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Abstract 
 
The production of metal parts with Additive Manufacturing (AM) comprises a series of promising tech-
nologies with great challenges yet to overcome.  There are not many existent processes able of producing 
metal parts with high quality, namely good surface finishing, no defects and good mechanical and corro-
sion performance in a costly-effective manner. Generally, metal-AM processes are only the preferable 
method for parts made of expensive materials, with high geometric complexity and low batch sizes that 
would require a really extensive machining process.  
 
The application of wire and arc (WAAM) process has proved to increase productivity and spread out the 
limits of AM but mechanical properties still demand further investigation and development. This thesis 
details the development of a wire and arc AM (WAAM) process using Gas Metal Arc Welding (GMAW) 
with Cold Metal Transfer (CMT) to manufacture an industrial mixer impeller made of 480 MPa steel, 
which included several computational and experimental studies. The work done in this thesis is a first 
approach to the proper development of WAAM manufacturing at the Aalto University, with ongoing work 
to ensure reliability and quality of the process. The CMT enables high controllable short circuit transfer 
mode with low heat input compared to conventional GMAW. The CMT was selected to explore the capac-
ity to produce narrow thickness blades of about 4 mm. 
 
Numerical fluid-dynamic and structural models of the mixer impeller were created with ANSYS to provide 
a procedure to measure the performance of different geometries and to compare them. Two models were 
created, one with straight blades and another one with tapered blades. The models were also used to pro-
vide an estimation of the real performance of the component. The fluid-dynamic simulations exhibit a 
similar performance between both models. The power consumption due to fluid flow was in accordance 
with literature values. Static-structural simulations showed maximum stress values endurable by the mate-
rial with safety factors within the typical range of design for mixing systems.  
 
A new cooling and clamping system were design and manufactured to implement this WAAM action. 
Three GMAW processing conditions were implemented and tested to evaluate the influence of the differ-
ent manufacturing conditions in the component produced. This conditions were two different sets of pa-
rameters with CMT and one with conventional short circuit transfer. The processing parameters were 
tuned to meet the geometrical requirements with stability of the arc and metal transfer. E.g. an increased 
hold time of 0.5 s at the end of the weld seams to ensure layer homogeneity. After achieving layer homo-
geneity, several blade samples were produced to extract specimens to be tested varying the transfer mode 
and the wire feed speed. Prototypes of the impeller were successfully produced using the processing condi-
tions delivering better superficial finishing. 
 
Finally, a sustainability assessment of the WAAM process was carried out in comparison with one machin-
ing process for a functional unit of one impeller. The assessment using LCA methods showed that the 
manufacturing of the impeller was more sustainable for WAAM process. An analysis of the processes as a 
function of the geometry showed results aligned with the literature, justifying the WAAM process over 
machining for higher geometrical complexity levels. 
 
Keywords Additive Manufacturing, Wire and Arc Additive Manufacturing, Robotic 
Welding, Gas Metal Arc Welding, Cold Metal Transfer, Mild Carbon Steel, Numerical 
Modeling, CFD, Structural FEM. 
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1 Introduction 
 
Additive Manufacturing (AM) encompasses a series of technologies with less than 50 
years of development. AM equipment and materials were first developed in the early 
80s, and by 1984, the first patent was filled by Aalain Le Méhaute, Oliver de Witte and 
Jean Claude Andre for the stereolithography (SL) process, which uses an ultraviolet 
(UV) laser focused in a vat of photopolymer resin to solidify layer by layer the desired 
geometry [1].  
 
Since this breaking point, the industry has been in continuous development until 
nowadays. The polymer-based AM comprises technologies with a wider evolution and 
roots in the industry, but progress can be seen in the field with other materials such as 
ceramics, metals and even organic materials.  

 
AM technology began as a rapid prototyping technology but, nowadays, development in 
the processes and materials has allowed to use it for the manufacture of end-use 
structural components. Due to the acceptance of the technology and numerous research 
studies carried out, the manufacturing of end-use applications is increasing constantly. 
AM technology can nowadays be present in homes, automotive and aerospace 
industries, and even for ship building applications. Currently, some metal-AM processes 
are able to produce parts with good geometrical accuracy, good surface finish and 
significant mechanical properties, which means that high quality can be accomplished 
for AM metal parts. Even big companies like GE, Boing and Airbus have been 
investing in further application of AM for implementation in their processes due to the 
advantages of this technology [2, 3].  
 
