 
ranges, from 220-240 nm and from 300-320 nm, and in the visual wavelength range 
from 380-400 nm. 
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Paper C:  Porosity in Wire Arc Additive Manufacturing of Aluminium Alloys 

Abstract: Wire Arc Additive Manufacturing is a near-net-shape processing technology which 
allows cost-effective manufacturing of large and customized metal parts. Processing of 
aluminium in Wire Arc Additive Manufacturing is quite challenging, especially in terms of 
porosity. In the present work, pore behaviour in Wire Arc Additive Manufacturing of 
AW4043/AlSi5(wt.%) was investigated and a post-process monitoring approach was 
developed. It has been observed that as the shielding gas flow rate increases, the porosity in 
aluminium parts also increases due to the rapid solidification of the melt pool by forced 
convection. The higher convection rate seems to limit the escape of gas inclusions. Furthermore, 
gas inclusions escaping from the melt pool leave cavities on the surface of each deposited layer. 
Process camera imaging is used to monitor these cavities to acquire information about the 
porosity in the part. The observations were supported by Computational Fluid Dynamics 
simulations which show that the gas flow rate correlates with the porosity in aluminium parts 
manufactured by Wire Arc Additive Manufacturing. Since a lower gas flow rate leads to reduced 
convective cooling, the melt pool remains liquid for a longer period allowing pores to escape 
for a longer period and thus reducing porosity. Based on these investigations, a monitoring 
approach is presented. 

 

Figure 31 Graphical abstract of Paper C 

Conclusions:  

In the present work, pore formation in Wire Arc Additive Manufacturing of 
AW4043/AlSi5(wt.%) was investigated. Process imaging was used to capture image data and 
to monitor pore formation or pore escape during WAAM. The observations were supported by 
CFD simulations. The following conclusions could be drawn: 

▪ Process-related pores were found in the parts manufactured by WAAM. They were 
most likely caused by the shielding gas mixing with the ambient air because the pores 
showed a substantially higher content of aluminium oxide in these areas.  
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▪ Higher shielding gas flow rates with higher velocities and higher dynamic gas pressure 
lead to more process related pores, probably because of increased turbulent mixing.  

▪ Further sources of oxygen could be the aluminium oxide of the wire and the substrate, 
which dissociates in the arc-based process and could enter the melt pool. 

▪ The higher number of pores in aluminium parts is related to the shielding gas flow rate, 
because at a higher gas flow rate, the melt pool solidifies faster as a result of increased 
convective cooling, thus preventing the process-related gas inclusions from escaping. 

▪ The number of cavities on the surface of each deposited layer is inversely related to 
the relative number of pores in an aluminium part manufactured by WAAM. A higher 
number of cavities on the surface correlates with a lower number of pores in the part 
because cavities are gas inclusions that have escaped from the melt pool. The relative 
number of pores decreases linearly in the CMT mode and non-linearly in the CMT+P 
mode as the relative area covered by cavities increases. 

▪ Some aluminium alloys such as AlSi5 are likely to suffer from process related pores. 
That being the case, a monitoring approach of the percentage area covered by cavities 
is a suitable method to monitor pore formation in the part. Based on this, an in-situ 
monitoring with a closed loop control system could be established. 
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Paper D:  Acoustic Emissions in Directed Energy Deposition Processes 

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 
experiments 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 acoustic 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. 

 

Figure 32 Graphical abstract of Paper D 

Conclusions:  

The experiments for WAAM and LMD showed that the acoustic emissions correlate with 
different process anomalies or process changes. The methods among the Mel spectrum 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, 
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acoustic phenomena for Wire Arc Additive Manufacturing were observed and justified with the 
following hypotheses: 

▪ The main acoustic 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. 

▪ 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. 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 fluctuations around the mean in the data of the acoustic emissions 
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 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 interaction 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 emission 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 
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atmosphere during oxidation effects shows a higher air/argon ratio, which would 
assume lower acoustic emissions due to the lower characteristic 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 variation also depend 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 emissions. The manual analysis of spectral data can be replaced by artificial 
intelligence approaches, in which the models are trained on labeled images of the spectra, 
allowing the model to analyze 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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Paper E:  Material transitions within multi-material laser deposited 
intermetallic iron aluminides 

Abstract: Laser Metal Deposition is a near-net-shape processing technology, which allows 
remarkable freedom in multi-material processing. In the present work, the multi-material 
processing of two intermetallic iron aluminides, Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%), was 
investigated. It has been shown that multi-material processing of the two alloys via discrete as 
well as via gradual material transition is possible without any cracks for manufacturing small 
cubes. Cross-sections of manufactured parts and tracks showed that a preheating temperature of 
at least 400°C is necessary to process crack free samples. EDX-analyses indicated that if a 
discrete material transition is required in multi-material processing, the material transition 
should be implemented in the vertical build-up direction because the mixing zone in this 
direction is significantly smaller than the mixing zone in the horizontal direction. Due to the 
stronger mixing effects in the horizontal direction, a gradual material transition by a linear 
progression should be implemented in this direction rather than in the vertical direction. The 
mixing effects are mainly caused by melt flow, while diffusion effects can be neglected. 

 

Figure 33 Graphical Abstract of Paper E 

Conclusions:  

Crack free multi-material processing of intermetallic Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%) 
is possible for a discrete material transition as well as a gradual material transition in both the 
xy-direction and the z-direction. The following conclusions can be drawn. 

▪ The results for discrete material transition for the investigated parameters show that 
the mixing effects and consequently the width of the mixing zone in the xy-direction 
with a width of 700 µm are higher than in the z-direction with a width of 35 µm to 50 
µm. In the sample manufactured at 800°C, small amounts of titanium particles were 
detected up to 1000 µm away from the outer quaternary shell of the part. Based on 
these observations and additional estimations, it can be concluded that mixing effects 
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are mainly caused by melt flow. The influence of diffusion on the mixing effects is 
very small.  

▪ The mixing effects after the first layer are stronger because of the higher interlayer 
temperature due to the additional heat generated during previous layers deposition. 
Therefore, the interlayer temperature of the subsequent layers increases and leads to 
slower solidification and increased time for the melt flow. 

▪ The experiments at different preheating temperatures indicate that the preheating has 
no significant influence on the width of the mixing zone, but a higher preheating 
temperature does affect the homogeneity of the grain structure by increasing process 
stability.   

Due to the higher mixing effects in the xy-direction a smooth gradual material transition with a 
linear progression should be implemented in this direction rather than in the z-direction. Due to 
the smaller mixing zone in the z-direction, a discrete material transition (if required) should be 
implemented in this direction rather than in the xy-direction. The transfer of the results to more 
complex parts is possible, except for the material transition in the xy-direction of sharp-edged 
geometries like blade tips, because the mixing effects avoid a defined material transition. In 
most cases it is necessary to have a smooth material transition to avoid internal stresses and 
consequent defects.  
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Paper F:  Multi-Material Wire Arc Additive Manufacturing of low and high 
alloyed aluminium alloys with in-situ material analysis 

Abstract: In recent years, the interest in the improved functionalisation of Additive 
Manufacturing components through multi-material solutions has increased because of the new 
possibilities in product design. In this work, an advanced Wire Arc Additive Manufacturing 
process for fabrication of multi-material structures of different aluminium alloys was 
investigated. Mechanical properties such as tensile strength, yield strength, fracture elongation, 
and hardness were analysed for multi-material parts and compared with the mechanical 
properties of mono-material parts. It was found that the strength of multi-material components 
was limited by the properties of the individual aluminium alloys and not by those of the material 
transition zones. Microsections and EDX line scans revealed a smooth transition zone without 
any significant defects. Furthermore, process monitoring approaches for quality assurance of 
the correct material composition in such multi-material structures were investigated. Different 
sensor data were captured during multi-material Wire Arc Additive Manufacturing to identify 
and observe various characteristics of the process. It was shown that the voltage, current, 
acoustic, and spectral emission data can be used for in-situ monitoring to detect the chemical 
differences between the two aluminium alloys 6060 and 5087. Characteristic patterns in the 
frequency range were found, which can be attributed to a frequency shift that occurred due to 
the different material properties. Spectral analysis revealed changes in the ratios of green and 
blue light emission to red light emission, which was also due to the different magnesium 
contents. 

 

Figure 34 Graphical abstract of Paper F 
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Conclusions:  

In the present work the following conclusions can be drawn: 

▪ For the materials investigated, the tensile strength of the as-built multi-material parts 
were limited by the tensile strength of the aluminium alloy 6060 (AB).  

▪ After T6 heat treatment, the maximum peak stress and yield strength of the multi-
material parts increased but the peak stress was still limited by the peak stress the heat-
treated aluminium alloy 6060 (T6). However, the yield strength was limited by the 
aluminium alloy 5087 (AB) because after heat treatment of 6060 the yield strength of 
5087 is lower.  

▪ Therefore, multi-material components of these aluminium alloys manufactured by 
WAAM were limited by the properties of the individual processed materials and not 
by those of the material transition zone.  

▪ Aluminium alloy 5087 (AB) processed by WAAM shows a higher hardness than 6060 
(AB) processed by WAAM because of the higher Mg content causing solid solution 
formation which leads to a higher hardness. 

▪ The material transition zones when the high Mg alloy 5087 was deposited on the low 
Mg alloy 6060 showed a higher hardness than vice-versa, because of the higher average 
magnesium content in these material transition zones, increasing the hardness. The 
lower Mg content in the material transition zones from 5087 to 6060 can be explained 
by the loss of volatile Mg in the black soot towards the outer edge of the deposited 
track which was also observed in the EDX line scans and in the process camera images 
as white lines. 

▪ The material transitions induced by the CMT+P mode showed a deeper and smoother 
transition zone, than the material transitions induced by the CMT mode. This was due 
to the higher energy input in the CMT+P mode, which increased the welding 
penetration depth into the previous track. 

▪ In all frequency domains of the voltage, current, and acoustic monitoring data, 
frequency shifts from lower frequencies for 6060 to higher frequencies for 5087 were 
observed. Thus, the deposited aluminium alloy can be recognized by all three sensors 
and deviations in the alloy composition can be monitored in the process. 

▪ The lower frequencies noted during WAAM of 6060 resulted due to its higher thermal 
conductivity compared to 5087. The same energy input led to a lower deposition rate 
of 6060 compared to 5087 resulting in a lower wire feed speed and less process cycles 
during the process. Based on this observation, different aluminium alloys processed in 
WAAM with the current and voltage could be distinguished by their different thermal 
conductivity, as this directly affected the wire feed speed and process frequency. 
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▪ The differences in elemental distribution in the low Mg alloy 6060 and in the high Mg 
alloy 5087 were clearly observed in the spectral analysis due to the ratio of blue and 
green light emission with red light emission when the high Mg alloy 5087 was 
processed. The higher blue and green light emission occur most likely due to the 
evaporation of Mg during processing of high Mg aluminium alloys. 
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6. General conclusions 

In addition to the conclusions of the respective papers, general conclusions drawn in the thesis 
are the following: 

▪ In Wire Arc Additive Manufacturing, fluctuation effects can occur through instable 
processes. To avoid such fluctuation effects, which mainly origin from too low or too 
high interlayer temperatures, it was found that a pushing Wire Arc Additive 
Manufacturing process with a slightly tilted lead angle is working best.  

▪ Oxidation of aluminium can be critical for the process stability of Wire Arc Additive 
Manufacturing. It was found that the surface oxidation on aluminium parts changed 
from an amorphous oxide layer into a white duplex oxide layer during the process. It 
was also found that oxidation anomalies, which can occur during processing due to 
process instabilities or lack of shielding gas, can be detected by light emission 
spectroscopy during manufacturing, as peaks in the spectrum arise when they occur. 

▪ In Wire Arc Additive Manufacturing of aluminium, it has been observed that as the 
shielding gas flow rate increases, the porosity in aluminium parts also increases due to 
the rapid solidification of the melt pool by forced convection. Furthermore, gas 
inclusions escaping from the melt pool leave cavities on the surface, which can be 
observed by process camera imaging to obtain information about the porosity of the 
part.  

▪ Acoustic emissions in the Directed Energy Deposition processes reveal information 
about process stability and provide a deeper understanding of the process. In Wire Arc 
Additive Manufacturing, the main acoustic emissions origin from the plasma 
expansion of the arc because that is the ionized volume leading to the air pressure and 
causing the acoustic emissions. For Laser Metal Deposition it was found that the main 
acoustic emissions origin from the interaction between the powder particles and the 
laser beam as the powder particles create an air pressure when they melt.  

▪ For Wire Arc Additive Manufacturing it was found that the strength of multi-material 
components was limited by the properties of the individual aluminium alloys and not 
by those of the material transition zones. In addition, it was shown that the voltage, 
current, acoustic, and spectral emission data can be used for in-situ monitoring to detect 
the chemical differences between two aluminium alloys.  

▪ For Laser Metal Deposition, the design freedom of Additive Manufacturing with 
multiple materials was demonstrated in terms of the possibilities of different material 
transitions. It was shown that material transitions can be implemented discrete and 
graded, but the gradual material transition showed advantages in avoiding cracks in the 
material transitions. 
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7. Outlook 

DED processes are already used in different industrial areas. The studies of the process 
phenomena contribute to a better understanding of the impact of the different parameters on the 
DED processes LMD and WAAM. In addition, new approaches to functionalizing components, 
particularly multi-material approaches, have been investigated demonstrating the advantages of 
DED processes compared to conventional processes. However, a major challenge in the 
industrialization of LMD and WAAM is the insufficient quality and repeatability of the 
manufactured parts. Process monitoring will be a key factor to enable a stable quality and a 
sufficient repeatability of parts manufactured by DED.  

The next steps, which are of great interest to enable the use of both DED processes LMD and 
WAAM on an industrial scale, are the following: 

▪ Multiphysics simulations to gain even more insights into the physical phenomena. 

▪ Further investigations in the multi-material AM for more complex structures. 

▪ Examination of the process monitoring concepts for more complex structures. 

▪ Investigation and improvement of the repeatability and reliability of such process 
monitoring systems. 

▪ Examination of transferability to further process parameters and materials. 

▪ Further automation of the process monitoring through evaluation and decision 
algorithms. 
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Abstract 

Wire Arc Additive Manufacturing is a near-net-shape processing technology which allows the 
cost-effective manufacturing of big and customized metal parts. In the present work the Wire 
Arc Additive Manufacturing of AW4043/AlSi5(wt.%) with different lead angles of the welding 
torch was investigated. It has been shown that for some lead angles fluctuation effects occur in 
the structures produced if the interlayer temperature is either too low or too high. All 
experiments were analysed by high-speed imaging whereby the welding phenomena could be 
observed. In the case of Wire Arc Additive Manufacturing with a lead angle above 10° at lower 
interlayer temperatures, the deposited track consists out of several, seperated WAAM globules 
and is no longer in a uniform track. In the case of the dragging and neutral Wire Arc Additive 
Manufacturing processes at higher interlayer temperatures, fluctuation effects occur. In 
addition, by evaluating the high-speed videos with computer vision, it was found that such 
fluctuation effects can be detected at the arc frequency of the process. To avoid fluctuation 
effects caused by too low or too high interlayer temperatures, a pushing Wire Arc Additive 
Manufacturing process with a slightly tilted lead angle should be used. 

Keywords: Direct Energy Deposition; Robotic; Laser arc 

1. Introduction 

1.1 Wire Arc Additive Manufacturing  

Wire Arc Additive Manufacturing (WAAM) is a near-net-shape processing technology that is 
classified as one of the Direct Energy Deposition (DED) processes [1,2]. In WAAM, complex 
metal parts are produced layer by layer. The process is primarily intended for large and cost-
effective components due to its high deposition rate compared to laser-based Additive 
Manufacturing processes [3]. The wire-based techniques are 2 to 50 times more cost efficient 
than powder-based techniques [1,2]. Currently most WAAM processes are based on Gas Metal 
Arc Welding, in particular the welding process Cold Metal Transfer (CMT) [4,5]. In the CMT 
process the wire is conveyed into the process zone via a pushing and pulling movement [4,6,7]. 
In one CMT cycle the wire is fed forward till the wire drops into the melt pool and an arc 
extinction occurs [4]. Afterwards the wire is mechanically pulled backward to split the wire 
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from the melt pool and the CMT cycle starts again [4]. The CMT process enables a reduced 
thermal input and an improved stability of the arc which allows an accurate control of the 
deposited material [8]. The thermal state of the part directly influences the process stability and 
the resulting material properties [6,9,10]. Especially in WAAM any generated defects are 
closely related to the material and process parameters used [11]. The CMT process is affected 
by many different parameters such as voltage, current and wire feed speed [6]. Further 
parameters are the processing speed, the arc length correction, the dynamic correction, the type 
of shielding gas and many others [12–15]. For instance, an increase of the arc length correction 
results in a longer arc with increased arc energy which leads to a wider melt pool [16]. One 
parameter that affects the process stability, is the lead angle of the welding torch to the process 
zone which has previously been investigated for Gas Tungsten Arc Welding (GTAW) [17,18]. 
In GTAW the lead angle influences the width and the height of the deposited track [17]. With a 
larger angle to the vertical, the deposition width decreases and the deposition height increases 
[17]. Deep penetration of the deposited track can be achieved in laser welding [19]. Huang et 
al. found out that in hybrid welding, that combines the advantages of Gas Metal Arc Welding 
(GMAW) and laser welding, the laser should be in front of the wire to get a stable process [20]. 

1.2 Materials in Wire Arc Additive Manufacturing  

WAAM is possible with many different materials, but aluminium is of particular interest for 
large and customized lightweight components. Aluminium is widely used in different areas such 
as aerospace, ship building, train building and automotive industries because of its high-
strength, light weight, and high corrosion resistance [21–23]. WAAM has been recognized as 
one of the most efficient processing methods for individual, big and cost-effective structural 
parts [23–25]. As well as the ultra-pure aluminium, various alloyed aluminium materials are 
generally used. The most important alloying elements are copper, silicon, magnesium, zinc, and 
manganese [12,26]. 4000 series aluminium alloys are typical for welding applications, making 
them suitable for Additive Manufacturing. Silicon (Si) is the main alloy component in the 4000 
series [22]. Silicon reduces the melting point and improves the metal flow which leads to 
excellent weldability [22,27]. Köhler et al. performed WAAM for AlSi12(wt.%) and studied 
process characteristics, mechanical properties, and residual stresses [28]. Köhler et al. figured 
out that the solidification range and the WAAM settings such as arc length and pulse energy 
have significant effects on surface waviness [28]. They also suggested that a wide solidification 
range is more suitable for a smooth track [28]. Ortega et al. investigated WAAM of 
AlSi5(wt.%), a widely used welding alloy, and properties such as the microstructure of the 
resulting parts [4]. Ortega et al. found out that the width of the tracks increases layer by layer 
when building a wall due to heat accumulation if there is no break time between the layers [4]. 
Hackenhaar et al. investigated active cooling by an air jet in WAAM to prevent heat 
accumulation and concluded that this does not prevent an increase in substrate temperature, 
which shows that heat management is a major issue [29]. Wang et al. investigated the impact of 
arc current and arc pulse frequency on the porosity and grain structure for WAAM of 
AlSi5(wt.%) [30]. They found out that with increasing pulse frequency of the pulsed GTAW 
the grains become coarser and the porosity initially decreases and reaches its minimum at 50 
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Hz, but increases for higher frequencies due to the relationship between pore formation and gas 
escape [30]. Miao et al. investigated the microstructure and the mechanical properties of 
AlSi5(wt.%) manufactured by laser modified WAAM [31]. They found out that the additional 
energy input from the laser beam leads to a microstructure with finer grains and thus to increased 
mechanical properties [31].  

1.3 Marangoni force  

The humping phenomenon sometimes found in welding has also been studied in the context of 
WAAM [32,33]. One of the main driving forces of metal convection in the weld pool is the 
Marangoni force [34,35]. The Marangoni force is a surface tension force that is responsible for 
driving the flow of molten metal from the areas of low surface tension to the areas of high 
surface tension [33–35]. Mendez et al. created an arc force model using the static force balance 
theory [36]. The model assumes that humping occurs when the arc pressure exceeds the surface 
tension of the melt pool [36]. They concluded that the arc pressure model can describe the 
humping phenomenon [33]. However, what is not fully understood yet is the periodic behaviour 
of humping [33]. Li et al. and Huang et al. showed that high-speed imaging (HSI) is a suitable 
method to get a better insight into the process effects [37,38].  

WAAM has great potential to be widely used in industry, but a lot of research still needs to be 
done to increase our understanding of the process, such as the influence of different lead angles 
in multi-layer processing. The object of the present work is multilayer processing using WAAM, 
considering the increasing interlayer temperatures and the related effects. 

2. Material and Methods 

2.1 Aluminium 

The experiments were carried out with AW4043/AlSi5(wt.%) wire. Substrate plates of AW6061 
with the dimensions 120 mm x 100 mm x 10 mm were used. The chemical compositions of the 
two alloys are shown in Table 1. 

Table 1 Chemical composition of the aluminium alloys used in wt.% [31] 

Alloy Al Si Fe Cu Mn Mg Zn Cr Ti 
AW4043 Bal. 4.5-6 0.8 0.3 0.05 0.05 0.1 - 0.2 
AW6061 Bal. 0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.25 0.04-0.35 0.15 

2.2 Experimental set-up 
The process set-up for WAAM consists of a motion control, a welding source, an industrial 6-
axis robot, a worktable with substrate and an HSI system including a high-speed camera and an 
illumination laser. In order to measure the temperature during the process, thermocouples were 
attached to the substrate. Furthermore, a laser source is included in the WAAM cell for 
modifying the process by adding laser energy. The schematic set-up is shown in Figure 1.  
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Figure 1 Schematic experimental set-up of the robot based WAAM cell 

The equipment used for the experiments is shown in Figure 2. In the experiments, a wall was 
built by processing 10 tracks on top of each other with a step height of 1.5 mm to 2.0 mm. The 
robot and the motion control used for WAAM are from ABB and the welding source with CMT 
functionality is from Fronius International. The fibre laser with a wavelength of 1064 nm and a 
maximum laser power of 8 kW is from IPG. High-speed videos of all experiments were made 
with the high-speed camera IDT NR4-S2 and the illumination laser CAVILUX HF.  

 

Figure 2 Equipment for the robot-based Wire Arc Additive Manufacturing with HSI and the possibility of modifying 
the process by laser energy 

2.3 Torch set-up of WAAM for different lead angles 

For the first experiments, the lead angle was modified to investigate its influence on the melt 
pool and arc behaviour as well as on the geometry and porosity of the resulting WAAM parts. 
The schematic procedure is shown in Figure 3.  
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Figure 3 Sketch of the modification of lead angles 

The parameters used for WAAM with different lead angles are listed in Table 2. The lead angle 
was changed in a range of -10° to 40° in steps of 10°. All angles α are related to the vertical 
(Figure 3). For positive lead angles α it is referred to as a pushing WAAM process, for negative 
lead angles it is a dragging WAAM process and for a vertical torch it is a neutral WAAM 
process. I.e. in the pushing WAAM processes, the wire is fed in the direction of travel and in 
the dragging WAAM processes, the wire is fed against the direction of travel. CMT mode 876 
was used for processing, which is a specific mode of cold metal transfer and can be set in the 
Fronius welding source. The ROI (Region of Interest) is for all experiments in the middle part 
of the tracks and walls, since the ignition phase and shutdown phase of each single track differ 
regarding to the process parameters used. 

Table 2 Process parameters used for WAAM of AlSi5(wt.%) with modified lead angles 

Parameter Value 

Material wire AlSi5(wt.%) 

Wire diameter 1.2 mm 

Material substrate AlSi1MgMn(wt.%) 

Process mode CMT mode 876 

Ignition phase 10 mm 

Region of Interest 80 mm 

Shutdown phase 10 mm 

Wire feed speed 4 m/min 

Robot travel speed 0.6 m/min  

Inert gas 18 l/min of Argon 

Nozzle-to-work distance 10 mm 

Contact tube-to-work distance 12 mm 

Lead angle to vertical -10°, 0°, 10°, 20°, 30°, 40° 
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2.4 Torch set-up of WAAM influenced by laser 

Further experiments regarding the melt pool behaviour and the wetting of the substrate through 
higher preheating were made by adding laser energy to the WAAM process. The laser was used 
to simulate the increasing interlayer temperature during multi-layer processing. In the 
experimental set-up it was possible to influence the WAAM process by a fibre laser with a 
wavelength of 1064 nm and a laser power up to 8 kW. Aluminium has an absorption of 5% to 
7% at a wavelength of 1064 nm. The laser is focused on the surface at a distance dW-L of 1.5 
mm from the wire tip. The schematic procedure is shown in Figure 4.  

 

Figure 4 Schematic set-up for preheating of the WAAM by adding laser energy 

The parameters used for WAAM with added laser energy are listed in Table 3. The laser power 
was changed in a range of 0 W to 4500 W in steps of 1500 W. Due to the structure of the 
equipment used, the laser is inclined by 28° to the vertical. 

Table 3 Parameters used for WAAM of AlSi5(wt.%) modified by a laser beam 

Parameter Value 

Material wire AlSi5(wt.%) 

Wire diameter 1.2 mm 

Material substrate AlSi1MgMn(wt.%) 

Process mode CMT mode 876 

Ignition phase 10 mm 

Region of Interest 80 mm 

Shutdown phase 10 mm 

Wire feed speed 4 m/min 

Robot travel speed 0.3 m/min  

Inert gas 18 l/min of Argon 

Nozzle-to-work distance 10 mm 

Contact tube-to-work distance 12 mm 
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Lead angle 10°  

Laser beam diameter 0.6 mm 

Laser inclination -28° 

Focal length 250 mm 

Laser irradiation-to-wire tip distance dW-L 1.5 mm 

Laser power 0 W to 4500 W 

2.4 High-speed imaging system 

For HSI of the process, the IDT NR4-S2 high-speed camera with a frame rate of 2000 frames 
per second and an exposure time of 3 µs was used. For HSI of such bright processes as WAAM, 
an illumination laser is used to illuminate the process at a specific wavelength, while all other 
process-related radiations outside the laser wavelength used are filtered to obtain a non-saturated 
view on the melt pool. In this case the illumination laser CAVILUX HF with a wavelength of 
810 nm was used in combination with a band pass filter with a CWL (Central Wavelength) of 
808 nm and FWHM (Full Width at Half Maximum) of 10 nm.  

2.5 Analysis methods 

All dimensions of the walls were measured with a caliper. The heights of the first and second 
track and the length of the melt pool were measured digitally in the high-speed videos. All high-
speed videos of the walls manufactured with different lead angles were made in the second layer 
in the ROI. The high-speed videos of WAAM modified by adding laser energy were made in 
the first layer in the ROI. For measuring the temperature during WAAM of AlSi5(at.%) two 
thermocouples placed on the substrate as shown in Figure 5 were used.  

