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Preface: 13th Ranshofener Leichtmetalltage 

What strategies are available to minimize resource consumption in the light metal industry 

through recycling and energy efficiency? How can lightweight design make mobility more 

sustainable? And what role will artificial intelligence play in future processes in the metal 

processing industry? These and other questions are addressed at the 13th Ranshofener 

Leichtmetalltage 2024, which take place on the 26th–27th of September 2024 at the Hotel Gut 

Brandlhof in Saalfelden, Austria, and are organized in accordance with the criteria of the Austrian 

Ecolabel for Green Events. 

Under the guiding theme of “Light Metals Innovations for Environmental and Economic 

Sustainability”, this year's conference offers an exciting programme in three sessions: 

“Digitalization in the Context of Circularity”, “Sustainable Process Development” and “Innovative 

Light Metals and their Characterization”. The focus is on decarbonization and digitalization in 

process and material development as well as the material characterization of light metals. A 

balanced spectrum of international presentations from universities, RTOs and industry provides 

participants with an up-to-date overview of the latest scientific findings and successful light metal 

applications. 

The 13th Ranshofener Leichtmetalltage 2024 are thus clearly focused on decarbonization and 

digitalization – even in times of diverse challenges. The first session, “Digitalization in the Context 

of Circularity”, highlights best-practice examples from the aluminium industry, the balance 

between sustainability and performance in metal processing and the implementation of complex 

geometries using wire-based additive manufacturing. 

The second session, “Sustainable Process Development”, is dedicated to the decarbonization and 

reduced material consumption of industrial processes, for example through GigaCasting, or the 

use of innovative recycling technologies. 

The third session, “Innovative Light Metals and their Characterization”, addresses forward-

looking topics such as the development of special aluminium alloys for additive manufacturing, 

the use of old car scrap for innovative alloys and the decarbonization of the magnesium industry. 

The conference proceedings contain scientific contributions to the conference. We would like to 

thank all the authors for their high-quality work and the participants of the 13th Ranshofener 

Leichtmetalltage 2024 for their interest. We wish you stimulating reading and creative impulses! 

Dr. Christian Chimani 
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Abstract. Data-driven models with their associated data learning and training 

schemes can be utilised for the light metal casting processes. This paper presents 

the basis of data model building processes along with data training and learning 

exercises for vertical direct chill casting and high pressure die casting (HPDC) 

applications. The concepts of efficient database building, data translations and 

sampling, as well as real-time model building and validations are briefly discussed. 

Rigorous performance studies were additionally carried out for two real-world 

case studies. Different combinations of data solvers and interpolators are adapted 

for the model building techniques, while machine learning schemes are used for 

data trainings. 

1. Introduction   

The data-driven and hybrid physical-data driven techniques are transforming the process 

modelling schemes toward more digitally oriented and cyber-based manufacturing processes. 

These digitalisation transformations promote more energy efficiency, productivity and 

innovation through faster and more effective modelling.  The casting process is one of the most 

traditional material processes, which has been used to manufacture metallic and plastic parts. For 

the case of light metals like aluminium and magnesium, various casting processes are used to 

produce quality parts with reasonable strength [1]. The data real-time and reduced models can 

play a significant role in the digitalisation of these casting processes by increasing the pace of 

initial design and controlling of casting machines [2]. This would reduce the downtime 

preparations, and costly iterative trial and errors, while saving material and cost for new process 

designs [3]. There are various opportunities to improve the material processes like continuous 

direct chill casting, for instance, during planning of a new casting set up (e.g., alloy component) 

and/or choosing suitable set of parameters.  Even though numerical simulations can help to 

optimise these processes, they are computationally expensive to evaluate the outcome for a single 

set of process parameters [4].  

 This paper presents an overview over the creation of efficient data models, their 

performances, validations, and challenges for casting processes. The role of appropriate 

combinations of data solvers and interpolators along with effects of data learning and trainings 

were examined and issues of applicability and reliability have been scrutinized. Two real-world 

case studies for vertical direct chill casting (VDCC) and multi-cycled high pressure die casting 

(HPDC) have been considered. The potentials for predictions and estimations of responses based 
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on variations of process input parameters have been examined for further process optimisations 

and controlling. 

2. Casting Processes – Modelling and Validations

 Different types of casting processing such as die-casting, low pressure casting, HPDC, and electro-

magnetic die casting have been used in manufacturing industries to produce quality parts and 

billets. Hence, various modelling techniques have similarly been developed to model these multi-

physical and multi-scale processes, including analytical, numerical, and hybrid physical data-

driven techniques. By increasing the computational power in recent decades, numerical 

simulations of casting processes become more popular, where sophisticated and multi-physical 

finite element (FE) and computational fluid dynamics (CFD) techniques have been utilised for 

process modelling.      

2.1 Modelling of Continuous Direct Chill Casting Process 

The modelling and simulation of die chill casting process including its cooling and solidification 

sub-processes involve multi-physical and multi-phase considerations. Additionally, to improve 

the microstructure and mechanical properties of cast parts, the multi-scale simulations are 

sometimes employed using micro-macro interaction concepts for modelling of grain evolutions 

during the casting processes. These casting processes can be designed in vertical, horizontal or 

curved orientations where appropriate cooling systems are provided to produce pre-designed 

shaped billets [5,6]. Figure 1 shows the schematic casting processes for continuous and semi-

continuous vertical, horizontal, and curved setup.  

Some of the most popular numerical simulation techniques for the continuous casting 

processes are the fluid-thermal, coupled fluid-mechanical and mechanical simulations. These 

(a)                                                     (b)                                                                  (c) 

Figure 1. schematic views of; a) vertical; b) horizontal and c) curved die chill casting processes 
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simulations can be performed as a single phase or multi-phase scheme to calculate the melt 

dynamics, thermal energy evolutions, solidification and stress-strain state. For the solidification 

modelling the macro or micro species equations can be solved to determine the solidification at 

melt-solid interface. 

2.2 Modelling of HPDC Process   

HPDC processes are types of casting processes where pressurised melt materials are injected into 

the die to produce complex-shaped parts, typically in successive cycles. The high input pressure 
can generate a melt jet at nozzles, in which jet breakup phenomena might occur inside the die to 

fill cavities. Depending on the pressure, different melt flow regimes can be formed inside the die 

such as Rayleigh, first wind-induced, second wind-induced, and even atomization regimes. Most 

of the HPDC processes for light metal casting industries operate at low to medium Reynolds 

numbers (i.e., not at high atomized pressures) where Eulerian, Lagrangian, and hybrid Eulerian-

Lagrangian modelling techniques can be employed. Figure 2 shows the HPDC machine at LKR 

laboratory with its typical CFD simulations.  

3. Database Building – Scenarios for Simulations  

Data models can accurately perform only when they are build based on appropriate size databases 

with right data density.  Process data can come from different live or off-line sources including 

live sensor data and/or off-line experimental studies and numerical simulations. For the digital 

shadowing framework in this study, only off-line verified simulation results are used to generate 

minimal size databases for data model buildings. The following steps are pursued to achieve an 

appropriate database: 

➢ Main predictive and corrective objectives of the real-time data models for casting 

processes were identified and their scopes are defined.  

➢ Most influential process parameters with their practical ranges are defined and a multi-

dimensional search space was established. 

➢ Process database structure was designed and number of basic and extra design of 

experiments (DOEs) scenarios were outlined. 

➢ A snapshot matrix for simulation scenarios was defined and variation of process 

parameters within the search space were considered.  

➢ Simulation results were filtered and collected into the mapping module to create 

structured data at equidistance intervals.  

➢ Process database was populated using mapped data for further data solver-interpolator 

procedures.  

 

Figure 2. HPDC machine at LKR laboratory with its typical numerical simulation  
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Process database building procedures usually involve handling of large amount of data and 

extensive filtering and mapping are mostly required to build a structured sematic database for 

the casting processes. The efficient sampling and balanced representation of the multi-

dimensional search space have a profound effect on the accuracy and generality of the data model 

predictions.   

4. Data Solvers for Casting applications

Different data techniques including data decomposition, projection, regression, and clustering 

schemes are used to disentangle the complex data pattern for dynamic processes. These data 

methods are essential for developing process real-time models including dynamic processes like 

vertical die chill and HPDC. Singular value decomposition (SVD) method is a very popular 

eigenvalue-based data solver which was developed as a general form of proper orthogonal 

decomposition method (POD). For dynamic processes with varying process parameters, snapshot 

matrix S that represent the multi-dimensional search space can be created using appropriate 

sampling technique (e.g., Sobol, LHS). The covariance matrix for the time- dependent responses 

of casting processes can then be calculated as; 

[𝐶(𝑥, 𝑡)] =
1

𝑁
𝑆𝑆𝑇  [𝐶(𝑥, 𝑡)] = [𝑅]. [𝑋(𝑥, 𝑡)] (1) 

where [𝑹] is the estimated system characteristics (using data techniques) and [𝑿(𝒙, 𝒕)] is the 

spatial and temporal input values (e.g., using experimental and simulation results). To decompose 

the data related to the complex responses of the processing system with varying input 

parameters, eigenvalue decomposition can be performed as; 

[𝑪(𝒙, 𝒕)] = 𝑼 ∑ 𝑽𝑻   (2) 

where U represents the spatial eigenvector decomposition, ∑ is the singular values diagonal 

matrix (e.g., eigenvalues) and 𝑽𝑻represent temporal decomposition for the transient casting 

process responses. To obtain the projection of snapshot matrix on most significant modes, only 

modes with higher energy in ∑ can be used to reconstruct the processing system. This will 

significantly reduce the order of the system equations and enable the real-time predictions for 

running processes. Alternatively, the principal component analysis (PCA) technique which is the 

statistical version of SVD may be employed to decompose the casting process responses. In this 

technique, the response data are projected onto the principal components as; 

[�̅�(𝒙, 𝒕)] = 𝑽𝑻𝑺   (3) 

where [�̅�(𝒙, 𝒕)] is the transformed response in the principal components space. Hence, the data 

variance is preserved in this technique while the order of system equations is reduced without 

losing the major system characteristics. This simplifies the problem by reducing the 

dimensionality of the data, making the data model more computationally efficient while retaining 

essential features. 
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5. Case Study I: Continuous Direct Chill Casting

Motivation: The continuous casting setup benefits from use of data models: By exploring

various process parameters and variations of initial water-cooling systems, the temperature 

homogeneity could be improved. This would reduce the risk of tearing (e.g., cold/hot cracking) 

and avoid scrap. There are several challenges to establish a suitable advisory system to help 

optimise continuous direct chill casting. To create a digital twin or shadow of the casting process, 

concepts of real-time predictions and corrections should be integrated into the virtual framework. 

For the initial system design and proof of concept, the feasibility study of data models for the 

vertical casting process has significant advantages over the horizontal case: 

➢ The physical model needs to be calibrated to properly reflect the heat transfer of the casting

process. To adjust the parameters for an accurate prediction of the thermal field, temperature

measurements from within the solidifying billet are required. The exact positioning of

thermocouples and handling of accompanying cables in the horizontal casting machine often

poses a challenge. On the contrary, the vertical casting process with an open top allows for

exact and relatively easy insertion of thermocouples.

➢ Numerical CFD models of the horizontal casting need to consider buoyancy effects due to

gravity, thus the computational mesh needs to span from the top to the bottom of the billet.

While one half could be arguably mirrored with suitable symmetric boundary conditions, this

still poses a large computational effort. In the vertical case, on the other hand, the geometry

can be further reduced to quarter model or even to a quasi-2D symmetric wedge (round billets
formats), eventually allowing for shorter simulation times.

Numerical setup: A fluid-thermal CFD simulation framework has been set up to study the thermal 

evolution and solidification phenomena during the vertical DC casting process. The open-source 

solver directChillFoam [7] has been here employed, as an extension on top of OpenFOAM 

simulation package [8]. The validation case from directChillFoam project [7], based on the vertical 

DC casting experiment by Vreeman et al. [9], was taken as reference. A general description of the 

case setup is publicly available in the official documentation [10]. Only minor changes have been 

applied to the original case, mainly for allowing the parametrical study required to train\validate 

the data model with different combinations of initial melt temperature, cooling flow rate and 

casting speed (see Table 1). 

A fixed domain strategy has been utilised, where the entire mesh for the numerical domain 

has been created at the start of the simulation. Material properties correspond to the binary alloy 

Al-6wt% Cu. The phase change obeys the temperature-dependent tabular values of the melt 

fraction (e.g., from a CALPHAD routine) and the solute properties are set to follow the Lever-rule. 

The heat transfer coefficients (HTCs) at the mould-melt interface (primary cooling) were locally 

averaged, depending on the value of the solid fraction. The heat transfer at the billet-water 

interface (secondary cooling) was introduced as tabular values obtained from the correlation 

proposed in [4]. 

All simulations were run in transient mode to ensure a correct description of the physical 

behaviour at steady process conditions. The runtime was set to 2,000s, more than doubling the 

period required for reaching quasi-steady state (see figure 3). Time-averaged results over the last 

1,000s of temperature and melt-fraction magnitudes were saved for all cell-centers and then 

exported in CSV format, along with their spatial information (i.e., X- and Z-coordinates) for 

allowing further postprocessing (i.e. data re-ordering).     
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6. Case Study II: High Pressure Die Casting (HPDC)

Motivation: Within the scope of high-pressure die casting of aluminium alloys, finding optimal 

process parameters is also a challenging task, traditionally relying on long experienced personnel 

along with numerous “trial-and-error” iterations. Despite of the availability of numerical CFD 

models that allow simulating the intricate interactions among the numerous physical phenomena 

involved, the required long calculation times tend to limit the application. Hence, the number of 

process scenarios that can be studied using CFD are limited to a few representative cases. In 

contrast to physics-based models, trained data models may deliver similar results in a timely 

manner, thus allowing to envisage otherwise unfeasible tasks such as a complete mapping of the 

parameter field or even real-time process predictions based on current parametrical deviations.  

Numerical setup: The goal of the data models was to reproduce the thermal evolution in different 

regions of the die over the course of several cycles. Hence, a series of scenarios were prepared 

based on a simplified initial setup. The simulations were run using the simulation software 

NovaFlow&Solid [11]. This commercial CFD package, especially aimed for industrial solidification 

processes, allows for easy re-utilization of case templates for parametrical studies. 

The numerical domain accounted for all individual die parts, cooling channels, ingate system 

and chamber. The simulations were set to run 6 complete cycles, including air-blowing and water-

spray chilling steps in between. The casting material was AISi9Cu3(Fe) cast aluminium and the 

die material, steel (AISI H13). The initial temperature of all die parts was initially set to 220°C, as 

well as the temperature of the shot chamber. The temperature of the cooling channels was set to 

80°C (water coolant) and to values between 120-160°C (oil as coolant), respectively. The piston 

was assumed at 100°C. The piston curve was defined in the initial setup, so that only its max. 

speed varied from one scenario to another. The other variable selected was the initial melt 

temperature (when being poured into the chamber). The parameter snapshot matrix used for 

training/validating the data model is shown in Table 2. Figure 4 shows typical CFD results for the 

multi-cycle temperature time-history of a HPDC process (with six filling cycles). 

Table 1. Snapshot matrix for the vertical direct-chill casting 

case. Base scenarios are designated by “scenario B#”, while 

validation scenarios are designated by “scenario DOE#”. 

Scenario Initial melt 
temperature [K] 

Water flow 
rate [l/min] 

Casting speed 
[mm/s] 

B1 943 72 1.2 

B2 973 36 0.7 

B3 988 108 2.5 

B4 923 150 2 

B5 938 90 1 

B6 915 54 1.8 

B7 993 180 0.5 

B8 908 60 3 

B9 893 168 2.8 

DOE1 903 81 1.4 

DOE2 933 99 1.9 

DOE3 968 141 0.85 

Figure 3. Basic contour results used to 

generate main database; a) 2D contours 

from simulation scenarios; b) Data 

processing strategy to minimize sudden 

thermal discontinuities between rows; 

c) Side view of wedge domain.

z [m
]

melt fraction

r [m]

a)
0 1

b) c)
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The data provided to the data models were sampled at 6 locations, arbitrarily distributed 

over the different die elements, along the XZ-plane (Y-axis aligned with the piston displacement; 

Z-axis aligned with the vertical).  

 

7. Discussion 

The performance, validation and accuracy of data real-time models for direct-chill casting 

processes with their multi-phase and multi-physical aspects need to be evaluated carefully and 

practical challenges should be given attention for industrial applications. In this research work, 

the eigen-based SVD, regression and clustering solvers along with Kriging, radial base function 

(RBF) and inverse distance (InvD) data interpolators has been adapted to build efficient and 

accurate data models. The data training can also be performed using a single or double layer error 

back propagation neural network scheme with RBF function. 

Figure 5 compares the temperature from the CFD to the SVD-Kriging data models for the 

vertical direct-chill casting case in a section of the computational mesh. The oscillating patterns 

Table 2. Snapshot matrix for the high pressure 

die casting case. Base scenarios are designated 

by “scenario B#”, while validation scenarios 

are designated by “scenario DOE#”. 

Scenario Initial melt 
temperature 

[°C] 

Max. piston 
speed [m/s] 

B1 690 2.7 

B2 675 3.3 

B3 665 2.3 

B4 645 2.9 

B5 650 3.7 

B6 680 3.9 

DOE1 640 3.1 

DOE2 670 2.6 

 

 

(a)                                                                                    (b) 

Figure 5. Temperature results for computational points along contour lines; a) DOE2 and; b) DOE3.   

 

Figure 4. Typical CFD results for multi-cycle 

temperature time-history for HPDC process (six 

filling cycles)  
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stem from the data sampling path which covers the entire mesh in a snake like fashion (see figure 

3b for schematic of the data processing path): starting with the central line of the billet going from 

the bottom (r=0, z=0.4m) towards the inlet (r=0, z=0m), the temperature rises; then down along 

the adjacent line to the bottom the temperature falls again. Figure 5 only shows the first 10 lines 

starting in the center (bottom-to-inlet and inlet-to-bottom making up one peak). The full data set 

covers the entire witdh from center to the billet surface. Each peak includes a sharp spike in the 

center which corresponds to the fixed inlet temperature boundary condition. To generate the 

predictions with the SVD-Kriging model (depicted as dashed line in figure 5), the following 

procedure was performed: Firstly, each CFD base result was mapped from the 2D mesh structure 

into a single vector following the described snake pattern. Then, the base scenario database 

comprised of one vector for each scenario B1-B9 (see table 1) was decomposed by the data solver. 

Finally, the data interpolator generated a new vector prediction for each process parameter 

combination given by the DOE cases. 

 At the first glance, it is observed that the formulated data models can reliably be employed 

to produce real-time predictions of the temperature. Figure 6 shows the normalised error 

percentage for the predicted DOE scenarios at computaional nodes using the SVD-kriging data 

solver-interpolator for the same application. As it appears from these results, the reliability and 

accuracy of these data models are varying with the rate of data changes which in this case is the 

temperature gradient: at the bottom of the melt pool (which features a large thermal gradient 

near the solidification front), the prediction accuracy is decreasing. These challenges in the 

generation and training of process data models need to be overcome before they can reliably be 

employed within the digital twin concepts. These challenges can be listed as; 

➢ For casting processes with their inherite multi-phase and multi-physical properties, data 

models need to be able to cope with rapidly changing data. 

➢ The database size and data sampling within process parameters search space can 

considerably affect the prediction power of these models.  

➢ To validation regimes need to be rigorous enough to consider normal, near boundary and 

extreme condition (extrapolation) scenarios for the process search space.    

➢ Further data training and learning can also be performed using the Neural Network 

and/or other machine learing techniques to increase the accuracy and reliablity of data 

model for better predictive power.   

  

(b)                                                                                    (b) 

Figure 6. Normalised error for computational points along contour lines; a) DOE2 and b) DOE3.   
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For the HPDC case study, similar model building excersises have been carried out using 

different combination of data solver-interpolators. The multi-cycle nature of these processes 

makes the CFD numerical simulations long and tedious. Hence, very limited number of CFD 

simulations have been performed to build the database and the feasibilty study were undertaken 

using limited number of scenarios. Figure 7 shows the estimation of time history cyclic 

temperature for two of the sensors compared to CFD simulations using SVD-InvD and SVD-Kriging 

data models. The computational time for the CFD simulation is about 54000 seconds for the six 

filling cyclic HPDC (i.e., wall clock time), while it takes only about 1.8 second for the data models 

to estimate the time history responses. As it appears from the results, with only six basic scenarios 

(a relatively small database), data models were strugling to predict the solidification time during 

each cycle. Hence, they have lagged behind the next filling cycle of the die, resulting in a time shift 

for the whole predictions. However, even with the small size database, data models provided 

relatively good predicions of the maximum and minimum temperature values of each cycle 

despite the shift in time. Figure 8 shows the CFD and data model predictions with overlaying 

decending temperature curves (maximum and minimum) for the six filling cycles. These are 

 

(a)                                                                                      (b) 

Figure 8. Time-history temperature results with overlying descending temperature curves; a) sensor 

1, DOE 1 and; b) sensor 4, DOE 2.   

 

(a)                                                                                      (b) 

Figure 7. Time-history temperature results for CFD and data models at; a) sensor 1 and; b) sensor 4  
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important informations for casting operators, since the overall temperature trend is an important 

parameter for the production effiecency in HPDC. While more scenarios are needed to fill a bigger 

and richer database for efficient HPDC data models, this feasbility study shows a lot of potential 

for utilising these models.  

8. Concluding Remarks   

The utilisation of data models for material process modelling can enhance the optimisation 

of existing processes and accelerate the design of future processes.  In this paper, the performance, 

validation, and challenges related to these fast data models have been scrutinised to evaluate their 

accuracy and performances for material casting processes. In the first part of the manuscript, a 

brief representation of the direct chill casting and HPDC processes and their modelling and 

simulation techniques were illustrated, and some technical characteristics of these processes 

were discussed. The basic concept of casting processes’ data models and their associated database 

building schemes were presented next, and the efficient use of data solver-interpolator 

combinations were discussed. In the following parts of the paper, two industrial case studies for 

VDCC and HPDC multi-cycle filling processes have been explained and their technical modelling 

challenges were examined. The performance, validations, and accuracy of process data models 

were scrutinised at the final part of manuscript, where major challenges related to the utilisation 

of these fast models were discussed.   

From the presented results, it can be observed that proper combination of data solvers and 

interpolators can produce satisfactory results. However, the issues of high heating\cooling rates 
during casting processes can to some degree be problematic for the data models.  Nevertheless, 

with further data training and learning, it is possible to achieve better results even for the 

processes with high gradient heating\cooling rates. The results of more detailed investigations on 

the best performance “solver-interpolator” combinations will be topic of a further publication.  
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Abstract. Hydrogen is expected to play a decisive role on the way to climate neutral 

transportation. This paper explores the innovative use of wire arc Directed Energy 

Deposition (waDED) in the manufacturing of a double walled, vacuum insulated liquid 

hydrogen storage tank. The study demonstrates the feasibility of the waDED process for 

the manufacturing of tank shells and furthermore the integration of heat exchanger 

channels into tank shells. Key findings include the development of a suitable process chain 

with integration of multiple features to ease manufacturing. However, challenges such as 

thermal shrinkage of the shells as well as geometrical deviations of the outer tank heat 

exchanger are encountered. Future research will focus on improvements in the process 

reliability with regards to geometric accuracy as well as in-depth testing under liquid 

hydrogen condition. 