The traditional casted parts produced by the manufacturing industry can only achieve a 
limited level of customization and complexity. Implementing casting for low batch 
production is costly, including the major challenges of large down times, expensive 
planning,  designing, production and preparation of the molds. In addition, traditional 
manufacturing processes that require extensive machining lead to a significant use of 
material that eventually becomes waste due to the continuous removal of metal chips 
from the workpiece. As opposed, AM processes as a rapid manufacturing technique, 
have shorter lead-times and great design flexibility. Complex customizable parts can be 
produced, although a post-process of milling is often required. However, AM tends to 
reduce extensive machining and thus material costs and waste can be decreased, which 
promotes sustainability lowering the impact on the environment and having a better 
economic balance [4]. 
 
Previous development has been conducted in the AM industry to produce metal 
components. This has been possible due to the development of several technics that can 
produce industrial components by depositing consecutive layers of metal while 
following a Computer-Aided Design/Computer-Aided Manufacturing (CAD/CAM) 
based model to reach the desired geometry of the component [5]. Three different AM 
techniques for metal deposition are mainly used and under development: direct laser 
deposition (DLD) [6-12], electron beam melting (EBM) [13-14] and shaped metal 
deposition (SMD) [15-22]. 
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Although metal components had been successfully produced with SMD with different 
fusion welding techniques [5], the industry has still a big lack of experience and SMD 
technologies are still under investigation for Ni-alloys [15], steels [16] and Ti-alloys 
[17-21].  
 
The Ti-6Al-4V alloy is the most investigated material but further research in other 
materials is still necessary [23]. Components within the CAD design tolerances had 
been produced, but researchers have not developed yet the welding procedures for 
producing a component with appropriate mechanical properties and high-performance 
[24].  
 
The main issue for accomplishing material with high properties is that fabrication with 
SMD is subjected to complex thermal processing cycles. The cyclic thermal history 
applied to the parts results in rapid solidification, directional cooling, and phase 
transformations, which have a critical effect on the microstructure of the manufactured 
components. Consequently, further research has to be carried out in AM parts to 
accomplish a better understanding of the relation between the processing technology, 
the microstructure and the final properties of the parts. [26]. “Rapid solidification 
reduces elemental partitioning and broadens solid solubility and can result in metastable 
phase formation. Directional cooling can produce preferred directionality in grain 
growth. Repeated thermal cycles have a possible complex set of effects, such as 
microstructural banding” [27]. Some parameters have been identified as main factors for 
controlling the process: heat input, material feed rate, traverse velocity and layer height 
[26]. 

 Scope of the Thesis 
 
A radial impeller of a DOP mixer pump was selected as the case study for the present 
Thesis. The design of the piece and the operational conditions were provided by a 
Finnish company. 
 
Several technical methods and tools were used. The CAD/CAM design of the 
component was done with the software Creo™ and SolidEdge, then transformed and 
exported to the FEM simulation software ANSYS. Using ANSYS Fluent and 
Mechanical software, potential service specifications and loads were evaluated to obtain 
the material requirements. Material consumables for welding were defined to fulfill the 
requirements while at the same time the welding robot was programmed to follow the 
geometrical strategy needed to accomplish the final shape of the component.  
 
The Gas Metal Arc Welding (GMAW) with Cold Metal Transfer (CMT) was selected 
as the optimal choice for this thesis due to its availability, low cost, stability, high speed 
and low heat input. Specimens were developed to in a future study examine the 
influence of welding parameters and geometry in the final properties of the material.  
 
Prototypes with one of the sets of parameters used in the experiments were produced. 
Additionally, the cooling and clamping system needed for both the experiments and 
prototyping were designed and produced. 
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Finally, a comparative analysis was carried out to define the cost and sustainability 
differences between the applied method in this thesis and the traditional industry 
methods. 
 

 
Figure 1. Project plan showing the initial event (in green), the final event (in yellow) 

and the intermediate work-packages (in blue). 