 

Figure 5 Positioning of the thermocouples on the substrate during WAAM 

In this thesis the interlayer temperature is one of the decisive factors. The temperature 
measurement by thermocouples will always differ from the actual interlayer temperature 
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because the temperature was measured on the substrate and not directly on the surface of the 
last created layer. For this reason, the actual interlayer temperature will always be higher than 
the measured temperature, since the process-related energy input needs a certain time to be 
distributed over the entire component. Nevertheless, the measurements with thermocouples on 
the substrate should show reliable temperature values due to the high thermal conductivity of 
aluminium. 

2.6 Computer vision 

Computer vision algorithms in the programming environment ‘Python’ were used to analyse the 
high-speed videos of the experiments. The libraries cv2, argparse, matplotlib and numpy were 
imported for the algorithms. As a first step the high-speed videos were filtered through a 
Background Subtraction Method. The brightness threshold in the Background Subtraction 
Method is set to 800, which ensures that pixels with a brightness below this limit are displayed 
black and pixels with a brightness above this limit are displayed white. Afterwards the white 
pixels were counted, a time series of these white pixels was created and a Fast Fourier 
Transformation of this time series was performed. The diagram resulting from the Fast Fourier 
Transformation shows the normalized energy of the signal from the filtered high-speed video 
over the frequency. The absolute values of the diagrams from different high-speed videos cannot 
be compared with each other as the signal is highly influenced by the algorithms used. Only the 
relative values within a diagram can be compared with each other. 

3. Results and Discussion 

3.1 Melt pool behaviour at varied lead angles 

Different lead angles in WAAM of AlSi5(wt.%) were analysed. 10 tracks of AlSi5(wt.%) were 
deposited in the z-direction for manufacturing a wall. The first tracks were produced with an 
Arc Length Correction of 20%, resulting in a wider melt pool and thus better wetting of the 
track on the substrate than without Arc Length Correction. All experiments regarding the varied 
lead angles were made without laser power. The resulting walls are shown in Figure 6.  

 

Figure 6 Resulting walls with side view and top view for WAAM with lead angles  
of a) -10°, b) 0°, c) 10°, d) 20°, e) 30° and f) 40° 
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The high-speed images which represent one frame of the high-speed videos are shown in Figure 
7. In these high-speed images the wire feed direction is outlined through black dashed lines and 
the melt pool front is outlined through orange dashed lines. The processing direction is for all 
high-speed images the same. 

 

Figure 7 High-speed images of WAAM with different lead angles of a) -10°, b) 0°, c) 10°, d) 20°, e) 30° and f) 40° 

The wall height, wall width and track height of the first and second layer as well as the melt 
pool length in the second layer are illustrated in Figure 8. The deviations in the geometric 
dimensions and the fluctuation of the melt pool during processing are represented by error bars. 
Smaller error bars indicate more homogeneous geometrical dimensions or less fluctuation in the 
melt pool. 

 

Figure 8 Dimensions of the walls manufactured in WAAM for different lead angles without laser power 

The most consistent behaviour for the height of the first track was achieved for WAAM with 
lead angles of -10° and 10°. After the first two layers, WAAM with lead angles of 20°, 30° and 
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40° showed at least twice as high deviation in the geometrical dimensions as WAAM with lead 
angles of -10°, 0° or 10°. These deviations in the geometrical dimensions correlate with the melt 
pool fluctuations. For WAAM with a lead angle of 40° the deviations in the geometrical 
dimensions were even three times as high as for WAAM with lead angles of -10°, 0° or 10°. 
The melt pool length in the second layer decreases significantly with increasing lead angle from 
10 mm for a lead angle of -10° to 7 mm for a lead angle of 30°. For WAAM with a lead angle 
of 40°, no stable melt pool was achieved in the first layers, as the high-speed images in Figure 
7 show. In addition, the melt pool fluctuations in z-direciton are higher for WAAM with lead 
angles of 20° and 40° what correlates with the high deviations in the geometrical dimensions of 
the first layers. For WAAM with a lead angle of 30°, the deviations of the geometrical 
dimensions appeared in the beginning of the track and then disappeared by the middle of the 
track. In the first layers a larger melt pool length correlates with a smaller fluctuation of the 
track height and smaller deviations in the geometrical dimensions, as shown in Figure 8.  

During the creation of the subsequent nine layers the behaviour of the melt pool changed for 
most of the experiments. In the walls manufactured at a lead angle of -10° and 0° the wall widths 
turned into a periodic pattern (Figure 6a,b). In the pushing WAAM processes (Figure 6c,d,e,f) 
such patterns did not occur in the final geometry. Even in WAAM with a lead angle of 40° the 
initial inhomogeneous track height in the first layers transformed over several layers into a wall 
without a fluctuating pattern. The reason for this shift is the rising temperature during 
manufacturing of the wall. For the whole process one parameter set with one specific wire feed 
speed and robot travel speed is set. So, during the whole process the deposited material and the 
energy input is the same. As the energy input through WAAM is higher than the energy output 
by convection and conduction, the whole sample including the substrate is heating up. At the 
beginning of the process the measured temperature is 22°C (ambient temperature) and during 
the process the temperature rises from 60°C after the first layer to 160°C after the fifth layer and 
to 240°C after the tenth layer as measurements with the thermcouples in Figure 5 show.  

 

Figure 9 Temperature curve during WAAM without laser power 

Due to the higher temperature in the upper layers, solidification of the melt pool takes longer, 
as the temperature gradient to the melting temperature of aluminium is lower compared to the 
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first layers. Consequently the melt pool length increases and this leads to a uniform and smooth 
track in the pushing WAAM processes. For WAAM with pulling (lead angle of -10°) and 
vertical (0°) wire the increased melt pool length results in a wave pattern over the whole length 
of the wall, as shown in the wall height and wall width in Figure 8. 

3.2 WAAM effects at low temperatures 

The WAAM effects which occur at room temperature without preheating are investigated in this 
chapter. Therefore the fluctuation of the track height in the first layer of WAAM with a lead 
angle of 40° was analysed in more detail in the high-speed images of Figure 10. If the angle of 
the wire is too steep, the wire will form partial welding beads which will be called WAAM 
globules. These WAAM globules arise in WAAM for a lead angle of 20° and are clearly visible 
in WAAM for a lead angle of 40°. The formation of these WAAM globules is shown in Figure 
10.  

 

Figure 10 High-speed images a) for WAAM with a lead angle of 40° in the second layer and b) for WAAM with a lead 
angle of 10° in the first layer 

The high-speed images in Figure 10a show the progression of WAAM in the second layer of an 
aluminium wall over several CMT cycles. A lot of small WAAM globules were produced in the 
first layer of the wall, as shown in Figure 10a. In the second layer these WAAM globules enlarge 
due to the dropping of the wire into the WAAM globules of the first layer, which is shown in 
CMT cycle N of Figure 10a. The increasing temperature and enlarging WAAM globule lead to 
a merging of adjacent WAAM globules (I&II), which is shown in CMT cycle N+11 of Figure 
10a. After the smaller WAAM globules have merged the marangoni force leads to a bulge of 
the resulting bigger WAAM globule (I&II), which is shown in the change between CMT cycle 
N+11 and N+12 of Figure 10a. After the bulging of the WAAM globule (I&II) the wire can 
drop into the next WAAM globule (III), which is shown in CMT cycle N+12 of Figure 10a. For 
WAAM with a lead angle of 10° the material was deposited uniformly along the entire track as 
shown in Figure 10b. The emerging effects for WAAM processes in the first layers with lead 
angles up to 10° and above 10° are illustrated in Figure 11. At the beginning of each experiment 
the substrate had a low temperature of 25°C compared to the melting point of aluminium at 660 
°C. In addition, aluminium has a high heat conductivity of 220 W/mK which means that the 
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heat is distributed very quickly throughout the entire component. This means that the deposited 
aluminium solidifies very quickly as shown in Figure 10. At lead angles of less than 10° a 
uniform track is created but with lead angles above 10° the track is divided into several separated 
WAAM globules resulting in a nonuniform track as illustrated in Figure 10. The fluctuation is 
more pronounced with a larger lead angle, as the wire is fed through the steeper angle over a 
longer period into the separated WAAM globules. As more layers are deposited the temperature 
increases throughout the component which leads to the disappearance of this effect over the 
layers, which is shown in the parts of Figure 6d,e,f. 

 

Figure 11 WAAM effects occurring at low temperatures for the a) dragging and pushing WAAM processes with lead 
angles up to 10° and for the b) pushing WAAM processes with lead angles above 10°  

3.3 Arc behaviour at varied lead angles 

The arc has a great influence on the resulting track geometries such as the humping phenomenon 
described in the introduction and therefore the behaviour of the arc was analysed for all 
experiments. Computer vision algorithms were used to create binary filtered videos based on 
the high-speed videos. The moment the arc is ignited is shown in the high-speed images in 
Figure 12 with the corresponding binary filtered images and the Area of Interest (AOI).  

 

Figure 12 High-speed images and corresponding binary filtered images for WAAM of AlSi5(wt.%) with different lead 
angles of a) -10°, b) 0°, c) 10°, d) 20°, e) 30° and f) 40° 
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Through the binary filtered videos the time series of the arc can be analysed. Fast Fourier 
Transformations of these time series were generated in order to obtain the normalized energy of 
the signal for different frequencies of the arc. For stable processes maxima for 70 Hz to 80 Hz 
and their multiples should be visible because the CMT process works at this frequency and 
therefore the arc should also have this frequency. Computer vision was used to extract the 
current arc emissions in every image of the video. Based on that image preprocessing the 
normalized energy for frequencies up to 1000 Hz according to the Nyquist–Shannon sampling 
theorem can be calculated. The arc characteristics are shown in Figure 13.  

 

Figure 13 Arc characteristics resulting from the Fast Fourier Transformations of the binary filtered high-speed 
videos for WAAM with lead angles of a) -10°, b) 0°, c) 10°, d) 20°, e) 30° and f) 40° 

In Figure 13 the arc characteristics for WAAM with lead angles of -10°, 0°, 10° and 30° are 
similar because they all have peaks in the green marked frequency intervals 75 Hz to 80 Hz, 
150 Hz to 160 Hz, 225 Hz to 240 Hz, 300 Hz to 320 Hz and 375 Hz to 400 Hz. The peaks in 
these freqency modes are caused by the CMT process. For lead angles of 20° and 40° the signal 
is noisy because more oscillations occur. In the high-speed images of WAAM with different 
lead angles in Figure 7 the fluctuation of the track height was detected only at lead angles of 
20° and 40°, which also fits to the observation of the arc frequency. The noisy arc frequency 
signals of Figure 13d,f result through the effect discussed earlier with reference to Figure 10a. 
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In the CMT cycle (N) of Figure 10a, the wire drops into the track later than in CMT cycle 
(N+12) of Figure 8a resulting in a bigger stick-out of the wire and consequently in a time delay 
between the CMT cycles. This time delay is also shown in the noisy arc frequency signal of 
Figure 13d,f.  

3.4 WAAM effects at high temperatures 

The WAAM effects which occur at higher interlayer temperatures caused by previous tracks are 
investigated in this chapter. For the pushing WAAM processes smooth tracks in the upper layers 
of the wall were created and no wave pattern did occur as shown in Figure 6c,d,e,f. Even the 
cases in which no smooth tracks were initially created in the first layers due to the effect 
mentioned in Figure 11b, smooth tracks were created in the upper layers. 

For WAAM at a lead angle of 10°, experiments with additional preheating by different laser 
powers from 0 W to 4500 W were carried out to investigate the behaviour of pushing WAAM 
processes with increasing interlayer temperature. The experiments were carried out on the 
substrate in order to avoid the influence of the unevenness of previous tracks. The laser was 
used because selective preheating is possible with the laser in order to simulate multi-layer 
processing on a preheated track. Through an increase in the laser power an increase in the 
interlayer temperature was simulated, as it would be the case in WAAM of a wall. The laser 
beam is marked orange and the melt pool front is drawn in white dashed lines in the high-speed 
images. The resulting tracks and high-speed images are shown in Figure 14. The measured track 
height, track width and melt pool length are illustrated in Figure 15.  

 

 

Figure 14 Resulting tracks with side views, top views and corresponding high-speed images for WAAM with 
additional preheating by the (orange marked) laser beam with different laser powers of  

a) 0 W, b) 1500 W, c) 3000 W and d) 4500 W 
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Figure 15 Dimensions of the tracks for WAAM with additional preheating through different laser powers 

The height decreases and the width increases with additional preheating, as the melt solidifies 
later for a higher preheating. The tracks with additional preheating trough a laser power of 3000 
W or higher show a better wetting on the substrate than the tracks with a laser power below 
3000 W. Based on an additional laser energy input, it can be determined that the melt pool length 
increases steadily with increasing laser power. The high-speed images also show how the melt 
pool front changes due to higher preheating. In the track without preheating the melt pool front 
is vertical to the substrate. With a preheating by a laser beam of 1500 W the melt pool flows 
slightly forward due to the higher interlayer temperature and the pushing WAAM process with 
a lead angle of 10°, which pushes the melt pool through the force transmitted by the oscillating 
wire and arc pressure pushes the melt in the processing direction as shown in Figure 16a. For a 
laser power of 3000 W and 4500 W this effect is intensified. The same effect occurs when the 
component heats up over several layers as was the case in the experiments discussed in relation 
to Figure 6 and illustrated in Figure 16a. 

For the dragging and neutral WAAM processes a wave pattern occurred at higher inerlayer 
temperatures as shown in Figure 6a,b. These components show a wave pattern over the whole 
length of the geometry. The fluctuation of the geometries in the dragging and vertical WAAM 
processes started from the third layer with an interlayer temperature above 120°C and intensified 
over the several layers. These wave patterns occurred due to the effect shown in Figure 16b. As 
a result of the increasing interlayer temperature the melt pool stays molten for a longer period 
before it solidifies completely. In the neutral and dragging WAAM processes the melt pool is 
pushed against the processing direction by the oscillating wire and arc pressure which is shown 
in Figure 16b. This results in an accumulation of material behind the process zone and increases 
until the force transmitted by the oscillating wire and the arc pressure is no longer sufficient to 
push the melt behind the process zone. As soon as this is the case a new material accumulation 
starts which finally ends in a wave pattern, as shown in Figure 6a,b and illustrated in Figure 
16b.  
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Figure 16 WAAM effects occurring at high temperatures for the a) pushing WAAM processes  
and for the b) dragging and neutral WAAM processes 

The fluctuation effects in WAAM are therefore dependent on the lead angle and the interlayer 
temperature. In order to summarize the findings the interrelationships are shown graphically in 
Figure 17. The graph clearly shows that the lead angle of 10° is most independent of the 
interlayer temperature, since no anomalies formed in this case. 

 

Figure 17 WAAM effects for different interlayer temperatures and lead angles which occur for WAAM of AlSi5(wt.%) 

Conclusions 

▪ For WAAM with CMT mode at a lead angle above 10° the track results in separated 
WAAM globules and not in a uniform track. This effect is due to the low interlayer 
temperature, the low heat input in CMT mode and the high thermal conductivity of 
aluminium which causes the applied material to solidify very quickly. For a lead angle 
above 10° this leads to a  bulging of the WAAM globules. The fluctuation is more 
pronounced with a larger lead angle, as the wire is fed through the steeper angle over 
a longer period into these bulging WAAM globules.  
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▪ The anomalies of the low temperature fluctuation of the track through bulging of 
WAAM globules can also be detected in the arc frequency. The noisy arc frequency 
signal in this case results from a time delay between the CMT cycles which is related 
to the fluctuation in the track as shown in the high-speed videos. 

▪ Fluctuation effects also occur in the dragging and neutral WAAM processes at higher 
interlayer temperatures because the melt pool stays molten for a longer period and both 
the dragging and neutral WAAM processes push the melt pool against the processing 
direction by the oscillating wire and arc pressure, resulting in an accumulation of 
material after the process zone. This results in an accumulation of material behind the 
process zone which results in a wave pattern for a ten-layer wall. In the pushing 
WAAM processes no fluctuation effects occur at higher interlayer temperatures 
because the oscillating wire and arc pressure push the melt in the processing direction. 
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Abstract 

Wire Arc Additive Manufacturing is a near-net-shape machining technology that enables low-
cost production of large and customized metal parts. In the present work, oxidation effects in 
Wire Arc Additive Manufacturing of the aluminium alloy AW4043/AlSi5(wt.%) were 
investigated. Two main oxidation effects, the surface oxidation on aluminium parts and the 
oxidation anomalies in aluminium parts were observed and analysed. The surface oxidation on 
aluminium parts changed its colour during Wire Arc Additive Manufacturing from transparent 
to white. In the present work, it was shown by high-speed imaging that this change in the surface 
oxidation took place in the process zone, which was covered by inert gas. Since the white surface 
oxidation formed in an inert gas atmosphere, it was found that the arc interacts with the existing 
amorphous oxide layer of the previously deposited layer and turns it into a white duplex 
(crystalline and amorphous) oxide layer. In addition to the analysis of the white surface 
oxidation, oxidation anomalies, which occur at low shielding from the environment, were 
investigated. It was shown by physical experiments and Computational Fluid Dynamics 
simulations, that these oxidation anomalies occur at inadequate gas flow rates, too big nozzle-
to-work distances, process modes with too high heat input, or too high wire feed rates. Finally, 
a monitoring method based on light emission spectroscopy was used to detect oxidation 
anomalies as they create peaks in the spectral emission when they occur. 

Keywords: Direct Energy Deposition; WAAM; Surface oxidation; Anomalies; In-situ monitoring 

1. Introduction 

 1.1 Wire Arc Additive Manufacturing of Aluminium Alloys 

Aluminium alloys are widely used in different industrial fields such as aerospace, ship building, 
and automotive industries because of their light weight and high corrosion resistance [1,2]. 
Besides ultra-pure aluminium, various aluminium alloys with the alloying elements copper, 
silicon, magnesium, zinc, and manganese are used [3,4]. Aluminium - silicon (Si) alloys are 
commonly used for welding applications, which makes them promising alloys for Wire Arc 
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Additive Manufacturing (WAAM). WAAM is a Direct Energy Deposition process, which is 
focused on cost-effective production of large components due to its high deposition rates 
compared to other Additive Manufacturing technologies e.g. laser-based Additive 
Manufacturing processes [5]. WAAM processes are mainly based on Gas Metal Arc Welding 
(GMAW), which has a high energy input into the base material due to the high temperatures of 
the arc reaching up to 10,000 K [6]. As the energy input is that high, the temperature balance is 
of high importance, especially for WAAM of aluminium alloys, as Hauser et al. have proven by 
the detection of geometric deviations due to excessive process temperatures [7]. One of the most 
promising GMAW processes in terms of temperature balance is the Cold Metal Transfer (CMT) 
process, which allows a reduced energy input compared to other GMAW processes [8–10]. 
During the CMT process, the wire is fed into the process zone by a push and pull movement 
[9,11,12]. In a CMT cycle, a pulse of defined duration melts the end of the wire and feeds the 
wire until the wire tip touches the melt pool, creating a short circuit and arc extinction [9]. 
Thereupon, the wire is mechanically pulled back, separating the wire from the melt pool, and 
the CMT cycle restarts [9].  

1.2 Surface Oxidation in WAAM of Aluminium Alloys 

Oxidation is one of the main problems faced in WAAM of aluminium alloys, but it has received 
less attention than pores and crack defects. However, oxidation also affects defects such as pores 
and cracks due to the remelting processes in Additive Manufacturing, whereby the oxides of the 
surface oxidation enter the melt pool and act as impurities. Oxidation is thus an important defect 
that must be addressed. Aluminium is a highly reactive element and has a strong binding affinity 
for oxygen. When aluminium reacts with oxygen, mainly Al2O3 is formed which has a high 
hardness and a whitish surface [13]. Aluminium oxides have a melting temperature at 2050 °C, 
which is 1390 K higher than the melting temperature of aluminium (660 °C), and a thermal 
conductivity of 12 W/mK to 38.5 W/mK, which is about ten times lower than that of aluminium 
(237 W/mK). In the WAAM process, based on GMAW, aluminium oxides form by plasma 
induced thermal chemical reactions [24]. The aluminium oxides consist mainly of α-Al2O3 and 
γ-Al2O3 [14]. At relatively low temperatures (below 300°C) the surface oxidation is a 
continuous amorphous film that thickens due to diffusion effects [15]. At high temperatures, the 
diffusion effects increase, and duplex oxide layers containing both crystalline and amorphous 
oxides develop [15]. If reactive alloying elements such as magnesium and lithium are present, 
selective oxidation occurs, which leads to the formation of thick, friable, crystalline oxide layers 
[15]. At ambient temperatures, the surface oxidation film immediately grows to a thickness of 
a few micrometres and increases to twice or triple this thickness over a few days [15]. At a 
temperature of 400 °C to 650 °C a different growth is visible, because the aluminium oxides 
change from an amorphous structure to a compact crystalline structure, which slows down the 
growth [15,16]. Due to the different oxidation phenomena at different temperatures showing 
different characteristics, it is an important issue for WAAM as the temperatures can vary greatly 
depending on the process mode, wire feed rate, voltage and current. Therefore, in this work, the 
impact of oxidation in WAAM was further investigated to explain in more detail how the 
formation of the oxides happens. 
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1.3 Oxidation Anomalies in WAAM of Aluminium Alloys 

One of the big challenges in WAAM using aluminium is the occurrence of anomalies such as 
pores, cracks, and oxidation. Process parameters such as voltage, current, wire feed speed, 
interpass temperature, shielding gas flow and many others can influence oxidation effects. In 
particular, the influence of the gas flow from the nozzle into the processing zone is much more 
complex than is often assumed, since an increase of the gas flow rate does not necessarily lead 
to a better shielding effect [17]. On the contrary, an increase of gas velocity can increase the 
mixing of the shielding gas flow with the atmosphere [18]. As heated aluminium comes into 
contact with the ambient air and the oxygen it contains, strong aluminium oxidation occurs as 
an exothermic redox reaction [19]. If a high proportion of ambient air gets in contact with molten 
aluminium, uneven accumulations of material with a rough and whitish surface occur, which 
are defined as oxidation anomalies in this paper. These oxidation anomalies change the 
characteristics of the material, such as the mechanical properties, which affects the part quality. 
Therefore, the occurrence of these oxidation anomalies must be avoided. In this work, physical 
experiments and Computational Fluid Dynamics simulations were used to investigate how these 
oxidation anomalies are affected by the gas flow rate, the nozzle-to-work distance, the process 
mode, and the wire feed rate. 

1.4 In-situ Light Emission Spectroscopy in WAAM 

Different researchers have worked on non-destructive monitoring systems for process anomalies 
to improve the process reliability in WAAM. Anomalies are indicated by irregular behavior 
compared to the stable system and are, by definition, rare [20]. Spectroscopy can be used to 
obtain more information about the process, e.g. regarding element distribution or process 
stability, by analyzing the entire spectrum of emitted wavelengths [21–23]. Ma et al. have 
proven that laser opto-ultrasonic dual detection can be used for simultaneous compositional, 
structural, and stress analyses of parts manufactured by WAAM [21]. Huang et al. used a 
spectrometer for monitoring the dynamic behaviour during WAAM of aluminium and found 
that when the current in the process increased, the intensity in the spectral wavelengths increased 
accordingly [22]. Zhao et al. observed additional peaks in the light emission spectrum during 
WAAM of steel without shielding gas compared to WAAM of steel with shielding gas and were 
the first ones to show that a spectrometer can be used as a monitoring system in WAAM [23]. 
Zhao et al. investigated, among other spectral emissions, in particular the oxygen spectrum with 
a wavelength of 777.19 nm to detect rust (Fe2O) [23]. Reisch et al. proposed a context-sensitive, 
multivariate monitoring system to ensure the required quality of the parts produced by WAAM 
using different sensors such as current and voltage sensor to detect oxidation anomalies [24,25]. 
In-situ monitoring systems for oxidation anomalies are of high interest for an autonomous 
manufacturing system, which should detect the occurrence of oxidation anomalies in order to 
initiate countermeasures to prevent further oxidation anomalies or to stop the process due to 
insufficient part quality. Such a monitoring system would increase process stability and would 
be a further step towards one-piece production. In the present work, a monitoring system based 
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on Light Emission Spectroscopy was investigated to observe the occurrence of such oxidation 
anomalies. 

WAAM of aluminium has great potential to be widely used in industry, but it is still a process 
that needs further research to understand all phenomena and to ensure high quality parts. In the 
present work, oxidation effects in WAAM parts (mainly related to the gas flow rate) were 
analysed. Two main effects were analysed; the surface oxidation on aluminium parts and the 
oxidation anomalies within aluminium parts, to increase the understanding and the potential 
control of these effects. A monitoring system based on spectral analysis was introduced, to 
detect oxidation anomalies during WAAM. Computational Fluid Dynamics (CFD) simulation 
for different gas flow rates, nozzle-to-work distances, and robot travel speeds were performed, 
to support and extend the experimental results. 

2. Material and Methods 

2.1 Materials and Experimental Set-up 

Four walls were manufactured by WAAM with decreasing gas flow rates, from 10 to 4 litres 
per minute. The experiments were carried out with a wire of AlSi5(wt.%) and a wire diameter 
of 1.2 mm. AlSi5(wt.%) was used because it is one of the most commonly and successfully used 
alloys for welding applications, making it a promising alloy for WAAM. Substrate plates of 
AlMg1SiCu(wt.%) with the dimensions 120 x 100 x 5 mm were used as this aluminium alloy 
is one of the most common alloys for such extruded profiles and is found in many applications. 
The chemical compositions of the two alloys are shown in Table 1. 

Table 1 Chemical Composition of the Aluminium Alloys used, in wt.% [26] 

Alloy Al Si Fe Cu Mn Mg Zn Cr Ti 
AlSi5 Bal. 4.5-6 0.8 0.3 0.05 0.05 0.1 - 0.2 

AlMg1SiCu Bal. 0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.25 0.04-0.35 0.15 

The equipment used for the experiments is shown in Figure 1. For the robot-based WAAM, a 
6-axis robot (Comau, ITL), a motion control (Siemens, GER), and a welding source with CMT 
functionality (Fronius, AT) were used. For monitoring of the WAAM process, a welding camera 
(Cavitar, FIN), a spectrometer (Oceanoptics, UK, Measurement range: 190 nm to 1020 nm), a 
pyrometer (Optris, GER, Measurement range: -50 °C to 900 °C), and two NiCr-Ni 
thermocouples (Measurement range: -220 °C to 1150 °C) with a data logger (Almemo, GER) 
were used. In addition to the process imaging with the welding camera, high-speed videos in 
the first and second layer were recorded with 2000 frames per second. The experiments were 
conducted by WAAM with a torch perpendicular to the substrate, as shown in Figure 2. In the 
experiments, a wall was built by processing ten layers on top of each other with a track height 
of 1.5 mm to 2.0 mm and a length of 80 mm. The first two layers were produced in the Pulsed 
Cold Metal Transfer (CMT+P) mode to achieve a better bonding to the substrate due to the 
higher energy input in this process mode. After the first two layers, the process mode was 
switched to the CMT mode. In order to create a smooth wall in terms of temperature balance, 
the wire feed speed was reduced from 5 m/min in the first layer to 4 m/min in the second layer 
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to 3 m/min in the third layer and was kept stable from that layer on. The build strategy involved 
material being deposited in one direction only. After each track the torch was moved back, 
resulting in a cooling time of five seconds between the layers. In the CMT and CMT+P 
processes, each layer in the experiments consists of an ignition phase, a process phase, and a 
shutdown phase. In the ignition phase, the energy input is higher to initiate the arc-based 
process. In the process phase the set parameters are used, and in the shutdown phase the robot 
stops its movement but continues the deposition to fill the end zone using a lower power level.  