1. Introduction 

Since hydrogen is one of the key technologies to achieve the climate neutrality and zero 
pollution economy by 2050 the hydrogen storage is a crucial field of research that requires 
advancements (1). In the mobility sector, most current systems store gaseous hydrogen at high 
pressures, up to 700 bar, necessitating stringent safety standards (2,3). To fulfil the safety 
requirements and withstand the high pressure, tanks are often manufactured from stainless steel 
or carbon fibre overwrapped metal versions (4). Due to the weight of stainless-steel tanks the 
gravimetric storage density is comparably low (2-5 kWh/kg) (5,6). To be more suitable especially 
for the aviation industry storage of liquid hydrogen tanks manufactured in lightweight design 
would increase the gravimetric storage density significantly (5). 
The wire arc Directed Energy Deposition (waDED) process is especially suitable for thin, single 
wall and conformal shaped structures (7). Therefore, the technology is already established in the 
manufacturing of rocket components (8,9). With this work we aim to demonstrate the capabilities 
of the waDED process in the manufacturing of liquid hydrogen storage tanks. By integrating heat 
exchanger components into the tank shells using the waDED process, we further demonstrate the 
additive manufacturing approach, reducing weight and space requirements, and thereby 
increasing the gravimetric storage density of the system. Such innovations are essential for the 
future of sustainable aviation. We outline the entire process chain from the initial Computer Aided 
Design (CAD) model to the finalized tank components, to provide comprehensive insights into the 
use and complexities of this advanced manufacturing process. 

13



2. Methods and experimental setup  

While the main design work on the CAD geometry for the design of the double wall 
vacuum + multi layer insulation (MLI) insulated storage system made from aluminium (Figure 1) 
was conducted in CATIA, minor design modifications to improve the waDED manufacturability 
were conducted using Mastercam 2023 ® in which the Laser-aided-manufacturing module (LAM) 
by ModuleWorks GmbH is embedded. The LAM module was used to generate all tool paths for the 
trials and the manufacturing of the heat exchangers and the tank shells. The preparation of the 
toolpath into the sufficient robot motions were conducted in Robotmaster 2023 ®.  

The welding setup used includes a KUKA KR 300 robot combined with a rotary and tilting 
table so angled torch positions can be welded in flat (PA) position. The rotary table contains an 
included tap water cooling and is capable of endless rotation. TransPuls Synergic 4000 CMT by 
Fronius International GmbH is used as power source for welding. Argon 5.0 (Messer Austria 
GmbH) was used as shielding gas at a flow rate of either 15 or 18 l/min depending on the wire 
diameter. The heat exchanger geometries were manufactured with ER 5183 wire with 1.2 mm 
diameter. For the tank shells the same alloy with 1.6 mm diameter was used. Both wires used were 
in form of a 140 kg drum. 

Preparation of the base plates and intermediate machining was conducted on an ENCOMAT 
turning machine and an EMCO-Famup MC 75-50 CNC mill. The final machining of the tank shells 
was conducted by partner Peak Technology using a Hermle c52 u mt CNC mill. The 3D-scanning 
was performed using a Hexagon Absolute Arm with seven axis. 

3. waDED of liquid hydrogen storage tank with integrated heat exchanger: Feasibility 

demonstration 

The printed and machined tank as well as a cross section through the CAD geometry of the 
LH2 tank is displayed in Figure 1 to improve the understandability of the manufacturing steps. 
The dimensions of the storage tank are approximately 750 mm outer diameter and 700 mm 
length without the dome. The storage was manufactured in 4 separate shells to ensure the 
manufacturing, machining, and assembly process. The wall thickness of the inner and outer tank 
shell was estimated and confirmed with a finite element simulation (FEM) The inner tank shell 
has a wall thickness of 3 mm to withstand an operating pressure of 10 bar of liquid hydrogen. 
Since the outer tank shell is just subject to the external atmospheric pressure due to the internal 
vacuum, its wall thickness was further reduced to 1.9 mm. To reduce the system volume and 
thermal losses, the heat exchanger to extract gaseous hydrogen from the tank is integrated into 
the tank shell. The storage volume of the inner tank is approximately 150 which results in a 
storage capacity of 10.5 kg of liquid hydrogen. 

For the manufacturing of the geometry by waDED multiple difficulties arise: 
- Thin tank shell and complex heat exchanger with required tightness for Hydrogen. 
- Integration of complex heat exchanger channels and connectors. 
- Tight tolerances compared to part size. 
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Figure 1. Partly assembled waDED manufactured LH2 storage tank with integrated heat exchanger. The 

left image shows the partly assembled tank with the LH2 tank on the inside and the vacuum insulation 

tank on the outside (opened for visualization). The cross-section of the CAD-model on the right illustrates 

the integrated heat exchanger channels within the tank shells.  

Four main sections can be defined to outline the process steps for manufacturing. These 
sections, despite the assembly, will also serve as the titles for the following chapters: 

- Iterative development of CAD-model including manufacturing strategy  
- Development and preparation of manufacturing 
- Manufacturing process with iterative machining 
- Assembly of tank components 

 
The definition of each section and it’s containing tasks are visualized in the flowchart in 

Figure 2. While the flowchart appears sequential, it's essential to consider all subsequent 
processes in every predecessor decision. This approach supports manufacturability and ensures 
simplicity and efficiency. 
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Figure 2. Flowchart of the process steps to develop and pursue a manufacturing strategy for the creation 

of complex waDED Geometries. The approach involves intermediate and final machining steps. 

3.1 Iterative development of CAD-model and manufacturing strategy  

Since the waDED process often comes to use to improve existing geometries or assess the process 
capabilities, CAD-model drafts are often already available. For complex geometries such drafts are 
required to go into detailed planning considering also a waDED manufacturing strategy. Figure 3a 
displays a draft model of the LH2 tank to be printed. The heat exchanger design is preliminary 
and visualizes the pipe routes and all the interconnections between the channels. The blue tubes 
carry hydrogen, while the separate red tubes can be flushed with water to inject heat.  

 

 

Figure 3. a) Cross-section of model draft with functional integration of the heat exchanger pipes and the 

connecting elements. b) Cross-section of the final model with integrated heat exchanger into the tank 

shells. Optimizations according to welding trials implemented in the design. 
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A deep understanding of the waDED manufacturing process is essential, to build upon the 
model. Simplified trials can be conducted to support critical manufacturing decisions. For 
instance, the build orientation of the tank shells was a profound decision. Figure 4a, b show robot 
process simulations. In Figure 4a, the tank shell is manufactured like a dome, starting at the 
largest diameter. In Figure 4b, the shell is manufactured like a bowl, starting at the centre 
(clamping materials not displayed). Each orientation has multiple pros and cons regarding base 
plate costs, weld path complexity, cooling capabilities, and more. 

 
The main concern with the dome approach was closing the shell towards the centre. A trial 

was conducted to close off the top of a cylinder, to test this complexity and its feasibility. Figure 4c 
shows the robot simulation, where a cranked torch is used to weld inside the cylinder. Initially, 
the torch is perpendicular to the base surface. As the print progresses and the diameter reduces, 
the torch gradually tilts out of the cylinder to a maximum angle of 45°. With the angled torch it is 
critical to have no deviations between the programmed and welded layer height. Otherwise, the 
weld seam shifts sideways. Figure 4d shows the continuously welded result of the trial. The weld 
is uniform and flat almost up to the centre. The blue-marked area is critical due to rotational speed 
limitations of the robot axis. Although further optimization could resolve this issue, the risk of 
such complex welding strategies at the end of a final part is too high. Therefore, the tank shells 
were manufactured using the bowl-shaped approach (see Figure 4b). 

 

 

Figure 4. Assessment of different welding orientations to manufacture the tank shells. Path simulation of 

orientation a) starting at the tank seam on a build plate. The shell would be manufactured like a dome. In 

orientation b) the tank shell would be manufactured like a bowl starting at a stock cylinder. c) Weld path 

simulation of simplified trial to verify if the dome approach is doable by trying to close of a cylinder. d) 

Welding result showing good results until centre of the disc. Axis speed limits result in height deviations 

(circled in blue). 

Similar trials were conducted to assess methods to manufacture the ambos integrated heat 
exchanger for the inner tank shell. These results could also largely be applied to the outer heat 
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exchanger, as the goal was to maximize common features, to simplify production. Previous Figure 
3b shows the cross section of the final tank design. The main adaptions were conducted on the 
heat exchangers and were: 

- Flattening of the heat exchanger shape 
- Adapting channel cross section to stackable diamond pattern 
- Accessibility to all heat exchanger channels straight from the outside 

3.2 Development and preparation of manufacturing  
As stated earlier, the whole manufacturing chain is considered from early stage on. Therefore, a 
general concept for the manufacturing was already conducted in the CAD model design phase. 
Nevertheless, the finalization was made with the adapted model and in close collaboration with 
the machinists. The tank shells were manufactured starting on EN-AW 5083 cylinders with 
80 mm diameter. The cylinder was clamped concentric on the rotational welding table using a 
specially designed and manufactured clamp which included a water flow to enable cooling or 
heating of the cylinders bottom. Tank shells without heat exchanger were welded sideways on the 
cylinder. The cylinders partly remained in the tanks even after machining. Additionally, the 
precisely machined cylinders were utilized as probing geometry for the subsequent machining of 
the tank. In terms of concentricity this was sufficient, while the exact longitudinal placement was 
figured with a 3D scan of the tank shells to compensate geometrical deviations resulting from the 
print process.  

The tank shells containing the heat exchanger were printed onto a 20 mm thick EN-AW 5083 
baseplate. The baseplates partly remained in the final tank and therefore served as tight barrier 
between the inner tank volume and the heat exchanger. Since the heat exchangers are difficult to 
manufacture, in case of welding defects this measure ensures tightness of the tank. The lower half 
of the first channel was machined into the plates to reduce the amount of printed material and to 
further utilize the plates. Additionally, a machined centre pocket and side groves allowed for exact 
placement on the groove table of the waDED setup, while also serving as probing geometry on the 
mill.  

An overview on the process steps for the manufacturing of the heat exchangers including 
their shells is shown in Table 1. From this overview, two particularly effective practices can be 
highlighted. Firstly, the implementation of clamping sections into the design for waDED. During 
manufacturing of the heat exchanger of the inner tank a ring was printed on top, which was 
machined and used for clamping in a three-jaw-chuck for the welding of the tank shell onto it. 
Additionally, the machined ring served as probing geometry for machining since the outer shape 
of the base plate, which previously defined concentricity, had to be removed to print the tank shell 
on. Secondly with the same tank shell, the previously printed heat exchanger channels were 
utilized for preheating and cooling of the part during the shell printing. The channel inlet and 
outlet were machined, threaded and hose connectors were attached. Especially during the print 
this method of internal cooling proved very effective. 
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Table 1. Overview on process steps for fabrication of tank shells containing the heat exchanger 
components. Similarities in the manufacturing process are visualized between inner and outer tank shell.  
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3.3 Manufacturing process with iterative machining 

With the CAD geometry complete, weld paths finalized, weld parameters optimized from 
early-stage trials, and auxiliary materials prepared, the manufacturing of the tank shells 
commenced. Due to the novelty of manufacturing such geometries the order for the 
manufacturing of the shells was selected with ascending complexity. In the first stage, both tank 
shells without heat exchanger were printed. The path strategy combined a multi-track strategy in 
the dome area to achieve the required wall thickness and single track with spiral weaving in the 
rest of the tank shell. With each shell the parameter for the layer height could be optimized to 
reduce geometry deviations. The manufacturing steps of the heat exchanger shells were already 
depicted in Table 1. 

The final machining of the shells was conducted by PEAK TECHNOLOGY GmbH and required 
in depth machining knowledge due to the large component size and the thin walls. Figure 5a 
shows a shell in the CNC milling machine after the first few passes but not with the final shape 
yet. In the dome section the waDED surface is still visible. Figure 5b depicts the fully machined 
outside of the shell with no defects visible. Additionally, the image shows the clamp ring added to 
all shells as last step of the waDED. The ring solely serves the purpose to ease the machining 
process. This highlights a big advantage of the additive manufacturing process. With little efforts 
supporting geometries for subsequent process steps can be implemented.  

 

 

Figure 5. Machining process of the outside of an inner tank shell. The shell is screwed onto the machine 

table using a waDED manufactured clamp ring around the tank. a) Early machining stage with multiple 

unmachined sections on the surface. b) Tank shell with final outer dimension and completely machined 

surface finish.  

3.5 Assessment of the feasibility of fabricating a double walled LH2 storage tank with integrated 

heat exchanger by waDED. 

The waDED manufacturing of the four tank shells was successfully conducted. However, 
several challenges arose during manufacturing. Before printing the first tank shell, the thermal 
shrinkage of the shell diameter was uncertain. The unknown cooling rate made it difficult to 
accurately estimate the temperature equilibrium within the tank during printing. The weld path 
geometry was adapted, to compensate for shrinkage and geometrical deviations. The shells were 
manufactured with an effective wall thickness of approximately 8 mm resulting in a deposition 
rate of approximately 2 kg/h. The diameter shrinkage during cooling off for the tank shells was 
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measured post-cooling to be 2 to 4 mm. Using a process simulation could be beneficial in this 
context to optimize the path geometry and reduce excess material. 

A structured approach, including an intermediate machining step, was crucial for the 
producibility of the heat exchangers. An early sample of the inner heat exchanger channel was 
tested for hydrogen tightness both at cryo- and room temperature. Therefore, the heat exchanger 
channels were attached to a hydrogen supply, the channel was flushed, and then pressurized with 
hydrogen at 6 bars (maximum available pressure). Tightness was checked using a hydrogen leak 
detector first at ambient, and after that with the heat exchanger submerged in liquid nitrogen. In 
both states, no hydrogen leakage could be detected.  

The final assembly of the tank shell and the access components was not conducted due to 
time and budget limitations. Also, during final machining of the outer heat exchanger one channel 
was slightly milled into. This was probably caused due to a combination of multiple effects: 

- Deformation of heat exchanger base plate during printing of approximately 2 mm 
- Probing on CNC mill impeded due to deformation resulting in deviation of the 

machining position. 
- Tolerances of the waDED process 
- Thin outer wall thickness (3 mm) of heat exchanger 

This could have been prevented by thickening the outer wall of the CAD-geometry or by 
further reducing or compensating the deformation. A repair using waDED after the fact is not 
possible, due to the thin wall thickness of the heat exchanger component. The heat input would 
melt and further open the channels, while having a lack of fusion in areas with thicker walls. 

4. Conclusions 

The proof of feasibility using waDED for manufacturing a LH2-WAM-Tank was largely successful 
and resulted in gaining knowledge in the manufacturing of medium sized components including 
complex structures. The main findings were: 

- Tank shells with no heat exchanger could be manufactured with slight weld path 
adaptions to compensate for thermal shrinkage in diameter. 

- waDED could successfully be used to support the subsequent milling steps by including 
clamp geometries. 

- Manufacturing of inner tank heat exchanger was successful and showed no hydrogen 
leakage at room- and cryo-temperature. 

- Outer tank shell heat exchanger was successfully manufactured, but it was not fully sealed 
after machining due to a partially open milling channel. 

While the integration of channels into waDED-manufactured components has been explored in 
previous research(10,11), the heat exchanger design incorporated into the tank shell using 
waDED presented in this work is novel. We demonstrated the feasibility of manufacturing three 
stacked channels separated by a single printed wall. Minor improvements to the geometry could 
resolve the issue encountered during the machining of the heat exchanger. Future work will focus 
on the final joining and assembly of the tank shells. Additional areas for further research include 
optimizing the in-process control to reduce geometrical deviations as well as testing of waDED 
manufactured storage tanks with liquid hydrogen filling and thermal cycling trials. 
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Abstract.	 In	 the	 pursuit	 of	 a	 sustainable	 and	 decarbonized	 future,	 the	 International	
Magnesium	 Association	 proudly	 presents	 a	 comprehensive	 strategy	 and	 pathways	
roadmap,	 envisioning	 a	 transformative	 journey	 for	 the	magnesium	 industry.	 Rooted	 in	
ambitious	 goals,	 this	 document	 underscores	 the	 industry's	 pivotal	 role	 in	 mitigating	
carbon	emissions	and	aligning	with	global	initiatives	aimed	at	combating	climate	change.	
As	we	stand	at	 the	 intersection	of	 innovation	and	responsibility,	 the	 collective	effort	of	
stakeholders	 becomes	 paramount	 in	 realizing	 these	 aspirations.	 Together,	we	 have	 the	
opportunity	 to	propel	 the	magnesium	 industry	 to	new	heights,	 fostering	a	harmonious	
coexistence	with	the	environment	while	contributing	meaningfully	to	the	broader	global	
agenda	for	a	cleaner	and	more	sustainable	future.	

The	 formulation	 of	 the	 strategy	 commenced	 with	 a	 comprehensive	 assessment	 of	
prevailing	hotspots	within	the	magnesium	industry.	A	thorough	evaluation	was	conducted	
across	all	positions	within	 the	value	 chain.	This	 strategic	 framework	was	 subsequently	
delineated	 into	 three	 temporal	 categories:	 short-term,	 where	 immediate	 changes	 are	
feasible;	medium-term,	entailing	an	intermediate	need	for	new	infrastructure,	research,	
and	 development	 capabilities;	 and	 long-term	 considerations.	 The	 strategy	 also	
incorporates	a	global	perspective	that	accounts	for	worldwide	regulations	and	directives,	
and	places	ambitious	targets	for	the	magnesium	industry.	SigniWicantly,	equal	emphasis	is	
placed	on	all	 stakeholders	 throughout	 the	value	chain	 to	effect	meaningful	change.	Our	
recognition	 of	 the	 transmission	 effect	 illustrates	 how	 the	 upstream	 scope	 1	 and	 2	
emissions	 of	 one	 company	 can	 result	 in	 downstream	 scope	 3	 emissions	 for	 another.	
Consequently,	 the	 strategy	 underscores	 the	 importance	 of	 collective	 action.	 Lastly,	
emission	 pathways	 were	 meticulously	 analyzed	 and	 visualized	 in	 a	 roadmap	 format,	
highlighting	key	milestones	critical	to	the	magnesium	sector's	decarbonization.1	

The	paper	will	also	show	the	actual	primary	magnesium	project	pipeline,	and	supportive	
policy	actions	for	the	European	magnesium	industry.	
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1.	The	Sustainability	Mission	of	the	International	Magnesium	Association		

The	 members	 of	 the	 International	 Magnesium	 Association	 (IMA)	 are	 committed	 to	 make	
sustainability	a	guiding	principle	at	all	levels	of	operation,	and	to	promote	the	same	commitment	
to	the	whole	Magnesium	Industry.	Our	mission	is:2	

• To	strive	to	reduce	the	impacts	of	greenhouse	gases	and	natural	resources	by	applying	
more	 sustainable	 technologies	 and	 using	 more	 renewable	 energy	 in	 our	 production	
processes;	

• To	continuously	reduce	the	negative	environmental	and	social	impacts	within	the	whole	
value	chain;	

• To	 strive	 to	 improve	 circular	 economy	 approaches	 for	Magnesium	 to	make	 end-of-life	
secondary	Magnesium	a	useful	source	of	greener	material	

2.	A	global	decarbonization	strategic	roadmap		

The	 formulation	 of	 the	 strategy	 commenced	 with	 a	 comprehensive	 assessment	 of	 prevailing	
hotspots	 within	 the	 magnesium	 industry.	 A	 thorough	 evaluation	 was	 conducted	 across	 all	
positions	within	the	value	chain.	This	strategic	framework	was	subsequently	delineated	into	three	
temporal	categories:	short-term,	where	immediate	changes	are	feasible;	medium-term,	entailing	
an	intermediate	need	for	new	infrastructure,	research,	and	development	capabilities;	and	long-
term	 considerations.	 The	 strategy	 also	 incorporates	 a	 global	 perspective	 that	 accounts	 for	
worldwide	regulations	and	directives,	and	places	ambitious	targets	for	the	magnesium	industry.		

	

2.1	Strategic	Pathways	
	

2.1.1	Short	term	(Present	-	2026)	
	

Primary	Producer	(=	actions)	
	

§ Sourcing	low-carbon	emission	ferrosilicon	for	horizontal,	vertical,	and	integrated	
Pidgeon	processes	
=	Switch	from	coal	3ired	FeSi	production	to	use	of	green	electricity	(China)	
=	Use	of	FeSi	sources	already	using	green	electricity	
	

§ A	transitional	ramp-up	of	renewable	energy	sources	to	replace	fossil-based	ones	
for	all	processes	where	applicable	
=	Make	use	of	decarbonized	grid		
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§ Optimization	 of	 internal	 processes	 such	 as	 energy	management,	 reuse	 of	 heat,	
reduction	of	losses,	and	other	cross-industrial	learnings	
=	Up-grade	of	coke	oven	plants	(China)	
=	Smart	energy	usage	(US)	
	

§ Rerouting	and	reducing	scope	2	emissions	to	scope	1	where	possible	(investing	in	
low-carbon	emission	or	renewable	electricity	in	the	vicinity	of	plants)	

=	Own	solar	power	and	wind	farms	(TÜRKİYE,	European	projects)	
	
Trader,	OEM,	Processing	e.g.:	casting,	extrusion,	etc.	
	

§ Optimization	of	internal	processes,	technologies,	and	energy	management	
§ Talent	 upskilling	 in	 the	 design	 and	 development	 process	 to	 establish	 the	

competitive	edge	of	magnesium	in	utilization-	substitution	and	light	weighting	
§ Increase	of	circular	and	efWicient	measures	such	as	in-house	scrap	recycling	
§ Support	low-carbon	emission	initiatives	on	the	primary	side	and	invest	in	the	cost	

of	greener	magnesium	as	a	future	feasible	economic	model	
	
Recycling	of	Mg	/	(End-of-life)	
	

§ Assessment	of	the	current	magnesium	recycling	capacities	
§ Increasing	recycled	portion	in	blended	secondary	grades	for	alloys	
§ Work	on	strategies	to	better	utilize	end-of-life	magnesium	scrap	and	build	it	into	

an	economically	feasible	model	
§ Participating	in	the	recycling	working	group	and	holding	stakeholder	roundtable	

to	propel	demand/supply	of	recycling	capacities	in	the	relevant	industries	
	
2.1.2	Medium	term	(2027	-	2031)	
	
Primary	Producer	
	

§ DiversiWication	of	primary	production	sources	based	on	a	logistical-optimization	
approach	to	stabilize	supply/demand	

§ Investment	 in	 R&D	 for	 pilot	 projects	 with	 renewed	 and	 improved	magnesium	
metal	production	processes	

§ Sourcing	responsible	and	low-carbon	emission	primary	aluminum	and	scrap	for	
Al-thermic	process	

§ Investment	in	scope	1	emission	reduction	through	carbon	capture	and	redirection	
of	storage	to	other	products	

	
Trader,	OEM,	Processing	e.g.:	casting,	extrusion,	etc.	
	