 Objectives 
 
The goal of this thesis is to study the production of an industrial component with high-
performance behavior using robotic fusion welding. Consequently, the main steps to 
reach the objective are the following: 

• To design the CAD/CAM model of an industrial component. 
• To evaluate the material specifications by executing a Finite Element Method 

(FEM) simulation of the component. 
• To design the geometrical welding strategy for the manufacture of a valid 

component in terms of shape made of carbon steel. 
• To produce a cooling system and a jig for the process. 
• To study the influence of the process parameters. 
• To produce prototypes of the component. 
• To analyze the cost and sustainability in relation to the traditional casting 

methods used to produce the component. 

 Structure of the Thesis document 
 
The thesis comprises 9 chapters. This chapter introduced the thesis and set the scope 
and objectives of the work. Chapter 2 provides a literature review of the existing AM 
processes and explains the basics of the Gas Metal Arc Welding (GMAW) technology. 
Chapter 3 describes the case study used as a reference for the Thesis. Chapter 4 
describes the computational modeling carried out to study the fluid-dynamic and 
structural performance of the component. Chapter 5 explains the experimental methods 
for the implementation of the experiments and prototypes. Chapter 6 describes the 
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implementation experiments and prototypes. Chapter 7 provides a characterization of 
the produced components, of the jig manufacture and the production of prototypes. 
Chapter 8 analyzes the cost of the thesis and sustainability of the process in comparison 
with the traditional manufacturing process. Chapter 9 reviews the all the chapters of the 
thesis, extracts conclusions of the carried work and presents possible future 
development. 
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2 State of the Art 
 

The previous chapter introduced the aim of this thesis and the reasons behind 
developing this metal-based AM process. The current chapter presents a literature 
review of AM metal-based processes and theoretical basis of MIG/MAG welding 
technology. Section 2.1 explains the main processes and technologies in metal-based 
AM and 2.2 describe the fundamentals of MIG/MAG welding technology. 

 Metal-based additive manufacturing processes 
 
AM processes can be classified in terms of how the material is introduced into the 
system, which energy source is used to for melting the added material, which 
geometrical strategy is used to transform the material into the built and many other 
ways. That makes difficult to classify in a common way the AM technologies but, since 
2010, ASTM is developing standards that classify the AM processes in 7 categories: 
VAT photopolymerization, Material extrusion, Material jetting, Binder jetting, Sheet 
lamination, Powder bed fusion (PBF) and Directed energy deposition (DED) [28, 29]. 
However, VAT polymerization does not include yet any metal-based technology. Table 
1 shows the main AM metal-based processes and technologies. 
 

Table 1. AM metal-based processes and technologies. 
 
Process 
group 

Material 
feeding 

Process 
Technology 

Energy/binding 
source Features 

Material 
Extrusion 

Wire       
or Powder 

Fused 
Deposition 
Modeling 

Heat 

° Reduction of material 
properties 

° Possibility to produce 
composites 

° Necessary sintering post-
process in metal-plastic 
systems to achieve better 
properties 

° Still under development 

Material 
Jetting 

Liquid 
suspension       
of 
particles 

NanoParticle 
Jetting Binder 

° Fine layer resolution 
° Complex geometries 
° Ceramic-metal composites 
° Necessary sintering post-

process to achieve better 
properties 

Binder 
Jetting 

Powder 
Bed 3D Printing Binder 

° High production rate 
° Poor accuracy 
° Poor surface finish 
° Low mechanical properties 

(infiltration needed) 
° Large number of binder-

material combinations 

Sheet 
Lamination Sheets 

Ultrasonic 
Consolidation Ultrasonics ° High production rate 

° Low cost and simplicity 
° Low mechanical properties 
° Limited material usage 

Friction Stir 
AM 

Friction Stir 
welding 
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Directed 
Energy 
Deposition 

Powder 
Nozzle 

Direct Laser 
Deposition Laser-beam 

° High production rate 
° Inert or controlled atmosphere 
° Poor surface finish (especially 

with arc plasma) 
° High residual stresses 
° Large build volume 

Wire 
Nozzle 

Shaped 
Metal 
Deposition 

Laser-beam, 
electron-beam    
or plasma arc 

Powder 
Bed Fusion 

Powder 
Bed 

Selective 
Laser 
Sintering 

Laser-beam ° Low production rate 
° High initial investment  
° Expensive and complex  
° Inert or vacuum atmosphere 
° High surface finish 
° High residual stresses 
° Limited build volume 

Selective 
Laser 
Melting 

Laser-beam 

Electron 
Beam 
Melting 

Electron-beam 

 Material extrusion 
 
In material extrusion processes, the material in the form of wire or pellets is pushed 
through a nozzle called extruder. The material is simultaneously fused to build the 3D 
component adding layer-by-layer by moving the extruder and the building table co-
ordinately. Figure 2 shows a schematic of a Fused deposition modeling (FDM) system. 
 