 

Figure 1 Set-up of the robot based WAAM cell 

 

Figure 2 Schematic torch set-up for layer-by-layer part production 

The parameters used for the experiments are listed in Table 2. The main parameter, modified in 
the physical experiments, was the gas flow rate, which was manually controlled by a flow meter. 
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In the validation experiments for the performed simulations and the monitoring approach of 
oxidation anomalies, further parameters such as nozzle-to-work distance, process mode, and 
robot travel speed were changed. 

Table 2 Process Parameters used for WAAM of AlSi5(wt.%) 

Parameter Value 

Wire material AlSi5(wt.%) 

Wire diameter 1.2 mm 

Substrate material AlSi1MgMn(wt.%) 

CMT+P mode Mode 881 

CMT mode Mode 1658 

Ignition phase 10 mm 

Process phase 60 mm 

Shutdown phase 10 mm 

Wire feed speed 3 - 5 m/min 

Robot travel speed 0.35 m/min  

Shielding gas Argon 

Gas flow rate 4 - 10 l/min  

Nozzle-to-work distance 14 mm 

Contact tube-to-work distance 16 mm 

Torch angle Neutral (0°) 

2.2 In-situ Monitoring Sensors 

In order to monitor and analyse the melt pool during WAAM, regarding oxidation effects, a 
Cavitar C200 was employed. The welding camera was used to monitor the melt pool at an angle 
of 30° to the horizontal from the front with a frame rate of 30 images per second. For very bright 
processes such as WAAM, a laser is used to illuminate the process at a specific wavelength, 
while all other process-related radiation outside the wavelength of 640 nm are blocked by a band 
pass filter to obtain a non-saturated view on the melt pool as shown in Figure 3a. Oxidation 
anomalies can also be detected in the process images as shown in Figure 3b. 

 

Figure 3 Process images a) in the regular WAAM process and b) once an oxidation anomaly occurs 
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An Oceanoptics USB2000+ spectrometer from Ocean Insight, which can detect the intensity of 
wavelengths from 200 nm to 1000 nm, was used to monitor process-related emissions. The 
energy released from the redox reaction of aluminium with oxygen should be detectable in the 
intensity of the spectral wavelengths, and thus correlate with oxidation anomalies. For the 
experiments, specific wavelength ranges of 20 nm were used to average the values over a 
defined range to avoid a noisy sensor signal. Before the experiments were conducted, the 
environmental spectrum was recorded to compare it with the spectrum during a stable WAAM 
process to identify the significant wavelengths induced by WAAM, as shown in Figure 4. The 
comparison of the spectra revealed significant peaks in the ultraviolet (UV) wavelength range 
of 300 nm to 320 nm, in the visual (VIS) wavelength range of 380 nm to 400 nm, and in the 
infrared (IR) wavelength range of 800 nm to 820 nm, which are highlighted in Figure 4. In 
addition to these significant wavelengths, characteristic oxygen wavelengths such as 460 nm to 
480 nm (value from the spectrometer), 620 nm to 640 nm (value from the spectrometer), and 
770 nm to 790 nm (value from [23]) were used. In the UV spectrum one further wavelength 
range of 220 nm to 240 nm was monitored to get at least two wavelength ranges from each 
spectrum (UV, VIS, and IR). The timeseries data of all these wavelength ranges, highlighted in 
Figure 4, during the processing were measured, analysed, and compared for all the experiments 
with different gas flow rates, especially regarding oxidation anomalies. The timeseries data were 
captured with a frequency of 100 Hz. 

 

Figure 4 Relative intensity of the emitted spectrum without WAAM (blue course) and during WAAM at a gas flow rate 
of 10 l/min (orange course) with the highlighted ultraviolet (UV), visual (VIS), and infrared (IR) wavelength ranges 

which were investigated for monitoring of oxidation anomalies 

For collecting temperature data during WAAM, a pyrometer with a measurement range from -
50 °C to 900 °C, and two NiCr-Ni thermocouples with a measurement range from -220 °C to 
1150 °C, were used. The pyrometer was mounted on the robot and moved with the torch. The 
thermocouples were attached to the substrate, as shown in Figure 1. The three sensors together 
provide reliable information about the process temperature.  
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2.3 Material Analysis 

A Scios DualBeam system (Thermo Fisher Scientific, USA) was used for scanning electron 
microscope (SEM) images and Energy-dispersive X-ray spectroscopy (EDX) to analyse the 
material composition of the test sample shown in Figure 5. EDX line scans were used to analyse 
the element distribution in the material transition from the surface oxidation film to the inner 
aluminium alloy in the regions shown in Figure 5c. Hauser et al. have determined that EDX is 
suitable for analysing the material transitions of multi-material parts [27]. The EDX line scans 
were used to analyse the thickness of the surface oxidation in different regions of the wall. For 
that reason the main elements aluminium, silicon, and oxygen were analysed. The thickness of 
the surface oxidation was defined by measuring the range in which the detected oxygen and 
aluminium elements rise in the EDX line scans until the element distribution of aluminium and 
silicon reaches over 95%.  

 

Figure 5 a) Side view and b) top view of the aluminium wall manufactured by WAAM at a gas flow rate of 10 l/min 
with its c) cross-section A-A with different regions of interest on the substrate (I), on the sidewall (II), and on the top 

of the wall (III) analysed by EDX line scans 

2.4 Computational Fluid Dynamics Model 

In order to understand the influence of the gas flow rate on the gas flow behaviour and its 
consequences in WAAM, CFD simulations were used to visualise and analyse the shielding gas 
flow on a flat substrate for different operating scenarios. Siemens STAR-CCM+ was used to 
simulate different cases. The CFD simulation of the gas flow was performed in the process zone 
with a polyhedral mesh as shown in Figure 6. The base mesh size in the coarse areas is around 
1 mm and in the fine areas around 0.4 mm. Furthermore, along the solid part contours six prism 
layers were generated to capture the near wall effects. In the CFD simulations of different gas 
flow rates, the WAAM torch was approximated to an axi-symmetrical domain in which the two-
dimensional axi-symmetrical mesh is generated that is assumed to be swept at an angle of 1 
radian. In addition to the gas flow rate, the influence of the robot travel speed on the residual 
oxygen concentration was simulated. For the CFD simulation investigating different robot travel 
speeds a three-dimensional model was used to investigate the behaviour of the gas flow for 
different travel speeds. For all simulation cases, the gas flow was considered to be a laminar 
flow and was computed by the Reynolds-Averaged Navier-Stokes model. The gas flow was 
modelled as a multi-component ideal gas with two miscible phases of argon and air. Since the 
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flow conditions in WAAM do not change over time, a steady state simulation was performed. 
Furthermore, a segregated flow solver and iso-thermal condition were applied in the simulation. 

The CFD simulation was validated by experimentally measuring the concentrations of residual 
oxygen in the gas flow with a residual oxygen meter from Orbitalum. In the residual oxygen 
measurements, a pump beneath the substrate sucks the gas mixture from the process zone 
through a small hole in the substrate, marked in Figure 6, and provides a real-time measurement 
of the oxygen concentration in parts per million (ppm). Measurements were carried out in the 
centre of the process zone as well as in the outer regions, especially in the cross over from the 
argon atmosphere to the oxygen-rich environment. Oxygen concentrations from 0 ppm to 999 
ppm could be measured with the residual oxygen meter and the measurements showed a 
maximum deviation of 40 ppm from the simulation. 

 

Figure 6 Mesh of the WAAM torch in the CFD simulation (Section through the nozzle centre) 

3. Results 

3.1 Surface Oxidation on Aluminium Parts manufactured by WAAM 

On the aluminium walls manufactured by WAAM, a white film on the surface was observed, as 
shown in the test sample of Figure 5. It was found that this white surface was bonded to the wall 
and could not simply be washed off, indicating that the white surface was surface oxidation. 
The high-speed images in Figure 7 revealed, that the arc formed the white surface oxidation 
during the deposition process in the ignition phase of every CMT cycle when the short-circuit 
and arc extinction took place. In the first layer, the arc influenced the whole area around the 
wire and led to a white surface oxidation on the substrate along the whole wall, which was about 
20 mm wide and 100 mm long. In the subsequent layers, the procedure was similar as shown in 
the second layer (Figure 7b). The arc influenced the previously deposited layer and formed a 
white oxidation layer on the sides of the layers as well as on the top of the layer (in processing 
direction). However, the white surface oxidation on the top of the layer remelted by the 
subsequent CMT cycles and disappeared again. Therefore, on the sidewall the white oxidation 
layer remained and on the top of the wall it did not but instead a transparent surface oxidation 
appeared after deposition. 
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Figure 7 High-speed images of the processing zone in the a) first and b) second layer which show the white surface 
oxidation (marked orange), the arc (marked yellow), and the wire (marked blue) 

SEM images and EDX line scans were performed on the edges of the substrate (I), the sidewall 
(II), and on the top of the wall (III), shown in the cross-section of Figure 5, to analyse the 
elemental composition and thickness of the surface oxidation in these regions. The areas in 
which the EDX line scans were carried out are shown in the SEM images of Figure 8. The EDX 
line scans and the determined thickness of the surface oxidation is visualised by yellow dotted 
lines in Figure 9. The surface oxidation on the substrate (5 µm) was significantly thicker than 
on the sidewall (3 µm) or on the top of the wall (2.5 µm). In addition, the proportion of oxygen 
significantly differed. On the substrate, the oxygen content was up to one half as the aluminium 
content. On the sidewall and on the top of the wall, the content was less than one eighth of the 
aluminium content. In the oxide layer on the substrate, aluminium and oxygen peaks were 
observed. 

 

Figure 8 SEM images on a) the substrate (I), on b) the sidewall of the first layer (II), and on c) the top of the wall in 
the tenth layer(III) 
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Figure 9 EDX line scans of the element distribution of aluminium (Al), silicon (Si), and oxygen (O) on the edges of a 
cross-section of the aluminium wall (Figure 5) on a) the substrate (I), on b) the sidewall of the first layer (II), and on 

c) the top of the wall in the tenth layer(III)  

3.2 Oxidation Anomalies in WAAM of Aluminium Alloys 

The walls manufactured at gas flow rates of 10 l/min, 8 l/min, 6 l/min, and 4 l/min with their 
corresponding process images of the process camera are shown in Figure 10. In the wall 
manufactured at a gas flow rate of 4 l/min, significant disruptions in the wall geometry and in 
the process images were detected. In the first two layers of the wall manufactured at a gas 
flowrate of 4 l/min, oxidation anomalies appeared along the whole track as shown in the process 
image of Figure 10d. In the subsequent eight layers, the oxidation anomalies occurred randomly 
in some layers but mainly in the centre of the track, without recognizable trends, as shown in 
the side view of the wall (Figure 10d). The oxidation anomalies showed a whitish surface and 
were the same as those which occurred in WAAM of aluminium without any inert gas. 
Furthermore, in all experiments black soot appeared in the first layer (visible in the top views 
of the walls). The black soot consist mainly of alumnium, magnesium, and oxygen [28]. The 
black soot only formed in the first layer, as the substrate alloy contained magnesium and the 
wire alloy did not. The amount of black soot increased as the gas flow rate decreased due to less 
shielding from the environment. In all walls except the wall manufactured at a gas flow rate of 
4 l/min, the black soot appeared only in the beginning of the first layer (left side of the wall). 
Furthermore, in the process images of all experiments a trend in the white surface oxidation was 
visible because the white surface oxidation became smaller and less intense for a decreasing gas 
flow rate before it completely disappeared at a gas flow rate of 4 l/min.  
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Figure 10 Resulting walls (side and top view) and process images in the first layer for WAAM with gas flow rates of 
a) 10 l/min, b) 8 l/min, c) 6 l/min, and d) 4 l/min 

In order to investigate the influence of the gas flow rate on oxidation effects during WAAM, 
the argon gas flow was simulated in its interaction with the ambient air. Figure 11 shows the 
scalar plots of the oxygen concentration at gas flow rates from 10 l/min to 4 l/min. The 
simulation results in Figure 11 revealed that at a gas flow rate of 4 l/min, the residual oxygen 
concentration in the process zone increases at lower gas flow rates. The oxygen concentration 
in the process zone at a gas flow rate of 4 l/min is three times higher as at a gas flow rate of 6 
l/min and five times higher as at a gas flow rate of 8 l/min or 10 l/min.  

 

Figure 11 Argon gas flow in a cross-sectional view in interaction with the oxygen-rich atmosphere for a) 10 l/min, b) 
8 l/min, c) 6 l/min, and d) 4 l/min 

Besides these four main experiments, simulations and validation experiments for different gas 
flow rates and nozzle-to-work distances were performed. Figure 12 shows the influence of 
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different nozzle-to-work distances and gas flow rates on the residual oxygen concentration in 
the centre of the process zone (Figure 6). It was observed that the argon gas flow rate can be 
reduced for closer nozzle-to-work distances to achieve a similar level of residual oxygen 
concentration. According to these experiments, the process was stable at a nozzle-to-work 
distance of 14 mm and a gas flow rate of 6 l/min. At a gas flow rate of 4 l/min oxidation 
anomalies occurred at the same nozzle-to-work distance. However according to the simulations 
(Figure 12) no oxidation anomalies occur at a nozzle-to-work distance of 10 mm and a gas flow 
rate of 3 l/min, but oxidation anomalies occur at a nozzle-to-work distance of 14 mm and a gas 
flow rate of 4 l/min. In validation experiments this behaviour was confirmed. According to the 
simulations and the validation experiments, oxidation anomalies occur at an oxygen 
concentration above 100 ppm. Therefore, the maximum residual oxygen concentration should 
be below 100 ppm, as shown in Figure 12, to avoid oxidation anomalies.  

 

Figure 12 Progression of the relative oxygen concentration in the centre of the process zone for different gas flow 
rates and nozzle-to-work distances from simulation results (lines) and experimental validation experiments (square 

points) with the maximum oxygen limit for oxidation anomalies (green marked area) 

 

Figure 13 Argon gas flow through the nozzle at 10 l/min in interaction with the oxygen-rich atmosphere for different 
robot travel speeds of a) 350 mm/min, b) 600 mm/min, and c) 1500 mm/min in side and top views 
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In addition to the gas flow rate, the influence of different robot travel speeds on the residual 
oxygen concentration were simulated for a gas flow rate of 10 l/min. The simulation results in 
Figure 13 revealed a shift of the area covered by the argon gas flow against the processing 
direction as the robot travel speed increases. The simulation results revealed that the residual 
oxygen concentration in the processing zone is twice as high at a robot travel speed of 600 
mm/min and four times as high at a robot travel speed of 1500 mm/min as at a robot travel speed 
of 300 mm/min. However, in the validation experiments, no oxidation anomalies occurred. 

3.3 Monitoring of Oxidation Anomalies by Light Emission Spectroscopy 

A wall, shown in Figure 14, was manufactured at changing parameters such as process mode, 
gas flow rate, and robot travel speed to investigate these parameters regarding the occurrence of 
oxidation anomalies. Furthermore, the monitoring of these oxidation anomalies by light 
emission spectroscopy was investigated. In the experiment, the general process parameters, 
listed in Table 2, were used, and kept constant apart from the changing parameters shown in 
Figure 15. In the time series data of the observed wavelength ranges (Figure 4) significant 
variations in the data, shown in Figure 15, were observed when oxidation anomalies in the 
process occurred.  

 

Figure 14 Twelve-layer wall with local forced oxidation anomalies in the second, fifth, and seventh layer (white 
dashed lines) 

In general, the intensities in the ignition phase of the arc in a new layer are always very high 
even if no oxidation anomalies occur. Particularly in the CMT+P mode, the ignition phase 
caused significant peaks in all wavelength ranges. The overall intensity of the process emissions 
in CMT+P mode was twice as high as in the CMT mode. In the second layer an oxidation 
anomaly was created by temporarily reducing the shielding gas flow rate to zero. In Figure 15 
these oxidation anomalies are highlighted red. In the UV wavelength range 300 nm to 320 nm, 
and in the VIS wavelength range 380 nm to 400 nm, significant peaks were detected when 
oxidation anomalies occurred. In the UV wavelength range 220 nm to 240 nm and VIS 
wavelength ranges 460 nm to 480 nm and 620 nm to 640 nm peaks were also detected, but much 
less significant. In the IR wavelength range 770 nm to 790 nm, no peaks were detected. In the 
wavelength range 800 nm to 820 nm, the emissions even decreased when the oxidation 
anomalies occurred. In the third layer (switched to CMT mode), no subsequent oxidation 
anomalies were found but still small peaks were detected at the location where oxidation 
anomalies occurred in the second layer. In the fourth layer no further influence of the oxidation 
anomalies from the second layer was detected in the data.  
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In the fifth layer, oxidation anomalies were created in the CMT mode as for the CMT+P mode 
in the second layer. All wavelength ranges showed the same behaviour as in the second layer 
when oxidation anomalies occurred. In the following sixth layer the behaviour was the same as 
for the third layer and in the seventh layer the behaviour was again the same as in the second 
and fifth layer even for a, in general, lower gas flow rate of 6 l/min. From the eighth layer on, 
the robot travel speed was increased. Despite the increase in robot travel speed, no oxidation 
anomalies occurred, but still small peaks were detected at the location where oxidation 
anomalies occurred in the previous deposited layer. In the ninth layer no oxidation anomalies 
were found, and no peaks were detected. From the tenth layer on, the robot travel speed was 
increased again to 1500 mm/min but still no oxidation anomalies were found. Although the 
robot travel speed was four times as high as in the first layers no oxidation anomalies occurred 
in the tenth and eleventh layer and no peaks were detected. In the last layer, the process mode 
was switched to CMT+P with a robot travel speed of 1500 mm/min and a gas flow rate of 6 
l/min but still no oxidation anomalies occurred. Although no peaks but only a generally higher 
intensity due to the CMT+P mode was found in the data. 

 

Figure 15 Relative intensity for the a) UV wavelength ranges, b) VIS wavelength ranges, and c) IR wavelength ranges 
during WAAM of the manufactured twelve-layer wall, shown in Figure 14, with locally forced oxidation anomalies 

highlighted in red 
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4. Discussion 

4.1 White Surface Oxidation of Parts manufactured by WAAM 

It was observed that on the substrate and on the sidewalls a white surface oxidation formed. 
Only on the top of the wall no white but a transparent surface oxidation formed. It is indicated 
by the experiments with different gas flow rates that the observed white surface oxidation on 
the part formed in the area around the melt pool where the plasma of the arc acts. The white 
surface oxidation does not form directly after the deposition, but when the next layer is deposited 
on top of or next to this layer. Therefore, it turns white after the next layer has been deposited. 
Since this area is covered by inert gas and thus a very low amount of oxygen/ambient air is 
available to react with the aluminium, it was assumed that the thickness and element 
composition of the oxide layer does not significantly change. The thickness and element 
composition of the surface oxidation was analysed by EDX scans on the substrate, on the 
sidewall and the top of the wall. The results revealed a decrease in thickness and oxygen content 
of the surface oxide layer between the substrate and the layers, manufactured by WAAM. The 
reason for the reduced oxide layer thickness at higher wall position can be related to the nature 
of the oxide skin creation and its dependence on time and temperature, while longer time and 
higher temperatures increase diffusion effects. The diffusion effect continues over a relatively 
long time period due to the permanent heat input of the arc and the high conductivity of the 
aluminium, which keeps the entire part heated. In addition, the substrate already had a surface 
oxidation layer before processing, which has grown over time and explains the thicker surface 
oxidation. Aluminium and oxygen peaks were also observed in the EDX line scans of the 
substrate, which most likely occurred during the deposition of the first layer when the arc acted 
on the existing oxidation layer of the substrate. Since neither on the side wall nor on the top of 
the wall such a thick oxide layer could form, such peaks were not observed in those areas. 
However, the EDX line scans showed that the content and thickness of the surface oxidation 
between the sidewall and the top of the wall did not significantly differ.  

Therefore, it can be assumed that the white colour of the surface oxidation is not caused by the 
thicker oxide layer or a different element composition. Furthermore, the interpass temperature 
during processing, recorded with the pyrometer and the thermocouples, showed for the whole 
part, except the melt pool, wherein the process is above the melting temperature of aluminium 
(>660 °C), a maximum temperature of 250 °C. During WAAM the deposited material solidifies 
and adapts to this interpass temperature. This heat balance occurs due to the high conductivity 
of aluminium (237 W/mK), within the inert gas atmosphere.  

Therefore, no duplex oxide layer but a transparent amorphous oxide layer forms right after 
deposition, just at the moment when the heated layer comes into contact with the ambient air, 
as shown in Figure 16. At high temperatures above 300 °C, a duplex oxide layer containing both 
crystalline and amorphous oxides is formed instead of a pure amorphous oxide layer which is 
formed at ambient temperature [15]. The high-speed videos revealed that the observed white 
surface oxidation on the part formed in the area around the melt pool where the plasma of the 
arc acted. This indicates that the high temperatures of the arc, reaching up to 10,000 K in the 
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shielding gas [6], transfers enough energy into the existing amorphous oxide layer of the 
previously deposited layer, that a duplex oxide layer forms.  

In all layers, an amorphous surface oxidation formed on the deposited layer and a white surface 
oxidation formed on the previous deposited layer, as shown in Figure 16. The crystalline oxides 
in the duplex oxide layer caused the white colour which can be recognized in the high-speed 
images and on the walls manufactured. For that reason, the surface oxidation in the last layer 
was not white but transparent because only an amorphous oxide layer (which is mainly 
transparent) formed. Consequently, it can be stated that the effect of the high temperatures of 
the arc on the material surface turns the existing, amorphous, and transparent surface oxidation 
of the previously deposited aluminium layer into the white, duplex oxide layer. On the substrate, 
the white surface oxidation was along the whole wall about 20 mm wide, which indicates that 
the arc acted with a radius of about 10 mm. In the same way as the arc affected the sides, it also 
affected the previous deposited layers below, as shown in Figure 16. Furthermore, the process 
images and the manufactured walls showed, that the area affected by the arc increased with a 
higher gas flow rate, as the area with white surface oxidation on the substrate also increased. 

 

Figure 16 Schematic in the formation of the white surface oxidation in WAAM 

4.2 Parameters influencing Oxidation Anomalies in WAAM Parts 

The reason for the oxidation anomalies in the wall manufactured at a gas flow rate of 4 l/min, 
was the inadequate shielding, which was also shown in the simulation results (Figure 11). In 
addition to the oxidation anomalies, black soot occurred over the entire first layer for the wall 
manufactured at 4 l/min, which is also a sign of inadequate shielding (at least for aluminium 
alloys without a high content of magnesium). The experimental results were validated by CFD 
simulations, which matched with the appearance of the oxidation anomalies and the higher 
amount of black soot in the experiments. The simulations results revelead that the oxygen 
concentration in the process zone at a gas flow rate of 4 l/min was three times higher than at a 
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gas flow rate of 6 l/min. Further simulations on the influence of different nozzle-to-work 
distances and changing gas flow rates revealed an increase of residual oxygen concentration 
with an increase in the nozzle-to-work distance or a reduction of the gas flow rate. This 
correlation can be explained since with a lower gas flow rate and a bigger nozzle-to-work 
distance, the interaction with the oxygen-rich atmosphere also increases, as shown in the 
simulation results (Figure 11, Figure 12). WAAM is based on the deposition of individual melt 
droplets, that melt from the end of the wire, and form together a layer. The high amount of 
oxygen reacts with these melt droplets and forms an aluminium surface oxide (Al2O3) around. 
Due to this aluminium surface oxide the melt droplet does not join with the so far deposited 
layer, causing the oxidation anomaly. As with the white surface oxidation, the oxidation 
anomalies show a whitish surface, which is caused by the oxidation in the moment of melting 
the wire. The oxidation therefore takes place at a very high temperature of about 660 °C, which 
is the reason that a duplex oxide layer forms around the melt drop, causing the whitish oxidation 
anomaly. 

In addition to the parameters of gas flow rate and nozzle-to-work distance, the process mode 
(CMT or CMT+P) and the robot travel speed were also investigated. The oxidation anomalies 
in the wall manufactured at 4 l/min occur randomly, except for the first two layers. In these two 
layers the energy input was much higher due to a higher wire feed rate and the CMT+P mode. 
All experiments showed more oxidation anomalies for the CMT+P mode as for the CMT mode 
and for a higher wire feed rate as for a lower wire feed rate. Thus, the oxidation anomalies are 
likely caused by higher disturbances of the shielding gas with the oxygen-rich atmosphere 
although the gas flow rate and the nozzle-to-work distance do not change. These disturbances 
are likely related to the higher heat input and the pulses in the CMT+P mode, which lead to a 
more dynamic process and cause turbulence in the shielding gas and thus a mixing with the 
ambient air. Consequently, oxidation anomalies are more likely to appear in the CMT+P mode 
and thus a higher shielding gas flow rate is necessary to avoid oxidation anomalies. The increase 
of oxidation anomalies with a higher wire feed rate was caused by the higher amount of material 
deposited, which implies that a larger area must be shielded with the same gas flow rate.  

Furthermore, the influence of the robot travel speed on the shielding gas was simulated and it 
was shown that with a higher robot travel speed, the residual oxygen concentration in the process 
zone increases linearly. However, validation experiments showed no increase in oxidation 
anomalies for a higher robot travel speed. This fact is probably caused due to the less deposited 
material with a higher robot travel speed, which implies that a smaller area must be shielded 
with the same gas flow rate. Additionally, the shielded area shifts to positions behind the 
processing zone in which the previous deposited material cools down and solidifies. Therefore, 
the crucial area for oxidation anomalies was still shielded. 

In summary, a minimum gas flow is necessary to protect the processing zone from oxidation 
anomalies. Oxidation anomalies are influenced by different process parameters such as the gas 
flow rate, the nozzle-to-work distance, the process mode, the wire feed rate, and the robot travel 
speed with an impact summarized in Table 3. The impact of the specific parameters was 
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classified into three categories (high, medium, and low) based on the visual inspection of the 
appearance and size of oxidation anomalies. The maximum residual oxygen concentration in 
the center of the process zone should be kept below 100 ppm.  