§ DeWining	a	wider	set	of	magnesium	use	cases	and	extended	production	techniques	
such	as	metal	3D	printing	and	giga	casting	

§ Building	a	circular	model	for	the	magnesium	products	on	a	company	operation	
level	to	serve	as	a	basis	for	a	dynamic	material	Wlow	tracker	
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End-of-life	/	(Recycling	of	Mg)	
	

§ Development	 and	 testing	 of	 high-quality	 secondary	magnesium	 alloys	 from	 all	
scrap	categories	

§ Implementing	 an	 incentive	 strategy	 within	 the	 ecolabelling	 system	 for	 the	
responsible	 sourcing	 and	 use	 of	 recycled	magnesium	 capacity	 in	 all	 use	 cases	
including	alloying	

	
2.1.3	Long	term	(2032	-	2050)	

	
Primary	Producer	
	

§ Continued	 investment	 in	 R&D	 for	 renewed	 and	 improved	 magnesium	 metal	
production	processes	

§ Decarbonization	of	all	logistical	routes	related	to	primary	production	
	
Trader,	OEM,	Processing	e.g.:	casting,	extrusion,	etc.	
	

§ Decarbonization	of	intermediate	logistical	efforts	
	
End-of-life	/	(Recycling	of	Mg)	
	

§ Reaggregate	end-of-life	scrap	via	highly	efWicient	processes	to	close	the	loop	by	
using	secondary	magnesium	as	feedstock	for	blended	primary	production	and	
reusing	existing	infrastructure	

	

2.2	Pathway	scope	and	conclusions	
	
SigniWicantly,	equal	emphasis	 is	placed	on	all	stakeholders	throughout	the	value	chain	to	effect	
meaningful	change.	Our	recognition	of	the	transmission	effect	illustrates	how	the	upstream	scope	
1	 and	 2	 emissions	 of	 one	 company	 can	 result	 in	 downstream	 scope	 3	 emissions	 for	 another.	
Consequently,	the	strategy	underscores	the	importance	of	collective	action.		
	
The	roadmap	concerns	the	complete	industry	value	chain	on	a	global	place,	and	the	shown	short-
term,	mid-term	 and	 long-term	pathways	 represent	 an	 ambition	 by	 the	 IMA,	 some	descriptive	
actions	 are	 provided	 for	 the	 “short-term”	 for	 Primary	 Producers	 in	 the	 roadmap,	 since	most	
impact	and	urgency	is	seen	in	this	Wield.	Further	work	is	needed	to	detail	both	mid-term	and	long-
term	actions.	
	
Lastly,	 emission	 pathways	 were	 meticulously	 analyzed	 and	 visualized	 in	 a	 roadmap	 format,	
highlighting	key	milestones	critical	to	the	magnesium	sector's	decarbonization.3	
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2.3	Roadmap	;igure	
	

	
4IMA	Sustainable	Strategic	Roadmap	
	
	

3.	The	European	Primary	Project	Pipeline	&	Policy	Support		
	

The	European	Magnesium	industry	is	fully	dependent	on	imports	of	both	primary	magnesium,	
magnesium	alloys.	In	2023,	59,552	mt	of	primary	magnesium	ingots	and	54,245	mt	of	magnesium	
alloy	 ingots	were	 imported.	 The	 share	 from	 China	 is	 98,2%	 for	 pure	 99,6%	 for	 alloys,	which	
demonstrates	the	dominance	of	China	for	the	European	magnesium	industry.5		

	
The	European	Commission	alerted	the	“criticality”	of	magnesium	metal	already	in	its	Wirst	“Critical	
Raw	Materials	List”	published	in	2010.6	In	this	Wirst	analysis	based	on	“Economic	importance”	and	
“Import	Risk”,	magnesium	was	among	14	other	raw	materials,	and	has	been	ever	since	placed	on	
later	edition	of	this	list.		

	
In	 2023,	 the	 Commission	 published	 a	 Critical	 Raw	Materials	 Act	 (CRMA),	 and	 in	 addition	 to	
magnesium	“critical”	status,	it	was	also	listed	on	the	list	of	“strategic”	raw	materials.7	
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3.1.	The	European	Primary	Project	Pipeline	
	

Since	 the	 dominance	 of	 China	 in	 magnesium	 primary	 production	 with	 about	 85%	 of	 global	
production	share,	the	Non-China	primary	production	base	is	challenged	and	also	new	projects	
faces	 hurdles	 in	 Winancing,	 funding,	 piloting,	 start-up	 and	 achieving	 sustainable	 commercial	
production.	The	European	Commissions	founded	the	European	Raw	Material	Alliance	(ERMA)8,	
who	is	tasked	to	oversee	and	facilitate	raw	material	related	projects	across	Europe	and	with	so	
called	“friendly	allies”.		

	
An	ERMA	report	“Materials	for	Energy	Storage	and	Conversion	-	A	European	Call	for	Action”	lists	
3	European	based	Magnesium	Primary	Production	projects	in	its	“ERMA	investment	pipeline”:9	

	
• Mures	Magnesium:	Magnesium	recovery	from	waste	[Romania]	
• Verde	Magnesium:	Magnesium	metal	production	(Romania]	
• Magnesium	For	Europe:	Magnesium	metal	production	[Bosnia]	
	

All	listed	projects	are	currently	in	planning	and	raw	material	testing	phase.10	
	

3.2	European	policy	support	for	the	Magnesium	industry	
	

The	CRM	Act	(CRMA)	calls	various	raw	material	industries	within	all	EU	member	states	to	action.	
In	May	2024,	the	EU	Council	approved	the	CRMA,	deWining	four	quantitative	percentage	targets	
for	all	identiWied	Strategic	Raw	Materials	(SRMs)	across	industries	and	EU	member	states.	These	
targets,	set	for	2030,	are	accompanied	by	additional	indicators	and	intentions,	such	as	maximum	
timelines	for	licenses,	among	others.	For	the	magnesium	industry,	setting	percentage	targets	is	
not	new.	The	European	Commission	(EC)	set	similar,	albeit	lower,	targets	in	2022	in	response	to	a	
brief	 yet	 impactful	primary	 raw	material	 supply	 crisis	 that	began	 in	 September	2021.	The	EC	
deWined	 a	 target	 of	 15%	 of	 imported	 magnesium	 (equivalent	 to	 40,000	 metric	 tons)	 from	
European	primary	production	by	2030.	This	target	was	often	referred	to	as	a	“guinea	pig”	for	the	
later	CRM	Act.	Since	then,	several	European	magnesium	primary	projects	have	been	initiated,	and	
a	 valuable	 discussion	 has	 started	 about	 reliable	 and	 lower-CO2	 supply	 chains	 for	 both	 the	
aluminum	and	magnesium	industries.	

	
The	CRM	Act	outlines	the	following	percentage-related	targets:11	
	

• At	least	10%	of	the	EU’s	annual	consumption	for	extraction	
• At	least	40%	of	the	EU’s	annual	consumption	for	processing	
• At	least	15%	of	the	EU’s	annual	consumption	for	recycling	
• No	more	than	65%	of	the	Union’s	annual	consumption	of	each	strategic	raw	material	at	

any	relevant	stage	of	processing	from	a	single	third	country	
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2Fronius International GmbH, Pettenbach, Austria
3BENTELER Automobiltechnik GmbH, Paderborn, Germany

E-mail: roxana.holom@risc-software.at

Abstract. With the increasing complexity of gas metal arc welding (GMAW) processes,
data-driven approaches for monitoring and understanding automated GMAW production lines
are gaining increased prominence. In this work, welding process data recorded in a production
environment is analysed using unsupervised learning methods. We describe a data process-
ing pipeline for feature engineering and apply a state-of-the-art clustering method to gain
more insights into the welding production process. The clustering results are compared with
the results from the application of dimensional reduction techniques and discussed based on
human-interpretable characteristics of the welding process.

1 Introduction
Gas metal arc welding (GMAW) is a key production process in metalworking industries. Modern arc
welding processes are highly dynamic, with a multitude of different process variants available [1]. In
addition, driven by market demands and automation, the complexity of modern welding systems is
rapidly increasing [2]. For human operators, monitoring and optimizing the welding production process
is becoming ever more challenging. With the advancing digitization of our world, modern information
technologies are also finding their way into welding production lines [3]. Emerging technologies like big
data and artificial intelligence (AI) may provide solutions to support process monitoring, prediction and
control, as well as quality inspection [2].

In this context, the European project called Data and Metadata for Advanced Digitalization of Manu-
facturing Industrial Lines (metaFacturing) has the overall goal of establishing a more resilient production
process by researching the development of an AI-based digital twin for metal part production, thereby
reducing costly rework and scrap resulting from out-of-specification parts [4]. Line operators will be
assisted by AI-based applications that will provide enhanced information about the manufacturing pro-
cess. Leveraging the integration of diverse types of data, such as welding process data, visual inspection
data, and quality control data from destructive testing, within metaFacturing we are creating the data
environment required to determine whether defects in weld seams correlate to information hidden in the
characteristics of the corresponding data.

Currently, we are building a foundation for predicting the weld seam quality from the welding process
data, i.e., defects can be identified earlier (maybe even online) in the process. This converges with the
overall goal of significantly reducing rework, scrap, machine downtime and energy spent, hence increasing
material and process efficiency. Therefore, in this paper, production data obtained from welding seams is
used for the development of an unsupervised machine learning (ML) model. In the first step of analysing
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the raw welding signals, we apply a clustering algorithm. Several approaches that could prove to be
effective for this task are available, like Density-Based Spatial Clustering of Applications with Noise
(DBSCAN), Hierarchical Clustering or k-means clustering. In this research, we focus on analysing the
raw signals of electrical welding current and voltage in the form of time series by applying the k-means
clustering method. In a follow-up step, clustering algorithms will be combined with feature extraction
from the chosen welding signals, to enable the detection of anomalies and the assignment of an anomaly
score for each weld seam.

Many studies on approaches to unsupervised GMAW process monitoring have been reported in the
literature. Sumesh et al. (2017) established a statistical correlation between welding process signals and
welding defects by comparison of probability density distributions of welding current and voltage [5].
Kirchner et al. (2020) applied a long short-term memory (LSTM) autoencoder to detect welding process
instabilities in multivariate welding process signals from the reconstruction error and the latent space of
the autoencoder. The reported anomalies were largely short circuits prevented by the process control
unit of the welding system [6]. Some studies combine welding process data with additional sensor data,
e.g. with video data recorded during welding [7]. Reisch et al. (2020) trained ML models too in
the context of wire arc additive manufacturing (WAAM). They combined the outputs of the different
models processing welding process data and video data, to calculate an overall anomaly score employing a
Mahalanobis distance [8]. Other studies do not consider the analysis of welding process data (like current
and voltage), but rely on acoustic signals for monitoring and anomaly detection [9, 10].

In many of the studies mentioned above, the data is often generated in a laboratory setting, with
relatively small sample sizes. The present studies focus on the application of clustering methods on data
recorded in an industrial production environment. The remainder of the paper is organised as follows. In
Section 2, we present an overview of the welding process, the motivation and the challenges of this work,
and we introduce the production data used for the analysis. In Section 3, we detail the methodology for
analysing the welding signals. In Section 4, we present the results and the feedback received from the
welding (domain) experts. Section 5 summarizes the content of the paper and discusses ideas for future
work.

2 Arc welding process (MIG/MAG)
2.1 Description and motivation
MIG- and MAG-welding are among the most common welding processes for steel and aluminium alloys.
Both are jointly referred to as gas metal arc welding (GMAW) processes. GMAW is characterised by the
electric arc which forms between the workpieces and the welding wire. This arc heats the joint while a
protective gas (inert or active, thus metal inert gas (MIG) and metal active gas (MAG)) shields it from
the environment. Using a robot, the welding torch is moved along the two workpieces’ joints to create
a weld seam with the desired length [1]. The quality of this joint is mainly given by the penetration of
the created weld seam. It is a percentage of the workpiece thickness and a measure of the connection of
both workpieces. A minimum penetration is an agreed quality feature between customers and suppliers
of welded components to ensure the connection of both pieces for the expected life cycle.

For the determination of the penetration, destructive testing is broadly applied. Cutting a welded
component perpendicular to the orientation of the weld seam gives an insight into the cross-section. The
sample is then prepared by polishing and etching before the characteristics are measured visually. On
the one hand, this procedure is fast and reliable, on the other hand, a part is destroyed and there is no
data available other than for this sample.

A continuous control of the weld seam quality to estimate the penetration is our goal. This reduces the
number of destroyed parts and can be applied to every single weld. Another benefit is early information
on issues for the automatic or non-automatic optimisation of the process.

As a first step towards this goal, anomalous welds shall be isolated by the application of AI on the
data from a welding power source.

2.2 Challenges
The weld penetration is dependent on many controlled and uncontrolled parameters. Considering the
robot, the main parameters are the distance of the torch to the joint and the welding speed. Any changes
in these parameters directly affect the arc-length, therefore the welding voltage, and the energy input per
unit length of the weld seam. Since the process is dependent on the heat input from the arc, the robot
thus has a significant influence on the quality [2].

The workpieces form a joint which is uneven along its length. The gap width, position, and contours
vary between different parts and affect the heat distribution alongside the workpieces’ heat treatment
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(a) (b)

Figure 1: (a) Illustration of the cross-section and (b) photo of the weld seam.

before welding.
The greatest impact on the weld quality can be expected from the welding power source. These

electronic devices contain sensors and complex control functions to ensure the weld quality by automatic
means. Due to the direct exposure to the process, wear-off of the mechanics and electrics needs to be
monitored. The wire feed mechanics and contact tip in the torch have to be thoroughly maintained.

Due to the dependency of the welding parameters on one another, it is expected that most information
is contained in the signals of the power source. The analysis of these signals to deliver an approach for
the decryption of quality information will be described in the following chapters.

2.3 Data recording
The dataset utilized in this article was generated by a Fronius TPS/i welding system, installed within
the production line for welding sessions of the project partner BENTELER Automobiltechnik GmbH,
as part of the metaFacturing project. For further analysis, a particular weld seam was selected. It is
schematically illustrated in Figure 1a, showing a butt joint of two aluminium profiles. As a welding
process, Fronius Pulse Multi Control (PMC) is used. Moreover, the option Fronius Synchro Pulse is
enabled, resulting in the characteristic ripple effect of the weld seam surface, see Figure 1b.

The welding process data of the weld seam was recorded for many different parts, resulting in 1478
recorded data samples. The description of the recorded welding process signals, as well as challenges
regarding the merging of time series signals recorded at different sampling frequencies, are described
elsewhere [11]. The main signals used in the present analysis are the voltage, welding voltage, and
the current, welding current, of the arc during welding, sampled at 10 kHz. Moreover, signals used for
communication between the welding system and the robot, like arc on and welding start, are used to
segment the welding signals into different regions of interest (see Section 3.1). These signals were sampled
at 1 kHz. The different sampling rates at which the welding signals were recorded pose a challenge since
any proper analysis of the welding activity will essentially require that all signals be sampled at the same
sampling rate. In [11], we describe these challenges in detail and how they were resolved. In particular,
the dataset utilised within this article results from the upsampling of the low 1 kHz frequency signals to
10 kHz with linear interpolation to fill out missing data.

3 Analysis of welding signals
3.1 Data preparation
This section delineates the data preprocessing pipeline, as depicted in Figure 3. For each dataset corre-
sponding to a weld seam of the specified machine serial number, the process initiates as follows: filter out
the dataset based on the designated seam number to generate a pool of datasets per weld seam. In this
case, this step yielded 1478 weld seam datasets. Subsequently, we clean the data by removing datasets
containing potential outliers. Incomplete welding sessions and welding sessions where an error code was
raised by the welding system, are excluded, resulting in 1459 weld seam datasets.

Next, the dataset undergoes further processing through either Pipeline A or Pipeline B, as il-
lustrated in Figure 3. Within Pipeline A, the dataset is subjected to two distinct transformations.
The first transformation selects the signals welding current and welding voltage for each dataset.
The second transformation calculates the power spectral density (PSD) of the welding current and
welding voltage using SciPy’s Welch1 function [12], producing two feature vectors per weld seam, each
with dimensions (1, n), where n is the number of frequencies. Merging the feature vectors sequentially
by their respective production time results in 2 feature matrices, each with dimensions (m,n), where
m = 1459, the number of weld seams. Finally, we merge these 2 feature matrices, which result in a tensor
of dimensions (m,n, 2).

1Documentation of SciPy welch function
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Within Pipeline B, each dataset per weld seam is initially divided into three distinct phases using
the low-frequency signals, arc on and welding start, which were upsampled with expert knowledge
from Fronius. Figure 2 illustrates these phases, which are further described below:

• Phase I is the start phase at the beginning of the weld seam. In this phase, the arc is ignited, and
the base material is heated.

• Phase II is the main phase, where welding is usually carried out at a constant welding speed.

• Phase III is the end phase, where the crater at the end of the weld seam is finished.

Figure 2: Separation of the welding data into three different phases. For illustration purposes, the
depicted signals were normalized to the range between 0 and 1.

In this research work, we restrict the analysis activities that are described in the next subsection, to
Pipeline A and Phase II (the main phase) of Pipeline B. As demonstrated in Figure 3 below, the
Phase II dataset, generated for each weld seam, undergoes the exact transformation as described earlier
for Pipeline A to obtain the feature tensor of dimension (m,n, 2).

Figure 3: Data preprocessing and feature extraction pipeline.
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3.2 Unsupervised learning – Clustering
This subsection details the machine learning methodology employed to analyse the dataset generated in
Subsection 3.1. For an analysis focused on the quality statuses of the weld seams, it would necessitate
the availability of target labels defining their quality, thereby indicating a supervised machine learning
approach. However, due to the unavailability of quality data for the weld seams at the time of analysis,
we adopted an unsupervised machine learning approach.

Specifically, we utilized the k-means clustering algorithm, as implemented in [13, 14], to cluster weld
seams based on their PSD features. A primary challenge with the k-means algorithm is determining the
optimal number of clusters. Generally, minimizing the cost function alone is not effective, as this approach
tends to favour a larger number of clusters, given that increasing the number of clusters typically reduces
the cost function. Hence, choosing the value of k solely to minimize the cost function is not a suitable
method.

4 Results and discussion
Our approach to determining the number of clusters was experimental. We executed the k-means clus-
tering algorithm, with the number of clusters ranging from 2 to 50. For each specified number of clusters,
the algorithm was run with 50 random initialisations of the cluster centroids. The model with the min-
imum distortion cost for each chosen number of clusters was selected as the best model. Additionally,
we computed the mean silhouette score for each chosen number of clusters, to evaluate the quality of
clustering. The silhouette score measures how similar an object is to its own cluster compared to other
clusters, ranging from −1 to 1, where a higher value indicates better clustering performance.

Figure 4: Number of clusters against inertia and silhouette score.

Figure 4 illustrates the experimental results for the datasets generated by Pipeline A over the entire
duration of the welding session and by Pipeline B, which is confined to the main welding phase (Phase
II). From Figure 4, it is evident that the silhouette scores indicate a decrease in clustering quality as the
number of clusters increases. Consequently, we limited our analysis to 2 and 3 clusters.

For each specified number of clusters, we concatenated the feature matrices of the welding current
and welding voltage from both Pipeline A and Pipeline B. We then performed Principal Component
Analysis (PCA), reducing the dimensionality of the frequency feature space from 1025 to 2. The visu-
alization of this dimensionality reduction, grouped by their respective clusters, is presented in Figure 5.
For all shown cases, the two principal components together account for more than 95% of the variance
in the dataset, with frequencies ranging between 170 to 278Hz as part of the top 10 frequencies having
higher contribution scores to both components. Consequently, these frequencies contribute significantly
to the variance captured within each of the principal components.
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Figure 5: Downward projection of feature matrices using PCA and categorised based on their cluster
values. The numeric values associated with the axis labels denote the explained variance ratio attributed
to the respective principal component.

The cluster assignments predicted by the k-means clustering algorithm for each weld seam were used
as target labels to train a classifier. The purpose of this classifier was to identify the frequencies that
significantly influence the predicted clusters. Specifically, we employed the XGBoost classifier [15] to
determine which frequencies are most critical in predicting the various clusters. The results, shown in
Figure 6, highlight the top 10 frequencies for each of the k-clusters, with k = 2, 3, in the datasets generated
by Pipeline A and Pipeline B.

The analysis reveals that, across all results, the most important frequencies fall within the range of
170 to 200Hz. This finding is expected, as the welding pulse frequency, and therefore the frequency of
droplet detachment, for the investigated weld seam lie within this range. Notably, for the welding current
and the scenario involving 3 clusters (psd welding current:3 clusters), both pipelines indicate that
the most important frequency is 366Hz. This frequency likely represents a higher harmonic of the welding
pulse frequency.

Figure 6: Top 10 frequencies obtained by a classifier predicting the cluster membership.
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Figure 7 illustrates two scatter plots of the mean welding current and mean welding voltage,
with each weld seam colour-coded according to its respective cluster. Here, we only focus on Pipeline
B (scatter plots for Pipeline A are not shown). The mean current and voltage for each weld seam were
calculated during active welding, specifically when the signal arc on equals 1 (refer to Figure 2 above).
It is evident that the differences between clusters are relatively well-demonstrated in the scatter plots in
Figure 7. The clusters are primarily distinguished by varying values of welding current and voltage. This
observation aligns with the PCA presented earlier (see Figure 5), where only two principal components
account for the majority of the variance in the dataset, effectively separating the different clusters.
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Figure 7: Scatter plots of mean welding current and mean welding voltage for Pipeline B: Results
for (a) two clusters and (b) three clusters.

5 Conclusion and future work
The analysis presented in this study demonstrates the application of unsupervised learning techniques,
specifically k-means clustering, to identify patterns in welding process signals. The primary focus was
on analysing the electrical signals of welding current and voltage recorded from a Fronius TPS/i welding
system. The clustering results, based on power spectral density (PSD) features of these signals, revealed
significant insights into the welding process quality and identified key frequency ranges that are most
likely to influence weld seam quality.

Further analysis using principal component analysis (PCA) and feature importance analysis revealed
that specific frequency bands, particularly those around the welding pulse frequency, in the range of
170 to 200Hz, contribute significantly to the clustering results. The study’s experimental approach to
determining the optimal number of clusters provided valuable feedback from domain experts, indicating
that a smaller number of clusters (two or three) is most likely to distinguish between different weld quality
levels.

The successful application of unsupervised learning to industrial welding data in this study highlights
the potential for such methods to improve process monitoring and quality control in real-world manu-
facturing environments. By identifying anomalies in weld seams, this approach can reduce the need for
destructive testing, thereby saving time and resources while enhancing overall production efficiency.

Future work will focus on refining this approach by incorporating additional features and exploring
different clustering algorithms. Furthermore, correlating the identified clusters with actual weld quality
measurements will be crucial to validate the findings and establish a reliable anomaly detection system.
Additionally, investigating the use of deep learning techniques for feature extraction and clustering could
potentially improve the performance of the anomaly detection model. By continuously refining the
approach and incorporating feedback from domain experts, we aim to develop a robust and effective tool
for monitoring and improving welding process quality.

Acknowledgment
Funded by the European Union. Views and opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting
authority can be held responsible for them.

37



The work described in this paper is supported by the metaFacturing project (GA 101091635), which
has received funding under the Horizon Europe programme.