 
Figure 2. Schematic of FDM system [30]. 

 
Nowadays, metal-based material extrusion processes, also known as Material Injection 
Moulding (MIM), Material Extrusion Additive Manufacturing (MEAM) or Fused Dep-
osition Modeling of metals (FDMm), are under development. Two main approaches are 
investigated. Some studies in the metallic-plastic system have been made, showing that 
metal-plastic composite parts can be produced [30-35]. These parts need a post-process 
of sintering to get rid of the plastic and fuse the metal, improving the mechanical prop-
erties and density. However, the parts show an overall reduction of mechanical proper-
ties and reduction of conductivity [32, 33]. These processes seem suitable for the pro-
duction of metal prototypes, circuitry, jig, fixtures, dies, and other non-structural appli-
cations [34]. Additionally, direct material extrusion of low melting temperature metal 
has been accomplished [35]. 
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 Material jetting 
 
In material jetting systems, the material in liquid form is jetted through one or more 
nozzles, usually thousands, using a continuous or drop-on-demand approach onto the 
building area. This added material needs supports to stay in its place and has to be hard-
ened after the layer is deposited. These process technologies enable the production of 
parts with low waste production, multiple materials and colours. However, metal sys-
tems are not widely developed, currently, just two technologies are under use and de-
velopment. 
 
The NanoParticle Jetting process by XJet [36], uses ceramic support for production of 
metal or ceramic additive manufacturing parts. The nanoparticles are added in the form 
of a liquid suspension to build the part. It is necessary a post-process of sintering to 
achieve good mechanical properties. Figure 3 shows an illustration of XJet system. 
 

 
 

Figure 3. Illustration of NanoParticle Jetting by XJet [36]. 
 

Additionally, MetalJet technology is under development by University of Nottingham 
with DEMCOM and Océ for electronic circuits [37]. 

 Binder jetting 

The binder jetting process, also known as 3DP technology by its commercial name, is 
based on two materials. One is used in the form of powder and spread onto the build 
platform to form the layers, the other, in liquid form, is used as a binder to join the 
powder particles. To form the built, a print head moving across the x-y plane deposits 
the binder to the powder in the platform following the programmed CAD model. After 
each layer, the build platform is lowered, the powder is rolled over the previous layer 
and the process is repeated. Figure 4 shows a binder jetting system [38]. 
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Figure 4. Schematic of a binder jetting system [38]. 

The process is fast due to the ability to use several printing heads at the same time to 
build the parts. However, the geometrical accuracy and surface finish is low and, 
generally, after the process the material properties are far from suitable for structural 
parts. Post-processing of infiltration is needed to enhance mechanical properties which 
reduces the production rates of the process.  

 Sheet lamination 
 
Sheet lamination processes include ultrasonic additive manufacturing (UAM) and 
friction stir additive manufacturing (FSAM).  
 
The UAM process also known as ultrasonic consolidation (UC) uses sheets or ribbons 
of metal, which are bound together using ultrasonic welding. The process can be held at 
room temperature or up to a maximum of 200 ºC. After all the metal sheet layers are 
bonded together, the geometry features are trimmed using CNC milling. [38]   
 
In FSAM process, sheets of metal are pressed by means of a rotary non-consumable 
insert tool. As shown in Figure 5, plastic deformation due to the transverse movement 
of the tool consolidate layer-by-layer the sheets of metal thus resulting in a 3D part. [39] 
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Figure 5. Illustration of a sheet lamination FSAM system [26]. 

 Powder bed fusion 
 
In PBF processes, the metal powder is lifted from the powder delivery system and then 
raked over the working area at a time [40]. A laser- or electron-beam, used as the energy 
source, is focused on the built area along a programmed path, sintering or melting the 
material [2]. After one layer is built, the part is lowered by moving the build platform 
and the process is repeated to create a solid three-dimensional component as shown in 
Figure 6.  
 