Table 3 Impact of different Process Parameters on Shielding from Oxidation Anomalies 

Parameter Impact on oxidation anomalies  

Gas flow rate High 

Nozzle-to-work distance High 
Process mode  
(Heat input) Medium 

Wire feed rate Medium 

Robot travel speed Low 

 

4.3 Light Emission Spectroscopy of Oxidation Anomalies 

In the UV wavelength range from 300 nm to 320 nm and in the VIS wavelength range from 380 
nm to 400 nm, low intensities during regular processing and significant peaks when oxidation 
anomalies occurred were observed. In the UV wavelength range from 220 nm to 240 nm the 
intensities of the peaks were less significant as for the UV wavelength range from 300 nm to 
320 nm. However, the intensities in the UV wavelength range, from 220 nm to 240 nm, were 
also lower in the stable WAAM process and thus the relative significance is the same as for the 
UV wavelength range from 300 nm to 320 nm. In the remaining VIS wavelength ranges, from 
460 nm to 480 nm and from 620 nm to 640 nm, the oxidation anomalies were also detected but 
the total and relative peaks were not as significant. In the IR wavelength range from 770 nm to 
790 nm no peaks were detected. In the IR wavelength range from 800 nm to 820 nm the 
intensities were even lower when oxidation anomalies occurred. Therefore, the most significant 
anomaly-related peaks were detected in the wavelength ranges from 220 nm to 240 nm, from 
300 nm to 320 nm, and from 380 nm to 400 nm. These peaks were caused by the released energy 
of the exothermic reaction when the oxidation takes place. This released energy is detected in 
the light emission spectroscopy.  

The reduction in IR emission could be explained by the change in the emission coefficient or 
the lower reflectance due to the change in surface colour (whitish surface oxidation instead of 
transparent surface oxidation). However, the fact that only the IR emissions in the wavelength 
range from 800 nm to 820 nm decreased makes another effect seem more likely. Since for an 
exothermic reaction, activation energy is needed, this activation energy is extracted from the 
process and reduced the IR emissions. Thus, the consistent intensities in the IR wavelength 
range from 770 nm to 790 nm and even lower intensities in the IR wavelength range from 800 
nm to 820 nm were observed. 
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Conclusions 

In the present work, surface oxidation and oxidation anomalies in Wire Arc Additive 
Manufacturing of AW4043/AlSi5(wt.%) were investigated and the experimental observations 
were supported by CFD simulations. Furthermore, light emission spectroscopy was used to 
capture process emission data for a monitoring approach of oxidation anomalies. The following 
conclusions can be drawn: 

▪ The experiments with different gas flow rates, the corresponding process images, the 
high-speed videos, and the EDX line scans, showed that the observed white oxidation 
layer formed in the area around the melt pool where the plasma of the arc acted. Since 
this area is covered by inert gas and thus a very low amount of oxygen/ambient air is 
available to react with the aluminium, it can be stated that the high temperatures of the 
arc turn the existing amorphous surface oxidation, of the previously deposited 
aluminium layer, into a white duplex oxide layer. 

▪ The decreasing thickness of the surface oxidation from the substrate to the layers 
manufactured by WAAM can be mainly explained by the existing surface oxidation of 
the substrate before processing. In addition, the repeated heat input of the arc and the 
high conductivity of the aluminium, keep the entire part heated and increase diffusion 
effects during processing. 

▪ If the shielding during WAAM is too low a threshold of oxygen contamination (in the 
current case: 100 ppm) is exceeded in the processing zone and oxidation anomalies can 
occur in the part and trigger uneven material accumulations which can be detected by 
process imaging. These oxidation anomalies also show a whitish surface, indicating a 
duplex oxide layer. Different from the white surface oxidation, this duplex oxide layer 
forms immediately when the material is deposited. 

▪ The experiments and simulations showed that shielding decreases with a lower gas 
flow rate, a process mode with higher heat input (CMT+P), a bigger nozzle-to-work 
distance, and a higher wire feed rate, while the robot travel speed does not have a 
measurable impact. 

▪ Light emission spectroscopy can be used to detect changes in the intensity of the 
emitted spectral wavelengths which were found to correlate with the occurrence of 
oxidation anomalies due to the exothermic reaction, which takes place when the 
material oxidises.  

▪ The most significant peaks in the time series data of the spectrometric measurements 
when oxidation anomalies occurred, were detected in the ultraviolet wavelength 
ranges, from 220 nm to 240 nm and from 300 nm to 320 nm, and in the visual 
wavelength range from 380 nm to 400 nm. 
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Abstract 

Wire Arc Additive Manufacturing is a near-net-shape processing technology which allows cost-
effective manufacturing of large and customized metal parts. Processing of aluminium in Wire 
Arc Additive Manufacturing is quite challenging, especially in terms of porosity. In the present 
work, pore behaviour in Wire Arc Additive Manufacturing of AW4043/AlSi5(wt.%) was 
investigated and a post-process monitoring approach was developed. It has been observed that 
as the shielding gas flow rate increases, the porosity in aluminium parts also increases due to 
the rapid solidification of the melt pool by forced convection. The higher convection rate seems 
to limit the escape of gas inclusions. Furthermore, gas inclusions escaping from the melt pool 
leave cavities on the surface of each deposited layer. Process camera imaging is used to monitor 
these cavities to acquire information about the porosity in the part. The observations were 
supported by Computational Fluid Dynamics simulations which show that the gas flow rate 
correlates with the porosity in aluminium parts manufactured by Wire Arc Additive 
Manufacturing. Since a lower gas flow rate leads to reduced convective cooling, the melt pool 
remains liquid for a longer period allowing pores to escape for a longer period and thus reducing 
porosity. Based on these investigations, a monitoring approach is presented. 

Keywords: WAAM; Robot-based; Anomaly; Monitoring; Computer Vision 

1. Introduction 

1.1 Wire Arc Additive Manufacturing  

Wire Arc Additive Manufacturing (WAAM) is a near-net-shape processing technology that is 
classified as one of the Direct Energy Deposition (DED) processes [1,2]. The process is 
primarily intended for cost-effective production of large components due to its high deposition 
rates compared to other Additive Manufacturing technologies e.g. laser-based Additive 
Manufacturing processes [3]. The wire-based techniques are 2 to 50 times more cost efficient 
than powder-based techniques [1,2]. Currently, most WAAM processes are based on Gas Metal 
Arc Welding (GMAW), which has a high energy input into the base material due to the 
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temperatures of the arc reaching up to 10 000 K [4]. Since the energy input is so high, a constant 
temperature range is of high importance for WAAM, as Hauser et al. have already proved by 
detecting geometric deviations in the part due to excessively high process temperatures [5]. One 
of the most promising GMAW avenues for a future industrial use of WAAM is the Cold Metal 
Transfer (CMT) process which enables a reduced energy input compared to other GMAW 
processes [6–8]. In the CMT process, the wire is conveyed into the process zone with a pushing 
and pulling movement [7,9,10]. In one CMT cycle, a pulse of defined duration melts the wire 
tip, which is fed forward until it touches the melt pool, produces a short-circuit and arc extinction 
[7]. Afterwards the wire is mechanically pulled back, separating the wire from the melt pool [7]. 
Then the CMT cycle restarts. 

1.2 Aluminium alloys in WAAM  

WAAM has been recognized as one of the most efficient processing methods for cost-effective 
production of large structural parts [11–13]. However, the process is not widely used for 
aluminium alloys due to a lack of process understanding. Aluminium alloys are widely used in 
different industrial fields such as aerospace, ship building, train building, and automotive 
industries because of their light weight and high corrosion resistance [13,14]. Besides ultra-pure 
aluminium (Al), various aluminium alloys are used. The most important alloying elements are 
copper, silicon, magnesium, zinc, and manganese [15,16]. Aluminium alloys of the EN AW-
4000 series are common for welding applications, which makes them a promising alloy for 
Additive Manufacturing. Silicon (Si) is the main alloy component in the 4000 Al-alloy series. 
Köhler et al. performed WAAM for AlSi12(wt.%) and studied process characteristics, 
mechanical properties, and residual stresses [17]. They suggested that a wide solidification 
range (temperature range between solidus and liquidus temperature) of the alloy is likely to lead 
to a smooth track [17]. Furthermore, they found that the material properties are evenly 
distributed over the manufactured geometry when the interpass temperature (temperature of the 
part before a new layer is deposited) is kept constant [17]. The big challenges in WAAM of 
aluminium are the occurrence of anomalies such as cracks, surface oxidation, and porosity.  

1.3 Porosity in WAAM of aluminium alloys  

Porosity reduces the overall density of the parts and thus reduces the mechanical properties 
(such as the tensile strength) of the manufactured components [18]. Porosity is a general 
problem when processing most aluminium alloys and should be avoided or kept as low as 
possible in order to alter the mechanical properties as little as possible [18]. Pores can be mainly 
classified into the small and homogenously distributed hydrogen pores, with a diameter up to 
100 µm, and into the big and inhomogenously distributed process pores [19]. Hydrogen pores 
are distributed more homogenously than process related pores [18]. Hydrogen is one of the main 
drivers in pore formation during WAAM of aluminium because of the difference in the 
solubility of hydrogen in aluminium liquid (at 0.69 cm³ per 100 g) and solid (at 0.036 cm³ per 
100 g) [19–21]. One of the major hydrogen sources is the wire with moisture, grease, and 
hydrocarbon contaminants on its surface which can vaporize in the arc and convert into atomic 
hydrogen [19]. Process related pores are distributed more inhomogeneously and can be caused 
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by entrapment of shielding gas, air (oxygen and nitrogen), or other gases which cannot escape 
due to the rapid solidification of aluminium [18]. Aluminium has a very low melting point and 
a very high thermal conductivity compared to other materials e.g. steel, so the solidification rate 
is relatively high and gas bubbles cannot easily escape. Argon and helium are the main gases 
used as shielding gas for aluminium welding [18]. Helium is much more expensive than argon 
and the gas flow rate of helium must be about three times higher than argon due to the lower 
density of helium [18]. Argon is therefore more commonly used in industrial manufacturing 
[22]. However, pure helium is not used as shielding gas, but argon-helium mixtures are used, 
which produce a lower amount of gas bubbles as weld porosity sources due to a more stable arc 
by the helium content [23]. Furthermore, for welding with argon-helium mixtures, the arc 
energy is higher as with pure argon gas, resulting in a higher heat input into the process [18,23]. 
Compared to conventional gas supply methods, the addition of helium in aluminium welding 
therefore leads to a lower porosity and a deeper weld profile [22].  

Gu et al. showed for the aluminium alloys AlCu6MnZrTi and AlMg4,5MnZr that, after heat 
treatment, Ostwald ripening and hydrogen diffusion dominate pore growth [19]. Ostwald 
ripening causes merging of small pores into larger ones [19]. In conclusion, the porosity can be 
even higher after heat treatment [19]. Gu et al. also showed that porosity can be reduced through 
inter-layer cold working [19]. Wang et al. investigated the impact of arc current and arc pulse 
frequency on the porosity and grain structure of WAAM based on Gas Tungsten Arc Welding 
and found that with increasing pulse frequency, the grains became coarser and the porosity 
initially decreased and reached its minimum at 50 Hz due to the decreased liquid viscosity, 
which lead to an increased escape rate for pores [24]. However, porosity increased again for 
frequencies higher than 50 Hz due to the relationship between pore formation and nucleation 
caused by the higher pulse frequencies [24]. Derekar et al. investigated the influence of the 
interpass temperature on the porosity of aluminium parts manufactured by WAAM and 
observed that a higher interpass temperature reduces porosity [20]. Cong et al. performed 
experiments for WAAM of Al-6.3%Cu with different CMT modes and found that the porosity 
can be significantly reduced by the CMT-Pulse Advanced mode [25]. In general, several 
scientific studies have shown that the porosity decreases if the melt pool remains in the molten 
state as long as possible, so that gas inclusions have enough time to escape. 

Generally, the porosity is examined after the component is manufactured, but there are also 
approaches which detect anomalies during the process. Various research groups are working on 
non-destructive monitoring systems for anomalies such as porosity to improve the process 
reliability in WAAM [26–30]. Lopez et al. investigated different non-destructive testing 
methods and demonstrated that existing techniques such as radiography and ultrasound can be 
used for in-process and off-line inspection of WAAM parts regarding defects such as pores and 
cracks [29]. Bento et al. showed that it is possible to detect defects during WAAM of aluminium 
by eddy current testing [27]. The disadvantage of this method is its rather complex set-up, which 
takes a lot of time and increases the processing time [27]. Javadi et al. also showed that 
ultrasonic phased arrays can be used to detect big pores and cracks during WAAM by detecting 
changes in the ultrasonic signal [26]. However, detection of small pores was not possible with 
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this method [26]. Zhang et al. used process imaging in combination with convolutional neural 
network models to monitor porosity during laser additive manufacturing [31]. Since all 
monitoring approaches have their advantages and disadvantages, Reisch et al. presented a 
context-sensitive, multivariate in-process monitoring system with different sensors to increase 
the probability that an anomaly is detected [32].  

WAAM of aluminium has great potential to be widely used in industry, but further research still 
needs to be done to increase the understanding of the process and to ensure high quality parts 
are produced. In the present work, pore behaviour in Wire Arc Additive Manufacturing of 
AW4043/AlSi5(wt.%) was investigated and a post-process monitoring approach was 
developed. The reduction of porosity in WAAM of aluminium is a critical topic for a long time 
which was investigated by different researchers. Several methods were developed to suppress 
the formation of porosity but just a few methods for monitoring of porosity in parts were 
introduced. In this work, process camera imaging and Computer Vision methods were used to 
monitor the porosity within parts. The findings were supported by microstructural analysis and 
Computational Fluid Dynamics simulations. 

2. Material and Methods 

2.1 Aluminium Alloys 

For investigation of the gas flow rate influence in WAAM, walls with different gas flow rates 
from 6 to 10 litres per minute (l/min) were manufactured. The experiments were carried out 
with AlSi5 (wt.%) wire with a wire diameter of 1.2 mm. Substrate plates of AlMg1SiCu (wt.%) 
with the dimensions 120 mm x 100 mm x 5 mm were used. The chemical compositions of the 
two alloys are shown in Table 1. 

Table 1 Chemical Composition of the Aluminium Alloys used, in wt.% [33] 

Alloy Al Si Fe Cu Mn Mg Zn Cr Ti 
AlSi5 Bal. 4.5-6 0.8 0.3 0.05 0.05 0.1 - 0.2 

AlMg1SiCu Bal. 0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.25 0.04-0.35 0.15 
 

2.2 Experimental Set-up 

In the robot-based WAAM set-up shown in Figure 1, a 6-axis Comau robot, a Comau tilting 
turn table, a Siemens motion control, and a Fronius welding source with CMT functionality 
were used. For in-process monitoring, a Cavitar welding camera C200 was employed. All 
experiments were conducted with a vertical orientation of the torch, through which the wire is 
fed perpendicular to the substrate as shown in Figure 2. In the experiments, a wall was built by 
processing ten layers on top of each other with a layer height of 1.5 mm to 2.0 mm. The first 
two layers were created with the CMT+P (Pulsed cold metal transfer) mode because the energy 
input in that mode is higher than in the CMT mode and therefore a better bonding of the wall 
with the substrate is created. After the first two layers, the process was switched to CMT mode. 
In order to create a smooth wall, the interpass temperature was kept in a temperature range due 
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to a changing wire feed speed, which was reduced from 5 m/min in the first layer to 4 m/min in 
the second layer and to a constant 3 m/min starting from the third layer. The build-up was based 
on a zigzag strategy in which material was deposited in one direction only and then the robot 
moved back, resulting in a cooling time of five seconds between layers. In the CMT process, 
each layer consists of an ignition phase, a process phase, and a shutdown phase. In the ignition 
phase, the energy input is higher to initiate the arc-based process. In the process phase the set 
parameters are used, and in the shutdown phase the robot stops its movement but continues the 
deposition to fill the end zone using a lower power level. The parameters used for the 
experiments are listed in Table 2. The shielding gas was fed through the torch with an orifice 
diameter of 18 mm. The parameter varied in these experiments was the shielding gas flow rate, 
which was manually controlled by a flow meter from 6 l/min to 10 l/min. For lower gas flow 
rates as 6 l/min, main oxidation effects were observed and therefore lower gas flow rates were 
not investigated.  

 

Figure 1 Set-up of the robot-based WAAM-system with in-process monitoring by a welding camera (marked white) 
with the area recorded (marked blue) 

 

Figure 2 Schematic torch set-up for Wire Arc Additive Manufacturing 
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Table 2 Process Parameters used for WAAM of AlSi5(wt.%) 

Parameter Value 

Wire material AlSi5(wt.%) 

Wire diameter 1.2 mm 

Substrate material AlSi1MgMn(wt.%) 

Ignition phase length 10 mm 

Process phase length 60 mm 

Shutdown phase length 10 mm 

Wire feed speed 3 - 5 m/min 

Current – CMT+P mode 113 A 

Voltage – CMT+P mode 17.4 V 

Current - CMT mode 50 A 

Voltage - CMT mode 11.2 V 

Robot travel speed 0.35 m/min  

Shielding gas Argon 4.5 
(99.995% purity) 

Gas flow rate 6 to 10 l/min  

Nozzle-to-work distance 14 mm 

Torch angle Neutral (0°) 

 

2.3 Welding Camera 

To monitor and analyse the melt pool during WAAM a C200 (Cavitar) process camera was 
used. The process was monitored from the front at an angle of 30° to the horizontal with a frame 
rate of 30 frames per second. The resolution of the welding camera was 1980 pixels x 1080 
pixels and the actual size per pixel was 73.5 µm. The camera has an integrated laser unit with a 
wavelength of 640 nm which is used as an illumination laser. For very bright processes such as 
WAAM, the laser unit is used to illuminate the process at a specific wavelength, while all other 
process-related radiations outside the wavelength of 640 nm are filtered to obtain a non-
saturated view on the melt pool. The process images were captured during processing and during 
the cooling phase as the robot moved back to the start position of the next layer. Correlations 
between pore formation and process images, capturing the melt pool behaviour and the 
solidified layer, were investigated. A monitoring solution based on the results of the 
investigations was developed in the programming language Python. The Python libraries 
OpenCV, argparse, matplotlib, and numpy were used. As a first step the process videos were 
inverted to increase the visibility of the cavities, as shown in Figure 3. Subsequently an 
appropriate threshold was set for the background subtraction method which was used to filter 
cavities from the process images. The threshold in this Background Subtraction Method is a 
brightness limit which ensures that pixels with a brightness below this limit are displayed black 
and pixels with a brightness above this limit are displayed white. The cavities (white pixels) in 
the region of interest (marked blue) were captured over time and visualized in the diagrams, 
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shown in Figure 12 and Figure 13. The area covered by cavities in Figure 16 is the average area 
covered by cavities in one layer. 

 

Figure 3 a) Process image after deposition of a layer which is b) inverted and c) filtered by background subtraction, 
with the region of interest outlined in blue. 

2.4 Material Analysis 

For analyzing the pore formation in WAAM, longitudinal cross-sections through the center of 
the walls were performed. In the cross-sections the porosity was analysed by manually 
measuring the number and size of pores, with a minimum size of 0.5 mm. The relative number 
of pores in Figure 16 is the average number of pores in one layer, counted manually in the cross-
section. In addition to the cross-sections, SEM (scanning electron microscope), and EDX 
(energy dispersive X-ray spectroscopy) scans were carried out. A Scios DualBeam system 
(Thermo Fisher Scientific, USA) equipped with an EDX spectrometer (EDAX, USA) was used. 
The microstructure and the elemental distribution of selected elements of the alloy were 
analysed with SEM and EDX images respectively. In the EDX scans the bright areas represent 
the presence of the analysed element and different colours are used for differentiation between 
the elements. A wall and its cross-section with the area in which the SEM/EDX images were 
taken is shown in Figure 4.  

 

Figure 4 a) Side view and b) top view of the aluminium wall manufactured by WAAM at a gas flow rate of 10 l/min 
with its c) cross-section A-A which is embedded in a polymer 
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2.5 Computational Fluid Dynamics Simulation 

In order to investigate the influence of gas flow on pore formation Computational Fluid 
Dynamics (CFD) simulations in the Siemens STAR-CCM+ software were carried out to 
visualise and analyse the inert gas flow on a flat substrate for different gas flow rates. The gas 
flow simulation was performed in the process zone with a polyhedral mesh as shown in Figure 
5. The basic mesh size is about 1 mm in the coarse areas and about 0.4 mm in the fine areas. In 
addition, six prism layers were created along the contours of the volume section in order to 
capture the near-wall effects. In the CFD simulations of different gas flow rates, the axi-
symmetric structure of the torch was used to generate the mesh. The gas flow was considered 
as laminar flow and calculated with the Reynolds-Averaged Navier-Stokes model. The gas flow 
was modelled as an ideal multi-component gas with two different phases; argon and air. A 
steady state simulation was carried out because the flow conditions in WAAM do not change 
over time and the robot travel speed was neglected. Isothermal conditions and a segregated flow 
solver were used in the simulations. 

 

Figure 5 Mesh of the WAAM torch in the CFD simulation (2D cross section of the 3D simulation domain of the 
WAAM torch) 

3. Results  

3.1 Porosity Behaviour for Different Gas Flow Rates in WAAM of Aluminium 

The aluminium walls manufactured at gas flow rates of 10 l/min, 8 l/min, and 6 l/min and their 
corresponding process images from the process camera are shown in Figure 6. To obtain details 
about the porosity, cracks, or delamination effects in the walls, cross-sections were made. In the 
cross-sections of the walls, shown in Figure 7, it was observed that the level of porosity increases 
for an increasing gas flow rate. Furthermore, the pores in the first two layers, which were 
manufactured with the CMT+P mode, tend to be bigger than the pores in the subsequent layers. 
The reason for the bigger pores was the pulsed CMT+P mode, which was shown by an additional 
experiment in which a wall was manufactured completely by CMT+P (Figure 7d). Cracks and 
delamination defects were not detected. The relative number of pores per layer at different gas 
flow rates are shown in the graph of Figure 8. The relative number of pores in the CMT+P mode 
at 10 l/min is approximately double the value at 8 l/min and more than five times the value at 6 
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l/min. Pores bigger than 2 mm occurred only at a gas flow rate of 10 l/min. In the CMT mode a 
similar trend is shown but the relative number of pores is generally smaller. Nevertheless, the 
number of pores in the wall produced at a gas flow rate of 10 l/min is twice as high as at 6 l/min.  

 

Figure 6 Resulting walls (side and top view) and corresponding process images during the process in the fifth layer at 
a gas flow rate of a) 10 l/min, b) 8 l/min, and c) 6 l/min 

 

Figure 7 Longitudinal cross-sections of the walls manufactured at gas flow rates of a) 10 l/min, b) 8 l/min, c) 6 l/min 
with the first two layer manufactured in CMT+P (marked yellow) and the following eight layer manufactured in CMT 
(marked grey), and d) the cross-section of a wall manufactured completely by CMT+P at a gas flow rate of 10 l/min 
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Figure 8 Relative number of pores per layer in the CMT+P mode and CMT mode for the walls manufactured at 
different gas flow rates 

The wall manufactured at a gas flow rate of 10 l/min was analysed by SEM and EDX scans. 
The wall and its cross-section, with its area in which the SEM/EDX images were performed, 
are shown in Figure 4. The SEM and EDX images, in which pure aluminium phases (α), 
aluminium-silicon composite phases (β), and small pores (δ) were found, are shown in Figure 
9. The EDX scans for aluminium (EDX-Al) and silicon (EDX-Si) show that the walls 
manufactured by WAAM consist of pure aluminium phases (α) and aluminium-silicon 
composite phases (β). No cracks or major defects were detected in the SEM image. However, 
small pores (δ) were detected in the SEM image and these pores were also visible in the EDX 
image for oxygen. Within the area of the pores the analysed oxygen level and thus the aluminium 
oxide content is substantially higher than in the total area analysed.  

 

Figure 9 SEM and EDX scans of aluminium, oxygen, and silicon, analysed in the marked region of Figure 4. The 
bright areas indicate that the analysed element is present. They show pure aluminium phases (α), aluminium-silicon 

composite phases (β), and small pores (δ). 
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The different gas flow rates of 6 l/min, 8 l/min, and 10 l/min, were simulated in CFD to obtain 
a better understanding about the influence of the gas flow on the process and the part 
manufactured. The velocity profiles at gas flow rates of 6 l/min, 8 l/min, and 10 l/min were 
simulated and are shown in Figure 10. The simulations revealed that the velocity profile and 
thus the dynamic gas pressure at a gas flow rate of 8 l/min is about 25% lower and at a gas flow 
rate of 6 l/min even 40% lower as at a gas flow rate of 10 l/min. This indicates that higher gas 
flow rates result in a higher level of forced convective cooling of the material deposited. 
Furthermore, the stream lines of the different gas flow rates, shown in Figure 11, revealed 
recirculation effects, which increased at higher gas flow rates. These recirculation effects were 
induced by the relative movement of the gas flow and the wire to each other. These recirculation 
effects decreased with a lower gas flow rate. 

 

Figure 10 Gas velocity profiles through the torch for gas flow rates of a) 10 l/min, b) 8 l/min, and c) 6 l/min 

 

Figure 11 Stream lines of the argon gas flow for gas flow rates of a) 10 l/min, b) 8 l/min, and c) 6 l/min with 
recirculation effects (marked orange) 

3.2 Process Monitoring  

The top view of the walls (Figure 6) showed that the surface roughness increases for lower gas 
flow rates. At a gas flow rate of 10 l/min the surface on top of the wall was smooth, but at a gas 
flow rate of 6 l/min the surface was rougher, due to the presence of cavities and spatter. During 
WAAM no major differences were observed in the process images because the melt pool was 
still liquid. However, on the way back to the starting position, the previously deposited layer 
was already solidified, and cavities were visible on its surface. In order to increase the visibility 
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of these cavities, the process images were inverted as shown in Figure 11. It was observed that, 
for all the layers, the number of cavities (black dots) increased for a lower gas flow rate. Also, 
the number of cavities in the first layer, which was processed by CMT+P, was higher due to the 
higher number of pores which occur in that mode.  

 

Figure 12 Inverted process images recorded with the coaxial process camera after the first layer, the fifth layer, and 
the tenth layer of the walls manufactured at a gas flow rate of a) 10 l/min, b) 8 l/min, and c) 6 l/min, in which the 

cavities (black dots) on the layer are visible 

To investigate this phenomenon further, a computer vision algorithm, following the procedure 
shown in Figure 3 was developed. The algorithm analyses the percentage area covered by 
cavities on the surface over time. The percentage share of the region of interest covered by 
cavities in the different layers is shown for the process modes CMT+P in Figure 12 and CMT 
in Figure 13. In the first two layers of the walls manufactured at a gas flow rate of 6 l/min and 
8 l/min the graphs show almost the same values. Both walls show a significantly bigger area 
covered by cavities than the wall manufactured at a gas flow rate of 10 l/min, which correlates 
with the lower porosity at 6 l/min and 8 l/min compared to 10 l/min. For the wall manufactured 
at 10 l/min almost no cavities were detected because less pores were escaping from the melt 
pool during solidification.  