References
[1] Norrish J. Recent gas metal arc welding (GMAW) process developments: the implications related

to international fabrication standards. Welding in the World. 2017;64:755-67.

[2] Wang B, Hu SJ, Sun L, Freiheit T. Intelligent welding system technologies: State-of-the-art review
and perspectives. Journal of Manufacturing Systems. 2020;56:373-91.

[3] Norrish J. Evolution of Advanced Process Control in GMAW: Innovations, Implications, and Appli-
cation. Welding Journal. 2024;103:161-75.

[4] metaFacturing Project Partners. Data and Metadata for Advanced Digitalization of Manufacturing
Industrial Lines; 2023. Accessed: 2024-07-25. https://metafacturing.eu/.

[5] Sumesh A, Rameshkumar K, Raja A, Mohandas K, Santhakumari A, Shyambabu R. Establishing
Correlation Between Current and Voltage Signatures of the Arc and Weld Defects in GMAW Process.
Arabian Journal for Science and Engineering. 2017;42:4649-65.

[6] Kirchner V, Vishev I, Rossdeutscher M. Detecting process instabilities in industrial gas metal arc
welding time series. Procedia Manufacturing. 2020;52:150-5.

[7] Bzymek A. Application of selected method of anomaly detection in signals acquired during welding
process monitoring. International Journal of Materials and Product Technology. 2017;54(4):249-58.

[8] Reisch R, Hauser T, Lutz B, Pantano M, Kamps T, Knoll A. Distance-Based Multivariate Anomaly
Detection in Wire Arc Additive Manufacturing. In: 2020 19th IEEE International Conference on
Machine Learning and Applications (ICMLA); 2020. p. 659-64.
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Abstract. Standardisation and certification transfers new manufacturing 

technologies from prototyping applications to economic sustainable products, 

nowadays always with additional focus on environmental sustainability. Instead of 

individual examination a homologation testing is applicable. Using the example of 

an aluminum pipe branch according to the Pressure-Equipment-Directive, initial 

experiences from design planning through qualification to component testing are 

presented. 

1. Reasons for an arc-DED component in engineering industry  

Several reasons can support arc-DED (Direct Energy Deposition) manufacturing of a component 
for the use in tank-, pipeline- and plant- construction: 

• More economical manufacturing option 
• New possibilities for design optimization, e.g. realization of a topology- or flow-

optimized design 
• Avoidance of a single-source situation in conventional component manufacturing 
• Short-term component manufacturing possible for parts with long lead times in 

conventional manufacturing 

With the drafting of EN 13445-14 [1], a basis for the use of additive manufactured pressure 
equipment in engineering construction was established. The derived DIN/TS 17026 [2] now 
provides the normative prerequisites for using such components in plant and tank construction. 

2. Additive component topology and design  

For testing the process chain for DED manufacturing, a pipe branch was chosen. The branch is 

welded on a conventionally manufactured base pipe with a corresponding cut-out, making it a 

hybrid component since the substrate material becomes part of the component. The transition 

from the base pipe to the nozzle is optimized for both: Flow and topology. The base pipe wall 

thickness is 8 mm. For the branch, a wall thickness of 5 mm is selected, and for the transition from 

the base pipe to the branch, a wall thickness of 14 mm is chosen (see Figures 1). The additional 

material used is evaluated and certified according to DIN EN ISO 18273 [3] for chemical analysis 

and DIN EN 14532-3 [4] for mechanical properties (Table 1). 
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Table 1. Material Wall Thickness and Outer Diameter of Pipe Branch. 

 Base Pipe Transition Branch 

Material EN AW-5083 / 
AlMg4,5Mn 

Al 5183 /  
AlMg4,5Mn 

Al 5183 / 
AlMg4,5Mn 

Thickness / DED [mm] 8 14 5 

Outer Diameter [mm] 273 273 / 168 168 

 

Table 2. Comparison of welding processes for DED aluminum at working point vd_set = 6 m/min, 

Wire Ø 1.2 mm AlMg4.5Mn, vs = 60 cm/min, Shielding Gas ISO 14175-I1 

Synergic line /  
Welding Process 

Currenta 
[A] 

Voltagea 
[V] 

Short Circuita 
Ration [%] 

Power (el. arc)b 
[W] 

ID 3727 / CMT universal 88 12.0 32 1500 

ID 3315 / CMT mix 105 17.7 8 1840 

ID 4058 / PMC dynamic 110 18.0 0.5 2410 

a Mean values over main process phase. b Instantaneous power according ISO TR 14891 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Selection of arc-DED welding process  

The requirements for the DED process are as follows: 

• Deposition rate as high as possible 
• Heat-reduced process to avoid cooling effort and minimize distortion 
• No lack of fusion 
• Insensitive to stickout changes 
• Suitable for large components 

Based on these requirements, the MIG (131)-CMT process (CMT = Cold Metal Transfer), 
specifically “CMT mix” for the first layers and “CMT” for the subsequent wall build-up, was chosen. 
Table 2 provides an overview of the welding parameters and arc power of different possible 
characteristics for AlMg4.5Mn without correction adjustment at the working point vd = 6 m/min. 
It shows that the strategy of the current waveform is crucial for the heat input. 

 

 

 

 

 

 

 

 

 

 

 

The heat input can be efficiently controlled for “CMT mix” welding process by adjusting the ratio 

of pulse arc to CMT cycles using the high-power correction factor. 

 

Figure 1. Additive welded transition of pipe branch and FEM model with stress concentration 
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Table 3. Additive procedure specification (AMPS) consists of several deposition specifications (DPS) 

AMPS No. Wall thickness  
[mm] 

Scope wall  
thickness [mm] 

Outer ø 
 branch [mm] 

Scope outer ø 
[mm] 

DPS TDED 101-1 5.3 14.2 – 6.4 273 ≥ 136.5 

DPS TDED 101-2 12 9.6 – 14.4 273 ≥ 136.5 

DPS TDED 101-3a 8 6.4 – 9.6 273 ≥ 136.5 

a Hybrid transition area. 

Table 4. Examination and testing of test pieces for process qualification 

Type of test Scope T242 Scope T243 Scope T244b 

Visual inspection 100 % 100 % 100 % 

Dimensional inspection 100 % 100 % 100 % 

Radiographic testing 100 % 100 % 100 % 

Dye Penetrant testing 100 % 100 %  

    

Tensile testa 4 flat specimens 
Rm, Rp0,2, A5 

4 round specimens 
Rm, Rp0,2, A5 

4 flat specimens 
Rm, Rp0,2, A5 

Transverse bend testa 2 probes 2 probes 2 probes 

Macroscopic examinationa 2 probesc 2 probesd 2 probesd 

a Perpendicular to layering. b Each DED area and hybrid transition area. 

 c from area with lowest interpass temperature. d from area with lowest and highest interpass temperature. 

4. Pre-qualification of an additive application 

Considering the scope according to EN 13445-14, three required process qualifications = DPQR 

(Deposition Procedure Qualification Report) arise for the pipe branch. Each pDPS (pre Deposition 

Procedure Specification) is qualified by the corresponding DPQR, thus becoming a DPS for 

manufacturing. The AMPS (Additive Manufacturing Procedure Specification) in this case includes 

three separate DPS for the three present component areas of wall thickness (Table 3). 

 

 

 

 

 

 

 

 

 

 

 

 

According to EN 13445-8, the test pieces of the individual process tests (DPQR) are examined 
according to Table 4. 
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Figure 2. Wire electrode as a sensor for position and seam preparation 

 

Figure 3. Welding setup with component cooling and process triggered camera 

5. Robot path planning 

From the STEP-file (Standard for The Exchange of Product model data), a proposal for additive 
build-up is calculated with layer height, position, speed, and build strategy. The proposed welding 
path is visualized in the modelled welding cell. Collisions and singularities can be detected early, 
and a suitable welding torch can be selected. Manual corrections and optimizations are usually 
necessary. 

6. Positioning with sensor tracking 

To arrange the substrate-pipe and correct manufacturing tolerances, the seam preparation is 
scanned using “CMT Wire Sense”. The reversing wire electrode gives the relative distance when 
touched and moving forward again with a high-resolution rotary encoder [5]. Edges can also be 
found this way, and the component can be easily positioned (Figure 2). 

 

 

 

 

 

 

 

 

7. Component manufacturing  

Different wall thicknesses are adjusted by varying oscillation amplitudes. Separate welding jobs 
are used for the first layers to quickly achieve a consistent heat balance. This is necessary to 
achieve a good seam transition and uniform seam flow. 

Figure 3 sketches the setup and shows the welding arrangement. The component is sealed on 
both sides with plates and equipped with water inlet and outlet. The water level is regulated so 
that the waterline is sufficiently in distance from the welding point, keeping the interlayer 
temperature within the qualified range. This allows continuous welding without cooling breaks, 
increasing deposition rate and minimizing component distortion. 

A process-synchronized camera observes the welding process, and a connected pyrometer 
measures component temperature at selected positions. 
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Table5. Scope of testing for finished component 

Type of testing Testing Scope of testing 

Non destructive RT (UT) and PT 100% of essential areas for design or 
20% using a representative grid,  
whole area is included 

Destructive TT (Tensile testing) 
Pressure testa 

2x in critical direction 
Design persisting pressure 

Additional Bend test 
Burst test (water) 

2x perpendicular 
1x component 

a According EN13445-3 Section 7+9. 

Table6. Tensile test results of additive structure 

 Value Requirement 

Tensile Strength 287 MPa >275 MPa 

Yield strength 141 MPa >130 MPa 

Elongation 23 % >10 %a 

a EN13445-8 Sect. 5.2 for not cold-strengthened components 

8. Parameter monitoring and documentation  

A production monitoring system supervises the parameter limits of the welding procedure 

specification and issues a warning when the preset limits are exceeded. The multitude of 

parameters, highly resolved over the welding time, creates the "fingerprint" of the additive build 

and enables analysis in case of any irregularities. Additionally, consumption statistics, preventive 

maintenance, and data transfer via API interfaces are possible. 

9. Testing of additive component  

For the present case of a base material with mechanical data specified in a European standard 

(design "harmonized") and a component with design class DC 1, the scope of component testing 

is as shown in Table 5. Additional testing with a burst and bend testing was also performed. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

All testing was fulfilled. As an example, the results of the tensile testing of the additive specimens, 

cutted out of the pipe branch, are given in Table6. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows the macro sections of the additive welded structure. There is no lack of fusion in 

welding on the substrate or within the buildup. Also no micro-porosity can be found, as it was 

proven with the pre-qualification using also direct water-cooling. This was one on the major 

concerns in this additive cooling strategy and application. 
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Figure 4. Macro sections out of the additive welded structure 

 

Figure 5. Additive application with reinforcing layers and pictures of component testing with 

radiographic inspection, bend testing and design pressure test. 

 

 

 

 

 

 

 

 

 

The additive component consists of a single weld bead spiraled with 70 layers and 2 reinforcing 

layers in the transition area. Mention, that a stronger reinforcement does not give a higher burst-

pressure value because of stiffening the whole structure and prohibit elastic and plastic 

deformation. Therefore 2h40min in welding time and 3.1kg of filler material with one reinforcing 

layer  are the overal parameters for this application. 

 

 

 

 

 

 
 

 

 

 

 

 

 

10. Summary 

Additive manufacturing using the DED arc welding is a suitable manufacturing process for 

pressure equipment components. The process allows economical and short-term component 

manufacturing while also enabling design and topology optimization. The presented example 

demonstrates that qualification according to EN 13445-14 is applicable and that the components 

meet all necessary requirements for safe operation. 
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Abstract. Additive manufacturing of pure copper is interesting for utilising high 
electrical and thermal conductivity properties for electrical as well as thermal 
applications. Wire-arc directed energy deposition is bene icial for producing large 
parts with less material wastage and is suitable for relatively less abundant 
resources like copper. The present study explores the feasibility and properties of 
parts produced using CuSn1 feedstock alloy and this process. Metallographic 
analysis and micro-hardness tests were conducted. The relative density of 99.99% 
is achieved, the micro-hardness is 64 HV0.1 and the grain sizes are observed to be 
growing along the build direction. 

1. Introduction  

Wire arc directed energy deposition process (WA-DED, also known as Directed Energy 
Deposition-Arc and Wire Arc Additive Manufacturing) is an additive manufacturing (AM) process 
for building large components at low costs and minimal tooling. In this process a wire feedstock 
material is molten using energy from an electrical arc or plasma. Compared to powder-based AM, 
WA-DED parts have lower geometrical accuracy but achieve far higher material deposition rates.  

Copper is an important metal due to its conductive properties and excellent recyclability. The 
demand for copper parts is increasing globally owing to the current focus on sustainable energy 
and transport solutions. The very high thermal and electrical conductivity, and re lectivity make 
the processing of pure copper dif icult. The same properties are important for the industrial 
applications of copper. The differences in the properties of pure aluminium and copper are 
highlighted in Table 1 [1,7,10].  

Table 1. Comparison of properties of pure aluminium and copper [1,7,10]. 

Property Aluminium Copper 

Density 2700 kg/m3 8910 kg/m3 

Melting Temperature 660 °C 1083°C 

Thermal Conductivity 230 W/mK 397 W/mK 

Electrical Conductivity 37 MS/m or 65 %IACS 58.8 MS/m or 102 %IACS 
Cross-section area for same 
conductivity 160 mm2 100 mm2 

Weight for same conductivity 50 g 100 g 

Tensile Strength 50-60 MPa 200-250 MPa 

Elongation 40 % 60 % 
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The re lectivity of copper reduces the absorption of laser power and affects the processing 
with laser-based AM process [11]. However, this is not a challenge for WA-DED process. The effect 
of alloying elements on the electrical conductivity of copper is critical for selecting the alloy with 
a balance between properties and manufacturability. The effect of small percentage of alloying 
elements on the electrical conductivity is shown in Figure 1 below.  

 

Figure 1. Effect of alloying elements on resistivity and conductivity of copper [7]. 

The processing of pure copper with wire-based processes has been studied by a handful of 
researchers. Baufeld studied the microstructure and properties of copper parts produced with 
wire electron beam AM (EBAM). Pure copper and CuSn1 were used to produce test samples. The 
manufacturability of copper using wire EBAM was veri ied, and deposition rates of 1.5 to 3.3 kg/h 
were recorded. Due to the vacuum environment in EBAM, very good surface quality and low 
oxidation levels were observed. Cracking in deposited walls was observed and assumed to be due 
to thermal stresses with scope of further investigations [2].  

Williams et al. studied and compared the WA-DED processing of pure copper (electrical wire) 
and CuSn1 alloy (CW-1860) using gas tungsten arc welding process. The authors observed higher 
porosity for the pure copper and postulated that the faster cooling and solidi ication of the melt 
pool to be the cause of porosity formation in pure copper. The effect of local and global shielding 
(<600 ppm Oxygen) on both types of wire was studied and found to be signi icant for reducing 
the porosity levels for the pure copper wire. Low surface oxidation was observed for both the 
alloys with global shielding. They also observed that global shielding has no impact on the 
electrical conductivity of the walls. Electrical conductivity (IACS%) values of 20% for the CW-
1860 alloy and 102% for pure copper were observed [3]. 

Baby, J., Amirthalingam studied the WA-DED deposition of CuSi3Mn1 alloy and compared the 
pulsed and short-circuited welding modes. They found that the short-cicuit process has contact 
with melt pool and produces equiaxed grains relative to columnar grains in pulsed mode and the 
parts have consistent tensile results [4]. 
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The WA-DED of pure copper was studied by Deshmukh et al. by manufacturing walls from 
99% pure copper alloy. It was found that the microstructure had coarse equiaxed grains along the 
deposition direction and epitaxial grain growth along the build direction. The mechanical 
properties observed were average micro-hardness of 88 HV0.98N , UTS and elongation values of 
226 MPa & 124.4 % along deposition direction and 219 MPa & 99.6 % along build direction [5]. 

In this study, the feasibility of WA-DED process using CuSn1 alloy and the properties in the 
produced parts are investigated. The process parameters are developed and evaluated on the 
basis of process stability, porosity levels and the degree of fusion between layers. The 
microstructure is analysed for understanding the grain structure and discovering anomalies if 
any. The developed process is evaluated by fabricating an electrical busbar demonstration part.  

2. Materials and Equipment 

2.1 Setup and Software 
The study is focused on WA-DED using Cold Metal Transfer (CMT) arc welding process. A Fronius 
iWave CMT power source with a push-pull wire feeder system is used for gas metal arc welding. 
The torch is positioned in 3D space using a Kuka robot (6+2 axis) equiped with Arctech Advanced 
welding package. Preheating is carried out using an underneath positioned electrical heating 
block. Machine, sensor and process data are collected using an Iba data acquisition system. 

Mastercam with ModuleWorks laser-aided manufacturing module and Robotmaster 
software are used for CAM toolpath and robot of line programming respectively. Metallographic 
preparation and imaging is carried out using calibrated Olympus digital microscope. Micro-
hardness is evaluated using a Zwick DuraScan machine. The WA-DED setup and the of line 
programming environment in Robotmaster software are shown in Figure 2.  

 

   
Figure 2. KUKA Robot setup with tilt-turn table and Fronius welding power source (Left);  

 Of line robot programming and simulation in Robotmaster software (Right). 

2.2 Materials 
Argon and Argon-Helium mixtures are used as shielding gases for the study. Argon of 99.999% 
purity grade and Varigon 30 (Ar70+He30) are used. The feedstock material used is 99% copper 
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alloy (CuSn1) in 1.2 mm wire form and the substrate material is a high conductivity phosphorous 
copper (Cu-HCP) plate of 10mm thickness. CuSn1 has good weldability compared to pure copper 
using gas metal arc welding. The compositions and properties of CuSn1 are described in the 
following tables. 
 
Table 2. CuSn1 alloy composition in mass percentage. 

Alloy Copper Tin Silicon Manganese Ni+Co, Pb, Fe, P, Others 

CuSn1  
S Cu 1898A 
(CuSn1MnSi) 

99 % 0.5-1.0 0.10-0.40 0.10-0.40 
< 0.10, < 0.01, < 0.03, 

< 0.015, < 0.20 

Table 3. Material Properties of CuSn1 alloy. 

Alloy Melting Point 
(°C) 

Thermal Cond. 
(W/m.K) 

Electrical Cond. 
(%IACS) 

Tensile Strength 
(MPa) 

Elongation 
(%) 

CuSn1 1050 120-140 25-34 210 – 245 30 

2.3 Process parameters 
Process parameters are analyzed from literature research to be in the following ranges for GMAW: 
gas low rate of 15-20 L/min, travel speed of 6-8mm/s (approx. 2mm/s for TIG) and wire feed 
speed of 4-6 m/min. Welding standards like AWS welding handbook and the Copper Development 
Association recommend pre-heating temperatures of 300-500 °C for welding of copper substrates 
with thickness of 10mm or more. Helium gas is recommended for shielding due to higher heat in 
the arc compared to Argon gas. This is due to the higher ionizing temperature and higher thermal 
conductivity in ionized state of Helium gas. A mixture of both gases provides the arc stability of 
Argon and higher heat from Helium [6, 7, 8]. The information combined with welding technology 
and WA-DED concepts are utilized to setup process parameters for the copper WA-DED process. 

3. Investigation of Copper WA-DED 

The methodology followed for the study described in brief: 

1. Initial trials to achieve stable deposition parameters. 
2. Production of coupons. 
3. Metallography test – porosity analysis and microstructure evaluation. 
4. Vickers micro-hardness testing. 
5. Process optimization and production of demonstrator part. 

The geometries produced for this study are trial walls, billets and a hexagonal thin-walled 
test part. The initial trials are with single beads of weld for ascertaining a stable parameter and 
acceptable layer geometry. The billets are produced for evaluating the manufacturability of solid 
copper parts and as test specimens for future electrical conductivity testing. The geometries used 
in the study are shown in Figure 3. 
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Figure 3. CAD geometries used - A: Wall with curved ends, B: Horizontal cuboidal billet, C: Vertical cylindrical billet. 

3.1 Walls 
The walls are designed with curved start and end points to reduce the layer height difference 
commonly observed with straight tool paths. The CAM programming is a one-way toolpath with 
and without robotic weaving motion. The initial trials show that a preheating of 75°C is 
insuf icient for welding the copper alloy on a 10mm Cu-HCP substrate even with high heat input 
process parameters. 

The trials with spiral weaving motion combined with pre-heating of 250°C produced a wider 
weld bead and improved joining with the substrate. The spiral weaving motion increases the local 
heat input during welding and improves the stability of the melt pool. However, the fusion with 
the substrate is not satisfactory at the starting of the weld track up to 40 mm length. A pre-heating 
temperature of 300°C improves the integration with the substrate and a stable melt pool is 
maintained during layer deposition.  

 
Figure 4. Spiral weaving motion using Kuka Arctech Advanced – 1: Weave length (half of (3)), 2: half amplitude of 
weaving (half of (5) ), 4: reverse travel of torch in spiral weaving (equals (1)).  Source: Kuka Arctech Advanced Manual 

The inal walls are produced after parameter optimization (Figure 5). Two walls are 
produced using CMT and pulse WA-DED processes, respectively. Metallographic samples are 
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extracted from the walls to evaluate the porosity levels and the grain structure in the deposited 
metal. The results of these tests will be discussed in section 4. 

       
Figure 5. Walls produced with CMT and pulse WA-DED processes. 

3.2 Billets 
The billets are produced both horizontally and vertically. The toolpath is a zig-zag strategy with a 
ixed layer stepover and without weaving motion. The direction of tool travel is reversed for each 

layer to maintain uniform material distribution and hence uniform layer height.  

The base layer toolpath for the vertical billet is an additional path around the actual billet 
geometry (Figure 6A Top). It is designed to heat the local substrate volume and aid in the melt 
pool creation. A spiral toolpath directed towards the inside of the cylinder is programmed to 
retain the heat in the weld region. This also has a spiral weaving motion of the torch programmed. 
The toolpaths are shown in Figure 6A.  

 
Figure 6. CAM toolpath strategy for vertical cylindrical billet(A) and horizontal cuboidal billet - Base layer (A, B: Top) 

and rest of the layers (A, B: Bottom, only a layer shown). 
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The base layer of the horizontal billet is started with a ring weld offset outwards to the 
dimensions of the billet (Figure 6B Top). The goal is to stop the lack of fusion occurring at the 
start of weld track to be included in the billet part. The toolpath is planned parallel to the longer 
side of the billet to not overheat the local region and distribute the heat along the length of the 
part. The toolpaths are shown in Figure 6B. 

 

Figure 7. Solid billets (A: Vertical, B: Horizontal) produced using CuSn1 alloy. 

The billets are produced with a pre-heating temperature of 280°C and a welding speed of 
6 mm/s. The part is observed to get red hot during WA-DED processing and cool down extremely 
fast when the process is interrupted. A high heat retention due to continuous welding leads to a 
bigger melt pool and, at times, can cause melt low at the edges of the geometry. Conversely, a long 
wait time between passes leads to cold weld start and improper fusion with the previous layer. 
Therefore, the inter-pass cooling time is not ixed, and it is based on in-situ process monitoring of 
the size and stability of the melt pool. This helps in avoiding any catastrophic melt low on the 
edges of the billet. The billets produced by WA-DED are shown in Figure 7.  