 
Figure 6. Schematic of a laser-beam based PBF system [41]. 

 
The advantages of this system include its ability to produce high-resolution features, 
internal passages, and maintain dimensional control [26]. Parts with complex geometry 
and high quality surface finish can be manufactured with PBF technologies using both 
laser-beam based and electron-beam based processes. Although this process is the most 
important metal-AM process and is widely used compared to the rest of technologies, 
the high initial investment in the energy source, the atmosphere exigency (inert or 
vacuum) and the restricted size of the parts produced have been limiting features for its 
use in the industry. 
 
The main technologies among PBF processes are selective laser sintering (SLS), 
selective laser melting (SLM) and electron beam melting (EBM). 
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2.1.5.1 Laser-beam based technologies 
 

In SLS and SLM, a laser-beam is used as the input energy source. The powder material 
is heated layer-by-layer until the built is accomplish. Generally, the laser has large 
dimensions and requires safety measures to protect the workers from the potential 
hazards. Besides, the initial investment for laser-beam based technologies is really high 
[11]. 
 
Parts produced with laser-beam based processes have a good surface finish, however, 
production rates are low and the size of the built volumes. One of the main advantages 
of this technology is that great quality and surface finish can be obtained. However, 
these technologies are limited by the bed size, and hence, build volumes and production 
rates are small. High induced residual stresses and low mechanical properties are one of 
the main disadvantages of the parts produced with laser-beam based technologies. 
Geometrical accuracy is affected by shrinkage and warpages due to these induced 
residual stresses [42-44].  
 
During the SLS process, the powder feed system introduces a thin layer of powder from 
the feed supply onto the build area. The laser-beam is scanned onto the powder bed 
using Galvano mirrors and following a pre-programmed path to form sintered layers of 
the material. The powder in other areas remains loose and could act as supports, 
however, in metal systems additional supports are generally needed in order to prevent 
part movement, improve heat transfer and reduce dimensional distortions. This cycle is 
repeated adding layer-by-layer material to the built until the 3D part is finished. The 
process takes place in a chamber protected with an inert atmosphere (argon or nitrogen) 
to avoid oxidation. If the final density of the parts is not good enough a process of 
infiltration is needed to enhance it [45]. Figure 7 shows a schematic illustration of SLS 
[46]. 
 

 
 

Figure 7. Illustration of the PBF SLS process [46] 
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The SLM process is similar to SLS, but the laser-beam used is a much higher power 
laser so that the powder is melted during the process. Generally, both sintering and 
melting happened at the same time in SLM process and hence the density of the parts 
fabricated this way is very close to the theoretical one. Figure 8 shows an example of 
the SLM system. 

 
 

Figure 8. Illustration of the PBF SLM process [47] 

2.1.5.2 Electron-beam based technologies 
 
Electron-beam based technologies differ form laser-beam technologies in the source of 
heat input. The EBM process is the most common AM process based on an electron-
beam. However, although the process is similar, the surface finish is better in laser-
beam based processes and mechanical properties seem to be enhanced for EBM but 
there are discrepancies about this in the literature [26, 39]. Intermetallic compounds and 
lower corrosion resistance have been observed in titanium specimens produced by EBM 
in comparison to those by SLM [48]. In addition, EBM is more expensive and complex 
process. Figure 9 shows a schematic of EBM process [14].  
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Figure 9. Illustration of the PBF EBM system [14]. 

 Directed energy deposition 
 
In DED processes, the metal powder or wire is fed through a nozzle onto the working 
area and a heat source (laser-beam, electron-beam or plasma arc) is simultaneously used 
to fuse one or more layers of the added material into the shape desired [3]. This process 
is continuously repeated melting layer-by-layer the added material following a 
predefined programmed path to build a solid three-dimensional part [40]. The DED 
processes are capable of building large build volumes with high deposition rates and can 
be used to repair worn or damaged components [26]. However, surface finish is not as 
good as in PBF processes and therefore needs more extensive machining and finishing. 
 
The DED processes can be classified in terms of the kind of material fed through the 
nozzle (powder or wire): Direct laser deposition (DLD) and Shaped metal deposition 
(SMD).  
 