In the CMT mode the graphs from layers three to nine were plotted. The diagrams show that the 
average number of cavities is generally higher than for CMT+P in all layers and that higher gas 
flows result in fewer ‘bursting bubble’ cavities. Similarly, to the CMT+P case, there is a clear 
inverse correlation between the number of cavities and the retained porosity. 
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Figure 13 Detection of the cavities in the solidified layers produced by CMT+P 

 

Figure 14 Detection of the cavities in the solidified layers produced by CMT 

4. Discussion 

4.1 Porosity Induced by Ambient Gas 

The high proportion of large pores in the walls indicates that process related pores occurred due 
to the incorporation of air (oxygen and nitrogen) which cannot escape from the melt pool [18]. 
This suggestion is supported by the EDX images shown in Figure 9, in which it is clear that the 
content of aluminium oxide is substantially elevated in the areas around the pores. This 
observation indicates that the pores were in contact with oxygen, which reacted with aluminium 
to form aluminium oxide. The oxygen most likely came from the ambient air, which entered the 
process zone because of recirculation effects. The higher gas velocities (Figure 10) and the 
higher dynamic gas pressure at higher gas flow rates lead to more process pores because of 
increased recirculation effects in the gas flow (Figure 11). Further reasons for oxygen entering 
the process zone could be the dissociation of aluminium oxide from the wire and from the 
substrate. The arc, reaching a temperature of up to 10,000 K, splits the aluminium oxide into 
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aluminium and oxygen. The resulting oxygen could easily enter the melt pool since the 
aluminium is melted by the arc at the same moment. 

4.2 Shielding Gas Influence on the Melt Pool  

It is important to note that a higher gas flow rate increases the convective cooling of the melt 
pool. If the melt pool is cooled more effectively in this way it will have a higher viscosity and a 
smaller surface area, both of which inhibit the ejection of pores from the melt. To investigate 
this further, the melt pool width was measured, as shown in Figure 14. From these measurements 
it was noted that the melt pool width increased by about 20% with a reduction of the gas flow 
rate from 10 l/min to 8 l/min. Reducing the gas flow rate from 8 l/min to 6 l/min increased the 
melt pool width by a further 11%. This observation supports the theory of higher forced 
convection with higher gas flow rates and is consistent with the observations of higher porosity 
with higher gas flow rates.  

 

Figure 15 Melt pool width in the first layer of the walls manufactured at a gas flow rate of 10 l/min (a), 8 l/min (b), 
and 6 l/min (c) 

4.3 Mechanism of Gas Bubble Escape 

As noted above, in addition to the porosity, cavities were found on the top of the walls that were 
produced. These cavities are probably created at the moment that gas pores escape from the melt 
pool, leaving an open pore on the surface of the layer. The number of cavities increased at a 
lower gas flow rate and therefore, a correlation of these cavities with the pore content was 
considered. In the process images of each layer, for instance in layer one, five, and ten (Figure 
11), cavities were found. It was observed that as the gas flow rate decreased, the number of 
cavities increased. In addition, the pore content decreases with decreasing gas flow rate (Figure 
7), which indicates that a higher number of cavities correlates with lower porosity within the 
part. This was examined further by correlating the relative number of pores with the area 
covered by cavities, as shown in Figure 15. In the figure the results for small (0.5 mm – 1 mm), 
medium (1 mm – 2 mm) and big pores (> 2 mm) for CMT and CMT+P are presented. The 
correlation between the relative number of pores and the area covered by cavities is linear 
descending for CMT and non-linear descending for CMT+P in the chosen range of parameters. 
The graphs also show a similar trend for all pore sizes in these process modes. In CMT+P the 
energy input is higher and thus the melt pool remains liquid for a longer period. Therefore, the 
number of gas inclusions which escape before solidification is higher in the CMT+P mode 
which could explain the limit of detectable cavities at 2%. 
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Figure 16 Correlation of the relative number of pores, counted manually in the cross-section, with the relative 
covered area by cavities in one layer 

The creation of cavities by gas inclusions escaping from the melt pool is illustrated in Figure 
16. The most likely reason for higher numbers of pores escaping from the aluminium melt pool 
is reduced melt cooling related to a lower shielding gas flow rate. The main factors of heat 
dissipation from the melt pool are conduction (Qcd) and convection effects (Qcv). The convection 
effects are mainly related to the shielding gas, as shown in Figure 16. Since a lower gas flow 
rate leads to reduced convection effects, the melt pool, and especially the surface of the melt 
pool, remains liquid for a longer period. Thus, pores can escape for a longer period as well. 

 

Figure 17 Sketch of the cross-section showing the influence of the gas flow rate on solidification and pore behaviour 
of the layer for a) higher gas flow rates and b) lower gas flow rates 
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In summary, a higher number of cavities on the surface correlates with a smaller number of 
pores in the layer. In general, the proportion of cavities on the solidified surface therefore 
suggests the relative number of pores in an aluminium part manufactured by WAAM. It is worth 
bearing in mind that the cavities and spatter, caused by escaping gas pores, could act like small 
notches on the surface of the part, reducing the mechanical properties by stress raising effects. 
However, in the body of the wall, both in the cross-sections and in the image data of the process 
camera, it was found that the area covered by cavities and spatter is remelted by any subsequent 
layer and any internal ‘notches’ are thus neutralised. 

Conclusions 

In the present work, pore formation in Wire Arc Additive Manufacturing of 
AW4043/AlSi5(wt.%) was investigated. Process imaging was used to capture image data and 
to monitor pore formation or pore escape during WAAM. The observations were supported by 
CFD simulations. The following conclusions could be drawn: 

▪ Process-related pores were found in the parts manufactured by WAAM. They were 
most likely caused by the shielding gas mixing with the ambient air because the pores 
showed a substantially higher content of aluminium oxide in these areas.  

▪ Higher shielding gas flow rates with higher velocities and higher dynamic gas pressure 
lead to more process related pores, probably because of increased turbulent mixing.  

▪ Further sources of oxygen could be the aluminium oxide of the wire and the substrate, 
which dissociates in the arc-based process and could enter the melt pool. 

▪ The higher number of pores in aluminium parts is related to the shielding gas flow rate, 
because at a higher gas flow rate, the melt pool solidifies faster as a result of increased 
convective cooling, thus preventing the process-related gas inclusions from escaping. 

▪ The number of cavities on the surface of each deposited layer is inversely related to 
the relative number of pores in an aluminium part manufactured by WAAM. A higher 
number of cavities on the surface correlates with a lower number of pores in the part 
because cavities are gas inclusions that have escaped from the melt pool. The relative 
number of pores decreases linearly in the CMT mode and non-linearly in the CMT+P 
mode as the relative area covered by cavities increases. 

▪ Some aluminium alloys such as AlSi5 are likely to suffer from process related pores. 
That being the case, a monitoring approach of the percentage area covered by cavities 
is a suitable method to monitor pore formation in the part. Based on this, an in-situ 
monitoring with a closed loop control system could be established. 
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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 
experiments 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 acoustic 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, Air-borne 
Acoustic Emissions

1. Introduction 

1.1 Directed Energy Deposition processes 

Additive manufacturing can be divided into several subgroups and one of them is Directed 
Energy Deposition (DED). In this work, the two DED processes Wire Arc Additive 
Manufacturing (WAAM) and Laser Metal Deposition (LMD) were in the scope.  
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WAAM is primarily intended for cost-effective production of large components due to its high 
deposition rates compared to e.g. laser-based Additive Manufacturing processes [1]. Most 
WAAM processes are based on Gas Metal 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 compared to other GMAW processes [2]. Due to the reduced 
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 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 till 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 aluminium series 5xxx by WAAM was further investigated because of its good 
mechanical properties in the as-built state, without further heat treatments [6]. Zhang et al. 
investigated WAAM of Al-6Mg and showed that parts, manufactured by this alloy can achieve 
an ultimate tensile strength of up to 333 MPa [6]. The aluminium series 5xxx is a non-heat 
treatable Al-Mg-based alloy as it is typically strengthened by solid solution formation and strain, 
and not by precipitation [7].  

LMD allows remarkable freedom in processing of new materials and in multi-material processes 
[8]. In LMD, several 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 
powder 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 standoff 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 are 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 usually not easy to weld [10]. 

1.2 Acoustic emissions in Directed Energy Deposition processes 

In-situ monitoring systems can be used to observe the process 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 acoustic 
emissions (AE) to identify different types of welding penetration (insufficient penetration, 
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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 
circuiting 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 addition, they 
found that the process parameters such as current, 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 turbulent 
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 monitoring 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 oxidation effects. Too small nozzle-to-work 
distances can lead 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. First research was conducted by Gaja et al. 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 
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process anomalies such as geometric fluctuations 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 distance 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 process anomalies. Therefore, the correlation of the AE 
with a change of the standoff distance in the LMD was also investigated in the present work. 

2. Material and Methods 

2.1 Design of Experiments 

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

   

Figure 1 Schematic build-up strategies used for the experiments in a) WAAM and b) LMD 

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 12.3 V 

Robot travel speed 0.35 m/min 

Shielding gas Argon 4.5 
(99.995% purity) 

Gas flow rate 8 l/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 

Substrate material X5CrNi18-10 

Powder material 18CrNiMo7-6 

Powder mass flow 2.2 – 6.0 g/min 

Travel speed 600 mm/min 

Laser power 400 W – 800 W 

Laser wavelength 1030 nm 

Laser beam diameter 800 µm 

Focal length 300 mm 

Collimation 150 mm 

Feeding fibre core diameter 400 µm 

Standoff distance 11 mm 

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

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

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 µm to 90 µm was used. The 
chemical compositions of both alloys are shown in Table 3.  

Table 3 Chemical Compositions of AX-5087 aluminium wire and 18CrNiMo7-6 steel powder, in wt.% [21] 

 

2.2 Experimental set-up and monitoring framework 

In the robot-based WAAM set-up, shown in Figure 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 melt pool during WAAM. 
The process was monitored with a frame rate of 30 frames per second. The C300 welding 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 band-pass filter in front of the camera with a 
central wavelength of 640 nm filters all other process-related radiation outside the wavelength 

Alloy Al Fe Mg Cr Ni Si Mn Zr Ti Mo C 

AX-5087 Bal. - 4.5-5.2 0.15 - - 0.7 0.2 0.1 - - 

18CrNiMo7-6 - Bal. - 1.5-1.8 1.4-
1.7 < 0.4 0.5-

0.9 - - 0.25-
0.35 

0.15-
0.21 
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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 44100 Hz and were saved in the uncompressed audio file 
format ‘wav’.  

 

Figure 2 Set-up of the robot-based WAAM cell 

 

Figure 3 Set-up of the LMD process cell 

The LMD set-up, shown in Figure 3, consists of a motion control SINUMERIK 840D, a Precitec 
laser processing head, a three-axis motion system, a TRUMPF laser TruDisk 8002 and a 
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vibration powder feeder from MediCoat. For in-process monitoring a PreSonus PRM1 air 
acoustic microphone and a hema welding camera were used. The PreSonus PRM1 air acoustic 
microphone was used to capture the AE at a frequency of up to 44100 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 process 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. However, 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 
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 (44100 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 intensity 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 were plotted 
over time. Furthermore, the AE were correlated with the process camera images, which were 
recorded by the welding camera C300 in the WAAM process (Figure 4a) and by a hema welding 
camera in the LMD process (Figure 4b). The resulting parts manufactured by WAAM and LMD 
according to the presented build-up strategy are also shown in Figure 4. 

 

Figure 4 Process camera images of a) a stable WAAM process and b) a stable LMD process with the resulting parts 
in c) WAAM and d) LMD 
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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 show with +/- 1.5 dB around the mean low 
fluctuation in the data of the AE (Figure 5). The acoustic emissions show a peak when the gas 
flow starts and stabilize 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 process 
ends (Figure 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 are negligible compared to the AE of the process (differences of up to 80 dB), as shown 
in the breaks during processing (Figure 5a). Various process anomalies 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 are geometrical fluctuations (waves in height) which are 
caused by inappropriate process parameters or the chosen deposition strategy. In the experiment 
of Figure 5, the second layer is processed on top of the first layer, which significantly changes 
the temperature profile, resulting in poor thermal management and an unstable process in the 
second layer. The experiments showed that the resulting AE are similarly affected for all cases 
in which geometrical fluctuations appear. The AE during processing show a noisier signal over 
the entire frequency range when geometrical fluctuations appear (Figure 5a), which is even more 
clearly visible in the average intensity of the Mel spectrum (Figure 5b). 

  

Figure 5 Acoustic emissions for a stable WAAM process and an unstable WAAM process shown in a) the Mel 
spectrum and its b) unfiltered average intensity of the Mel frequencies over time with its corresponding process 

camera images 

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 Figure 6. For an oscillating strategy, which is used to 
manufacture thick-wall parts, a higher fluctuation of +/- 2.5 dB was observed. Therefore, 
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process stability cannot be determined only on the basis of the AE, but must also be assessed on 
the basis of the buildup strategy used. 

 

Figure 6 Acoustic emissions for stable WAAM process with an oscillating tool path shown in a) the Mel spectrum and 
its c) unfiltered average intensity of the Mel frequencies over time with b) its corresponding process camera image 

3.1.2 Track deviations 

Another process anomaly which is typical for WAAM are track deviations (deviations in the 
plane) that were initiated by distortions in the part, too strong overhangs, or an inappropriate 
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 depostion in unforeseen areas on the part, for example on the 
sidewalls as shown in the process camera images in Figure 7b. The track deviations were mainly 
detected in the frequencies from 6 kHz to 10 kHz as shown by the changing intensities (brigth 
and dark areas) in the Mel spectrum (Figure 7a). After correlation with the welding camera, it 
was observed, that the average intensity of those frequencies increased when track deviations 
occurred (Figure 7b). 
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Figure 7 Acoustic emissions for track deviations occurring during WAAM shown in a) the Mel spectrum and in b) the 
average intensity of its characteristic Mel frequencies (6 - 10 kHz) over time with c) its corresponding process camera 

images 

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 kHz to 10 kHz as shown in the Mel spectrum (bright 
and dark areas in Figure 8a).  
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Figure 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 its corresponding 

process camera images 

In this particular experiment, the gas flow rate was reduced from 10 l/min to 5 l/min to 3 l/min, 
which also affects the AE, as shown by the average intensity of the frequencies from 4 kHz to 
10 kHz (Figure 8b). Once the gas flow rate was reduced from 8 l/min to 5 l/min, a slight decrease 
of the average intensity in the AE was detected. However, the drop in the intensity of AE at 5 
l/min was not as relevant as the drop in AE at 3 l/min. In the process camera images, it was 
observed that a significant process change started at 3 l/min (Figure 8b). Consequently, a 
significant drop in AE due to a more silent process was observed in the average intensity of the 
filtered Mel frequencies (Figure 8b). In the process camera images (Figure 8c) it was observed, 

5008693_Inlaga.indd   1535008693_Inlaga.indd   153 2022-02-01   10:092022-02-01   10:09



Paper D: Acoustic Emissions in DED Tobias Hauser 

138 
 

that the arc (visible as white cloud in the images) was wider in diameter during processing at a 
gas flow rate of 8 l/min compared to the arc during processing at a gas flow rate of 3 l/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 Figure 9a, but the general trend was visible in the average 
intensity of all frequencies, as shown in Figure 9b. The intensity of the AE decreased for an 
increasing nozzle-to-work distance and increased for a decreasing nozzle-to-work distance. 
However, 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.  

 

Figure 9 Influence of increasing and decreasing nozzle-to-work distance on acoustic emissions shown in a) the Mel 
spectrum and the b) unfiltered average intensity of the Mel frequencies over time with its corresponding 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 
Figure 10a. The prototype 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 (Figure 10a). During 
processing of over 400 seconds, the nozzle-to-work distance increased because the layer height 
was set slightly higher in the process planning 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 Figure 10b.  

  

Figure 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 corresponding process 

camera images 

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 seconds is 
shown in the Mel spectrum (Figure 11a) and in the averaged intensity of the characteristic 
frequencies of an unstable LMD process (Figure 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 (Figure 11b). Further experiments showed that geometrical 
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 process more sensitive to environmental AE. In the experiments, it was 
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recognised that at higher travel speeds, the three-axis motion system was more noisy which 
makes the comparison of the AE results at different travel speeds more difficult. 

 

Figure 11 Acoustic emissions of a stable LMD process and an unstable LMD process shown in a) the Mel spectrum 
and in b) the average intensity of the characteristic Mel frequencies (1 - 10 kHz) for an unstable LMD process with its 

corresponding process camera images 

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 l/min to 0 l/min for a period of 3 seconds at a time stamp of 12 seconds and for a period 
of 2 seconds at the end of the process, at a time stamp of 31 seconds. The characteristic 
frequencies in which the main differences in the Mel spectrum were observed, when the gas 
flow rate was reduced to 0 l/min, were from 2 kHz to 10 kHz (Figure 12a). The average intensity 
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of the characteristic Mel frequencies increase when the main shielding gas flow rate was reduced 
to 0 l/min, as shown by Figure 12b. The correlation with the process camera images showed an 
increase in sputters and an increase in brigthness in the melt pool when the shielding gas flow 
rate dropped (Figure 12b). 

 

 

Figure 12 Acoustic emissions for a LMD process with temporarily insufficient shielding from the environment shown 
in a) the Mel spectrum and b) the average intensity of the characteristic Mel frequencies (2 - 10 kHz) for oxidation 

effects in LMD of steel with its corresponding process camera images 

3.2.3 Process parameters 

Further experiments with changing powder mass flows and laser powers showed that the AE in 
LMD are mainly influenced by the correlation between powder mass flow and laser power 
(Figure 13). The intensity of the AE is not simply increased by a higher laser power or a higher 
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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 (Figure 13b), a noisier signal was observed when 
the energy input, introduced 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 same process with a lower 
powder mass flow (Figure 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 independently. However, both parameters affect the process stability and a noisy 
signal in the AE was observed once the process turned unstable. In Figure 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 kHz to 10 kHz. 

 

Figure 13 Acoustic emissions for a LMD process with a focused standoff 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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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 kHz to 10 kHz for both, a higher powder mass flow and a higher laser power.  

 

Figure 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 intensity of AE with low 
fluctuation of +/- 1.5 dB around the mean (Figure 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 further process anomalies were in the range of 12 % of the mean intensity of 
the AE (Figure 5). In both cases, the intensity in the whole AE spectrum reduces if the nozzle-
to-work distance increases (Figure 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 current passes to ignite the arc, increases the electrical 
resistance and thus the preheating of the wire itself (Figure 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 (Figure 9, Figure 10).  

However, the geometry of the arc has an even more significant influence because that is 
essentially the ionized volume leading to the air pressure which causes the acoustic emissions. 
The process anomalies that occur during the WAAM also correlate with the size of the arc. One 
effect 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 (Figure 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, decrease. 
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Figure 15 Schematic representation of the origin of the acoustic emissions in WAAM  
for a) stable processes and b) increasing nozzle-to-work distances 

These observations are also consistent with the experiments 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 (Figure 8c). At a certain point the gas flow rate is too low (3 l/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 are 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 Figure 16. In the case of oxidation, the AE showed 
especially a drop in high frequency ranges (4 kHz to 10 kHz, Figure 8a). The drop in the high 
frequency ranges indicate, 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. 

 

Figure 16 Schematic representation of the origin of the acoustic emissions in WAAM for a) stable processes, b) 
processes with lower shielding gas flow rate, and c) processes with insufficient shielding gas 
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Different to the oxidation defects, the track deviations resulted in a higher mean intensity of the 
AE (Figure 7). In the case of track deviations, the AE showed higher intensities in the high 
frequency ranges (4 kHz to 10 kHz, Figure 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 
and the AE rise, as shown in Figure 17. The larger volume of the plasma also stimulates a larger 
area of air which causes a rise in the AE. 

 

Figure 17 Origin of the acoustic emissions in WAAM for a) stable processes and b) processes with track deviations 

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 process anomalies is of even higher interest, e.g. for a monitoring 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 deviations between the realised layer height in 
the 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 
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without substrate were conducted (Figure 13, Figure 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 intensity 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 Figure 18a. Apparently, 
the laser energy transfer to the powder particles induce the sound. Two reasons for the AE are 
the volume expansion during melting and the volume contraction during solidification of the 
particles, which stimulate the surrounding air, as shown in Figure 18b. The volume of steel 
(measured for a 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 re-solidify depends on the particle velocity, which mainly depends on the carrier gas 
flow [25]. In this case the carrier gas flow was 6 l/min, which causes a particle velocity 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 contraction, 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.  

 

Figure 18 a) Correlation of acoustic emissions with powder mass flow and laser power for LMD processes outside a 
suitable process window and b) the possible physical origin of the acoustic emissions in LMD 
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The main frequencies which were observed in the acoustic 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 µm to 90 µm 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 particle triggers a 
small sound wave and the number of sound waves result as the emission frequency of the 
process, which explains the significant frequencies in the Mel spectrum. 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 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 (Figure 14), in which high intensities occur between 2 kHz and 
10 kHz as soon as the process turns unstable. This indicates that the assumption is correct, that 
the AE origin from the volume expansions and volume contractions of the single particles.  

However, another reason for the higher AE may be the increasing number of collision events 
among the molten particles, 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. 

Table 4 Particle feeding frequency and particle melting frequency in LMD processes  
for powders with a gaussian distribution of the particle diameters for different powder mass flows 

Powder mass flow 2.2 g/min 4.4 g/min 6 g/min 

Particle feeding frequency ~ 90 µm 
(10% of the total powder mass flow) 

2.25 kHz 5.5 kHz 7.5 kHz 

Particle feeding frequency ~ 67.5 µm 
(50% of the total powder mass flow) 11.25 kHz 27.5 kHz 37.5 kHz 

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

2.25 kHz 5.5 kHz 7.5 kHz 

Particle melting frequency ~ 90 µm 
(After powder efficiency of 30%) 0.675 kHz 1.65 kHz 2.25 kHz 

Particle melting frequency ~ 67.5 µm 
(After powder efficiency of 30%)) 3.375 kHz 8.25 kHz 11.25 kHz 

Particle melting frequency ~ 45 µm 
(After powder efficiency of 30%)) 0.675 kHz 1.65 kHz 2.25 kHz 

 

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 incorporation of the 
particles into the melt pool, where a minimum of previous interaction of particles with the laser 
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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, Figure 13) because less volume contractions 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 comparatively 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, Figure 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 (Figure 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 Figure 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 (Figure 19b). Sputters can also 
interact 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 sputtering events.  

 

Figure 19 Influence on the acoustic emissions in LMD  
for a) stable processes and b) unstable processes with an increase of sputters 

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 
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by the process camera images (Figure 12). Furthermore, it also makes a difference whether the 
sound source originates from the argon atmosphere or from the air, as the characteristic 
impedance ZF of the two gases is different (Air: ZF = 428,3 Ns/m³ and Ar: ZF = 550 Ns/m³). Due 
to the higher characteristic impedance of argon, the sound transmission should be better. 
However, in the experiments with insufficient shielding gas (Figure 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 separate sound wave compared to one big melt pool with a 
lower surface, stimulating a smaller area of air as shown in Figure 19. 

5. Conclusions 

The experiments for WAAM and LMD showed that the acoustic emissions correlate with 
different process anomalies or process changes. The methods among the Mel spectrum 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 
following hypotheses: 

▪ The main acoustic 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. 

▪ 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. 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 fluctuations around the mean in the data of the acoustic emissions 
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 side of the part because the dimensions of the arc and 
consequently the area of stimulated air increase. 
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For Laser Metal Deposition the following hypotheses can be drawn: 

▪ The main acoustic emissions are created by the interaction 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 emission 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 during oxidation effects shows a higher air/argon ratio, which would 
assume lower acoustic emissions due to the lower characteristic 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 variation also depend 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 emissions. The manual analysis of spectral data can be replaced by artificial 
intelligence approaches, in which the models are trained on labeled images of the spectra, 
allowing the model to analyze 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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Abstract 

Laser Metal Deposition is a near-net-shape processing technology, which allows remarkable 
freedom in multi-material processing. In the present work, the multi-material processing of two 
intermetallic iron aluminides, Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%), was investigated. It has 
been shown that multi-material processing of the two alloys via discrete as well as via gradual 
material transition is possible without any cracks for manufacturing small cubes. Cross-sections 
of manufactured parts and tracks showed that a preheating temperature of at least 400°C is 
necessary to process crack free samples. EDX-analyses indicated that if a discrete material 
transition is required in multi-material processing, the material transition should be implemented 
in the vertical build-up direction because the mixing zone in this direction is significantly 
smaller than the mixing zone in the horizontal direction. Due to the stronger mixing effects in 
the horizontal direction, a gradual material transition by a linear progression should be 
implemented in this direction rather than in the vertical direction. The mixing effects are mainly 
caused by melt flow, while diffusion effects can be neglected. 

Keywords: Additive Manufacturing; Multi-material processing; Direct Energy Deposition; Laser Metal Deposition; 
Functionally Graded Material 

1. Introduction 

Intermetallic Fe-Al alloys are an ecological and economical alternative to the common high-
temperature materials, which are mostly based on the addition of expensive chemical elements 
such as nickel or cobalt [1]. The two elements Fe and Al are among the most abundant in the 
earth's crust and incur 90% lower CO2 emissions in the product life cycle than comparable high-
temperature materials such as Inconel 625 [1]. In addition the material costs, human toxicity 
and ecotoxicity of iron and aluminium are lower [1,2]. The application possibilities of 
intermetallic FeAl alloys are very limited at low temperatures due to their low ductility and 
brittle behavior, but they are also characterized by very high strength at high temperatures due 
to their additional covalent or ionic bonds [2–4]. These additional covalent or ionic bonds 
involve a homogeneous chemical compound of at least two metals [1,3]. Rademacher 
investigated this atomic bond in detail and noted, among other things in the titanium-containing 
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samples, a significant deviation from a homogeneous structure [5]. Fe28Al(at.%) and 
Fe30Al5Ti0.7B(at.%) are the two intermetallic FeAl alloys, which are examined in this work. 
Pająk et al. investigated the ordering process of Fe28Al(at.%) [4] and Li et al. found out that 
FeAl alloys with the addition of titanium have a higher oxidation resistance [6]. Belgacem et al. 
showed that adding Boron to FeAlTi brings further improvements in corrosion resistance [7]. 

The use of new materials is often limited due to processing limitations. Laser Metal Deposition 
(LMD) is a process which is part of the Additive Manufacturing technologies and allows 
remarkable freedom in processing. Intermetallic FeAl alloys are difficult to process due to their 
brittle characteristics at ambient temperature [4]. Rolink and Michalcová noted that intermetallic 
Fe-Al alloys can be processed by LMD [1,2]. In LMD, several tracks are formed by local 
melting using the laser beam and simultaneously applying metal powder into the melt pool. The 
typical particle size of the powder used for LMD is approximately 45 µm to 90 µm [1]. The 
powder is conveyed through a lateral, a multi-jet or a coaxial nozzle into the process zone. In 
LMD there are a lot of parameters which can be changed to influence the resulting tracks. For 
example a higher laser power significantly increases the track width and the penetration depth 
of the track [8]. A lower travel speed leads to slower cooling and consequently to lower residual 
stresses [8]. A higher powder mass flow rate increases the track height and decreases the 
penetration depth at the same time [8]. The preheating temperature and the cooling rate influence 
the residual stresses and the susceptibility to cracking [8].  