4. Results and Discussion  

The results of the metallography and micro-hardness testing are discussed in this section. 

4.1 Porosity Analysis and Microstructure 
The porosity analysis of the samples is conducted, and the resulting images are shown in Figure 
8. Porosity levels are determined to be less than 0.01% of the observed surface area and the rare 
pores observed have an average diameter below 20 µm. 

It is also observed that the porosity levels for CMT and Pulse modes are equivalent which can 
be observed in Figure 8 between 1,2 and 3,4. The results aid in concluding that the processing 
parameters are optimal for the WA-DED of CuSn1 alloy to achieve a relative density of 99.99%. 
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Figure 8. Images from metallographic samples from wall for porosity analysis - 1,2: CMT process; 3,4: Pulse process. 

The specimens are prepared for microstructure observation by etching with a solution of HCl, 
Fe(III)Cl and distilled water. The resulting metallographs are shown in Figure 9. The lower end 
of the samples is observed to have smaller grains compared to the top region. This is due to the 
distance from the substrate and the reduction in heat dissipation with repetitive deposition and 
heat accumulation in the part. The samples produced by CMT process (1) have smaller average 
grain size compared to those produced by pulse process (2). This is likely because of the lower 
heat input in the CMT process [9]. In the pulse process samples, distinct large columnar grains 
are observed owing to the epitaxial growth mechanism in the layer-upon-layer deposition 
process. No anomalies are observed at the grain boundaries or elsewhere. 

 

 
Figure 9. Etched metallographs of the samples oriented along build direction. 
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4.2 Hardness Tests 
The micro hardness on the samples from produced walls is evaluated using Vickers hardness 
tester according to EN ISO 6507-1. The HV0.1 is conducted with a load value of 0.98 N and load 
time of 10 s. The imprints are made at every 1mm along the build direction (Z-axis). The results 
are summarised in Table 4 and Figure 10.  

The average micro-hardness for the CuSn1 alloy samples is 64 HV0.1. No trends are observed 
along the build direction of the samples. Additionally, no signi icant difference between CMT and 
pulse process modes is observed. 

Table 4. Micro-hardness results for CuSn1 alloy WA-DED samples. 

Process CMT Pulse Overall 

       HV0.1  
       Average,  
       Std. Dev. 

64.1 
1.35 

64.4 
2.10 

64.3 
1.81 

 

 
Figure 10. Data plot of the HV0.1 values at every imprint point for four samples. 

5. Demonstration Part for e-Mobility Application  

Busbars are critical electrical components used for transmitting electrical power from a supply to 
sub-circuits. They are designed to minimize thermal losses and improve the ef iciency of electrical 
systems including e-mobility systems. A busbar geometry is used as a demonstration of the WA-
DED process using copper. 

The geometry and CAM planning for the busbar is shown in Figure 11. It is produced with 
the base of the geometry as a part of substrate and the two separated sections (1, 2) built-up using 
WA-DED. The CAM programming consists of zig-zag toolpath along the longer length to distribute 
the heat input uniformly and avoid melt low at the edges of the small deposition area. For the 
irst section (1), the welds are started outside the part area to avoid lack of fusion with substrate 

based on previous learnings. The second section of the geometry (2) is made using 90° tilt of the 
robotic table in the same way. A pre-heating of 240°C is used and an inter-pass cooling time is 
regulated, as necessary. The busbar is produced using Varigon30 shielding gas and the parameters 
developed for WA-DED. The as-built part is shown in Figure 12. 
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Figure 11. CAM Toolpath for the Busbar part- Left: Overview, Middle: irst wall, Right: top 90° wall. 

 
Figure 12. As-built busbar part produced by WA-DED with CuSn1 alloy wire. 

6. Conclusions and Future Outlook  

The trials in the study show the feasibility of Copper WA-DED for thin wall and solid parts. Lack 
of fusion caused by fast thermal dissipation due to the high thermal conductivity of copper is a 
major challenge during WA-DED. It is found that a pre-heating temperature of 300°C is suitable 
for processing the CuSn1 alloy with Argon gas shielding and 250°C for processing with 
Argon70Helium30 gas shielding. Geometrical consistency of the deposited layers is observed to 
be better in CMT process compared to Pulse process. The WA-DED process parameters developed 
for CuSn1 achieve a relative density of 99.99% and an average HV0.1 of 64 in the part.  

The research with copper WA-DED are ongoing and mechanical and electrical resistivity 
testing will be carried out using the produced parts. The demonstration of WA-DED processing of 
copper busbar shows promise for for e-mobility applications. The future investigations will be 
focusing on evaluating the process feasibility and properties in the part for pure Copper WA-DED.  
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Abstract. The recycling of aluminium sheet metal typically involves shredding and 

re-melting, processes which are both energy-intensive and challenged by the 

presence of metallic contaminants. To mitigate these issues, this study explores an 

alternative approach: the re-manufacturing of deep-drawn parts directly from 

scrap aluminium sheets, thus bypassing the melting step. We used 2 mm thick Al-

Mg sheet metal in H111 temper to produce simulated stamping scrap 

(miniaturized bonnets). Blanks were cut from these bonnets and secondary parts 

in a cross-cup geometry were deep-drawn using two different forming processes: 

warm-forming at 200 °C and O-temper forming at room temperature. The 

resulting maximum draw depths were 20–22 mm for warm-forming and 25–

30 mm for O-temper forming. While warm-forming resulted in lower draw depths, 

O-temper forming led to coarse recrystallized grain formation in some regions. 

Our approach could significantly reduce the energy consumption associated with 

aluminium recycling. 

 

1. Introduction 

Sheet metal scrap is typically shredded and re-melted. The homogeneity of the shredded metal 

depends on the sorting operations conducted before or after shredding; it can be relatively pure 

or contaminated. Non-metallic contaminants can be removed through combustion or melt-

cleaning (raffination) procedures. However, metallic tramp elements, such as iron in aluminium 

melts, are challenging to eliminate. Furthermore, even with optimal sorting and cleaning 

operations, the re-melting process has an unavoidable energy requirement due to the enthalpy of 

fusion.  

Aluminium recycling is widely recognized to require only 5–10% of the energy needed for 

primary production via electrolysis. According to Fragner [1], the enthalpy of fusion constitutes 

47% of the energy requirements in the traditional aluminium recycling process, while scrap 

preparation, raffination, and dross reworking account for another 47%. The remaining 6% is 

attributed to transportation. Additional energy is required for rolling new aluminium sheets. 

Consequently, eliminating both the melting and rolling steps could significantly lower the energy 

consumption associated with recycling aluminium alloys. This paper will examine the production 
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of deep-drawn parts from scrap aluminium sheets using a re-manufacturing process that avoids 

the intermediate melting step.  

Regarding aluminium sheet material used in the automotive industry, scrap can be broadly 

categorized into three types: first, undeformed blanking scrap (cutoff); second, stamping scrap 

(deformed cutoff from parts and defective deep-drawn components); and third, end-of-life (EoL) 

parts (e.g., auto bonnets) [2], see Figure 1. Blanking scrap retains the characteristics of virgin 

sheet metal, making it potentially straightforward to use for producing smaller parts. Stamping 

scrap, on the other hand, differs from the raw material due to its pre-existing deformation, which 

affects its strength and formability. EoL scrap presents the greatest challenge, as it requires 

separation from other materials and possibly removal of paint [3]. Additionally, this type of scrap 

often lacks detailed information about the original materials and their life-cycle, including load 

cycles and corrosion damage. 

Literature on sheet metal re-manufacturing (or re-forming) is relatively scarce. Abdullah [4] 

addressed the growing environmental burden of automotive industry waste by exploring a small 

business model that remanufactures metal sheets from end-of-life vehicles into wall junction 

boxes for construction. The study evaluates the technical, economic, and environmental feasibility 

 

(a) 

 

(b) 

Figure 1. Schematic of blanking scrap, stamping scrap, and part in stamping of an automotive body 

side from sheet metal coil (schematic based on [2]). (b) EoL bonnet made from Al alloy sheet 

(disassembled from Audi A6 4B, year 2000, 240,000 km). 
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of this remanufacturing process using commercially available technologies, showing high 

sustainability and substantial profitability across different production scenarios.  

In a study by Copani et al. [5], laser de-soldering for disassembly and the production of non-

decorative interior parts from an EoL car roof achieved a 40% reduction in CO2 footprint. 

Challenges were identified in both technology (improving part quality and process scalability) 

and business models (such as establishing reverse chains, ensuring customer acceptance, and 

pricing). 

Horton and Allwood [2] investigated the feasibility of using blanking scrap, stamping scrap, 

and EoL car parts to produce new components, potentially lowering costs and reducing 

environmental impact. They found that while some yield losses are unavoidable with current 

technologies, most organizations have the potential to enhance material utilization. 

In this paper, we investigate the production of secondary deep-drawn parts from stamping 

scrap. For this purpose, we first manufacture miniaturized bonnets as simulated stamping scrap 

(rejected products). Then, secondary parts are produced in a cross-cup geometry. Maximum draw 

depth, optical appearance and grain structure are assessed. 

 

2. Materials and methods 

We used 2 mm thick AA5182 and AA5083 sheet metal in H111 temper and stamped miniaturized 

bonnets (Figure 2) using a 250 t servo-hydraulic drawing press. The bonnet (engine hood) 

geometry was used merely for demonstration purposes, as 5xxx series alloys (Al-Mg) are typically 
only used for automotive inner parts due to the occurrence of stretcher-strain marks [6]. 

From these parts, blanks were water jet cut for the use with a cross-die tool (Fig. 3). These 

secondary blanks were either pre-heated in a furnace at 200 °C and deep-drawn in the heated tool 

(also 200 °C); or O-temper treated (400 °C for 2 h, cooled at 50 K/h) and deep-drawn into cross-

cups at room temperature (RT). The schematic process chains are shown in Figure 4. 

 

 

 

 

Figure 2. Isometric view of miniaturized bonnet stampings. Dimensions in mm. 
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By re-manufacturing of deep-drawn cross-cups, the maximum draw depth was assessed. The 

deep-drawn parts were visually inspected and metallographic cross-sections were taken to 

evaluate possible coarse grain formation by optical light microscopy after etching with Barker’s 

reagent. 

  

 

Figure 3. Secondary blanks were water jet cut from various positions of the stamped parts. 

 

 
(a) Warm-forming 

 
(b) O temper forming 

Figure 4. Remanufacturing by (a) warm-forming and (b) O temper forming. 
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3. Results and discussion 

The deep-drawing of re-manufactured parts resulted in maximum draw depths of 20–22 mm 

for the warm-forming process and 25–30 mm for the O temper forming process, as illustrated by 

the example part in Figure 5. No significant difference was observed between the two alloys 

tested, AA5083 and AA5182. The lower draw depth achieved in the warm-forming process, 

compared to the O temper forming, is likely due to the material softening at 200 °C. This softening 

leads to earlier necking and, consequently, fracture. 

The surface quality of the re-manufactured parts was generally acceptable; however, the 

bonnet character lines (i.e., edges that serve both aesthetic and stiffening functions) remained 

visible on the parts. Therefore, re-manufactured parts may be more suitable for non-exterior 

applications in automaking [5] or for other non-aesthetic components.  

Metallographic characterization of the original bonnet character line region in the re-

manufactured part revealed coarse recrystallized grain for the parts formed via the O temper 

forming process (Figure 6), while no recrystallization was observed for warm-forming at 200 °C. 

Depending on the application, such coarse grain formation may be unacceptable. In these cases, 

either warm-forming could be employed or the character lines could be recessed during the 

secondary blanking process. 

  

               

 

Figure 5. Example of lubricated secondary blank in O temper (left) and cross-cup deep-drawn 

from it (right). Bonnet character lines marked with arrows. 
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4. Conclusions 

 

We investigated re-manufacturing of deep-drawn parts from stamping scrap (i.e., pre-deformed 

material from another deep-drawing operation). The following conclusions can be drawn: 

• Both O temper forming and warm-forming are suitable processes for production of re-

manufactured parts from 5xxx series alloys. 

• O temper forming achieved higher draw depths and does not require heated tools, but 

coarse grain formation can occur in highly deformed regions of the primary part 

(stamping scrap) during annealing. 

• Regardless of re-manufacturing process used, highly deformed features of the primary 

parts (e.g., body character lines) are still visible on the re-manufactured parts, which 

therefore are deemed more suitable for non-visible applications. 
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Abstract. Copper conductors - manufactured by atmospheric plasma powder 
deposition, insulated by alumina layers and integrated into aluminium structures 
- were analysed with regard to their electrical conductivity. Variations of a novel 
electrical post-processing were studied in comparison to standard heat treatment. 
Both of them showed signi icant improvement of the speci ic electrical resistivity.  

1.	Motivation	

The variety of additive manufacturing (AM) technologies has already proven its major factors of 
bene its, irst of all the great freedom of design of complex shaped parts.  
Another important opportunity is the application of several different materials – even material 
classes - in one part in order to generate novel functionalities. Multi-material design enabled by 
Direct Energy Deposition (DED) technologies was in the heart of the EU funded project MULTI-
FUN - focussed on a variety of integrated functionalities demonstrated by seven real size use case 
related parts [1]. 

One of these demonstrators - the motorcycle handlebar - aimed at the integration of all basic 
electric and hydraulic signal transfer features (for the control of clutch, front brake, starter, 
indicator, lights as well as horn) into the mechanical structure without using visible cables (Figure 
1). While the design of the hydraulic channels resembled cooling channels well known from 
additively manufactured moulds, the full integration of electrical power transfer needed a novel 
approach. This approach consisted of manufacturing the mechanical structure of the handlebar 
in a stepwise procedure by an appropriate AM method, interrupted by the process of depositing 
layers of ceramic (functioning as electrical insulator between all neighbouring metal volumes) as 
well as pure copper (as the standard electrical conductor material), resulting in ive distinct 
copper tracks, see Figure 2.  
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The two main DED methods chosen were Wire-Arc Additive Manufacturing (WAAM) as well 
as Atmospheric Plasma Powder Deposition (APPD) because of their ability to create 3D structures 
out of aluminium wire (for the mechanical structure), copper powder (as the typical electrical 
conductor) as well as alumina powder (Al2O3 acting as the insulator in between aluminium and 
copper elements). Before the demonstrator manufacturing was started, principal investigations 
about the prove of concept of insulation of copper tracks and their resulting conductivity and the 
mechanical robustness of the multi-material design were performed [3].  

Early investigations showed that the electrical resistivity of copper tracks manufactured by 
APPD was by a factor of appr. four times higher as the standard properties of pure copper, widely 
stated at a level of 0,017 Ω·mm2/m.  

A hypothesis about the main mechanisms causing the poor electrical conductivity of as-
deposited copper tracks was put forward which included the in luences from oxygen solved in 
copper of high purity, the nano-sized grain structure within each powder particle as well as the 
interfaces of the deposited micro-sized powder particles to each other.  

A concept for a novel special process developed based on the application of an electrical 
current to the copper tracks, resulting in a quick temperature increase according to Joule’s law. It 
states that the generated heat “H” in Joule (J) is directly proportional to the product of electrical 
resistance “R” in Ohm (𝛺) times the time “t” of the electrical current lowing in seconds (s) times 
the square of the current “I” in Ampere (A). The formula reads as H~R x t x I². This new post-
treatment approach resembled to a certain degree the principles of Spark Plasma Sintering (SPS) 
and its variations known as Field Activated Sintering Technique (FAST) or Plasma Activated 

a.	 	b. 	

Figure	1. Generic design of the multi-material motorcycle handlebar; a.) overall shape; b.) details of 
multi-functional design with copper lines (orange colour), alumina insulators (light blue) and the 
hydraulic channel shown as a hole in the aluminium structure (grey), drawings courtesy of EDAG [1] 

a.	 	b. 	

Figure	2. a.) WAAM based assembly of the motorcycle handlebar; b.) Cross section of the insulator 
and ive copper conductor stacks, both manufactured by APPD onto an aluminium substrate before 
WAAM integration, corresponding to Figure 1.b. (copper tracks in light grey; alumina deposited all 
around the copper tracks, image processed by DLR) [2] 
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Sintering (PAS). SPS usually applies low-voltage and pulsed direct current combined with low 
mechanical pressure aiming at a fast consolidation of preconsolidated powder. A common theory 
involves electrical discharge at small contact areas of adjacent powder particles, generating a 
plasma spark at high temperatures within a fraction of a second [5]. 

The changes to the nano-, micro- and macro-structures of the copper tracks by these sparks 
and the related Joule’s heat were considered to sustainably improve the electrical properties. The 
effects of such procedures in comparison as well as in combination with standard heat treatment 
(HT), respectively, at certain stages of the process chain of WAAM were reported extensively for 
the irst time in [4]. The main indings are reported in the following chapters. 

2.	Sample	design	

A simpli ied sample design was chosen for principial investigations about the in luence of 
electrically induced post-processing. It was exhibiting the basic features of the future 
demonstrator part but was reduced in size, in geometrical complexity as well as in number of 
insulated conductor stacks. 
 
The aluminium substrates were extracted from an extruded pro ile of standard EN AW-6060 alloy 
(AlMgSi0,5). The cross-section of the copper layers was de ined to be 5 mm x 150 µm. The length 
of the copper layer was 130 mm, deposited upon a centred, 10 mm wide section of alumina, which 
is spreading along the full substrate length. Most (but not all of the samples incl. the one shown 
in Fig.6) were again treated by APPD to produce an insulting alumina layer above the conductor 
strip in order to prevent short circuiting after subsequent integration into aluminium. For later 
processing (incl. contacting), both ends of the copper stack were kept uncoated for about 5 mm 
length to maintain the conductivity (see Fig.5.a). The drawing of this generic sample design is 
shown in Figure 3. 

	

Figure	3. Design and dimensions of the samples (in grey: aluminium substrate; in blue: alumina 
insulator; in orange: copper conductor) [4] 
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3.	Manufacturing	of	the	samples	

The extrusions with a thickness of 10 mm were at irst sand blasted on the surface dedicated for 
additive manufacturing with the aim of enhancing the adhesion of the irst ceramic layer. A 
handheld device was applied with parameters established by experience. 
Thermal spraying was performed by an APPD equipment of type InoCoat IC3, operated by the 
manufacturer INOCON [6]. A masking was applied to cover the areas where no material should be 
deposited. Commercially available copper powder with a d50=9,89 µm was used for the 
conducting layers. For the ceramic insulation layers, alumina powder (Al2O3) with a d50= 9,3 µm 
was applied. Figure 4 is showing a representative cross section of a copper tracks insulated by 
Al2O3. 
The integration of the insulated conductor stack was performed in LKR’s additive manufacturing 
laboratory, applying standard FRONIUS CMT welding equipment as well as conventional welding 
wire MA-5183 (AlMg4,5Mn0,7). Stepwise, the following DED processes were applied: 

1.) Thermal spraying of 10 mm wide, appr. 200 µm high layered stack of alumina along the 
middle of the substrate bar, along its full length of 150mm,  

2.) Thermal spraying of 5 mm wide, appr. 150 µm high layered stack of copper along the 
middle of the alumina strip, limited to a length of 130 mm,  

3.) Covering the layered stack of copper by alumina, leaving both end of the copper strip (of 
appro. 5 mm) uncoated (in order to act as the contact areas), see Fig. 5. a. 

4.) Integration of the insulated conductor stack by wire arc additive manufacturing in the 
middle of the samples, stopping left and right at a distance of about 5 mm length to the 
uncoated (in order to avoid any negative to the contact areas), see Fig. 5. b.  

4.	Post‐processing	

Both the sample substrate as well as the designated wire electrode for the motorcycle handlebar 
demonstrator, namely MA-6063 (AlMg0,7SiTiB), are reacting to heat treatment (HT) [7]. 
Therefore, the standard T6 heat treatment of an EN AW-6060 alloy was applied to a part of the 
samples, applying a temperature of 540°C for 1 h plus subsequently 180°C for 8 h using a 
conventional heat treatment furnace. The in luence of this heat treatment to the electrical 
resistance properties of the integrated copper tracks was of main interest in comparison to the 
effects of a novel electrical treatment. This post-processing concept was studied in two variants, 
on the one hand a short-time procedure with a high current density of up to 1000 A/mm² 

	

Figure	4. Optical microscopy offering an insight into the grain structure of the alumina and copper 
stacks . 
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applied but only for less than 1 s, on the other hand the so called long-time variant, by which the 
conductor tracks were heated up to 580 °C for up to 5 min applying lower ampere setting.  

4.1	Short‐time	electrical	processing		
The so-called short-term variant aimed at the minimum of treatment time and energy 

consumption, respectively.. A welding power source (Fronius MagicWave 5000) was used to 
provide a current of up to 500 A. The electrical current was introduced directly into the 
conducting copper layer stack by pins contacting both ends of the conductor track (Figure 6). The 
experimental variations included the combination of different process durations (140 ms, 880 
ms) with different current settings (225 A, 325 A, 500 A). Due to the fast heating, an exact 
temperature measurement was not available. 

 
 

a.	 	

b.	 	

Figure	5. a, Sample after  thermal spraying of alumina (white coloured) and copper tracks (orange) 
onto aluminium substate before the planned WAAM operation; b. Sample after  integration of 
insulated conductor stack by aluminium WAAM layers. 

	

Figure	6. Experimental clamping system with a test sample (without alumina insulation) exhibiting 
the contact pins used for both the electrical power supply as well as the resistance measurement.  
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4.2	Long‐time	electrical	processing		
The so-called long-time experiments applied a welding power source (Fronius MagicWave 

2000) limited to a current of max. 180 A. The experimental setup was similar to the setup in the 
short-time experiments with the main difference in the applicability of thermocouples, located 
under the aluminium substrate in order to measure the substrate’s temperature, acting as the 
main process parameter. The chosen temperatures values were 250 °C, 350 °C and 580 °C, 
respectively. By applying a current of 180 A to the copper conductor track, the overall sample 
temperature increased by time. When the dedicated temperature was reached, the power supply 
ended. 

4.3	Introduction	of	the	novel	treatment	options	into	the	process	chain		
While the standard heat treatment was applied only to samples with WAAM layers already 

deposited, the two electrical processing variants (“short time”, “long time”) were already applied 
to two subsets of samples in advance of the WAAM operations.  

In the legend of Figure 7, the timing of the application of one of the two novel process 
variations to a certain subset is stated. The resistivity values of ive subsets were measured at ive 
stages; the processed results are shown as clusters along the x-axis in Figure 7. The irst cluster 
of results is called “Incoming”, showing all average values and related error bars derived from all 
intact samples after APPD processing before any further steps. The next cluster - called “Before 
WAAM” - includes two bars providing the results after “short time” or “long time” post-treatment, 
respectively. So far, all samples looked similar to the one shown in Figure 5.a. The next cluster in 
Figure 7 shows the speci ic resistance results “After WAAM”, i.e. all intact samples are similar to 
the one shown in Figure 5.b, repeatedly showing also the data for samples without any post-
processing. While the subset “Before WAAM long time” had to be withdrawn from further 
investigations due to damage to the contact areas (obviously resulting from thermo-mechanical 
stresses caused by fast thermal loading in combination with the local pressure from clamping), 
all remaining samples exhibited a reaction to the heat generated during the integration operations 
by WAAM. A signi icant drop in speci ic electrical resistance was observed compared to the data 
of incoming samples. The cluster “Before heat treatment” includes two subsets which were 
electrically treated after the WAAM integration.  They were named “After WAAM short time” and 
“After WAAM long time”. Only for the later one as well as the reference subset called “No 
treatment” (referring to the novel post-treatment) standard heat treatment was applied, the two 
bars clustered to the data set “After heat treatment”.  