2.1.6.1 Direct laser deposition 
 
The DLD process comprises a series of technologies developed by many companies like 
Laser metal deposition (LMD), 3-D laser cladding, Laser engineered net shaping 
(LENS), Direct metal deposition (DMD), Laser consolidation (LC), Direct light 
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fabrication (DLF), etc.  In this processes, the material in form of powder is delivered 
through a nozzle perpendicular to the substrate and coaxially with the laser-beam, or 
forming and an angle between 0 and 45 degrees. The conveyed material is melted in the 
focal zone of the laser producing complex geometries with high density and properties 
close or even superior to traditional wrought parts. The process takes place in controlled 
inert atmosphere closed chambers [49–51]. Figure 10 shows the illustration of 3D 
cladding process used for fabricated parts by Aeromet. 
 

 
 

Figure 10. Schematic of the 3D cladding process by Aeromet [52]. 

2.1.6.2 Shaped metal deposition 
 
In SMD processes, the material in the form of a wire is fed through the nozzle. The 
material is melt by a heat source that can be a laser (Wire and laser additive 
manufacturing, WLAM), an electron-beam (Electron beam freeform fabrication, 
EBFFF) or a plasma arc (Wire and arc additive manufacturing, WAAM). Figure 11 
shows a typical scheme of  EBFFF system. 
 

 
 

Figure 11. Scheme of the electron-beam based wire-fed EBFFF system [53]. 
 
The WAAM processes, also known as robotic welding AM processes, produce parts 
built layer-by-layer with a welding robot under a protected atmosphere by following a 
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path according to a 3D CAD model. Same as in welding processes a wire that acts as an 
electrode is fed through a nozzle and melted with plasma arc as input energy source 
[40]. Figure 12 shows an example of an arc-based AM setup. 
 

 
 

Figure 12. Arc-based AM setup. [62] 
 

The main advantages of this process are the high speed and the ability to produce near-
net-shape parts with high density and large build volumes. In addition, it can be used for 
any material that can be welded and the raw materials are cheaper than powder 
materials used in other processes such as SLM and EBM. This technology is currently 
under investigation in materials like steels, Ni-alloys and Ti-alloys [15-21]. Especially 
for expensive Ni and Ti alloys that are difficult to shape, this process is very suitable as 
it can produce complex parts with reduced loss of material due to machining. Pressure 
vessels, large components made from austenitic material and high-performance alloy 
aircraft engine parts, have been already made with this process [54-56].  However, parts 
produced by WAAM have a poor surface finish and thus requires post-processing like 
milling to reach the required quality.  
 
In the last years, most of the research has been focusing on the profiles and cross-
sections of the weld beads. Recent studies on weld beads concluded that heat input and 
travel speed of the torch have a critical impact on the bead profile [55, 57, 58]. 
Therefore, mechanical properties are influenced, higher weld speed improves yield and 
ultimate strength and hardness while higher voltage and current promotes elongation. 
 
Several research studies have been done to enhance the mechanical properties of the 
parts by reducing the number of discontinuities within the parts. However, the melting 
and solidification of the material during SMD processes lead to liquid to solid phase 
transformation, which is the main cause of the appearance of defects [54]. Therefore, 
these SMD processes still have limitations to be applied in the manufacture of 
functional grade parts for industries with high requirements like both automotive and 
aerospace industries.  
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 Welding technology 
 
Welding techniques can be classified into fusion welding processes and solid-state 
welding processes according to the temperature range, where the joint is formed. In 
fusion welding, the temperature exceeds the melting temperature of the material to be 
welded. Fusion welding includes different techniques, one of which is arc welding, in 
which an electric arc is formed between the torch and the workpiece and the joint is 
formed with or without a filler material. Arc welding includes various processes such as 
manual metal arc welding (MMA, also known as shielded metal arc welding, SMAW), 
tungsten inert/active gas (TIG/TAG, also known as gas tungsten arc welding GTAW), 
submerged arc welding (SAW), flux cored arc welding (FCAW) and metal inert/active 
gas welding (MIG/MAG, also known as gas metal arc welding GMAW).  