One main advantage of powder based LMD is multi-material processing, which can be used to 
combine different material properties in one part [9,10]. Multi-material processing using LMD 
has great potential and is of high interest to industry. In order to gain a better understanding of 
multi-material processing using LMD, the behavior in the material transition is currently of high 
interest. Material transitions can be realized in different ways. One option is a simple discrete 
transition, which is never completely achieved in practice but is applied in theory. However, 
sharp transitions often lead to high stresses and cracks in the part [11,12]. Further options are 
functionally graded materials which are characterized by the gradual variation in composition 
over their volume [13]. A graded material transition can decrease the residual stresses and the 
susceptibility to cracking which leads to enhanced material properties [11,12,14]. Gradual 
material transitions can avoid common failures such as delamination and cracks [15]. The two 
iron aluminides Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%) are particularly suitable for 
investigating material transition due to their completely different microstructure and similar 
chemical composition [1]. The addition of titanium and boron reduces the grain size from 1000 
µm to approximately 20 µm to 50 µm [1,2]. In Wire Arc Additive Manufacturing, another Direct 
Energy Deposition process, multi-material processing of intermetallic iron aluminides has been 
already investigated by Shen et al.[16–18]. The previous research showed that LMD of 
intermetallic Iron Aluminides is possible. However, the basic effects of material mixing in 
multi-material processing of intermetallic Iron Aluminides by LMD and their interactions have 
not been investigated in detail yet. Therefore, the aim of this paper is to explore the mixing 
mechanisms in multi-material processing during LMD. 
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2. Material and Method 

Multi-material processing using powder based LMD is investigated in this paper. The focus is 
on material transition in multi-material processing. The properties of the Iron Aluminides, 
Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%), were combined by multi-material processing. The 
quaternary Fe30Al5Ti0.7B(at.%) alloy was used as an outer protective shell for higher corrosion 
resistance and the binary Fe28Al(at.%) alloy was used as the basic material in the core due to 
its lower susceptibility to cracking [2,6]. The aim of this material combination is to produce a 
corrosion- and high-temperature-resistant component, which should be processable with lower 
susceptibility to cracking compared to components of pure Fe30Al5Ti0.7B(at.%).  

The equipment, which is shown in Figure 1a , is a specifically developed test setup from 
Siemens. It. This test setup consists of a motion control SINUMERIK 840D (Figure 1a), a 
specifically developed process chamber (Figure 1b), a TRUMPF laser TRUDisk 8002, a 
medium-frequency generator MFG70 (Figure 1a) and two vibration powder feeders from 
MediCoat (Figure 2a). The SINUMERIK 840D controls the laser, the processing system and 
the two vibration powder feeders. The process chamber (Figure 1b) consists of a Precitec laser 
processing head, a three-axis motion system and an inductor with a pyrometer for control of the 
preheating temperature. The track height of the deposited material was monitored by a distance 
sensor of Prectiec, which measures the distance of the LMD nozzle to the melting zone to 
guarantee a uniform distance across all layers in the z-direction. The laser beam diameter used 
was 800 µm and the focal length was 41.5 mm. Argon has been used as a shielding gas as well 
as a carrier gas for the powder. 

 

Figure 1 (a) Equipment and (b) process chamber for Laser Metal Deposition of Iron Aluminides 

The two powders Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%) were independently conveyed via 
two vibration powder feeders (Figure 2a). A mixture of both powders was required in order to 
achieve a graded material transition. The two powder streams, starting from the vibration 
powder feeders, were each conveyed with a volume flow of 3 litres of argon per minute in a 
pipe with an inner diameter of 3 mm and further conveyed in a pipe with an inner diameter of 4 
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mm and a resulting volume flow of 6 litres of argon per minute. From the two pipes, the 
transition was made through a Y-piece to a pipe with a larger inner diameter to avoid pressure 
drop and to realize a homogenous flow. Since only the oscillation amplitude can be set for the 
vibration powder feeders, the corresponding powder mass flows were measured first. Due to the 
different properties of the metal powders and the different operating points of the two vibration 
powder feeders, the powder mass flow was measured separately for both powder types. The 
results are shown in Figure 2b. Both powders have a Gaussian distribution of the powder 
particles in the particle size range from 45 µm to 90 µm. 

     

Figure 2 (a) Vibration powder feeders and (b) the corresponding powder mass flows of Fe28Al(at.%) and 
Fe30Al5Ti0.7B(at.%) for the amplitude of the vibration powder feeders, which can be adjusted in the control system 

Since the two FeAl alloys Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%) have completely different 
grain structures, the two alloys are an excellent choice for viewing the material transition 
between them by optical metrology. The manufactured parts were investigated by optical 
microscopy, scanning electron microscopy and energy dispersive X-ray spectroscopy.  

The multi-material processing tests were carried out according the hatching strategy shown in 
Figure 3a. The meander strategy has proven to be a reliable way to reach a homogeneous crystal 
growth in the z-direction [19]. However, a material transition in the xy-direction by using the 
meander strategy is very difficult to control. For this reason, the material transition in the xy-
direction was implemented by at least two or more hatching frames. Hatching frames are 
equidistant contour lines that are a fill pattern strategy in LMD. The hatching frames used in 
Figure 3a are located in the outer regions of the hatching strategy. Once the transition to the 
second material is reached, the rest of the square is filled with the meander strategy as shown in 
Figure 3a. Discrete transition in the xy-direction was achieved by changing the two powder 
mass flows over two hatching frames. Gradual transition in the xy-direction was achieved by 
gradually changing the two powder mass flows over several hatching frames. Discrete material 
transition in the z-direction was achieved by changing the powder mass flows between two 
individual layers and gradual material transition in the z-direction was achieved by changing 
the powder mass flows gradually over several layers. A sketch of the resulting gradual sample 
is shown in Figure 3b. 
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Figure 3 (a) Top view of the hatching strategy for multi-material processing of discrete and gradual material 
transitions in cubes and (b) a sketch of the resulting gradual sample 

In order to achieve a graded material transition, the set ratio of the two alloys to each other must 
also be guaranteed in the process zone. Therefore, the two powder mass flows of Fe28Al(at.%) 
and Fe30Al5Ti0.7B(at.%) must already be homogeneously distributed at the end of the pipe in 
order to melt up the set ratio of the two alloys. For this reason, a steady state simulation was 
carried out in STAR CCM+ with two powder mass flows ṁ1 in dark green and ṁ2 in bright 
green, which is shown in Figure 4a. The powder mass flows were simulated using a Lagrangian 
Multiphase model [20]. For the simulation, it is assumed that both powders have the density of 
iron and a normal distributed grain fraction of 45 µm to 90 µm with a mean of value of 67.5 µm 
and a standard deviation of 0.8 µm. Additionally, spherical particles with drag along with 
gravity forces were considered. 

 

 

Figure 4 Simulation results for a) the two powder mass flows ṁ1 (dark green) and ṁ2 (light green) and the resulting 
average powder volume fraction at the end of the pipe leading into the process zone for b) phase 1 and c) phase 2 
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In the simulation, the carrier gas argon, which is conveyed laminar as an ideal gas under 
isothermal conditions, was inserted with velocity inlets at a speed of 7.1 m/s. This corresponds 
to a volume flow of 3 l/min for both pipes with their inner diameters of 3 mm. For the powder 
mass flows, 1.2 g/min was selected for both phases. Polyhedral Meshes with a number of 
185,731 cells for a simulation model with a volume of 5488.3 mm³ were used, wall effects were 
represented with Prism Layers. The resulting powder volume fractions of both phases at the end 
of the pipe leading into the process zone are shown in Figure 4b,c. The mean volume fractions 
of the powders are depicted and both volume fractions show no extremes and are 
homogeneously distributed. 

The parameters, which were used in the experiments are shown in Table 1. The parameters used 
were identified in a former parameter study of Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%). Trough 
the parameters used a uniform deposition for all mass ratios was achieved through the change 
of the laser power, travel speed and powder mass flow. The X5CrNi18-10 (1.4301) material 
used as the substrate has very good weldability, good corrosion resistance, a melting point of 
1420°C to 1470°C, a thermal conductivity of 15 W/mK at 20°C and a thermal expansion of 16 
x 10-6 K-1 at 100°C to 18.0 x 10-6 K-1 at 500°C [21]. FeAl alloys have similar properties with 
a melting point of 1450°C to 1500°C, a thermal conductivity of 10 W/mK at 20°C to 17 W/mK 
at 800°C and a thermal expansion of 18 x 10-6 K-1 at 20°C to 22 x 10-6 K-1 at 500°C [3,22,23]. 

Table 1 Parameters used for multi-material processing 

Parameters Values 

Total powder mass flow 1.60 g/min – 2.40 g/min 

Travel speed 400 mm/min – 600 mm/min 

Laser power 180 W – 200 W 

Laser beam diameter 0.8 mm 

Hatching-space 0.4 mm 

Track height 0.4 mm 

Preheating > 400°C 

Cooling rate 5 K/min 

Inert gas Argon 

Laser wavelength 1064 nm 

Substrate 1.4301 
Connecting layer 

substrate/part Fe28Al(at.%) 

 

In order to investigate the material transition in multi-material processing, further experiments 
were carried out. In the experiment shown in Figure 5, the first layer consists of one track of 
alloy A (A1) and subsequent tracks of alloy B (B1+). In the second layer, one track of alloy A 
(A2) and a half track of alloy B (B2) were produced on the first layer. In order to compare the 
unaffected track A2 and the impact of track B2 on track A2, the cutting position for two 
micrographs (M1 and M2) was set at the end of track B2. This single-track analysis was 
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performed for Fe30Al5Ti0.7B(at.%) as alloy A and Fe28Al(at.%) as alloy B and vice-versa. 
The experiments were carried out at a preheating temperature of 800°C. 

 

Figure 5 Schematic procedure of the single-track analysis to investigate mixing effects in multi-material processing 

3. Results and Discussion 

3.1. Diffusion analysis 

From the microstructural analysis, different structures are visible in the transition zones, which 
are caused by mixing effects. Mixing effects could occur due to diffusion, contamination of 
powder residues or melt flow. In contrast to discrete material transition, mixing effects between 
the two materials are encouraged in the gradual material transition to produce a smoother 
transition. 

 

Figure 6 Microsections of (a) a discrete and (b) a gradual multi-material part including the theoretically intended 
compositions, which are marked by the coloured frames described in the legend 

The microsections of two samples with discrete (Figure 6a) and gradual (Figure 6b) material 
transition are shown in Figure 6. Both samples consist of the quaternary Fe30Al5Ti0.7B(at.%) 
alloy in the outer shell and the binary Fe28Al(at.%) alloy in the core. The intended structure 
that was defined in the hatching strategy is indicated in the figures by coloured frames 
representing the boundaries of the individual zones. The dotted white lines represent the 
individual layers in LMD. The differences in the grain structure between the two FeAl alloys 
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are clearly visible in the micrographs. In addition to the micrographs, EDX (energy dispersive 
X-ray spectroscopy) and SEM (scanning electron microscope) scans were performed. In the 
EDX scans, the elements Fe, Al and Ti were analyzed. The analysis of Boron is not possible 
with EDX scans. 

  

Figure 7 Micrographs of the samples with discrete material transition manufactured at (a) 400°C and at (b) 800°C 
with the yellow marked paths of the vertical EDX line scans 1 and 3 and the horizontal EDX line scans 2 and 4 

For further investigation of discrete material transition, EDX line scans of the microsections in 
Figure 7 were performed. In order to investigate the influence of the preheating temperature on 
the material transition, one component with a discrete material transition was manufactured at 
a temperature of 400°C (Figure 7a) and one at a temperature of 800°C (Figure 7b). For both 
samples vertical EDX line scans (Figure 8) and horizontal EDX line scans (Figure 9) were 
carried out.  

The vertical EDX scans show for both samples a high fluctuation of the titanium content, with 
a standard deviation of 0.82 at.% for the sample manufactured at 400°C (Figure 8a) and a 
standard deviation of 0.92 at.% for the sample manufactured at 800°C (Figure 8c). Despite a 
higher content of iron and aluminium in the alloy, the standard deviation of these elements is 
lower. For the sample manufactured at 400°C the standard deviation of aluminium is 0.44 at.% 
and of iron 0.62 at.%. For the sample manufactured at 800°C, the standard deviation of 
aluminium is 0.44 at.% and of iron 0.76 at.%. 

In practice, there are mixing effects in the discrete material transition, which prevent a sharp 
transition. The width of this mixing zone is identified by a recognizable deviation from the 
binary and the quaternary alloy. The mixing zone in the material transition of the sample 
manufactured at 400°C (Figure 8b) shows a width of 35 µm and in the sample manufactured at 
800°C (Figure 8d), it shows a width of 50 µm, which is 43% wider. The mixing zones show a 
linear progression in both cases. 
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Figure 8 Element distribution of discrete material transition in the vertical direction for (a) EDX line scan 1 with (b) 
magnified mixing zone of the part manufactured at 400°C and for (c) EDX line scan 3 with (d) magnified mixing zone 
of the part manufactured at 800°C, wherein the theoretical and practical progressions of the element distribution is 

illustrated and the mixing zone is marked by green dotted lines 

The slightly wider mixing zone at 800°C could result from higher diffusion or melt flow due to 
the higher preheating temperature. Diffusion is the thermally activated flow of atoms, which is 
driven by concentration gradients. The driving force of diffusion processes is the desire for a 
low-energy state. In order to estimate the diffusion of Fe30Al5Ti0.7B(at.%) and Fe28Al(at.%) 
with each other within the multi-material sample,  simplified diffusion calculations were carried 
out. The mean path ∆x ̅ is the mean diffusion depth of the atoms within a given time t at a 
temperature T. The mean path of the atoms is given by the equation 1 [24]. 

∆�̅�𝑥 =  √2𝐷𝐷𝐷𝐷 (1) 

The melting temperature of Fe28Al(at.%) and Fe30Al5TI0.7B(at.%) is Tmelting = 1450°C. As 
the ambient temperature is 30°C, the melt will quickly solidify [1]. A relative calculation was 
performed, in which the difference in the diffusion depth between a sample manufactured at 
400°C and a sample manufactured at 800°C is estimated. Ilschner and Singer found out that the 
diffusion coefficient for samples within the range of 2/3 of the melting temperature is D ≈ 10-8 
mm²/s [25]. So, the diffusion coefficient for the sample manufactured at 800°C is D ≈ 10-8 
mm²/s. The processing of the samples, which were investigated (Figure 7), takes ten minutes. 
According to equation 1, the diffusion depth for the sample manufactured at 800°C is 3 µm 
deeper than for the sample manufactured at 400°C. Therefore, it can be noted that a higher 
preheating temperature up to 800°C has no significant effect on diffusion. Consequently, the 
wider mixing zone must occur due to another phenomenon, which is based on a higher 
preheating temperature. The main reason for the 43% wider mixing zone between two layers is 
the extended cooling time of the melt flow and the corresponding larger melt pool, which has 
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already been discussed in other scientific papers [26]. Accordingly, the molten area stays in the 
molten state for a longer time, resulting in stronger mixing and in a wider mixing zone, as 
measured in Figure 8.  

3.2. Element distribution 

The horizontal EDX scan of the sample manufactured at 400°C (Figure 9a) shows a standard 
deviation of 0.43 at.% for titanium, 0.44 at.% for aluminium and 0.52 at.% for iron. The 
horizontal EDX scan of the sample manufactured at 800°C (Figure 9c) shows a standard 
deviation of 0.63 at.% for titanium, 0.52 at.% for aluminium and 0.45 at.% for iron, which 
indicates deviations from the chemical distribution of the powder. The mixing zone in the 
sample manufactured at 400°C is 700 µm wide (Figure 9b) and shows a rather stepwise 
progression. The mixing zone in the sample manufactured at 800°C is also 700 µm wide (Figure 
9d) but shows a linear progression. In both experiments (Figure 9a and Figure 9c), the chemical 
composition of the outer Fe30Al5Ti0.7B(at.%) shell is not achieved. This is particularly 
noticeable in the titanium content, which does not reach the expected 5 at.%. In the sample 
manufactured at 800°C (Figure 9c), titanium particles were detected up to 1000 µm away from 
the outer quaternary shell. Since this only occurs in the sample manufactured at 800°C, 
impurities due to powder residues from the nozzle can be neglected. It is most likely caused by 
stronger melt flow in the horizontal direction due to the overlapping of the tracks, which affects 
the previous tracks and layers by remelting. In addition, the mixing zone in the vertical direction 
with a width of 50 µm is smaller than the mixing zone in the horizontal direction which has a 
width of 700 µm. 

  

Figure 9 Element distribution of discrete material transition in the horizontal direction for (a) EDX line scan 2 with 
(b) magnified mixing zone of the part manufactured at 400°C and for (c) EDX line scan 4 with (d) magnified mixing 

zone of the part manufactured at 800°C wherein the theoretical and practical progressions of the element distribution 
is illustrated and the mixing zone is marked by green dotted lines 

5008693_Inlaga.indd   1825008693_Inlaga.indd   182 2022-02-01   10:092022-02-01   10:09



Tobias Hauser  Paper E: Multi-Material LMD 

167 
 

3.3. Single-track analysis 

Further experiments were carried out according to the scheme illustrated in Figure 5 to 
investigate the discrete material transition. The results of the single-track analyses are shown in 
Figure 10. The results are optically interpreted by using the grain size as an evaluation tool. In 
both experiments, the grain size of track A1 and the tracks B1+ in the first layer seem to be 
unaffected in terms of the microstructure, compared to the tracks A2 and B2 in the second layer. 
The grain size of track A2 in Figure 10a and Figure 10c should be the same as the grain size of 
track A1. Although track A2 has not yet been influenced by a following track, the grain size has 
already changed. So, the microstructure of track A2 is affected by the layer below even though 
the mixing effects in the z-direction are low, which was shown in Figure 8. It is interesting to 
note that the grain structure of track A2 is similar in both experiments, although the track in the 
first experiment is produced from Fe30Al5Ti0.7B(at.%) and in the second experiment it is 
Fe28Al(at.%), which shows the rapid change of the grain structure despite low mixing effects 
in the z-direction. The impact of track B2 and the discrete material transition in the xy-direction 
are shown in Figure 10b and Figure 10d. Compared to the first layer, track B2 seems to affect 
the microstructure of the previous track A2 much more through stronger mixing effects. These 
stronger mixing effects are caused by the higher temperature due to the additional heat generated 
during previous layers deposition. The heat dissipation in these samples is very low because the 
heat conduction through the substrate is poor due to the low thermal conductivity of the substrate 
material. Therefore, the interlayer temperature in the second layer is higher, which leads to 
slower solidification and increased time for the melt flow. 

 

Figure 10 (a) Micrograph 1 and (b) micrograph 2 of the discrete material transition for Fe30Al5Ti0.7B(at.%) as 
alloy A and Fe28Al(at.%) as alloy B and (c) micrograph 1 and (d) micrograph 2 of the discrete material transition for 

Fe28Al(at.%) as alloy A and Fe30Al5Ti0.7B(at.%) as alloy B manufactured according to the strategy shown in 
Figure 5 
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3.4. Multi-layer analysis 

In order to analyse the mixing characteristics of multiple layers, the material transitions in the 
xy-direction of the specimens manufactured at 400°C and at 800°C are compared in Figure 11. 
The magnified microsections in Figure 11 are from the specimens which are shown in Figure 7. 
The two microsections show that the outer quaternary path for all layers drops towards the 
sample edge. Especially in the sample manufactured at 400°C a sawtooth pattern is clearly 
visible in the vertical direction. In the micrograph of the sample manufactured at 800°C, there 
is a less visible sawtooth pattern because of the stronger mixing effects. Compared to the sample 
manufactured at 400°C (Figure 11a), the sample manufactured at 800°C (Figure 11b) has 
consequently a more homogenous grain structure. 

 

Figure 11 Magnified microsection of the discrete material transition in the xy-direction for the samples manufactured 
at (a) 400°C and at (b) 800°C wherein the individual layers are marked by white dashed lines 

3.5. Gradual material transition 

Mixing effects are deliberately created in the gradual material transition. The microsection of a 
gradual transition multi-material part, which was manufactured at 800°C is shown in Figure 12. 
Furthermore, the part was investigated by a vertical and a horizontal EDX line scan according 
to the lines and boxes marked in Figure 12. 

 

Figure 12 Micrograph of a gradual multi-material part manufactured at 800°C with the yellow marked paths of the 
vertical EDX line scan 5 and the horizontal EDX line scan 6 and with the two green marked areas of the performed 

SEM and EDX images 
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The vertical EDX line scan (EDX scan 5) and the horizontal EDX line scan (EDX scan 6) of the 
gradual sample are shown in Figure 13. The gradual material transition was implemented in the 
z-direction (Figure 13a) as well as in the xy-direction (Figure 13c). However, the gradual 
material transition in the xy-direction shows a linear progression (Figure 13d) and in the z-
direction (Figure 13b), it shows a stepwise progression. In contrast to the parts with discrete 
material transition (Figure 7), the chemical composition of the outer Fe30Al5Ti0.7B(at.%) shell 
is successfully achieved in the gradual transition sample. The main reason for this is obviously 
the wider mixing zone. 

 

Figure 13 (a) Vertical EDX line scan 5 with (b) magnified mixing zone of the gradual material transition in the z-
direction and c) horizontal EDX line scan 6 with (d) magnified mixing zone of the gradual material transition in the 

xy-direction wherein the theoretical and practical progressions of the alloy contents are illustrated as described in the 
legend. The mixing zone is marked by green dotted lines and is divided by the blue dashed lines into the single layers 

in the z-direction and into the individual tracks in the xy-direction 

Further investigations of the gradual material transition were carried out by SEM and EDX and 
the results are shown in Figure 12. SEM/EDX analysis A was performed in the upper layers 
(Figure 14a and Figure 14b) and SEM/EDX analysis B was performed in the transition zone 
(Figure 14c and Figure 14d). In the upper layers, the grain size is 10 µm to 30 µm (Figure 14a), 
the titanium content is 5 at.% (Figure 13a) and the titanium borides are mainly distributed in the 
grain boundaries (Figure 14b). The iron content is 68 at.% and the aluminum content is 27 at.%. 
The grain structure fits the results for Laser Metal Deposition of pure Fe30Al5TI0.7B(at.%) 
which means that the properties should be the same [1]. In the gradual material transition zone, 
the EDX and SEM were performed in the area where the alloy is composed of 25% 
Fe30Al5Ti0.7B(at.%) and 75% Fe28Al(at.%). In this material transition zone, the titanium 
borides are evenly distributed in the grains, in contrast to the upper layers (Figure 14d). The 
titanium content is 1 at.%, the iron content is 73 at.% and the aluminium content is 26 at.%. The 
reason for this element distribution, could be the higher melting temperature of the alloy, which 
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is composed out of 25% Fe30Al5Ti0.7B(at.%) and 75% Fe28Al(at.%). Consequently this 
results in less time for the diffusion of titanium borides to the grain boundaries. In addition, the 
distance the titanium borides would have to travel to the grain boundaries in the transition zone 
is greater in the larger grains compared to the grains in the quaternary layers. The smaller grains 
in the quaternary layers are a result of the high concentration of titanium borides. Obviously 1 
at.% titanium is not sufficient to create smaller grains. These points explain the even distribution 
of titanium borides in the grains. 

 

Figure 14 (a) SEM (b) and EDX images of the analysis area A in the upper layers and the (c) SEM and (d) EDX 
images of the analysis area B in the transition zone of the gradual multi-material part analysed according to Figure 

12 

3.6. Industrial application of the technique 

The experiments have shown that components with gradual material transition can be produced 
as well as components with discrete material transition. In addition, it was shown that the 
gradual transition in the xy-direction has a linear progression, which would probably also 
contribute to the reduction of residual stresses. For the manufacture of bigger parts by Laser 
Metal Deposition the reduction of residual stresses is of high importance. One possible 
application for LMD of FeAl alloys is the production of steam turbine blades. Therefore, a 
typical turbine blade with gradual material transition was manufactured. The turbine blade 
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consists of an outer protective Fe30Al5Ti0.7B(at.%) shell and an inner Fe28Al(at.%) core. The 
turbine blade with gradual material transition was manufactured at a temperature of 800°C on 
the substrate 1.4301 and is shown in Figure 15b. To achieve a crack free bonding with the 
substrate, the first three layers were made of Fe28Al(at.%). The material transition in the z-
direction was a discrete transition 

In this application, there are different areas of interest concerning the transferability of the 
previous results for material transition within small cubes. These areas are: the connection seam, 
the blade contour itself and the blade tip, which are all shown in Figure 15a. In these three areas, 
five microsections were performed in top view or side view to demonstrate the implementation 
of multi-material processing in complex structures such as turbine blades. The chemical 
distribution and the microsections should be the same in all areas except in the blade tip, in 
which the overlapping of the tracks is more extensive due to a pointed taper of the tracks. The 
gradual material transition in thin structures such as in the blade itself can be implemented in 
the xy-direction and in the z-direction as well, as in the experiments with a simple cube. In 
contrast to the blade itself, the connecting seam is more difficult to process because of process 
instabilities at the beginning and end of a track, which results in vigorous melt flow. 
Nevertheless, a defined material transition in the xy-direction is still possible. In the top view of 
the blade tip there is no defined structure and consequently no defined material transition due 
to extensive mixing effects between the overlapping tracks in the xy-direction. A defined 
material transition in the z-direction is possible because of reduced mixing effects, as analysed 
in the previous section. The spatter on the inside and outside of the turbine blade is due to 
laboratory conditions and can be neglected. 

 

Figure 15 (a) Different microsections of a gradual multi-material turbine blade and (b) the final multi-material 
turbine blade manufactured by Laser Metal Deposition 
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4. Conclusions 

Crack free multi-material processing of intermetallic Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%) 
is possible for a discrete material transition as well as a gradual material transition in both the 
xy-direction and the z-direction. The following conclusions can be drawn. 

▪ The results for discrete material transition for the investigated parameters show that 
the mixing effects and consequently the width of the mixing zone in the xy-direction 
with a width of 700 µm are higher than in the z-direction with a width of 35 µm to 50 
µm. In the sample manufactured at 800°C, small amounts of titanium particles were 
detected up to 1000 µm away from the outer quaternary shell of the part. Based on 
these observations and additional estimations, it can be concluded that mixing effects 
are mainly caused by melt flow. The influence of diffusion on the mixing effects is 
very small.  

▪ The mixing effects after the first layer are stronger because of the higher interlayer 
temperature due to the additional heat generated during previous layers deposition. 
Therefore, the interlayer temperature of the subsequent layers increases and leads to 
slower solidification and increased time for the melt flow. 

▪ The experiments at different preheating temperatures indicate that the preheating has 
no significant influence on the width of the mixing zone, but a higher preheating 
temperature does affect the homogeneity of the grain structure by increasing process 
stability.   

Due to the higher mixing effects in the xy-direction a smooth gradual material transition with a 
linear progression should be implemented in this direction rather than in the z-direction. Due to 
the smaller mixing zone in the z-direction, a discrete material transition (if required) should be 
implemented in this direction rather than in the xy-direction. The transfer of the results to more 
complex parts is possible, except for the material transition in the xy-direction of sharp-edged 
geometries like blade tips, because the mixing effects avoid a defined material transition. In 
most cases it is necessary to have a smooth material transition to avoid internal stresses and 
consequent defects.  