5.	Main	results	

The most important inding of these studies is that both a standard T6 heat treatment as well 
as a special electrical post-processing were improving the electrical conductivity of copper 
conductors integrated in an aluminium body signi icantly. Furthermore it was found that even the 
thermal energy of the WAAM process introduced into the conductor stack led to a signi icant drop 
in electrical resistivity to the level of the values after electrical treatment. In Figure 7, the 
resistivity results of ive subsets are shown in clusters of bars, After the APPD processing, the 
measurement revealed values in the range of 0,05 to 0,075 Ω mm²/m. Two subsets were treated 
by one of the two electrical treatments, leading to average values of 0,035 Ω mm²/m. These 
numbers are at the same time at 70 - 50% of the level of the incoming samples but still around 
200% of the standard properties of pure copper (0,017 Ω mm²/m). Nevertheless, the potential of 
the novel electrical treatment was shown by this improvement.  
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After the integration by WAAM, all samples exhibited increased electrical conductivity –  
slightly less than the ones electrically treated after APPD showed but signi icantly better than 
without any treatment, altogether at a resistivity level of appr. 0,04 Ω mm²/m.  

The best values were achieved by a combination of WAAM integration, post-processing by 
the long-time variant of this novel electrical treatment plus a standard T6 heat treatment. Despite 
the fact that the “short-time” variant failed to produce enough comparable data available for 
evaluation, the level of the speci ic electrical resistance data of samples treated only by WAAM 
and T6 HT is very near to the best values. The two best average values are 0,025 and 0,027 Ω 
mm²/m respectively, which are about 50-60% higher than the standard values of pure copper but 
much lower than the values derived from incoming samples in their as-deposited state. 

 

	

Figure	7. Speci ic electrical resistance of samples treated along the process chain with and without novel 
electrical post-processing [4, 8]. 

5.	Conclusions	

The novel method of electrical post-treatment has clearly shown the potential to increase the 
electrical conductivity of copper layers deposited by plasma spraying methods. For aluminium 
parts which are not applied to standard heat treatment  - and when the conductivity improvement 
by the heat input of WAAM are considered to be not enough -  the short-term electrical treatment 
is offering a very quick and energy-ef icient process to reduce resistance by half in under one 
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second by using a conventional power source. This effective procedure seems to have a high 
potential to be exploited with insulated copper conductors embedded into other substrate 
materials as well. 

Since the thermal sprayed copper tracks are reacting to heat input with an improvement of 
the electrical conductivity, any T6 heat treated aluminium structures are expected to achieve very 
similar levels of improvement without additional electrical post-processing of the copper tracks. 
Hence, manufacturers of aluminium parts with integrated copper conductors have now the 
opportunity to select the post-processing method according to required properties and process 
chain in place.  
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Abstract. Shielding gas is an essential parameter in welding processes, serves to 
shield the molten material from the atmosphere and external contaminations 
while providing a stable electric-arc pathway during the process, thus in luencing 
the quality of the weld bead and several other aspects of the process. Therefore, 
any welding-based process, such as wire-arc additive manufacturing, could bene it 
from shielding gas mixture optimisation to selectively improve the processing and 
possibly the inal mechanical properties of the welded material. In this study 
welding of EN AW 5183 aluminium (single weld bead and wire-arc additive 
manufacturing build-up) was conducted using several gas mixtures and their 
in luence on inal geometry, defects, and microstructure measured. The gas 
mixtures used were a combination of varying amounts of carbon dioxide, nitrogen, 
and oxygen. These were added to commercially available argon gas. It was 
observed that: CO2 additions led to an unfavourable bonding defect and increased 
mean grain size; nitrogen additions caused a decrease in mean grain size, 
decreased pore count while maintaining a similar pore volume fraction to the 
reference argon mixture samples; oxygen additions showed slight reduction of 
mean grain size, decreased pore count and decreased pore volume fraction. These 
results further showcase that varying shielding gas mixtures in luence the inal 
material properties and should be considered as an additional improvement route 
for conventional welding and additive manufacturing. 

1. Introduction 

First invented, in 1986, additive manufacturing (AM) technology, has received an ever-growing 
interest from academia and industry due to its potential in several sectors. This potential can be 
characterized by an increase in design freedom, reduction of material consumption and reduced 
energy use [1]–[3]. 

AM encompasses a wide range of processes categories. One of the most popular process 
categories of AM, is wire-arc directed energy deposition (waDED). This process can be used for 
the production of large near net shape structures with complex geometries and can also be 
applied to repair use-cases. The process consists of locally feeding a wire feedstock material, 
which is molten selectively with the use of an external heat source. For this process category, the 
heat sources are conventional welding technologies based on electric arcs, such as gas metal arc 
welding (GMAW), gas tungsten arc welding (GTAW), and plasma arc welding (PAW) [1], [4]. 
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Due to its susceptibility to contamination from the atmosphere, the process needs to be 
locally shielded by using shielding gases. Besides the shielding purpose, shielding gas also has a 
signi icant effect on the process as it can in luence arc stability (voltage), deposition rate, heat 
transfer, weld penetration, bead form and contributes to the composition of the weld material and 
mechanical properties. One mechanic on how the used gas in luences this is that it needs to be 
dissociated and has a different ionization energy and thermal conductivity that are proven to have 
the mentioned effect [5]–[8]. 
This means that selecting the correct gas mixture for shielding gas in waDED can ensure optimal 
conditions for part building, possibly bene iting process ef iciency, accuracy, local alloying 
possibilities, and ultimately, inal properties of the material. Therefore, in this study, different 
additions of nitrogen (N2), oxygen (O2) and carbon dioxide (CO2) were added to commercially 
available argon gas mixture (Ar), commonly used in welding. These gas mixtures were then used 
as the shielding gas for depositions of the iller wire, EN AW 5183, and their in luences on the 
process and inal properties measured [6], [8]–[11]. 

This study aims to improve the understanding of the effects and potential of dopped gas 
mixtures use in the waDED processes. 

2. Experimental 

2.1. DoE and trials 
The reference gas mixture used was commercially pure Ar 5.0 with an 99.99% purity. To this 
reference mixture varying ranges of the mentioned doping gases, were added. The addition ranges 
and increments are as follow: N2 additions were done up to 5% of the total gas mixture, using 
2.5% increments; CO2 additions were done up to 5% of the total gas mixture, using 2.5% 
increments; O2 additions were done up to 0.03% of the total gas mixture, using 0.015% 
increments. With the help of the design of experiment (DOE) method a sample plan was 
established as can be seen in Table 1 [12]. The iller metal used was EN AW 5183 from MIGAL.CO 
GmbH, with a diameter of 1.2 mm. 

The experiments are divided in two stages, initially a single weld bead is deposited on a 
substrate and preliminary results analysed before proceeding with a multi-pass build-up of 
material. The two stages were conducted using two different motion systems and two different 
power sources. These changes are stated in the following sub-chapters. The change in motion and 
heat source equipment was only due to laboratory and resource capabilities. 
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Deposited samples were characterized by taking microsections of the weld beads. These were 
embedded in resin and then polished and investigated using optical light microscopy, (Olympus 
BX60) with whom geometry effects and porosity can be measured and quanti ied. The analysis of 
porosity and the measurements of grainsize were done with the help of the free software “Fiji 
ImageJ” [13]. 

Following the geometry and porosity measurements the samples were chemically etched 
using the Barker´s agent revealing the grain structure of the samples, allowing for grain 
measurements via the linear interception method according to ASTM E112–13. 

 

2.2. Single weld bead 
For the deposition of the single weld bead, using EN AW 5183 as iller wire and base plates 

of EN AW 6060 alloy with a length of 200mm, a width of 100 mm and a thickness of 10 mm. The 
samples were manufactured using the KUKA KR300 R2700-2-FLR robot motion system coupled 
with a Fronius power unit TPS 4000 CMT and equipped with a Fronius Robacta 5000 welding 
torch. 

To ensure the correct gas mixture compositions for each experiment, a GA-MI-6.2 mixing unit 
manufactured by the company Gasyco GmbH, was used. The gas mixing unit and gas pipes were 
lushed continuously for 15 minutes to avoid contamination (humidity and oxygen). The 

baseplates were brushed with a wire brush and cleaned with isopropanol prior to depositions. 
The single weld beads are exempli ied in Figure 1, where the gas mixture used was the reference 
gas mixture. 

Table 1. Sample plan of the single weld bead samples, generated by application of a DOE method. 

Sample name N2 in % CO2 in % O2 in % Ar in % 

V1_N2_2.5_CO2_2.5_O2_0.015 2.5 2.5 0.015 94.985 

V2_ CO2_5 0 5 0 95 

V3_N2_5_CO2_5_O2_0.03 5 5 0.03 89.97 

V4_N2_5_CO2_5 5 5 0 90 

V5_N2_5_O2_0.03 5 0 0.03 94.97 

V6_CO2_5_O2_0.03 0 5 0.03 94.97 

V7_ref_Ar_100 0 0 0 100 

V8_N2_5 5 0 0 95 

V9_O2_0.03 0 0 0.03 99.97 
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2.3. Manufacturing wall geometry 
As previously stated, the robot-workplace was switched to a different motion system, ABB 

IRC 8 axis 4600 and the power source was a Fronius CMT Advanced 4000 R. Lastly, the substrate 
material used was also changed due to a lack of material, however the measurements near the 
irst layers were not considered hence comparability was not compromised. The geometry of the 

samples are rectangular, as depicted in Figure 2, with rounded corners for better continuity of 
the weld. The Length of the samples are 150 mm, and the width 40mm. 

 

 

Figure 1. Reference sample of the bead on plate trials. 

 

Figure 2. Reference sample of the wall geometry samples 
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3. Results 

3.1. Single weld bead 
During welding soot buildup is expected at the lanks of the weld. This can be observed for the 
reference depicted in Figure 1. The addition of O2 resulted in a similar appearance and soot 
buildup as the reference sample. Samples with N2 and CO2 showed an increase of soot build-up at 
the lanks and on the bead surface. Furthermore, the mixtures containing CO2, upon visual 
inspection, showed increased surface texture (groves and cavities). N2 samples, containing no CO2, 
showed bronze discolouring, and had decreased soot build-up on the bead itself. 

The microsections where taken from three different sample positions. These showed 
different bonding behavior and other contact angles to the substrate plate. The CO2 samples 
appeared to have a bonding defect at the surface level of the substrate plate. This can be seen in 
the top row of the selected samples in Figure 3 where two mixtures containing CO2 are depicted. 

Geometric measurements showed a reduction in height for all samples while the width 
followed no clear trend. The height of the reference sample was, 3.27 ± 0.17mm, which is the 
maximum in all samples while the lowest sample with 5% N2 5% CO2 and 300 ppm O2 was 
measured to be 2.64 ± 0.06mm. The width measurements are as follows: the reference sample 
has a width of 5.17 ± 0.36mm, while the sample 5% CO2 and 300ppm O2 with 6.57 ± 0.16mm 
representing the highest value and the lowest measurement is reached by 5% N2 and 300ppm O2, 
measured with 4.77 ± 0.20 mm (Figure 4). 

 

 

Figure 3: Representative selection of the microsection from bead on plate samples. 
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Porosity analysis shows the cross-section area of the pores and the average pore count per 
microsection. The average pore count of the reference was 47 pores, a count that the samples with 
N2 and the sample with N2 + O2 reached a lower value of. The other samples had approximately 
20,40 or 80 pores more than the reference with the maximum reached by sample 5% 
CO2+300ppm O2 that had 133 pores on average that also had one of the lowest standard deviations 
with 4.64 pores. Those samples and measurements are shown on the right in Figure 5. 

The cross-section area of the pores in the reference was 0.59%±0.13% which is in the range 
of three other samples whose values reach from 0.53% to 0.64% while four other samples range 
from 0.09% to 0.27%. this can be seen in Figure 5 on the left side. 

 

Figure 4: Mean values of geometry measurements for bead on plate samples. 
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Grainsize measurements were conducted according to the mean linear intercept method 
described in the ASTM 112-13 standardization. Results are displayed, in Figure 6,  according to 
measurement direction, vertical and horizontal. The vertical direction for the samples is the bead 
height while the horizontal direction is parallel to the bead width. Quantitative values are given 
in Table 2. 

 

Figure 5: Results of porosity measurements of the single bead depositions. Mean pore area fraction shown on the 
right and pore count with difference to reference sample on the left. 
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Figure 6: Grainsize of single weld bead trials in vertical and horizontal direction. 

Table 2: Table of median grainsize in vertical and horizontal direction. 

Gas mixture  Vertical [µm] Horizontal [µm] 

100% Ar 101.72 54.04 

5% CO2  155.26 141.11 

5% N2 5% CO2 300ppm O2  118 67.75 

5% N2 5% CO2  128.26 90.71 

5% N2 300ppm O2  128.26 79.38 

5% CO2 300ppm O2 163.89 115.45 

5% N2 81.94 50.8 

300 ppm O2 95.16 60.48 
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The reference sample has a median grainsize of 101.7µm in the vertical and 54 µm in 
horizontal direction. The 300 ppm O2 sample, has a grainsize 95.16 µm and 60.48 µm, in the 
vertical and horizontal directions, respectively. The N2 sample has grains of the size 81.94 µm and 
50.8 µm, in the vertical and horizontal directions, respectively. 

 

3.2. Wall geometry 
For wall geometry manufacturing it was decided to exclude the samples that contain CO2 in the 
mixture due to the mentioned bonding defect mentioned in subsection 3.1 Single weld bead. 

While welding with the remaining ive gas mixtures appeared greater soot build-up with 
advancing progression in buildup and when using N2 in the gas mixture. Furthermore, the surface 
showed groves along the building layer and waves or distortions on the general wall surface. In 
addition, a bronze surface coloring could be observed when mixtures containing N2 are used. 

In Figure 8 a representative section for the measurement method for wall width is shown 
and in Figure 7 the minimum, mean and maximum values are plotted. The mean width is 
decreasing for all samples when compared to the reference sample (4.89mm). 

 

Figure 7: Measurements of wall sample width. 
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In Figure 9 a) the measured pore count of each sample is given. The pore count decreases for 

samples with added gases compared to the reference gas mixture. However, pore density is not 
directly correlated to the volume fraction of pores, as shown Figure 9b), the pore volume fraction 
remains relatively similar between samples as the mean values are in the range of  0.18% ± 0.05% 
to 0.24% ± 0.1%. 

Grainsize measurements showed that the biggest grains are found in the reference samples 
and the smallest grains in samples with N2+O2 in the gas, shown in Figure 10. 

The reference sample has a mean grainsize of 56.13 ± 8.20 µm in the vertical direction 
(thickness direction of the wall) and 67.85 ± 7.19 µm in the horizontal direction (building 
direction) while the smallest is reached at 41.46 ± 5.60 µm in vertical and 47.58 ± 5.01 µm by the 

 

Figure 8: Representative pictures of wall microsection with measurement marks. 

 

Figure 9: Porosity analysis of wall samples a) shows pore count while b) pore volume fraction. 
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sample with 5%N2 and 0.03%O2. The samples with 300 ppm O2, showcase grains that are slightly 
re ined compared to the reference samples. 

4. Discussion 

The differences of the surface and soot build up described in the results for the single weld bead 
samples with CO2 is partially explained for steels in the study of Mvola and Kah [9]. It was 
described that the dissociation of CO2 in the gas led to oxidation of the surface during the 
processing, and at the same time this results in a change of energy potential thus increasing 
current density and ultimately causing more spatter and soot. Another possibility for the soot 
build-up is approached by Menzel [14], who described that increased O2 and CO2 contents are 
raising burnup of alloy elements. Additionally, in the paper of Li et al.[8] it is shown that the 
difference in droplet transfer when using Ar and N2 ultimately resulted in higher spatter in case 
of nitrogen. 

The bead geometry is affected by many parameters simultaneously or as J.M. Kuk et al.[6] 
states it is a very complex relationship of all the welding parameters. One important measure for 
the wall samples is the minimum measured width because it represents the possible end 
geometry.[15]–[17] It is observed that the mean width of the wall samples is reduced compared 
to the reference while the single weld bead samples show no clear trend in width in correlation 
with used shielding gas, as Figure 4 shows. The measurements for the min wall width (Figure 7) 
range from 3.62mm to 3.93mm. The min wall width of the reference is 3.71 mm. 

The height of the single weld bead samples is lower for all tested gas mixtures compared to 
the reference, see Figure 4. The sample 5% N2 5% CO2 and 300 ppm O2 had the minimum 
measured height of all samples with a reduction of 19.27%. The samples with CO2 in the mixture 
are the four samples with the lowest height, this can be explained by the increased amount of 

 

Figure 10: Grainsize boxplot of wall samples with different gas mixtures. 
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available oxygen in the plasma that is reported by Schafraski, da Cunha and Bohórquez [18] that 
decreases the surface tension of the melt. This causes the height to decrease. According to Li et al 
[8] it is expected to increase due to an decrease of heat input when dissociation of the gas appears 
to get ionized for the arc. 

For the porosity for both the bead on plate and wall samples it can be said that there is no 
visible correlation between pore count and pore area fraction. This can be seen in Figure 9 where 
the trend of reducing pore count is not re lected by the pore volume fraction as expected, meaning 
that despite reduced pore count, these increased in size. The highest pore count in the wall 
samples is measured in the reference sample, while the other mixtures have a reduced count, this 
trend seems to also be present for the single weld bead samples. 
According to Kah and Martikainen [17], greater luidity of the melt pool can give hydrogen, or 
other entrapped gases, more time to escape and therefore reduce pore count. This can be achieved 
by increasing the heat input, which is an effect they also attribute to nitrogen, which contradicts 
the work of Li et al.[8] as stated previously. Aldalur, Suárez and Veiga [19] reports that a lower 
droplet transfer rate is increasing porosity in samples. As Li et al. [8] reported in their work, an 
increase in droplet transfer appears under nitrogen, which explains the decrease of pores in this 
work via the same mechanism. 

Another aspect of the material that is affected by heat input is the grain size. The boxplot in 
Figure 6 shows that the sample with CO2 and CO2 + O2 have a greater grain size than the other 
single bead samples and combinations. N2 in combination with CO2 and/or O2 grain size remains 
constant but still increased compared to the reference. It is reported that CO2 is increasing the 
heat input in welding and therefore increasing the growth time. In the work of S. Li, et al.[8] the 
grain size reducing effect of N2 is also present and can be explained by the decrease of heat input 
that is caused by the energy needed to dissociate the molecule [20]. One further explanation for 
the grain re inement is that in the arc N2 dissociates and is now atomically in the plasma which 
enables the gas to interact with the molten aluminium to form aluminium nitride (AlN)[21]. 
Nitrides formed can act as a grain re iner, which is known in other materials besides aluminium 
such as steel and titanium[20], [22], [23]. 

5. Conclusion 

The changes in Process and resulting material when different gas mixtures are used for 
welding and waDED have been investigated and can be summarized as follows. 
1. CO2 promotes bonding defect when used in shielding gases. 
2. Nitrogen reduces porosity in bead on plate welds and wall structures manufactured with 

waDED. 
3. Nitrogen and small amount of O2 re ines the grainsize of the material. 
4. CO2 appears to be increasing the grainsize. 
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Abstract.	A	fundamental	principle	in	metallurgy	is	that	the	higher	the	purity	of	metals	
and	alloys,	the	more	favourable	their	properties	will	be.	However,	as	the	recycling	of	
materials	in	production	becomes	increasingly	signiLicant,	the	levels	of	impurities	are	also	
on	the	rise.	In	the	case	of	aluminium,	the	consequences	can	be	detrimental	due	to	the	low	
solubility	of	most	elements	in	this	metal,	which	leads	to	the	formation	of	brittle	
intermetallic	phases	(IMPs).	Moreover,	once	impurities	have	entered	aluminium,	it	is	
difLicult	to	remove	them.	In	2017,	almost	100	million	cars	were	produced	worldwide.	
Historically,	vehicle	design	prioritised	performance,	resulting	in	a	multi-material	mix	to	
utilise	the	best	materials	for	each	application.	This	included	over	40	different	wrought	
and	cast	aluminium	alloys,	Cu-based	materials	for	electrics,	and	steels	for	high-strength	
applications.	In	the	recycling	of	end-of-life	vehicles	(ELVs),	high	purity	wrought	Al	alloys	
are	today	down-cycled	to	low	purity	cast	engine	blocks.	However,	recent	advancements	
show	that	the	drawback	of	increase	IMP-fractions	can	be	turned	into	beneLits	through	the	
strategic	design	of	heterostructured	alloys.	A	Lirst	successful	alloy	example	from	this	
approach	enables	interesting	forming	properties,	previously	only	found	in	5xxx	series	
wrought	aluminium	alloys,	in	combination	with	a	matrix	composition	and	age-hardening	
potential	known	from	6xxx	series	wrought	aluminium	alloys.	A	second	examples	reviews	
compositions	directly	resulting	from	ELV	scrap.	By	manipulating	IMPs	it	is	feasible	to	
create	heterostructures	with	an	interesting	balance	of	strength	and	ductility.	These	
approaches	challenge	traditional	views,	allowing	for	a	greater	volume	fraction	of	
intermetallic	phases.	Understanding	the	formation	and	role	of	intermetallic	particles	is	
crucial.	This	work	gives	an	overview	to	the	current	problem	and	the	state	of	the	art	and	
addressed	the	potential	of	upcycled	aluminium	alloys	that	tolerate	high	impurity	levels	
by	using	intermetallic	phases	as	impurity	sinks.	

	

1.	Introduction		

Sustainable	consumption	and	production,	as	called	for	 in	the	Sustainable	Development	
Goals	of	the	United	Nations,	require	substantial	advances	to	be	made	in	the	ef;icient	use	of	natural	
resources	 and	 recycling	 of	 waste.	 In	 addition	 to	 the	 objective	 of	 reducing	 the	 negative	
environmental	impact	of	producing	materials,	recycling	is	particularly	important	in	geographical	
regions	where	materials	are	not	extracted	in	large	quantities	from	natural	resources	but	are	used	
very	 extensively,	 as	 for	 example	 in	 Europe.	 There,	 recycling	 is	 of	 paramount	 importance	 if	
economies	are	to	be	 less	dependent	on	geopolitical	constraints.	This	 is	 illustrated	in	Figure	1,	
which	shows	 the	development	of	primary	aluminium	production	 from	natural	 resources	 from	
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2000	to	2020	in	various	regions	around	the	world.	In	global	terms,	Europe’s	relative	importance	
is	clearly	declining	[1].	This	does	not	refer	to	the	absolute	amount	produced,	but	while	only	5%	
of	primary	aluminium	was	produced	in	Europe	in	2020,	19%	of	all	;lat	rolled	aluminium	products	
are	still	consumed	in	Europe	[2].	All	of	this	illustrates	the	potential	future	importance	of	recycling.	
	

	
Figure	1.	Proportion	of	primary	aluminium	production	by	region	in	2000,	2010	and	2020	(data	taken	
from	the	International	Al	Institute	[1]).	