 Gas metal arc welding or metal inert/active gas welding 
 
MIG/MAG welding is commonly used for its high productivity, low cost, adaptability 
and simplicity. MIG/MAG is a welding process in which the necessary heat is generated 
by an arc that is established between a consumable electrode and the metal to be 
welded. The electrode is a solid, bare wire, which is continuously fed automatically and 
becomes the metal deposited as it is consumed [59]. Figure 13 illustrates the MIG/MAG 
welding process. The electrode, arc, molten metal and adjacent areas of the base metal, 
are protected from the contamination of atmospheric gases by an inert or active gas 
stream (MIG / MAG) that is supplied by the nozzle of the gun, concentrically to the 
wire or electrode. 

 
 

Figure 13. Scheme of MIG/MAG welding process [62]. 
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The process can be [60, 61]: 
• Semi-automatic: The arc voltage, the wire feed speed, the welding current and 

the gas flow rate are regulated beforehand. The advance of the welding torch is 
done manually. 

• Automatic: All the parameters, including the welding speed, are regulated 
beforehand, and their application in the process is automatic. 

• Robotic: All the welding parameters, as well as the location coordinates of the 
joint to be welded, are programmed by means of a specific unit for this 
purpose. The welding is done by a robot when executing this programming.  

 Consumables  
 
The process consumables in MIG/MAG welding process are the electrode (filler wire) 
and the shielding gas, both have a significant effect on the properties of the weld. The 
selection of suitable filler wire is fundamental for achieving the desired results. The 
suitability of the filler wire is defined by comparability in respect of base material 
strength, toughness, ductility or chemistry. Optimal alloying of the wire may differ 
slightly from the base metal one for compensating the losses, which are caused by the 
arc. The weld pool deoxidation can also be promoted, when welding steel, by increased 
content of manganese, silicon or aluminum in the wire.  
 
In MIG/MAG welding, the wire can be either solid or tubular. The tubular wire has 
powdered metallic core with arc stabilizing components. The cored wire can be also 
filled with non-metallic flux. In that case, the process is called flux cored arc welding 
(FCAW) and it has some benefits like high productivity and metallurgical effects based 
on flux. The process can be shelf shielding, in which all the shielding rests on the flux in 
the wire. Another variation is the gas shielded method which is very similar to 
MIG/MAG process. The higher productivity of FCAW is based on the increased 
melting speed compared to the solid wire because the current density is higher in the 
coating of the cored wire, as the non-metallic flux inside the wire is not conductive. 
Figure 14 clarifies the difference in melting rates as a function of welding current with 
two different sizes of electrodes. Also covered electrode (SMAW) is compared to the 
others and for covered electrode the melting rate is significantly lower. [63, 64]  
 

 
 

Figure 14. Effect on welding current on melting rate on cored and solid wire in 
thicknesses of 1.2 and 1.6mm. [64] 

 
Shielding gas can be active (MAG) or inert (MIG). Typical inert shielding gases are 
argon and helium, and active gases carbon dioxide and oxygen. Often inert gas is mixed 
with a certain amount of active gas. In that case, the process is likewise called MAG 



 

17 

welding. Shielding gas has a fundamental role in welding process and its characteristics 
influent the welding process in many ways.  

 Metal transfer modes  
 
The transfer of the metal in the arc can be done basically in four ways: 

• Short circuit transfer. The metal is transferred from the electrode to the part 
when the electrode contacts the molten metal deposited by welding. 

• Globular transfer. In the form of large droplets larger than the wire/electrode that 
fall into the melting bath by its own weight. 

• Transfer in spray. Small drops of wire are detached and travel through 
of the arc until they reach the piece. 

• Transfer by pulsed spray arc. It is a spray type transfer mode that occurs in 
regularly spaced pulses, instead of happening randomly as in the spray arc. 

 
The type of transfer depends on the protective gas and the welding current and voltage. 

2.2.3.1 Transfer by short circuit 
 
In this form of transfer, the thread melts forming a drop that lengthens until the moment 
it touches the base metal, and because of the surface tension, the connection with the 
thread is cut. When the drop touches the base metal a short circuit occurs, current is 
greatly increased and as a consequence, the axial forces break the neck of the drop and 
simultaneously the arc resumes. This process uses inverse or positive polarity, low 
voltage and current density and CO2 protection gas or Ar / CO2 mixtures. With this type 
of arc, pieces of reduced thickness are welded, because the energy supplied is small in 
relation to other types of transfers.  The typical parameters oscillate between the 
following values: voltages of 16 to 22 V, currents of 50 to 150 A. [60, 61]  
 