Acknowledgement 

We extend our sincere gratitude to the Institute for Material and Joining Technology from the 
Otto-von-Guericke-University Magdeburg for the execution of EDX-linescans and to the 
German Federal Ministry of Education and Research (Bundesministerium für Bildung und 
Forschung – BMBF) for providing the financial backing for this research project (project 
number 03XP0094).  

  

5008693_Inlaga.indd   1885008693_Inlaga.indd   188 2022-02-01   10:092022-02-01   10:09



Tobias Hauser  Paper E: Multi-Material LMD 

173 
 

References 

[1] G. Rolink, Development of Laser-based Additive Manufacturing for Intermetallic Fe-
Al Alloys, Aachen, 2016. 

[2] A. Michalcová, L. Senčekova, G. Rolink, A. Weisheit, J. Pešička, M. Stobik, M. 
Palm, Laser additive manufacturing of iron aluminides strengthened by ordering, 
borides or coherent Heusler phase, Materials & Design 116 (2017) 481–494. 
https://doi.org/10.1016/j.matdes.2016.12.046. 

[3] M. Zamanzade, A. Barnoush, C. Motz, A Review on the Properties of Iron 
Aluminide Intermetallics, Crystals 6 (2016) 10. https://doi.org/10.3390/cryst6010010. 

[4] L. Pajak, J. Kansy, A. Hanc, G. Dercz, M. Jabloñska, Ordering process of Fe28Al 
and Fe28Al5Cr alloys, Archives of Materials Science and Engineering (2008) 81–84. 

[5] T. Rademacher, Untersuchung atomarer Strukturen an geordnetem und 
nanokristallinem ternären Fe3Al, Göttingen, 2011. 

[6] D. Li, Y. Xu, D. Lin, Oxidation behavior of FeAl alloys with and without titanium, 
Journal of Materials Science 36 (2001) 979–983. 
https://doi.org/10.1023/A:1004884009018. 

[7] L. Belgacem, N. Bacha, S. Boutarfiai, B. zaid, The influence of addition elements 
(Ti, B, Zr) on properties mechanical and corrosion resistance of intermetallic alloy 
FeAl-B2. 

[8] A. Segerstark, Laser Metal Deposition using Alloy 718 Powder: Influence of Process 
Parameters on Material Characteristics, 2017. 

[9] L.D. Bobbio, R.A. Otis, J.P. Borgonia, R.P. Dillon, A.A. Shapiro, Z.-K. Liu, A.M. 
Beese, Additive manufacturing of a functionally graded material from Ti-6Al-4V to 
Invar: Experimental characterization and thermodynamic calculations, Acta 
Materialia 127 (2017) 133–142. https://doi.org/10.1016/j.actamat.2016.12.070. 

[10] L. Yan, Y. Chen, F. Liou, Additive manufacturing of functionally graded metallic 
materials using laser metal deposition, Additive Manufacturing 31 (2020) 100901. 
https://doi.org/10.1016/j.addma.2019.100901. 

[11] J. Zhang, Y. Zhang, F. Liou, N. Joseph W, K.M.B. Taminger, W.J. Seufzer, A 
Microstructure and Hardness Study of Functionally Graded Materials Ti6Al4V/TiC 
by Laser Metal Deposition 664-673. 

[12] M.D. Demirbas, Thermal stress analysis of functionally graded plates with 
temperature-dependent material properties using theory of elasticity, Composites Part 
B: Engineering 131 (2017) 100–124. 
https://doi.org/10.1016/j.compositesb.2017.08.005. 

5008693_Inlaga.indd   1895008693_Inlaga.indd   189 2022-02-01   10:092022-02-01   10:09



Paper E: Multi-Material LMD Tobias Hauser 

174 
 

[13] N. Oxman, S. Keating, E. Tsai, Functionally Graded Rapid Prototyping, in: P. 
Bártolo, A. de Lemos, A. Tojeira, A. Pereira, A. Mateus, A. Mendes, C. dos Santos, 
D. Freitas, H. Bártolo, H. Almeida, I. dos Reis, J. Dias, M. Domingos, N. Alves, R. 
Pereira, T. Patrício, T. Ferreira (Eds.), Innovative Developments in Virtual and 
Physical Prototyping, CRC Press, 2011, pp. 483–489. 

[14] A. Sajjad, W.Z.W. Bakar, S. Basri, S.N.S. Jamaludin, Functionally Graded Materials: 
An Overview of Dental Applications, World Journal of Dentistry 9 (2018) 137–144. 
https://doi.org/10.5005/jp-journals-10015-1523. 

[15] G.H. Loh, E. Pei, D. Harrison, M.D. Monzón, An overview of functionally graded 
additive manufacturing, Additive Manufacturing 23 (2018) 34–44. 
https://doi.org/10.1016/j.addma.2018.06.023. 

[16] C. Shen, Z. Pan, Y. Ma, D. Cuiuri, H. Li, Fabrication of iron-rich Fe–Al 
intermetallics using the wire-arc additive manufacturing process, Additive 
Manufacturing 7 (2015) 20–26. https://doi.org/10.1016/j.addma.2015.06.001. 

[17] C. Shen, Z. Pan, D. Cuiuri, J. Roberts, H. Li, Fabrication of Fe-FeAl Functionally 
Graded Material Using the Wire-Arc Additive Manufacturing Process, Metall and 
Materi Trans B 47 (2016) 763–772. https://doi.org/10.1007/s11663-015-0509-5. 

[18] C. Shen, M. Reid, K.-D. Liss, Z. Pan, Y. Ma, D. Cuiuri, S. van Duin, H. Li, Neutron 
diffraction residual stress determinations in Fe3Al based iron aluminide components 
fabricated using wire-arc additive manufacturing (WAAM), Additive Manufacturing 
29 (2019) 100774. https://doi.org/10.1016/j.addma.2019.06.025. 

[19] M. Kahnert, Scanstrategien zur verbesserten Prozessführung beim 
Elektronenstrahlschmelzen (EBM), München, 2014. 

[20] A.M. Tartakovsky, K.F. Ferris, P. Meakin, Lagrangian particle model for multiphase 
flows, Computer Physics Communications 180 (2009) 1874–1881. 
https://doi.org/10.1016/j.cpc.2009.06.002. 

[21] Deutsche Edelstahlwerke, Acidur 4301: WERKSTOFFDATENBLATT X5CrNi18-
10 1.4301, 2015. 

[22] Terada, Y., Ohkubo, K., Nakagawa, K., Mohri, T., & Suzuki, T., Thermal 
conductivity of B2-type aluminides and titanides, Intermetallics (1995) 347–355. 

[23] B.V. Reddy, S.C. Deevi, Thermophysical properties of FeAl (Fe-40 at.%Al), 
Intermetallics 8 (2000) 1369–1376. https://doi.org/10.1016/S0966-9795(00)00084-4. 

[24] E. Hornbogen, H. Warlimont, Metalle, Springer Berlin Heidelberg, Berlin, 
Heidelberg, 2016. 

5008693_Inlaga.indd   1905008693_Inlaga.indd   190 2022-02-01   10:092022-02-01   10:09



Tobias Hauser  Paper E: Multi-Material LMD 

175 
 

[25] B. Ilschner, R.F. Singer, Werkstoffwissenschaften und Fertigungstechnik, Springer 
Berlin Heidelberg, Berlin, Heidelberg, 2010. 

[26] F. Hengsbach, P. Koppa, M.J. Holzweissig, M.E. Aydinöz, A. Taube, K.-P. Hoyer, 
O. Starykov, B. Tonn, T. Niendorf, T. Tröster, M. Schaper, Inline additively 
manufactured functionally graded multi-materials: microstructural and mechanical 
characterization of 316L parts with H13 layers, Prog Addit Manuf 3 (2018) 221–231. 
https://doi.org/10.1007/s40964-018-0044-4. 

 

5008693_Inlaga.indd   1915008693_Inlaga.indd   191 2022-02-01   10:092022-02-01   10:09



5008693_Inlaga.indd   1925008693_Inlaga.indd   192 2022-02-01   10:092022-02-01   10:09



 

Tobias Hauser, Raven T. Reisch, Stefan Seebauer, Aashirwad Parasar, Tobias Kamps, 
Riccardo Casati, Joerg Volpp and Alexander F.H. Kaplan  
Journal of Manufacturing Processes (2021) 
https://doi.org/10.1016/j.jmapro.2021.08.005  

Paper F: Multi-Material WAAM 
 

 

 

 

 

 

 

 

 

Multi-Material Wire Arc Additive Manufacturing  
of low and high alloyed aluminium alloys  
with in-situ material analysis 

 

 

 

 

 

 

 

 

 

 

 

5008693_Inlaga.indd   1935008693_Inlaga.indd   193 2022-02-01   10:092022-02-01   10:09



5008693_Inlaga.indd   1945008693_Inlaga.indd   194 2022-02-01   10:092022-02-01   10:09



Tobias Hauser  Paper F: Multi-Material WAAM 

179 
 

Multi-Material Wire Arc Additive Manufacturing  
of low and high alloyed aluminium alloys  

with in-situ material analysis 
Tobias Hausera,c,*, Raven T. Reischb,c, Stefan Seebauerc,d,  

Aashirwad Parasarc, Tobias Kampsc, Riccardo Casatie, 
Joerg Volppa, Alexander F.H. Kaplana 

a Department of Engineering Sciences and Mathematics, Luleå University of Technology, S-971 87 Luleå, Sweden 
b Chair of Robotics, Artificial Intelligence and Real-time Systems, Technical University of Munich, D-80333 Munich, 
Germany 
c Technology department, Siemens AG, D-81739 Munich, Germany 
d Institute of Solid State Physics, Technical University of Vienna, A-1040 Vienna, Austria 
e Department of Mechanical Engineering, Politecnico di Milano, Via La Masa 34, 20156 Milano, Italy 
*Corresponding Author 

Abstract 

In recent years, the interest in the improved functionalisation of Additive Manufacturing 
components through multi-material solutions has increased because of the new possibilities in 
product design. In this work, an advanced Wire Arc Additive Manufacturing process for 
fabrication of multi-material structures of different aluminium alloys was investigated. 
Mechanical properties such as tensile strength, yield strength, fracture elongation, and hardness 
were analysed for multi-material parts and compared with the mechanical properties of mono-
material parts. It was found that the strength of multi-material components was limited by the 
properties of the individual aluminium alloys and not by those of the material transition zones. 
Microsections and EDX line scans revealed a smooth transition zone without any significant 
defects. Furthermore, process monitoring approaches for quality assurance of the correct 
material composition in such multi-material structures were investigated. Different sensor data 
were captured during multi-material Wire Arc Additive Manufacturing to identify and observe 
various characteristics of the process. It was shown that the voltage, current, acoustic, and 
spectral emission data can be used for in-situ monitoring to detect the chemical differences 
between the two aluminium alloys 6060 and 5087. Characteristic patterns in the frequency range 
were found, which can be attributed to a frequency shift that occurred due to the different 
material properties. Spectral analysis revealed changes in the ratios of green and blue light 
emission to red light emission, which was also due to the different magnesium contents. 

Keywords: Advanced manufacturing processes, WAAM, Process monitoring, Rapid manufacturing, Direct Energy 
Deposition
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1. Introduction 

1.1 Wire Arc Additive Manufacturing  

Wire Arc Additive Manufacturing (WAAM) is a near-net-shape processing technology that is 
classified as one of the Direct Energy Deposition processes and is primarily intended for cost-
effective production of large components due to its high deposition rates [1]. Currently, most 
WAAM processes are based on Gas Metal Arc Welding (GMAW). One of the most promising 
GMAW processes is the Cold Metal Transfer (CMT) technique which enables a reduced energy 
input compared to other GMAW processes [2–4]. The reduced energy input in the CMT process 
makes the temperature balance easier to control, which is one of the biggest challenges in 
WAAM, to achieve a consistent geometry [5]. In the CMT process, the wire is conveyed into 
the process zone via a pushing and pulling movement [3,6,7]. In one CMT cycle, an electric 
pulse of defined duration melts the wire tip, which is fed forward until it touches the melt pool, 
producing a short-circuit and causing arc extinction [3]. Subsequently, the wire is mechanically 
pulled back and the CMT cycle restarts again [3].  

1.2 Aluminium Alloys used in WAAM  

WAAM has been recognized as one of the most efficient processing methods for cost-effective 
production of large structural parts [8,9]. Aluminium alloys are of especially high interest for 
structural parts, for example in the automotive industry or aerospace applications [10]. For 
manufacturing in aluminium, with its comparatively low melting point, the CMT process is 
ideally suited because of its low heat input, which enables the production of bigger aluminium 
parts [11]. This present work will investigate using two different aluminium alloys (one from 
the 5xxx series and one from the 6xxx series) to create multi-material walls using WAAM.  

The aluminium series 6xxx has been widely investigated because of its low costs compared to 
other aluminium alloys [10]. In addition, it has a medium- to high-strength and good toughness 
characteristics [12]. However, for aluminium alloys, the grain size of the microstructure, and 
therefore the mechanical properties, can differ significantly in different areas of the part [12]. 
For parts manufactured in the 6xxx series post-weld heat treatments are used to overcome this 
problem by homogenisation and precipitation strengthening. Heat treated parts show more 
homogenous properties, higher tensile strength, and higher hardness. The most common method 
is a T6 heat treatment, which is based on solution heat treatment for one hour at 520 °C, followed 
by water quenching, and then artificial aging for six hours at 160 °C [13]. 

The aluminium series 5xxx has also been investigated because of its very good mechanical 
properties [14]. Zhang et al. investigated WAAM of Al-6Mg and showed that parts can achieve 
an ultimate tensile strength of up to 333 MPa, which is even higher than the tensile strength of 
wrought Al-Mg alloys with the same composition, that show a tensile strength of 315 MPa [14]. 
Fang et al. investigated the microstructures of parts manufactured by WAAM of 5183 and found 
that the microstructure changes for different process modes [9]. In the microstructure of the 
samples, manufactured by the CMT and CMT+A (Cold Metal Transfer Advanced) modes, fine 
equiaxed grains were found, but in the samples manufactured by CMT+P (Pulsed Cold Metal 
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Transfer) mode, bigger columnar grains were found [9]. The tensile strength of the test parts 
made by both techniques were similar and showed values between 270 MPa to 298 MPa [9]. 
The aluminium series 5xxx is a non-heat treatable Al-Mg-based alloy, as it is typically 
strengthened by solid solution formation and strain, not by precipitation [15]. During WAAM 
of 5xxx alloys, a black soot is produced during processing, which consists mainly of alumnium, 
magnesium, and oxygen [16]. 

1.3 In-situ Monitoring in WAAM 

Different researchers have worked on in-situ monitoring systems in WAAM to improve the 
quality of the parts during processing or to increase the process reliability by a feedback control 
loop. Ma et al. have proven that laser opto-ultrasonic dual detection can be used for in-situ 
monitoring of simultaneous compositional, structural, and stress analyses in WAAM [17]. 
Hauser et al. used spectral analysis to detect oxidation anomalies during WAAM of aluminium 
alloys [18]. Huang et al. used a spectrometer for monitoring the process dynamic behaviour 
during WAAM of the aluminium alloy AA5083 and found that when the current increased, the 
intensity in the spectral wavelengths also rose, because the temperature, the electron density and 
the proportion of metal vapor also increased [19]. The main chemical difference between the 
two aluminium alloys 6060 and 5087 is the magnesium content. Therefore, the biggest 
differences are expected in the characteristic spectral lines of magnesium. The spectral lines of 
magnesium are in the following wavelength ranges; 270 nm to 290 nm, 370 nm to 390 nm, 440 
nm to 460 nm, 550 nm to 570 nm and 760 nm to 780 nm [19]. Zhao et al. proposed a combined 
monitoring method of spectral analysis, welding camera, and electrical current to ensure a stable 
process [20]. Since all monitoring approaches have their advantages and disadvantages, Reisch 
et al. proposed a context-sensitive, multivariate monitoring system to ensure the required quality 
of parts produced by WAAM using different sensors such as; a current sensor, voltage sensor, 
spectrometer, and pyrometer, enabling a holistic view on several process characteristics [21,22].  

1.4 Multi-Material processing in WAAM 

Economic and environmental benefits are pushing different industries to realize unique designs 
and material combinations to minimize weight and to maximize functional integrity [23]. The 
aim of multi-material processing is the combination of different materials to optimise the 
properties of a product, such as; tensile strength, stiffness, processability, ecological 
considerations, low cost, and many more [24,25]. Therefore, functionally graded materials have 
become an additional design parameter in product design [26]. One main challenge to overcome 
in multi-material processing are cracks in the material transition zone (MTZ) due to brittle 
phases, caused by mixing the different materials, or by the differences in the coefficients of 
thermal expansion [26]. Research in multi-material Additive Manufacturing has been 
conducted, especially in the field of Directed Energy Deposition processes [27,28]. Li et al. 
investigated multi-material processing of Ti-6Al-4V and SS316 in Laser Metal Deposition and 
proved the relevance of the process by specifically avoiding intermetallic phases [28]. Hauser 
et al. showed that crack-free multi-material processing involving brittle intermetallic phases, 
Fe28Al(at.%) and Fe30Al5Ti0.7B(at.%), is possible in Laser Metal Deposition [27]. Multi-
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material processing has also been investigated for Selective Laser Melting. Research in the field 
of multi-material processing has also been carried out in WAAM, for example; Leicher et al. 
and Treutler et al. have proved the feasibility of multi-material Wire Arc Additive 
Manufacturing of the two steel alloys FeNi36 and Mn4Ni1,5CrMo without any cracks [24,29]. 
They showed that through the multi-material design, the material properties can be locally 
adapted to the load, since the two materials can be processed with each other without a clear 
transition zone [24,29]. Kumar et al. investigated WAAM of the steel SS321 and Inconel 625 
within one part and found that the microstructural characteristics varied along the build 
direction, with equiaxed and columnar dendrites in the layers of SS321 while the layers of 
Inconel 625 consisted mainly of fine, columnar, and cell-form dendrites [30]. Ahsan et al. 
combined low carbon steel and 316L stainless steel by WAAM and found an increase in 
hardness in the transition zone [31]. Ahsan et al. investigated also the influence of heat-
treatments on such bimetallic additively manufactured structures and they found that the failure 
location moved from the low-carbon-steel to the stainless-steel side after heat treatment [32]. 
Xia et al. found that the Taguchi method is suitable for optimising welding parameters in multi-
material WAAM to combine iron-based welding material and nickel-based superalloy [33]. 

However, additional research is still required in multi-material WAAM, as the combination of 
different materials has not been thoroughly investigated and the fabrication of multi-material 
structures is an important step towards an advanced WAAM system. In particular, the 
thermodynamic influence of the process on the material transition zones has not been studied in 
detail. This subject is of high importance since during Additive Manufacturing, complex, 
multiple thermal cycles are experienced by the material in the material transition zones. In order 
to enable the industrial use of multi-material parts manufactured by Additive Manufacturing, 
several research questions must be answered. Therefore, in this work, multi-material Wire Arc 
Additive Manufacturing of the two aluminium alloys 6060 and 5087 is investigated in order to 
better understand the general process characteristics. In addition, the 6060 aluminium alloy, 
which is of high interest because of its low costs and its small proportion of strategically critical 
alloy components such as silicon, has not been used in WAAM so far but is of high interest for 
low cost high-strength parts. The potential of multi-material applications in the WAAM in this 
case is characterised by the reduction of rare alloying elements such as silicon or magnesium by 
using high-magnesium alloys only in those areas that it is needed. In such an application 
example, of course the mechanical and chemical properties in the transition zones of the multi-
material parts are of particular interest. The influence of the different process modes on the 
material transition zones in multi-material parts is investigated to achieve a better understanding 
of the relationship between the process mode and the mechanical properties. Furthermore, 
process monitoring approaches for quality assurance of the material composition in such multi-
material structures are of high importance to guarantee the right mechanical properties at the 
right location in the part. Different sensor data (voltage, current, structural acoustic, and spectral 
analysis) were captured during multi-material Wire Arc Additive Manufacturing to identify and 
observe various characteristics of the process to investigate the applicability of these sensors for 
in-situ material analysis.  

5008693_Inlaga.indd   1985008693_Inlaga.indd   198 2022-02-01   10:102022-02-01   10:10



Tobias Hauser  Paper F: Multi-Material WAAM 

183 
 

2. Material and Methods 

2.1 Experimental Set-up and Monitoring Framework 

In the robot-based WAAM set-up shown in Figure 1, a 6-axis Comau robot, a Siemens 
SINUMERIK Run MyRobot motion control and a Fronius welding source with CMT 
functionality were used. For in-process monitoring, a Cavitar welding camera C300, a HKS 
P1000-S3 system with voltage and current sensor (attached to the welding source), an 
Oceanoptics spectrometer USB2000+, a Dittel system AE6000 with a structural acoustic sensor, 
and an Almemo data logger with two NiCr-Ni thermocouples were used. Furthermore, the 
realised wire feed rate and the motor current of the wire feeder were captured with a frequency 
of 30 Hz through a Profinet connection between the welding source and the motion control. 

 

Figure 1 Set-up of the robot-based WAAM with sensor framework 

To monitor and analyse the melt pool during WAAM the process camera C300 (Cavitar) was 
used. The process was monitored from the front at an angle of 30° to the horizontal with a frame 
rate of 30 frames per second. For bright processes such as WAAM, a filter of the process 
emissions is needed. The C300 welding camera contains an integrated laser unit with a 
wavelength of 640 nm, which is used as an illumination laser. This illumination laser combined 
with a band-pass filter in front of the camera with a central wavelength of 640 nm, filters all 
other process-related radiation and facilitates an unsaturated view on the melt pool. 

The welding sensor system HKS P1000-S3 was used to capture the process-related current and 
voltage data at a frequency of 4000 Hz. The voltage and current data are basically the input 
parameters into the arc-based process, controlled by the Fronius welding system. A Dittel 
system AE6000 mounted on the bottom of the T-slot plate as shown in Figure 1, was used to 
capture the structural acoustic emissions induced by the process at a frequency of 1000 Hz. The 
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structural acoustic sensor is based on the principle of a pieco-sensor. Since the process is based 
on a repetitive cycle, the frequency domain of the sensor data is of high interest. The voltage, 
current, and acoustic data were analysed in more detail by a Fast Fourier Transformation, and 
the intensities of the respective frequencies were normalised from low (0) to high (1.0), related 
to the highest intensities observed in the data. An Oceanoptics spectrometer USB2000+ from 
Ocean Insight, which can detect the intensity of wavelengths from 200 nm to 1000 nm, was 
used to monitor process-related light emissions. For the experiments, specific wavelength 
ranges of 20 nm were used to average the values over a defined range to avoid a noisy sensor 
signal. The main chemical difference between the two aluminium alloys 6060 and 5087 is the 
magnesium content, as shown in Table 2, and thus the decisive spectral lines of magnesium (270 
nm to 290 nm, 370 nm to 390 nm, 440 nm to 460 nm, 550 nm to 570 nm, and 760 nm to 780 
nm) were captured with a frequency of 50 Hz. The synchronisation of all these in-situ 
monitoring sensors was based on the process start, as this caused a spike in all data due to the 
first arc ignition, which is due to the higher voltage and current for the first few seconds to 
enable a stable process. 

For collecting temperature data during WAAM, two NiCr-Ni thermocouples were fixed on the 
substrate by clamps at 60 mm from the wall. The thermocouples were used to monitor the 
interpass temperature of the part during processing and this data was used to extend the waiting 
times between layers if necessary. Thus, the interpass temperature was kept within a constant 
temperature range of 80 °C to 160 °C for all layers, which also prevented geometrical 
fluctuations in the parts. The temperature data of the multi-material experiment from the first 
layer (L1) to the tenth layer (L10) are shown in Figure 2. 

  

Figure 2 Temperature data acquired with thermocouples positioned on the substrate at 60 mm from the wall during 
multi-material WAAM from the first layer (L1) to the tenth layer 10 (L10) 

2.2 Design of Experiments 

All experiments were conducted with a vertical position of the Fronius welding torch, through 
which the wire was fed perpendicular to the substrate. The build-up was based on an oscillating 
strategy of the torch as shown in the green lines of Figure 3. It was found in preliminary 
experiments that this strategy enables a more stable process for different geometries compared 
to a linear movement. Thus, this strategy was used for all samples manufactured in both the 
mono-material and the multi-material experiments. The focus of this paper is on the multi-
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material experiments. The multi-material samples were manufactured according to the scheme 
shown in Figure 3, which was found to be an applicable strategy for various industrial cases. In 
the multi-material experiments, a wall consisting of ten layers was produced with the material 
being changed after every two layers. The parameters used for the experiments are listed in 
Table 1 and were kept stable for all layers, except for the wire feed speed, which must be 
increased for the CMT process to achieve a reliable bond. In the multi-material experiment, 
5087 was used as alloy A and 6060 as alloy B. In addition to the changing materials, the 
processing mode was also changed between the CMT+P mode and the CMT mode to investigate 
the behaviour of multi-material processing in different processing modes. In the first four layers 
(L1+L2, L3+L4) the CMT+P mode was used and in the subsequent four layers (L5+L6, L7+L8) 
the CMT mode was used. In the last two layers (L9+L10) the CMT+P mode was used again. 

 

Figure 3 Schematic build-up strategy used for multi-material WAAM with the oscillating strategy (marked green) 

Table 1 Process Parameters used for WAAM of Aluminium Alloys 

Parameter Value 

Substrate material 6060 

Wire feed speed 4.2 m/min 

Current – CMT+P mode 92 A 

Voltage – CMT+P mode 15.9 V 

Current - CMT mode 76 A 

Voltage - CMT mode 12.3 V 

Robot travel speed 0.35 m/min  

Shielding gas Argon 4.5 
(99.995% purity) 

Gas flow rate 8 l/min  

Nozzle-to-work distance 14 mm 

Torch angle Neutral (0°) 
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The experiments were carried out with wires of AX-6060 and AX-5087 (both provided from 
ALUNOX) and with substrate plates of 6060. The wires had a diameter of 1.2 mm and the 
substrate plates had the dimensions 150 mm x 150 mm x 6 mm. The chemical compositions of 
the alloys are shown in Table 2. The physical properties of the two aluminium alloys are shown 
in Table 3. The main difference in the physical properties of the two aluminium alloys are the 
electrical and thermal conductivities. The thermal expansion coefficients, on the other hand, are 
similar, which suggests a low thermal tension during joining and they are therefore well suited 
for crack-free processing. 