While	it	is	clear	that	sorting	technology	is	also	constantly	improving,	scrap	that	originates	
from	several	alloy	types	and	different	materials	inevitably	means	an	accumulation	of	impurities	
in	recycled	materials.	This	is	highly	problematic	for	Al,	because	its	ignoble	character	hampers	the	
metallurgical	feasibility	of	chemical	melt	re;inement	for	the	vast	majority	of	impurity	elements	
[3,	4].	In	principle,	the	purer	metals	and	alloys	are,	the	better	are	their	properties.	In	Al	this	is	
particularly	so	because	the	solubility	of	most	elements	in	Al	is	high	in	the	liquid,	but	very	limited	
in	the	solid	state,	with	the	result	that	brittle	intermetallic	phases	(see	section	2.1)	form.	[5]	

Today	more	than	twice	as	much	Al	is	produced	from	natural	resources	than	through	recycling	
from	 scrap.	 For	 this	 reason,	 dilution	with	 pure	Al	 is	 still	 a	 possible,	 if	 non-sustainable,	 global	
strategy	 for	 mitigating	 impurity	 accumulation.	 However,	 this	 strategy	 will	 be	 hampered	
dramatically	in	the	near	future,	for	four	potential	reasons:	

	
1. The	share	of	scrap	will	rise	signi;icantly.	
2. Wrought	Al	alloys	which	rely	on	primary	Al	are	increasingly	being	used	in	vehicles.	
3. Today’s	major	scrap	sinks	–	cast	alloys	for	combustion	engines	–	may	decrease	in	

their	importance.	
4. Many	classes	of	Al	alloys	are	compositionally	incompatible.	

	
In	the	following,	we	explain	why	these	issues	are	of	great	importance	from	an	economic	and	

ecological	point	of	view.	
	

1. The	trend	is	that	the	amount	of	scrap	will	signi;icantly	rise	in	Europe	[6].	
2. The	increasing	importance	of	high-performance	wrought	alloys	in	vehicles	is	also	

well	 documented	 [7–9],	 and	 is	 leading	 to	 rapid	 growth	 in	 the	 amount	of	 scrap	
available	from	automotive	wrought	alloys	[10].	

3. By	far	the	most	important	sinks	for	scrap	today	are	cars’	cast	combustion	engines,	
and	the	automotive	industry	is	currently	the	largest	consumer	of	secondary	Al	due	
to	the	large	amount	of	cast	alloys	it	deploys	[9].	The	alloys	319	(AlSi6Cu3.5Zn)	and	
A380	 (AlSi9Cu3.5FeZn)	 are	 the	most	 important	 scrap-based	 cast	 alloys,	with	 a	
usage	volume	of	over	80%	of	all	die-cast	alloys	[11].	These	cast	alloys,	which	can	
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absorb	almost	all	wrought	alloys	[12],	will	drastically	decline	in	importance	over	
the	next	decade	due	to	the	rise	of	electric	vehicles.	

4. In	contrast,	today’s	wrought	alloys	represent	roughly	2/3	of	all	the	Al	produced.	
They	have	narrow	and	often	low	compositional	 limits	[2,	11]	and	are	unable	to	
absorb	mixed	alloy	scrap	streams,	and	therefore	require	pure	primary	Al	[9,	13,	
14].	For	example,	over	40	different,	often	compositionally	incompatible	Al	alloys,	
together	with	 steels	 and	 copper,	 are	 used	 in	 cars	 [9].	 Such	multi-metal	 design	
reduces	 the	 potential	 for	 recycling	 due	 to	 higher	 enrichment	with	 detrimental	
impurities	 [15–17]:	 huge	 improvements	 in	 sorting	 technology	 would	 be	
necessary,	 and	 shredder-based	 recycling	 practices	 have	 natural	 limits	 when	
confronted	 with	 complex	 products	 featuring	 different	 welding	 and	 joining	
techniques	 [18].	 This	 situation	will	 prospectively	 lead	 to	 an	 excess	 of	wrought	
alloy	scrap	[8,	9]	–	even	if	we	leave	out	the	cast	alloys	from	combustion	engines	
which	will	arrive	for	recycling	in	the	near	future	and	which	will	possibly	no	longer	
be	needed	when	electric	vehicles	predominate.	
	

In	view	of	the	fact	that	Al	has	a	global	annual	turnover	of	around	USD	150	billion	(in	2020	
[19]),	it	is	clear	that	the	above	constraints	will	have	massive	economic	consequences.	However,	
their	ecological	 impact	 is	also	serious:	 the	primary	production	of	Al	 requires	about	2%	of	 the	
world’s	total	energy	consumption.	It	also	generates	signi;icant	greenhouse	gas	(GHG)	emissions	
(2–3%	of	annual	GHG	worldwide)	[20].	Recycling	could	in	principle	reduce	both	;igures	by	95%	
[21]	–	were	it	not	for	the	four	factors	above.	[22]	

2.	Current	status	

2.1	Detrimental	effects	of	tramp	elements	in	today’s	Al	alloys		
A	rather	long	list	of	problematic	impurities	are	introduced	by	recycling,	including	Fe,	Mg,	

Si,	Mn,	Ni,	Pb,	Cr,	Cu,	V	and	Zn	[23].	Their	challenging	nature	arises	from	today’s	high	commercial	
alloy	 standards	 and	 from	 increasing	 requirements	 in	 the	 areas	 of	 alloy	 properties.	 The	most	
developed	alloys	from	a	materials	point	of	view	are	also	the	most	dif;icult	to	recycle	and	tolerate	
the	lowest	tramp	element	content	today.	One	main	reason	for	this	is	that	the	solubility	of	many	
elements	in	Al	is	very	limited	and	the	tendency	to	form	intermetallic	phases	(IMPs)	is	high.	These	
IMPs	 are	 usually	 undesirable,	 as	 they	 often	 cause	 properties	 to	 degrade.	 For	 example,	minor	
fractions	of	IMPs	containing	Fe	appear	as	brittle	needles	or	plates	(e.g.	Figure	2),	and	these	are	
known	 to	 cause	 detrimental	 effects	 such	 as	 crack	 initiation	 [24,	 25],	 reduced	 ductility	 and	
bendability	[26],	reduced	fracture	toughness	[27]	and	;lawed	surface	;inish	[28].	Another	element	
whose	 limit	 in	wrought	 alloys	 is	 often	 considered	 critical	 due	 to	 the	 formation	 of	 IMPs	 is	 Si.	
Although	it	is	present	as	a	major	element	in	cast	alloys	and	also	in	some	wrought	alloys	(i.e.	the	
6xxx	series;	AlMgSi)	Si	can	have	severe	negative	effects	in	other	classes	of	wrought	alloys.	Highly	
sensitive	alloys	include	the	7xxx	(AlZnMg)	and	5xxx	(AlMg)	series	of	wrought	alloys,	because	at	
high	Mg	content	primary	Mg2Si	IMPs	are	formed	even	at	very	low	Si	content	[24].	Primary	Mg2Si	
IMPs	have	been	shown	to	initiate	fracture	even	at	lower	strains	than	IMPs	containing	Fe	[29,	30]	
such	as	plate-like	β-Al5FeSi	IMP	[31].	
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Figure	2.	Examples	of	detrimental	IMPs	in	commercial	Al-alloys.	(a)	Cracked	plate-like	Fe	containing	β-
particle	[32].	(b)	Initiation	of	damage	by	the	decohesion	of	Mg2Si	IMP	(1)	in	a	6xxx	alloy	[30].	

	
Historically,	 the	main	method	 for	mitigating	 the	detrimental	 effect	of	 IMPs	 in	wrought	

aluminium	alloys	was	to	keep	the	content	of	primary	IMP-forming	elements	low.	This	has	been	
recognized	 as	 a	 general	 problem	 for	 future	 recycling	 [20],	 and	 an	 increasing	 number	 of	
researchers	are	trying	to	allay	the	effects	of	increased	amounts	of	detrimental	impurity	elements	
(mainly	focused	on	Fe)	[22].	

	

2.2	Known	strategies	for	mitigating	the	negative	effects	of	IMPs		
Because	casting	alloys	are	still	the	main	material	in	recycling,	efforts	have	already	been	made	

there	 to	mitigate	 the	adverse	effects	of	 IMPs.	Of	 the	greatest	 interest	have	been	Fe-containing	
IMPs,	the	formation	of	which	was	even	studied	on	the	International	Space	Station	ISS	[33].	The	
occurrence	of	detrimental	morphologies	 in	 IMPs	containing	Fe	can	be	mitigated	by	adding	so-
called	 Fe-corrector	 elements,	 among	 which	 Mn	 and	 Cr	 are	 the	 most	 important	 [11].	 Casting	
techniques	using	high	cooling	rates	upon	solidi;ication	such	as	high-pressure	die	casting	have	also	
been	used	to	mitigate	detrimental	IMP	morphologies	in	combination	with	optimized	composition.	
Figure	3	schematically	shows	the	effect	of	an	ideal	addition	of	Fe-corrector	elements	[34].	
However,	such	measures	also	have	their	limitations,	because	they	generate	increased	porosity	and	
sludge	 formation,	decrease	machinability	 [32,	35]	and	raise	 the	 total	 IMP	 fraction	rather	 than	
preventing	brittle	primary	IMPs.		
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Figure	3:	Principal	crack	initiation	in	high-pressure	die	casting	alloys	with	low,	optimal	and	high	Mn	
content	as	an	Fe-corrector.	The	red	arrows	mark	the	loading	direction;	fewer	microcracks	(depicted	in	
black)	and	smaller	IMPs	are	formed	when	the	latter	have	optimal	Mn	content.	Adapted	from	[34].	

A	potential	way	to	in;luence	the	IMPs	formed	is	to	better	understand	their	nucleation	and	
growth.	There	is	increasing	interest	in	this	aspect.		

	
To	 illustrate,	 Feng	 et	 al.	 [36]	 investigated	 the	 formation	 of	 primary	 Fe-containing	 IMPs	

through	 in-situ	X-ray	radiography.	A	correlation	 is	 reported	between	 inoculation	with	TiC	and	
TiB2,	the	solidi;ication	conditions	and	an	increased	number	density	of	Fe-containing	IMPs	[36].	
As	with	the	fundamental	studies	on	the	Al-Fe	system	presented	in	[36–38],	there	have	also	been	
attempts	to	gain	greater	control	over	the	size,	distribution	and	morphology	of	Fe-containing	IMPs.	
This	has	been	achieved	by	developing	a	deeper	understanding	of	the	fundamentals	of	nucleation,	
growth	and	phase	selection,	with	the	aim	of	enabling	higher	Fe	content	to	be	tolerated	[39–45].	
Efforts	have	also	been	made	to	study	the	nuclei	of	primary	Fe-containing	IMPs,	at	least	in	the	case	
of	cast	alloys	[46].	It	was	reported	that	a	weak	inoculation	effect	on	the	part	of	α-Al2O3,	TiC	and	
TiB2	[40]	exists	in	experimental	alloys.	Lui	et	al.	[45]	suggested	that	TiB2	might	be	associated	with	
nucleation	of	Fe-containing	IMPs	in	6xxx	alloys.	Algendy	et	al.	[47]	showed	that	the	formation	of	
Fe-containing	IMPs	does	not	depend	just	on	the	commonly	studied	elements	Fe,	Mn	and	Si,	but	
that	the	Mg	content	range	in	the	5xxx	series	of	wrought	alloys	must	also	be	taken	into	account	and	
that	different	IMPs	can	form	even	though	Mg	is	not	directly	incorporated	into	the	IMPs.	In	this	
context,	Que	et	al.	[48]	recently	showed	that	the	morphology	of	the	formed	eutectic	Al6(Fe,Mn)	
changed	from	needle-	and	plate-like	to	Chinese	script	in	Al-1.4Fe-0.7Mn-xMg	when	the	Mg	content	
is	increased	from	0	to	3%.	Interestingly,	they	observe	the	accumulation	of	Mg	on	the	surface	of	
Al6(Fe,Mn)	particles,	with	the	probable	formation	of	an	Al12Mg17	layer	with	a	thickness	of	a	few	
nanometres.	 The	 authors	 conclude	 that	 growth	 rates	 along	 different	 growth	 directions	 of	
Al6(Fe,Mn)	particles	are	changed	by	the	Mg	segregation	in	such	a	way	that	the	growth	becomes	
2D	at	low	Mg	and	3D	at	high	Mg	content,	generating	the	morphologies	observed	[48].	It	is	also	
important	to	recognise	that	appropriate	grain	re;inement	has	been	shown	to	be	 important	 for	
obtaining	 a	 less	 detrimental	 distribution	 of	 primary	 IMPs	 [46].	 In	 general,	 the	 IMPs	 formed	
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depend	strongly	on	composition,	in	association	with	highly	complex	formation	upon	solidi;ication	
involving	a	series	of	peritectic	reactions	[31,	49].	

Moreover,	 in	 cast	 alloys	 a	 positive	 effect	 of	 increased	 cooling	 rates	 upon	 solidi;ication	 is	
utilized	 in	 (for	 example)	 high-pressure	 die	 casting	 [34].	 It	 is	 important	 to	 note,	 that	 phase	
selection	depends	on	the	solidi;ication	conditions.	The	formed	IMPs	can	be	also	of	a	metastable	
nature	with	 their	 formation	 in;luenced	by	 the	growth	rate.	 In	conventional	direct	chill	 casting	
these	conditions	can	depend	on	the	local	position	in	the	cast	ingot.	Li	and	Arnberg	[50]	discussed	
that	the	type	of	IMPs	changed	is	changed	as	a	function	of	the	distance	from	the	skin	of	the	ingot,	
from	 Alm(Fe,Mn)	 with	 a	 skeletal	 morphology	 to	 Al3(Fe,Mn)	 with	 a	 plate-like	 or	 rod-like	
morphology.	Sha	et	al.	[41]	demonstrated	that	high	growth	rates	promote	the	formation	of	the	
bene;icial	IMPs	in	6xxx	alloys.	In	a	similar	context,	Wang	et	al.	[51]	reported	a	re;inement	of	Fe-
containing	 IMPs	 at	 high	 speeds	 during	 direct	 chill	 casting.	 There	 are	 various	 complex	
interconnections	 between	 the	 microstructure,	 morphology,	 type	 and	 interconnectivity	 of	 Fe-
containing	 IMPs	 in	 the	 cast	 state.	 These	 also	 in;luence	 the	 formation	 of	 other	 IMPs	 during	
processing,	such	as	Mg2Si,	as	this	phase	tends	to	nucleate	at	β-Al5FeSi	[43].		

In	recent	years,	modi;ied	casting	techniques	have	been	studied	to	improve	the	morphology	
and	distribution	of	Fe-containing	IMPs.	High	shear	melt	conditioning	upon	direct	chill	casting	was	
shown	to	re;ine	IMPs	[52].	Ultrasonication	upon	casting	can	also	modify	the	Fe-containing	IMPs	
in	 a	 bene;icial	manner	 [53].	 Further	 increasing	 the	 cooling	 rate	 during	 solidi;ication	 is	worth	
examining	in	wrought	alloys	made	by	twin	roll	casting,	to	promote	the	formation	of	fewer	harmful	
Fe-containing	IMPs	[54].	High-speed	twin	roll	casting	has	been	shown	to	be	bene;icial	in	an	Fe-
containing	5xxx	series	alloy	[55].	Liu	et	al.	[56]	also	showed	that	the	cooling	rate	plays	a	critical	
role	and	that	Al6(Fe,Mn)	IMPs	can	be	generated	as	;ine	Chinese	script	morphologies	by	near-rapid	
cooling	(e.g.	continuous	strip	casting).	The	same	group	also	investigated	the	effect	of	increasing	
Fe	and	Si	content	in	an	5xxx	series	alloy	as	a	function	of	the	cooling	rate	during	solidi;ication	[57,	
58].	Al-Helal	et	al.	[59]	used	twin	roll	casting	in	combination	with	high	shear	melt	conditioning.	
Further	methods,	such	as	spray	forming,	were	also	investigated	to	produce	starting	material	for	
forming	operations	which	can	tolerate	higher	Fe	fractions	[60].	The	formation	of	the	primary	α-
Al15(Fe,Mn)3Si2	 phase	 with	 polyhedral	 morphology	 and	 homogeneous	 distribution	 facilitates	
signi;icant	ductility	leading	to	the	possibility	to	produce	hot	extrusion	of	material	enriched	with	
Fe	[60].		

In	the	sink	cast	alloy	used	for	engine	blocks	in	the	automotive	industry	the	occurrence	of	a	
needle	or	plate	shaped	β-AlFeSi	phase	is	common	due	to	slow	solidi;ied	(1–10	K/s)	gravity	mold	
cast	 components	 (Figure	 4).	 This	 causes	 very	 low	 elongation	 to	 fracture	 due	 to	 the	 stress	
concentration	effect	at	the	several	100	μm-sized	Fe-rich	IMPs.	On	the	other	side,	during	additive	
manufacturing,	an	extremely	high	cooling	rate	of	several	thousands	of	K/s	is	seen.	If	produced	at	
a	high	solidi;ication	rate,	Fe-rich	IMPs	are	<1	μm	and	show	improved	elongation	values	[61,	62].	
The	difference	in	IMP	size	in	dependence	of	the	cooling	rate	is	shown	in	Figure	4.	
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Figure	4.	(a)	Casting	alloy	AlSi9Cu3MgFeZn	with	1.2%	Fe;	(a)	gravity	die	casting,	(b)	additive	
manufacturing.	The	size	of	Fe-rich	IMPs	is	reduced	from(a)	to	(b)	from	100	µm	below	1µm.	Adapted	from	
[61]	

Modi;ication	of	 IMP	types	or	morphologies	 is	possible	not	only	during	solidi;ication.	Heat	
treatments	and	deformation	have	also	been	used	for	this	purpose	in	the	past.	For	example,	in	a	
5xxx	series	alloy	the	primary	Alm(Fe,Mn)	can	be	transformed	by	homogenization	via	an	eutectoid	
transformation	to	a	lamellar	mixture	of	Al3(Fe,Mn)	and	Al	[63].	This	is	linked	with	an	easy	break-
up	of	IMPs	during	further	hot	rolling.	In	6xxx	series	alloys	unfavourable	IMP	plates	or	needles	
have	been	shown	to	be	transformed	by	long-term,	high-temperature	treatments	into	less	harmful	
IMPs	which	could	then	also	be	subject	to	spheroidization	[24].	According	to	Wang	et	al.	[64]	this	
can	improve	elongation	and	fatigue	strength.	Moreover,	the	surface	appearance	may	be	improved	
because	micro	surface	defects	generated	by	 the	debonding	of	 IMPs	 from	 the	Al	matrix	 can	be	
prevented	by	a	suitable	heat	treatment	creating	bene;icial	morphologies	[64].	
The	negative	effect	of	Fe-containing	IMPs	 is	also	typically	reduced	by	breaking	 large	ones	 into	
smaller	ones	via	deformation	processes	[24].	What	is	interesting	is	that	negative	effects	are	not	
always	 linearly	connected	with	 increased	Fe	content.	Lu	et	al.	 [65]	showed	 that	hemming	and	
bending	properties	can	exhibit	complex	interdependencies	with	processing	conditions	and	that	
there	can	be	sweet	spots	which	do	not	need	to	be	at	the	lowest	Fe	content.	The	detrimental	effect	
of	IMPs	can	also	be	mitigated	by	severe	plastic	deformation,	resulting	in	a	smaller	aspect	ratio	and	
more	 randomized	 distribution,	which	may	 improve	 properties	 (this	 is	 shown	 for	 friction	 stir	
processing	in	[66]).	
	

2.3	Heterostructured	wrought	aluminium	alloys	containing	high	fractions	of	IMPs.	
The	;ield	of	heterostructured	materials	has	attracted	increasing	research	interest	in	the	last	few	
years	[67–70].	Although	the	basic	physical	principle	behind	these	materials	has	long	been	known	
[71],	the	recent	focus	on	tailoring	strain	delocalization	to	achieve	strength-ductility	synergy	[72]	
in	combination	with	new	metal	alloys	[73,	74]	and	novel	processing	routes	(	[75,	76])	has	given	
impetus	to	new	views	on	the	topic.	Heterogeneous	materials	are	de;ined	as	materials	with	regions	
of	 strong	 difference	 in	 strength.	 In	 this	 they	 have	 inspired	 favourable	 strength-ductility	
combinations	that	are	not	accessible	in	their	homogeneous	counterparts	[69].	The	basis	is	high	
back-stress	for	strengthening	and	high	back-stress	strain	hardening	for	good	ductility	founded	on	
the	formation	of	geometrically	necessary	dislocations	(GNDs).	This	has	also	been	called	hetero-
deformation	 induced	 strengthening	 and	 strain	 hardening	 [67].	 Note	 that	 hetero-deformation	
induced	stress	is	also	known	as	kinematic	stress	[67,	77].	Because	the	back-stress	is	produced	by	
dislocation	pile-up	at	 the	 interfaces,	 the	number	of	 interfaces	needs	 to	be	high	but	with	 large	
enough	spacing	to	allow	effective	dislocation	pile-up	in	such	materials	[69].	Strain	partitioning	
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between	parts	of	the	heterostructure	should	also	be	considerable,	to	gain	attractive	properties	
[69].	A	common	 industrially	applied	 type	 is	 the	dual	phase	structure,	 i.e.	 in	dual	phase	steels.	
There	 the	 hard	martensitic	 phase	 is	 typically	 embedded	 in	 a	 soft	matrix,	 and	 the	 high	 strain	
partitioning	results	in	high	strain	hardening	and	good	ductility	[78].	In	additions	Kim	et	al.	[79]	
demonstrated	that	in	steels	brittle	IMPs	can	be	utilized	in	analogy	to	dual	phase	steel	to	gain	a	
strong	steel	with	good	ductility.		

For	Aluminium	we	used	 fast	 solidi;ication	at	 a	 rate	of	~60	K/s	 and	 thermomechanical	
processing	 to	 control	 morphology	 and	 dispersion	 to	 generated	 an	 unusually	 attractive	
combination	of	strength	and	ductility	in	addition	to	the	substantially	increased	strain	hardening	
typical	of	heterostructured	materials	[80]	(see	Figure	5).	At	;irst	glance	the	high	ductility	found	
may	be	unexpected,	but	is	due	to	attractive	distribution	and	morphology	of	IMPs,	leading	to	high	
strain	hardening.		

	

	
Figure	5:	Microstructure	and	stress-strain	curves	of	commercial	alloys	6016	and	6016	doped	with	10	
vol.%	IMPs.	The	insert	shows	increased	strain	hardening	due	to	IMPs.	Kernel	Average	Misorientation	
(KAM)	analysis	(right)	reveals	GNDs	around	IMPs	and	a	broader	distribution	of	KAM	in	line	with	the	
increased	strain	hardening	for	6016	+	IMPs	at	a	strain	of	25%.	Adapted	from	[80].	

The	application	of	fast	solidi;ication	is	also	found	to	have	a	bene;icial	effect	on	cast	alloys.	Krall	
and	Pogatscher	[81]	recently	found	that	a	fast	solidi;ication	of	about	60	K/s	followed	by	a	two	
stage	 homogenization	 treatment	 leads	 to	 a	 re;inement	 and	 spheroidization	 of	 the	 eutectic	
structures	and	primary	IMPs	in	secondary	cast	alloys	of	the	4xx	series.	This	re;inement	allows	
processing	of	 the	 secondary	 cast	 alloys	 to	 sheet	material	 by	hot	 and	 cold	 rolling,	without	 the	
occurrence	 of	 edge	 or	 head	 cracks.	 The	 same	 procedure	 is	 applicable	 for	 a	 range	 of	 mixed	
automotive	scrap	alloys.	Krall	et.	al.	[82]	produced	alloys	with	compositions	in	accordance	with	
alloys	 precent	 in	 the	 most	 used	 passenger	 cars	 in	 combination	 with	 different	 dismantling	
scenarios	(see	Figure	6).	The	re;ined	microstructure	allows	a	processing	of	the	mixed	automotive	
scrap	as	wrought	alloy.	After	solution	annealing	the	so	produced	alloys	exhibit	elongation	to	break	
in	the	same	region	as	commercial	5xxx	series	alloys.	Moreover,	the	alloy	allows	the	option	for	age	
hardening	through	its	high	Si	content	in	combination	with	Mg	leading	to	strength	values	between	
200	and	350	MPa,	while	still	 retraining	an	unexceptional	high	elongation	between	19–27%	as	
shown	in	Figure	6.	However,	it	should	be	mentioned	that	this	is	an	initial	approach	and	that	some	
further	development	will	be	necessary	before	it	can	be	used	for	industrial	applications.	In	addition	
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to	 the	 currently	 required	 high	 cooling	 rate	 during	 casting,	 a	 relatively	 long	 homogenization	
process	 is	 also	 necessary,	 which	 requires	 an	 increased	 energy	 input.	 Both	 are	 the	 subject	 of	
current	research	efforts.	
	

	
Figure	6:	Automotive	scrap	compositions	in	different	scenarios	with	varying	dismantling	operations.	
IMPs	in	the	as-cast	structure	(a)	can	be	reLined	during	a	two-step	homogenization	treatment	(b).	Solution	
annealing	of	1.2	mm	sheet	material	shows	interesting	elongation	to	break	values	(c)	and	the	alloys	have	
the	option	for	age-hardening	processes	(d).	Adapted	from	[82]	

3.	Conclusions	and	Outlook	

With	this	overview	we	want	to	challenge	the	traditional	metallurgical	belief	that	the	purity	
of	metals	and	alloys	directly	correlates	with	their	mechanical	performance.	As	global	production	
shifts	towards	sustainable	practices,	the	reliance	on	recycling	materials,	particularly	aluminium	
alloys,	has	highlighted	the	complexities	and	opportunities	presented	by	impurities.	The	transition	
from	viewing	impurities	as	detrimental	to	harnessing	them	as	integral	components	of	material	
design	marks	a	signi;icant	evolution	in	material	science.	

Historically,	impurities	in	aluminium	alloys	have	been	perceived	as	undesirable	due	to	their	
tendency	 to	 form	brittle	 intermetallic	phases	 that	compromise	material	strength	and	ductility.	
These	phases	often	manifest	as	brittle	needles	or	plates,	which	can	 initiate	cracks	and	reduce	
overall	ductility	and	fracture	toughness.	The	traditional	approach	in	metallurgy	has	focused	on	
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minimizing	 these	 impurities	 through	 re;ining	 processes	 that	 limit	 the	 presence	 of	 primary	
intermetallic	 phase-forming	 elements.	 However,	 this	 approach	 is	 becoming	 increasingly	
unsustainable	as	the	global	demand	for	aluminium	rises	and	recycling	becomes	more	prevalent.	

There	 are	 already	approaches	 that	 reimagining	 impurities	 as	potential	 assets	 rather	 than	
liabilities.	By	strategically	designing	heterostructured	alloys,	we	have	developed	a	concept	for	a	
class	 of	 upcycled	 aluminium	 alloys	 that	 can	 tolerate	 and	 even	 bene;it	 from	 high	 levels	 of	
impurities.	Central	to	this	innovation	is	the	use	of	intermetallic	phases	as	impurity	sinks.	These	
phases,	previously	viewed	as	harmful,	are	transformed	into	critical	components	that	enhance	the	
mechanical	 properties	 of	 the	 material	 by	 creating	 a	 unique	 heterostructure.	 This	 structure	
achieves	a	superior	balance	between	strength	and	ductility,	utilizing	hetero-deformation-induced	
strengthening	 and	 strain	 hardening	 to	 reach	 performance	 levels	 previously	 unattainable	 in	
conventional	alloys.	

The	 key	 to	 this	 transformation	 lies	 in	 the	 manipulation	 of	 intermetallic	 phases	 during	
solidi;ication	 and	 solid-state	 processing.	 The	 resulting	 heterostructures	 exhibit	 an	 optimal	
balance	between	strength	and	ductility,	offering	a	superior	combination	of	mechanical	properties	
compared	to	traditional	homogeneous	alloys.	This	approach	will	hopefully	allow	for	the	design	of	
alloys	with	good	mechanical	performance,	making	them	suitable	for	a	wide	range	of	industrial	
applications.	

Future	research	has	to	focus	on	re;ining	processing	techniques	to	ensure	the	scalability	and	
industrial	 applicability	 of	 heterostructured	 alloys.	 This	 includes	 optimizing	 parameters	 for	
solidi;ication	and	thermomechanical	treatment	to	achieve	even	;iner	control	over	intermetallic	
phase	 distribution	 and	 morphology.	 Advanced	 computational	 modelling	 and	 in-situ	
characterization	 techniques	 will	 further	 provide	 deeper	 insights	 into	 the	 dynamics	 of	
intermetallic	phase	 formation	and	 their	 interactions	within	 the	alloy	matrix	 in	 the	next	years.	
These	tools	can	be	used	to	predict	and	tailor	the	properties	of	alloys,	paving	the	way	for	further	
advancements	in	material	design.	

The	transition	towards	sustainable	manufacturing	practices	is	the	signi;icant	driver	in	the	
development	 of	 heterostructured	 alloys.	 In	 the	 context	 of	 the	 automotive	 industry,	 where	
aluminium	is	extensively	used,	the	ability	to	ef;iciently	recycle	and	upcycle	scrap	is	essential.	As	
electric	vehicles	become	more	prevalent	and	the	need	for	cast	alloys	in	engine	blocks	diminishes,	
the	 demand	 for	 lightweight,	 high-performance	 materials	 will	 continue	 to	 grow.	 By	 reducing	
dependence	 on	 primary	 aluminium	 production,	 these	 innovations	 contribute	 to	 lower	
greenhouse	 gas	 emissions	 and	 energy	 consumption,	 aligning	 with	 global	 efforts	 towards	
sustainability	and	environmental	conservation.	However,	the	development	of	these	materials	also	
has	broad	implications	for	various	industrial	applications	beyond	automotive	and	aerospace.	Such	
heterostructured	aluminium	alloys	may	offer	new	opportunities	for	innovation	and	design.	The	
ability	 to	 tailor	 material	 properties	 through	 strategic	 design	 of	 intermetallic	 phases	 and	
heterostructures	 opens	 new	possibilities	 for	 creating	 customized	materials	 that	meet	 speci;ic	
performance	criteria.	

This	 overview	 underscores	 the	 importance	 of	 rethinking	 traditional	 approaches	 to	
metallurgy	in	light	of	modern	challenges	and	opportunities.	By	leveraging	impurities	as	a	resource	
rather	than	a	hindrance,	we	can	unlock	new	potentials	for	materials	that	are	both	environmentally	
and	 economically	 viable.	 The	 continued	 advancement	 of	 these	 concepts	 will	 be	 essential	 in	
addressing	the	global	demand	for	sustainable	materials	and	fostering	a	future	where	technology	
and	sustainability	coexist	harmoniously.	 	
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crack	initiation	and	propagation	in	AA6061	aluminum	alloy	sheets	via	synchrotron	laminography	and	Hinite-element	
simulations.	Acta	Materialia	2013;	61(7):	2571–82	
[https://doi.org/10.1016/j.actamat.2013.01.035]	
[31]	 Sweet	L,	Zhu	SM,	Gao	SX,	Taylor	JA,	Easton	MA.	The	Effect	of	Iron	Content	on	the	Iron-Containing	
Intermetallic	Phases	in	a	Cast	6060	Aluminum	Alloy.	Metall	Mater	Trans	A	2011;	42(7):	1737–49	
[https://doi.org/10.1007/s11661-010-0595-6]	
[32]	 Cao	X,	Campbell	J.	Morphology	of	β-Al5FeSi	Phase	in	Al-Si	Cast	Alloys.	MATERIALS	TRANSACTIONS	2006;	
47(5):	1303–12	
[https://doi.org/10.2320/matertrans.47.1303]	
[33]	 Steinbach	S,	Ratke	L,	Zimmermann	G,	Budenkova	O.	Formation	of	intermetallic	phases	in	AlSi7Fe1	alloy	
processed	under	microgravity	and	forced	Hluid	Hlow	conditions	and	their	inHluence	on	the	permeability.	IOP	Conf.	Ser.:	
Mater.	Sci.	Eng.	2016;	117:	12019	
[https://doi.org/10.1088/1757-899X/117/1/012019]	
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Abstract. Metal foams experienced a real hype at the end of the 90s. After that, 

things became a little quieter again. The article gives an overview of the research 

results at IWU on aluminium foams and their chances of industrialization. 

1. History of aluminum foams  

The first patents came from the USA! Mr. Elliot invented the powder metallurgical production 

route for aluminium foams in 1963. Others were added later. The melting metallurgical processes 

were also patented. 

In 1989, the Fraunhofer IFAM Bremen began testing the powder metallurgy process. In the 1990s, 

relevant research activities were carried out in Bremen and Chemnitz (at Fraunhofer), Erlangen 

and Berlin (University) as well as Bratislava, Ranshofen and Vienna. 

The new topic was also taken up by industry. The Austrian company Alulight International is 
certainly well known. But aluminum or zinc foam was also produced at Gleich, Grillo, 

Havella ndische Zinkdruckguss GmbH, alm GmbH (later Alulight AFS), GF Georg Fischer, Hu tte 

Klein-Reichenbach, Beihai, Foamtech or Cymat. Open-pore aluminum foams came from m-pore, 

hollomet or Exxentis. 

Today, these companies no longer exist or have ceased production of the foams. The production 

costs were still too high compared to established materials.  

In 2014, Havel metal foam started a new company in Brandenburg an der Havel with the know-
how of the Fraunhofer IWU and still produces aluminum foam today. 

2. Current developments in aluminum foams 

2.1 High-energy grinding  

High energy grinding (HEG) was used to treat the starting powder to achieve finer foam 

structures.  

The toolbox for the production of powder metallurgical aluminum foams is enriched by a process 
technology that makes it possible to produce particularly homogeneous and fine-pored 

structured Al foams. In addition, it has been observed that these foams are less sensitive to 

"overfoaming" during production. While drainage effects, which lead to the destruction of the 
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foam structure, normally dominate if the foam does not solidify in time from the molten state, the 

fine HEG foam structure remains intact for longer time (Fig.1). This enables a wider process 

window and thus potentially the production of larger and, above all, geometrically more complex 

parts (e.g. sandwiches with varying thickness and/or structure). Due to the homogeneous foam 

formation, the pressures occurring are lower than usual, which facilitates the tool design and 

allows lower sheet thicknesses in the synthesis of SAS (sandwich with steel cover sheets). 

Provided that it is possible to establish low-cost production of the "HEG foam" composite powder, 
for example by using large drum mills, all conceivable application scenarios and those with high 

requirements for reliability and predictability are conceivable. 

It should be possible to develop higher-value applications due to the improved predictability and 

the more consistent and therefore better product properties. In addition to traditional machine 

tool construction, the focus is on sectors with a constantly growing demand for lightweight 

solutions, such as the automotive industry and ship and rail vehicle construction. The higher 

reliability also makes applications in aerospace (e.g. wall elements) and architecture (e.g. stairs, 

balconies) appear realistic. In connection with electromobility, the expected weight savings (body 

parts, battery housings, etc.) are expected to increase the range. 

 

 

  

 

Standard -foam HEG-foam 

Figure 1. Comparison between standard foam and HEG-foam, same density. 

 

2.2 Hot or natural ageing to increase the strength of aluminum cover sheets of aluminum foam 
sandwiches   

 

One problem with sandwich production was often that the cover sheets were soft-annealed and 

hardly had any strength left. This has been solved. 

 

The process principle of precipitation hardening with its different variants was applied to cover 
sheets of aluminum foam sandwiches of the alloy EN AW-6082 as part of our own investigations. 
Three different approaches were considered: solution annealing with artificial ageing (T6), 
solution annealing with natural ageing (T4) and artificial ageing without solution annealing. The 
sheets were heat-treated in their as-new condition (as-delivered condition) as well as in a post-
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treated, softened condition (as-foamed condition). The softened state was achieved by faithfully 
reproducing the foaming process. The sheets were heated to approx. 600 °C, well above the 
solidus temperature of the sheets. As it was not initially foreseeable whether this overheated and 
softened state was reversible, the above-mentioned process variants were now also used 
analogously for the new and softened sheets. Solution annealing was carried out at 540 °C for 4 
hours with subsequent quenching in water. Artificial ageing was carried out at 170 °C, with 
samples being taken every two hours to determine the Vickers hardness. In this context, an 
increase in Vickers hardness can be regarded as a qualitative indicator of an increase in strength.  
The following results were obtained: 

- New EN AW-6082 aluminum sheets (as delivered), which had a hardness of 114 HV5 

(dashed line, Fig. 2), lost significantly in strength (solid line) when undergoing the heat 

treatment comparable to foaming (foamed condition). The hardness dropped to 44 HV5. 

The sheets were therefore very soft and scratch-sensitive after heat treatment, making 

them unsuitable for many applications.                                                                                            

- Both sheet variants (delivery condition, "as foamed" condition) were then heat-treated. A 

slight decrease in hardness was recorded for the as-new sheets with increasing ageing 

time. This process is referred to as overaging and is an indication that the sheets were 

already delivered with maximum hardness. For the quasi-foamed cover sheets, an 

increase in hardness to around 56 HV5 was determined with increasing ageing time, 

meaning that the delivery condition was far from being reached again.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 2: Artificial ageing of aluminum sheets EN AW-6082 from the delivery state (T6) and the foamed (overheated) state.
  

 

- The T6 heat treatment of sheets in both delivery states led to significantly better results. 

In both cases, a hardness of around 108 HV5 was achieved by solution annealing and 

artificial ageing for several hours, which also corresponds approximately to the initial 

hardness (Fig. 3). Despite the supposed overheating prior to solution annealing, the curve 
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of the quasi-foamed state during this artificial ageing comes very close to that of the 

undamaged sheet material. Both sheets reach a maximum hardness of around 108 HV5 

after around 6 to 8 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Figure 3: T6 heat treatment after or incl. solution heat treatment of aluminum sheets EN AW-6082 from the delivery state 

(T6) and the quasi-foamed (overaged) state. 

 

- After solution annealing and quenching, the sheets in both initial states were cold-aged 

for 7 days (not shown). At approx. 78 HV5, the hardness achieved after cold ageing was 

only slightly higher than in the initial state (72 HV5) and is therefore of no practical 

relevance 

 

2.3 New solution approach for pore pressure die casting 
 

In a research project, employees at the Fraunhofer IWU chose a completely different (compared 
to the use of blowing agents) and at first glance illogical approach to creating pores in a die-cast 
part, without any special equipment or additives. 
The amount of air required for pore formation and the molten metal are introduced into the 
casting cylinder without prior mixing and the casting cylinder is closed by moving the casting 
plunger beyond the filling opening of the casting cylinder. The pouring plunger is then pushed 
forward at a comparatively high speed. The air and the molten metal mix at the latest when they 
enter the mold cavity. With a coordinated high piston speed, high-quality castings with a 
significant proportion of homogeneously distributed pores and a closed casting surface can be 
produced [1]. 
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In this way, density-reduced components can be produced with 5 to 25% porosity and thus lower 

material usage. Up to 15% porosity (Fig. 5), no noticeable loss of tensile strength can be 

measured. After that, the curve begins to fall slightly. 

 

 
Figure 4: Casted part      Figure 5: CT-Scan shows the inner porosity 

 

2.4 Alternative precursor material 

 

The substitution of the expensive atomized aluminum powder by cheaper starting materials (e.g. 

chips) is a good starting point for drastically lowering the cost fraction of the aluminum foam. 
That is the reason why studies of the Fraunhofer IWU focused on this subject.  

Sorted milling chips were poured into a ‘‘Chip-Breaker’’ developed for this purpose. The 

technologies used merely on the laboratory scale at that time, only proved the general feasibility. 

The ‘‘Chip-Breaker’’ is based upon the basic principle of a cross flow shredder and was developed 

together with the project partner ANLAGENBAU UMWELTTECHNIK CHEMNITZ GMBH. In an 

inerted atmosphere, two centrally driven and speed controlled steel chains are turning in a 

container as flexible beating elements. They are breaking any existing structure and transform 

the initial material into granulate material or powder, respectively. In this case the fracturing 

effect is based upon three different principles: 

– friction of the particles among each other, 
– impact energy of the chain links and 
– friction of the particles at the container wall. 
A final automatic sieving and dust removal procedure ensures the required defined grain size 

distribution. The so fractured chips have been used as starting material for all followed 

investigations. The produced chips can be processed like the aluminum powders, i.e. they can be 

mixed with the foaming agent and subsequently be compacted by extrusion. Foaming 

experiments with the foamable semi finished aluminum product made of the chip material have 

been done. In a reproducible manner, volume increases by a factor of greater than three were 

found. This corresponds to an aluminum foam density of about 0.7 g/cm3, as it is also typical for 
aluminum foams on powder basis. The two micro sections of aluminum foams based on chips and 
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powder (Fig. 6) do not show significant differences in their structure. This indicates that chips 

evidently are a good substitution material for powder in the Al-foam production by the PM 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Foam samples (left with chips, right with virgin powder) 

 

 

2.5. Customized machine tool components made from the highly damping composite material 

HoverLIGHT 

 

The composite material HoverLIGHT is a combination of particle-filled hollow spheres (pHK) and 

an aluminum foam matrix. The resulting material forms the core material for sandwich panels. 

These are completed by steel cover sheets. In addition to high rigidity and strength, this offers the 

advantage of weldability when assembling the machine tool components. 

The high cost of manufacturing the material is justified by its properties. The two most important 

are lightness with high specific rigidity and good material damping. The lightness is achieved by 

using aluminum foam as the matrix material. With a density of 0.5-0.8 g/cm3 , the foam has 

approximately a quarter of the density of solid aluminum. Depending on the quantity of hollow 

spheres added, the density increases, but always remains below that of solid aluminum. Two 

mechanisms are responsible for the high damping in the material. Firstly, the aluminum foam has 

a high level of material damping, triggered by micro-movements in the cell walls. Secondly, the 

trickling movement of the particle filling in the hollow spheres causes energy dissipation. The 

mechanisms complement each other here - the micromovements are effective when the material 

is subject to deformation, the trickling movements also take place without material deformation, 

as a result of (external) acceleration [2], [3]. 

Over the past three years, two Fraunhofer Institutes (IWU Chemnitz and IFAM Dresden) have 

collaborated on a research project on the application of the HoverLIGHT material in machine 

tools. In Dresden, the focus was on the further development of the process chain for the particle-

filled hollow spheres, while in Chemnitz the focus was on sandwich production and application in 

machine tool components. A particular focus was placed on the industrial suitability of the 

technologies developed. This is clearly illustrated by the realized demonstrator. This is a 

crossbeam from a milling center. In its original state, the crossbeam is a welded steel construction 
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with dimensions of approx. 2.3m x 0.8m x 0.8m. The semi-finished product dimensions of the 

sandwich panels to be produced (2m x 1m) were correspondingly large. 

The basis for the welded steel construction was originally formed by 10-25mm thick steel plate 

blanks. These had to be sensibly replaced by sandwich panels. Extensive FEM simulations were 

carried out to determine the static and dynamic properties of the machine with sandwich panels. 

The decision was made in favour of a variant with minimally lower rigidity and maximum mass 

savings. The variant developed achieves a mass saving of 24%. The static stiffness is retained in 

the y-direction, while the deformations are approx. 8% greater in the x- and z-directions.  

At the end of the project, the HoverLIGHT cross girder and an identical standard cross girder in 

welded steel construction were examined using measurement technology. The focus was 

specifically on the dynamic properties. Experimental modal analysis was used to measure natural 

frequencies and vibration shapes (in the dismantled state). As expected, the first natural 

frequency is approx. 50% higher (wall vibration) for the sandwich transverse beam. If the modal 

damping over the natural frequencies is considered, it is about a factor of 3 higher for the 

HoverLIGHT cross member. 

This enables the machine as a whole to compensate for some of the higher vibration amplitudes 

due to the lower static stiffness by means of increased damping. The mass reduction of approx. 

20% is retained. 

 

2.6. Aluminium foam with ceramic balls 
 
One of the more recent developments in the field of aluminum foams is the combination with 

directly integrated ceramic bodies of various sizes and shapes and is marketed by the company 

Proteus Ltd. The main focus here is on protection against cutting and drilling tools.  

There is the possibility of direct integration into new designs. Retrofit versions for the protection 

of containers, masts, etc. are also increasingly in demand. Various ceramic types and shapes can 

be integrated depending on the requirements profile. 

The advantages of the material lie in the combination of a porous "soft" matrix with hard inserts. 

During a cutting test, the ceramic has an abrasive effect on the tool. However, the resulting 

particles are not discharged from the gap, but are deposited in the surrounding foam structure 

and significantly increase the abrasive effect until the tool is destroyed. 

Figure 7 shows a CT scan of ceramics integrated in the foam (left) and examples of concepts for 

rod-shaped components prepared for foaming (right).  

  

Figure 7: CT-Scan and different foaming concepts 

2.7. Scania battery box 

 

In the SafeBat (Secure applications for electric battery housings) project, Fraunhofer IWU, 

together with German and Swedish partner companies, developed a hybrid battery housing in 
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sandwich construction with an aluminum foam PCM core layer, which ensures greater safety in 

the event of accidents and is manufactured in a shortened process route. The outer housing 

geometry consisted of a carbon fiber composite (SMC). 

In this project, the suitability of an Aluminium-Aluminiumfoam-Sandwich (AAS) as side impact 

protection for truck traction batteries was investigated. A sandwich structure was designed for 

production using a reference installation space. To assess the energy absorption capacity of the 

foam panel, the Moving Deformable Barrier (MDB) test was simulated based on the Insurance 

Institute for Highway Safety (IIHS) specifications. As a result of the promising results, a small 

series of the aluminum foam components was manufactured by Havel Metal Foam GmbH and 

tested by the end user at vehicle level. 

 

Figure 8: Crash test at the battery box in a Scania e-truck [4] 

 

3. Conclusion 

 

Metal foam is not dead! 

It is a small area of lightweight construction that must continue to work on cost efficiency. There 

are other exciting developments that can be expected to lead to lower manufacturing costs in the 

future. Working with aluminum chips is an opportunity to significantly reduce costs. This will also 

create new sales opportunities for metal foams. 
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