Table 2 Main Elements in the Chemical Composition of the Aluminium Alloys 6060 and 5087, in wt.% [34,35] 

Alloy Al Mg Si Mn Cr Ti Zr 

6060 Bal. 0.6 0.5 - - - - 

5087 Bal. 4.5-5.2 - 0.7 0.15 0.1 0.2 

Table 3 Physical Properties of the Aluminium Alloys 6060 and 5087 [34–37] 

Aluminium alloy 6060 5087 

Melting range [°C] 585-650 575-638 

Electrical conductivity [S*m/mm²] 28-34 16-19 

Thermal conductivity [W/(m*K)] 200-220 110-120 

Thermal expansion coefficient [1/K] 23,4*10-6 23,7*10-6 

Yield strength Rp0,2 [MPa] 60 (AB) 
150 (T6) 

130 (AB) 

Peak stress Rm [MPa] 120 (AB) 
190 (T6) 

280 (AB) 

Fracture elongation A [%] 16 (AB) 
8 (T6) 

18 (AB) 

2.3 Material Analysis 

Tensile strength tests, hardness tests, microsections, and EDX line scans were performed to 
analyse the mechanical properties of the parts manufactured in 6060 and 5087. The Vickers 
hardness tests were performed with an acquisition rate of 10 Hz, a maximum load of 1000 mN, 
a loading/unloading rate of 2000 mN/min, a pause of 10 seconds in between the measurements, 
and a approach/retract speed of 5000 nm/min.  

In the EDX line scans, the elements aluminium (Al), magnesium (Mg), silicon (Si), manganese 
(Mn), and oxygen (O) were analysed. In the material transition zone, Mg and Si were the most 
relevant elements to analyse by the EDX line scans because of the difference in Mg and Si 
content of the high Mg alloy 5087 (4.0 - 4.9 wt.% Mg) and the low Mg alloy 6060 (0.59 wt.% 
Mg). Tensile specimens were manufactured according to the international standard E8/E8M − 
16a [38]. Plate-type subsize specimens with the dimensions shown in Figure 4c were used. The 
tensile specimens of the mono-material walls were taken in both the horizontal (H) and vertical 
(V) directions (Figure 4a). The tensile specimens in the horizontal direction (xy plane) were 
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milled out in the layer and the tensile specimens in vertical direction (z-direction) were milled 
out in build-up direction. For selected tensile specimens of 6060, T6 heat treatments were 
performed and thus the mechanical properties, as-built (AB) and T6 heat-treated (T6), were 
analysed. For the specimens of 5087 no post-weld heat treatments were applied because this 
aluminium alloy is a non-heat treatable as it is typically strengthened by solid solution formation 
and strain, and not by precipitation [16]. The tensile specimens of the multi-material walls, made 
of 6060 and 5087 in the CMT mode, were taken in the vertical (V) direction as shown in Figure 
4b. Two multi-material tensile tests were performed in the as-built condition and two multi-
material tensile tests were performed after T6 heat treatment. All the tensile tests were carried 
out with a traction speed of 1 mm/min. For each condition, two to three samples were prepared 
to obtain a reliable result. 

 

Figure 4 Tensile specimens taken from a) the mono-material walls and from b) the multi-material walls with c) the 
dimensions according the international standard E8/E8M − 16a [38] 

3. Results  

3.1 Analysis of Mechanical Properties and EDX Scans 

3.1.1 Tensile Strength Measurements 

Yield strengths, peak stresses, and fracture elongations of the parts were measured, as shown in 
Figure 5. The mechanical properties for the as-built mono-material specimens of 6060 and 5087 
were found to be uniform in the horizontal and vertical directions. In Figure 5 it is shown that 
the T6 heat treatment increases the yield strength and peak stress of the as-built 6060 parts whilst 
reducing the fracture elongation. The yield strength of the heat-treated 6060 is only slightly 
lower than its peak stress, resulting in a brittle fracture after T6 heat treatment instead a more 
ductile deformation as it was the case before T6 heat treatment (Figure 6). However, the peak 
stress of 5087 is still slightly higher than that of the heat-treated 6060. The yield strength of 

5008693_Inlaga.indd   2035008693_Inlaga.indd   203 2022-02-01   10:102022-02-01   10:10



Paper F: Multi-Material WAAM Tobias Hauser 

188 
 

5087 is only half as high as its peak stress, resulting in a ductile deformation fracture, as shown 
in Figure 6. The as-built multi-material tensile specimens showed a slightly higher peak stress 
and yield strength than the as-built specimens of 6060, and a lower fracture elongation. After 
T6 heat treatment, the multi-material tensile specimens showed a similar peak stress to the heat-
treated specimens of 6060 and a similar yield strength to the specimens of 5087. The fracture 
elongation of the multi-material specimens slightly decreased after T6 heat treatment. Since the 
yield strength of the multi-material specimens is only about 50 MPa below the peak stress the 
fracture occurs rather brittle without significant deformation (Figure 6). The fracture locations 
of the samples were mainly in the centre of the samples, but for the tensile samples in the 
horizontal direction, there was a trend of the fracture location towards the side (Figure 6).  

 

Figure 5 Yield strength, peak stress, and fracture elongation of the mono-material specimens of 6060, 5087, and the 
multi-material specimens of 6060 and 5087, in the as-built (AB) and T6 heat-treated (T6) conditions, in horizontal (H) 

and vertical (V) direction 

 

Figure 6 Fracture locations and fracture surfaces of the mono-material specimens of 6060, 5087, and the multi-
material specimens of 6060 and 5087, in the as-built (AB) and T6 heat-treated (T6) conditions, in horizontal (H) and 

vertical (V) direction 
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3.1.2 Hardness Measurements 

In multi-material parts the material transition zones are the areas which tend to contain defects 
such as cracks. Therefore, a multi-material wall (Figure 7c), manufactured by different process 
modes and a different deposition order of the alloys, was hardness tested (Figure 7a) with a 
focus on the four material transition zones within the part (Figure 7b). The produced multi-
material wall (Figure 7c) had the dimensions 50 x 90 x 16 mm. In general, the hardness of 5087 
is higher than the hardness of 6060. The hardness of the 6060 sections (5, 9) manufactured by 
WAAM was similar to the hardness of the substrate which was made of the wrought alloy of 
6060 (1). The layers of 6060 or 5087, produced with CMT or CMT+P, showed fairly consistent 
hardness within each layer. The material transition zones show bigger fluctuations. However, 
in general the transition zones from 6060 to 5087 (2,6,10) show a higher hardness than the 
transtion zones from 5087 to 6060 (4, 8). 

 

 

Figure 7 a) Vickers hardness measurements in the different sections of b) the cross-section A-A including the data 
points of the hardness tests (marked yellow) of c) the multi-material wall 

3.1.3 Microstructures and EDX Scans 

Microsections of the material transition zones show that the layers of 6060 contained small pores 
and cracks (Figure 8), which were not observed in the layers of 5087. The small pores and cracks 
were also observed in the mono-material regions of 6060 (Figure 9). The hot cracking in the 
regions of 6060 increased for the CMT process compared to the CMTP process (Figure 9). No 
significant differences were found in the general microstructure of 5087 whether it was 
processed by CMTP or CMT or whether it was close to the transition zone (Figure 8) or not 
(Figure 9). Furthermore, the microsections of the aluminium alloy 6060 before and after heat 
treatment were investigated and it was found that the hot cracks reduced after T6 heat treatment 

       
       

           
    

 

  
  

  

  

   

   

             

  
  
  
  
  

  
  

  
   

  

        

                                       

I II III IV

             

   

        

        

       
       

           
    

 

  
  

  

  

   

   

             

  
  
  
  
  

  
  

  
   

  

        

                                       

I II III IV

             

   

        

        

       
       

           
    

 

  
  

  

  

   

   

             

  
  
  
  
  

  
  

  
   

  

        

                                       

I II III IV

             

   

        

        

5008693_Inlaga.indd   2055008693_Inlaga.indd   205 2022-02-01   10:102022-02-01   10:10



Paper F: Multi-Material WAAM Tobias Hauser 

190 
 

(Figure 10). In order to investigate the different material transition zones in more detail, EDX 
line scans I, II, III, and IV (Figure 11) were performed at the locations 4, 6, 8, and 10 indicated 
in Figure 8.  

 

Figure 8 Microsections of the material transition zones at the locations shown in Figure 7b  

 

Figure 9 Microsections of the mono-material regions of the multi-material part at the locations shown in Figure 7b 

 

Figure 10 Microsections of walls built by 6060 before and after T6 heat treatment 
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The material transitions induced by the CMT+P mode (Figure 11a, Figure 11d) showed a wide 
and smooth transition zone. However, the material transitions induced by the CMT mode 
(Figure 11b, Figure 11c) were short and steep. When the layer deposited for the material 
transition is realised by the aluminium alloy 5087 (Figure 11b, Figure 11d), magnesium peak 
contents of up to 8 wt.% were observed. Furthermore, the average magnesium content (blue 
dotted lines) in the 5087 sections is higher after material transition (Figure 11b, Figure 11d) than 
before material transition (Figure 11a, Figure 11c). The silicion content in the 6060 sections is 
slightly higher than in the 5087 sections but no big differences are visible. The silicon content 
shows also quiet constant values in all material transition zones. 

 

Figure 11 a) EDX line scan I from 5087 (CMT+P) to 6060 (CMT+P), b) EDX line scan II from 6060 (CMT+P) to 
5087 (CMT), c) EDX line scan III from 5087 (CMT) to 6060 (CMT), and d) EDX line scan IV from 6060 (CMT) to 

5087 (CMT+P) with the material transition zone (marked green) 

3.2 Sensor Data Analysis 

3.2.1 Voltage, Current, and Structural Acoustic Data 

During the multi-material processing, data from different sensors were captured. The data of the 
layers deposited by the CMT+P mode and the data of the layers deposited by CMT were 
investigated separately. The Fast Fourier Transformations of the voltage, current, and structural 
acoustic data when using the CMT+P mode are shown in Figure 12. The CMT+P spectrum 
consists of two main frequencies, the fundamental process frequency, and the pulse frequency 
within this process cycle. It was assumed that the process frequencies for both alloys would be 
in the same range, as the set process parameters such as wire feed speed and robot travel speed 
were the same. The pulse frequency was in the range between 200 Hz to 220 Hz for both 
aluminium alloys. However, a slight change in the process frequency of the CMT+P mode was 
observed. The process frequency of the CMT+P mode was 22 Hz when 6060 was processed and 
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25 Hz when 5087 was processed. This frequency shift, from 22 Hz for 6060 to 25 Hz for 5087, 
was observed in all frequency domains of the voltage, current, and structural acoustic data. 
Furthermore, the structural acoustic data showed similar peak patterns to the voltage data, as 
shown in Figure 12a,c.  

 

Figure 12 Frequency domain of a) the voltage, b) the current, and c) the corresponding acoustic spectrum in multi-
material WAAM by CMT+P with the fundamental process frequencies and their modes (highlighted red), and pulse 

frequencies and their modes (highlighted orange) 

The Fast Fourier Transformations of the voltage, current, and acoustic data in the CMT mode 
are shown in Figure 13. The CMT frequency was 42 Hz when 6060 was processed and 77 Hz 
when 5087 was processed. As before, in all frequency domains of voltage, current, and acoustic 
data, this frequency shift was observed. In addition to this frequency shift, a higher scatter 
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around the main frequencies was again observed when 6060 was processed. This can be seen in 
the voltage, current and acoustic data, but is especially evident in the current data (Figure 13b). 
The acoustic data in the CMT mode also showed similar peak patterns to the voltage data (Figure 
13a,c).  

 

Figure 13 Frequency domain of a) the voltage, b) the current, and c) the corresponding acoustic spectrum in multi-
material WAAM by CMT with its significant CMT frequencies and their modes (highlighted red) 

The reasons of these frequency shifts were found in the detailed analysis of the process cycles, 
which are shown in Figure 14. The general structure of the CMT+P and CMT cycles was similar 
for both aluminium alloys but the duration of the individual process cycles differed. The 
CMT+P cycles consist of one fundamental cycle and four pulses for both aluminium alloys. The 
duration of one CMT+P cycle is 40 µs (frequency = 25 Hz) when 5087 was processed and 44 
µs (frequency = 22 Hz) when 6060 was processed. The duration of the individual pulses in the 
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CMT+P cycles is 1 - 2 µs for both aluminium alloys. In the CMT mode the differences are even 
bigger. The duration of one CMT cycle is 13 µs (frequency = 77 Hz) when 5087 was processed 
and 24 µs (frequency = 42 Hz) when 6060 was processed. 

 

Figure 14 Current and voltage data of the process cycles during a) CMT+P of 5087, b) CMT+P of 6060, c) CMT of 
5087, and d) CMT of 6060 

3.2.2 Process camera imaging 

The process camera images, shown in Figure 15, revealed more insights into the manufacturing 
of multi-material parts. The process camera images show that the resulting track width when 
processing 5087 is wider than the track width when processing 6060. In the CMT+P mode the 
differences in the track width are not as big as in the CMT mode, which correlates also with the 
observed frequency shift in the voltage, current, and structural acoustic data. Apart from the 
different track width, white lines were detected during processing of 5087 in the CMT mode. 

 

Figure 15 Process camera images during processing of a) 5087 by CMT+P, b) 6060 by CMT+P, c) 5087 by CMT, 
and 6060 by CMT 

5008693_Inlaga.indd   2105008693_Inlaga.indd   210 2022-02-01   10:102022-02-01   10:10



Tobias Hauser  Paper F: Multi-Material WAAM 

195 
 

3.2.3 Realised wire feed rate and motor current of the wire feeder 

The data of the realised wire feed rate and the motor current of the wire feeder revealed more 
insights into the process. The realised wire feed rate showed big differences in processing of 
5087 and 6060 (Figure 16). The wire feed rate, set at 4.2 m/min, was realised for 5087, but not 
for 6060. The realised wire feed rate was 25 % lower than the set wire feed when processing 
6060. In the CMT mode the motor current of the wire feeder showed peaks which correlated 
with a greater fluctuation around the mean of the wire feed rate. The higher current in the wire 
feeder indicates a higher resistance during the CMT of 6060. Furthermore, the lower wire feed 
rate, which was realised by processing 6060, indicates that the wire was much more difficult to 
melt up and deposit it. That also shows the correlation of the lower wire feed rate with the 
relative intensity of the structural acoustic sensor which shows a greater fluctuation around the 
mean for processing of 6060 than processing of 5087. The greater fluctuation around the mean 
is the highest for processing 6060 by CMT which correlates with the peaks in the wire feed 
motor current. 

 

Figure 16 Wire feed behaviour and its correlation with the structural acoustic data during multi-material WAAM 

3.2.4 Spectral Analysis 

The time series data, shown in Figure 17, revealed 25% higher intensities in the ultraviolet 
wavelength range from 270 nm to 290 nm, when 5087 was processed compared to 6060, 
regardless of the process mode (CMT+P or CMT). The lower intensity in the ultraviolet 
wavelength range correlates with the 25% lower wire feed rate when 6060 was processed. In 
the wavelength range from 370 nm to 390 nm, the intensities were also 25% higher when 5087 
was processed but the relative intensities in this wavelength range were dependent on the 
process mode. For both aluminium alloys the intensities were 20% higher in CMT+P mode than 
in the CMT mode. Furthermore, different ratios in the intensities of blue (440 µm to 460 µm), 
green (550 µm to 570 µm), and red (760 µm to 780 µm) light were observed when the two 
aluminium alloys were processed. When 6060 was processed, the intensities in these three 
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wavelength ranges were similar, but when 5087 was processed, the intensities of red light were 
two to three times lower than the intensities of blue and green light. 

 

Figure 17 Relative light emission intensity for different wavelength ranges during multi-material WAAM of a ten-
layer wall 

4. Discussion 

4.1.1 Tensile Strength of Multi-Material Parts consisting of 6060 and 5087 

The mechanical properties of the parts manufactured by WAAM can differ from the usual values 
for welding or casting due to impurities, different grain structures and different build-up 
strategies. This is even more noticeable for multi-material components, as the material transition 
zone has an unknown material composition. One main challenge to overcome in multi-material 
processing, is the formation of cracks in the material transition zone due to brittle phases caused 
by mixing of the different materials, or by the differences in the coefficients of thermal 
expansion. Therefore, the tensile strength of multi-material parts can differ greatly depending 
on the materials used.  

The tensile strengths of the multi-material parts compared with mono-material parts (5087, 
6060), manufactured by WAAM, are listed in Table 4. The tensile strengths of the as-built multi-
material specimens were slightly higher than the tensile strength of the as-built mono-material 
specimens of 6060 but significantly lower than the tensile strength of the as-built mono-material 
specimens of 5087. The fracture elongation of the as-built multi-material specimens was 
between the fracture elongation of the as-built mono-material specimens of 6060 and 5087. 
After T6 heat treatment, the multi-material parts had a similar peak stress to the specimens of 
the heat-treated 6060 and a similar yield strength to the specimens of 5087 (AB). Since the 
strength of the multi-material parts is limited by the mechanical properties of the individual 
aluminium alloys used, and the fracture elongation is between the fracture elongations of those 
alloys, it can be concluded that no intermetallic brittle phases or cracks have occurred to weaken 
the material transition zone. Therefore, the multi-material components of 5087 and 6060, 

5008693_Inlaga.indd   2125008693_Inlaga.indd   212 2022-02-01   10:102022-02-01   10:10



Tobias Hauser  Paper F: Multi-Material WAAM 

197 
 

manufactured by WAAM, are limited by the properties of the individual processed materials 
and not by the material transition zone. 

Table 4 Comparison of Tensile Strength between Mono-Material Parts of 6060/5087 and Multi-Material Parts of 
6060/5087 

Aluminium alloy 6060 6060 5087 Multi-Material Multi-Material 

Heat treatment AB T6 AB AB T6 

Yield strength Rp0,2 [MPa] 50 225 135 66 135 

Peak stress Rm [MPa] 110 235 290 137 230 

Fracture elongation A [%] 8-25 2 20 6 5 

 

4.1.2 Impact of Multi-Material WAAM on the Hardness within the Parts 

In the hardness measurements, it was observed that hardnesses in the material transition zones 
were dependent on the different process modes and the deposition order of the alloys, although 
the material combinations were the same. Therefore, it is interesting to analyse why these 
differences occurred. In general, the microstructure of aluminium alloys can differ significantly 
in different areas of the part and this also influences the local mechanical properties.  

Table 5 Hardness of Multi-Material Parts within the Layer and the Material Transition Zone (MTZ) in Correlation 
with the Averaged Magnesium Content, the Process Mode, and the Transition Zone Width 

Averaged 
hardness 

[HV] 
Material Averaged Mg 

content [wt.%] 
Process 

mode 
Transition zone 

width [µm] 

96 5087 4.8 CMT+P  

55 MTZ I 2.85  30 µm 

50 6060 4.8 CMT+P  

69 MTZ II 3.8  35 µm 

84 5087 4.8 CMT  

52 MTZ III 2.78  15 µm 

60 6060 4.8 CMT  

72 MTZ IV 3.4  65 µm 

94 5087 4.8 CMT+P  

 
The results showed that the transition zone width (Figure 11) is twice as extensive when the 
layer deposited for the material transition is realised by CMT+P instead of CMT (Table 5). This 
is due to the higher energy input in the CMT+P mode, which increases the penetration depth. 
The results also showed that although the process mode has an influence on the transition zone 
width, it does not influence the hardness of the transition zones (Table 5). The higher hardness 
in the material transition zones (MTZ) from the low Mg alloy 6060 to the high Mg alloy 5087 
can be explained by the higher average magnesium content which was found in these transition 
zones (Table 5). The lower Mg content in the material transition zones from 5087 to 6060 can 
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be explained by the loss of Mg in the black soot, which is created during processing and consists 
mainly of oxides of aluminium and magnesium [16]. Therefore, the Mg content of 5087 most 
likely decreases from the inner core (Figure 11b, Figure 11d) to the outer edge (Figure 11a, 
Figure 11c) of the deposited track, as shown in Figure 18. In the outer edge of the deposited 
track the Mg content is lower due to the loss of the Mg in the black soot. Therefore, the average 
Mg content in the MTZ is lower, as illustrated in Figure 18. This observation matches to the 
EDX line scans and the hardness tests, which revealed a lower average Mg content and a lower 
average hardness in the MTZ from 5087 to 6060. Furthermore, the theory is consistent with the 
observations of the sensors. For example, white lines were observed in the welding camera, 
most likely caused by the Mg soot. 

 

Figure 18 Magnesium content over the multi-material part of the high Mg alloy 5087 and the low Mg alloy 6060 
manufactured by WAAM 

4.2 Material characteristics in Voltage, Current, Acoustic, and Light Emission Spectra during 
Multi-Material Wire Arc Additive Manufacturing  

The main parameters for melting the wire are the current and voltage, as these define the energy 
input into the process. These parameters should change for different materials and the process 
signal outputs would also change, even if the same machine input settings are used. For 
completely different materials like steel and aluminium this point is obvious, but it is interesting 
to investigate whether materials with only slight differences in their chemical composition can 
be distinguished from their process output signal. If this is the case, it would have a great impact 
on the detection of operator errors or possible differences in the quality of the material. The 
quality of the supplied material, in this case the wire, can change depending on the batch and 
can vary significantly depending on the supplier. Depending on the batch, the element 
distribution and thus the mechanical properties of a part may change. Differences in process 
output signal would facilitate fault detection and monitoring during WAAM of complex multi-
material structures. Therefore, the signal differences in processing the two aluminium alloys 
5087 and 6060 were investigated.  

In all frequency domains of voltage, current, and acoustic output, frequency shifts from lower 
frequencies for 6060 to higher frequencies for 5087 were observed. The reason for these 
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frequency shifts was a different process behaviour, which was in the end due to a lower wire 
feed speed. Such a big change in the process for aluminium alloys with a slight difference in the 
composition were not expected. However, the experiments showed that the differences are 
material-related, as the welding source controls its parameters via current and voltage, which 
caused the reduction of the wire feed rate for 6060, as at a higher wire feed rate the energy input 
would not have been sufficient to achieve the chosen wire feed rate. 

One main difference in the material characteristics is the thermal conductivity of the two 
aluminium alloys which is twice as high for 6060 (200 - 220 W/(mK)) as for 5087 (110 - 120 
W/(mK)). The higher thermal conductivity leads to a faster heat dissipation and in the end to a 
lower process temperature. Due to the lower process temperature, less material can be melted 
and therefore the welding source reduces the wire feed rate in its internal control. The correlation 
of the process frequency with the thermal conductivity of the aluminium alloys is shown in 
Figure 19. In the CMT+P mode the higher heat dissipation does not make that big difference as 
in the CMT mode because the energy introduction is in general higher and divided over several 
individual pulses. In the CMT+P mode, the higher heat dissipation is not as significant as in the 
CMT mode, as the energy input is generally higher and distributed over several individual 
pulses. 

Based on this observation, different aluminium alloys processed in WAAM with the same 
process parameters (current and voltage) can be distinguished by a different wire feed speed or 
process frequency which correlates mainly with the thermal conductivity of the aluminium 
alloys (Figure 19). These process changes can be monitored by the voltage, current, and 
structural acoustic data. 

 

Figure 19 Process frequency related to the thermal conductivity of the deposited aluminium alloy 

So far, light emission spectroscopy in WAAM has only been used to ensure a stable process and 
to monitor the dynamic behaviour of the process. Besides this, the materials deposited in 
WAAM should also show a unique emission behaviour due to their different chemical 
compositions. In this work the focus in spectral analysis was on the characteristic wavelengths 
for Mg, because the content of this element was the main difference between the two aluminium 
alloys processed. In addition, Mg shows a volatility in aluminium alloys and evaporates much 
more readily than aluminium when it is processed by GMAW processes, and this can be detected 
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in the spectrum [19]. The differences in elemental distribution in 6060 and 5087 were clearly 
observed in the spectral analysis as intensity differences in blue, green, and red-light emissions 
were observed. With a higher Mg content in an aluminium alloy, the amount of evaporating Mg 
increases, which is detected in the ratio of blue and green light emission to red light emission 
during processing as shown in Figure 20. The evaporating Mg was also observed as white lines 
in the process camera images during processing of 5087 especially for the CMT mode. Based 
on these observations, an in-situ monitoring system for material and process recognition can be 
established, in which the elemental composition can be observed by spectral analysis.  

 

Figure 20 Magnesium content correlation with wavelength range ratios of the blue and green light emission to the 
red-light emission during multi-material WAAM of the high Mg content alloy 5087 and the low Mg content alloy 6060 

In this work, the foundation has been set for the in-process chemical analysis of the materials 
being deposited by WAAM using simple sensor data. This enables the in-situ verification of the 
quality of the supplied material. The in-situ verification can also be used for process monitoring 
of the local chemical composition of the part and thus reveal information about the mechanical 
properties at certain locations in the manufactured part, enabling an advanced manufacturing 
system with process monitoring of the material composition. 

Conclusions 

In the present work the following conclusions can be drawn: 

▪ For the materials investigated, the tensile strength of the as-built multi-material parts 
were limited by the tensile strength of the aluminium alloy 6060 (AB).  

▪ After T6 heat treatment, the maximum peak stress and yield strength of the multi-
material parts increased but the peak stress was still limited by the peak stress the heat-
treated aluminium alloy 6060 (T6). However, the yield strength was limited by the 
aluminium alloy 5087 (AB) because after heat treatment of 6060 the yield strength of 
5087 is lower.  
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▪ Therefore, multi-material components of these aluminium alloys manufactured by 
WAAM were limited by the properties of the individual processed materials and not 
by those of the material transition zone.  

▪ Aluminium alloy 5087 (AB) processed by WAAM shows a higher hardness than 6060 
(AB) processed by WAAM because of the higher Mg content causing solid solution 
formation which leads to a higher hardness. 

▪ The material transition zones when the high Mg alloy 5087 was deposited on the low 
Mg alloy 6060 showed a higher hardness than vice-versa, because of the higher average 
magnesium content in these material transition zones, increasing the hardness. The 
lower Mg content in the material transition zones from 5087 to 6060 can be explained 
by the loss of volatile Mg in the black soot towards the outer edge of the deposited 
track which was also observed in the EDX line scans and in the process camera images 
as white lines. 

▪ The material transitions induced by the CMT+P mode, showed a deeper and smoother 
transition zone, than the material transitions induced by the CMT mode. This was due 
to the higher energy input in the CMT+P mode, which increased the welding 
penetration depth into the previous track. 

▪ In all frequency domains of the voltage, current, and acoustic monitoring data, 
frequency shifts from lower frequencies for 6060 to higher frequencies for 5087 were 
observed. Thus, the deposited aluminium alloy can be recognized by all three sensors 
and deviations in the alloy composition can be monitored in the process. 

▪ The lower frequencies noted during WAAM of 6060 resulted due to its higher thermal 
conductivity compared to 5087. The same energy input led to a lower deposition rate 
of 6060 compared to 5087 resulting in a lower wire feed speed and less process cycles 
during the process. Based on this observation, different aluminium alloys processed in 
WAAM with the current and voltage could be distinguished by their different thermal 
conductivity, as this directly affected the wire feed speed and process frequency. 

▪ The differences in elemental distribution in the low Mg alloy 6060 and in the high Mg 
alloy 5087 were clearly observed in the spectral analysis due to the ratio of blue and 
green light emission with red light emission when the high Mg alloy 5087 was 
processed. The higher blue and green light emission occur most likely due to the 
evaporation of Mg during processing of high Mg aluminium alloys. 
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