Schematic presentation of the short circuiting mode is illustrated in Figure 15, in which 
steps A−D describes the contact between the workpiece and the electrode. A drop of 
molten metal is detached at D and E, the arc is initiated at E and F and wire tip is melted 
as the wire is simultaneously fed towards the workpiece for causing new short circuit 
(steps H–I). The short circuit is formed 20 to over 200 times per second. [63]  
 

 
 

Figure 15. Schematic presentation of short-circuit transfer. [63] 
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2.2.3.2 Globular transfer 
 
When operating with this type of arc, the wire is fused at its end through thick droplets 
with a diameter up to three times greater than that of the electrode. At the same time, it 
is observed how the droplets that are about to come off are oscillating from one side to 
the other. This type of transfer does not usually have technological applications because 
of the difficulty of adequately controlling the filler metal and because it tends to cause 
high penetration and overspeed faults. Typical parameters are: voltage from 20 to 35 V, 
current from 70 to 255 A. [60, 61] 

2.2.3.3 Transfer by arco spray 
 
In this type of transfer, the drops that are formed are equal or smaller than the diameter 
of the electrode wire and its transfer is made from the wire end to the bath melted in the 
form of an axial stream of fine droplets (the current centered with respect to the wire). 
Figure 16 shows a schematic illustration of axial spray transfer. [63]  

  
 

Figure 16. Schematic of the axial spray metal transfer. [63] 
 
For an arc to behave in this way, it is necessary the inverse or positive polarity, an Ar or 
mixture of Ar with some O2 or Ar with CO2 protection gas and relatively high arc 
voltage and a high current density (currents of 150 to 500 A and voltages of 24 to 40 V). 
The effect of the use of positive polarity results in an energetic cleaning action on the 
melting bath, which is particularly useful in the welding of metals that produce heavy 
and difficult to reduce oxides, such as aluminum or magnesium. The penetration that is 
achieved is good, so it is recommended to weld thick pieces. As a drawback, it should 
be noted that the melting bath is relatively large and fluid, so it is not easily controlled 
in difficult positions. With this type of transfer large deposition and profitability rates 
are achieved in the welding. [60, 61] 

2.2.3.4 Transfer by pulsed spray arc 
 
The use of spray transfer may be restricted in some applications because of too high 
heat input due to the high current values. For those cases, modified power supplies have 
been developed. Heat input can be lowered by supplying the power in carefully 
controlled pulses. Generally, 60–120 pulses take place per second [65]. When the 
current amplitude is set higher than the spray transition current, the benefits of the spray 
transition mode can be used for applications, where normally spray transfer cannot be 
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utilized. Figure 17 describes the principle of the pulsed current welding by spray 
transfer mode. [63]  
 

  
 

Figure 17. Scheme of pulsed spray welding cycle. [66] 
 
Each pulsation raises the current to a sufficient value that makes melt a drop of the same 
diameter as the one of the thread being used. This drop is released before the end of the 
wire comes into contact with the base metal, as a result of the internal forces acting.  
 
The fundamental advantage of this method is the significant reduction of applied heat 
that it produces with respect to the arc-spray method, which translates into the 
possibility of welding lower thicknesses, obtain minor deformations and weld in all 
positions. The main disadvantages of pulsed current energy sources are: the high cost of 
the equipment, the difficulty in establishing the appropriate welding parameters (due to 
the large number of data that must be entered) and that only mixtures with low CO2 
content can be used (limited to a maximum of 18%). [60, 61] 
 
Some studies show that usage of pulsed DC in the welded joints is beneficial to improve 
the microstructure of welded joint as well as facilitating the acquisition of sufficient 
mechanical strength [67].  

2.2.3.5 Cold metal transfer 
 
Another option for lowering the heat input is the Cold metal transfer (CMT) process. 
The CMT process has been developed by the welding equipment supplier Fronius 
International GmbH and it is a modification of the short circuit MIG/MAG process. In 
CMT the wire is fed by controlled forth and back movement. As the short circuit is 
formed, the power supply is interrupted and the wire is pulled further from the 
workpiece. The current and the voltage cycle of the process are shown in Figure 18. 
[68]  
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Figure 18. Graphic showing the current and voltage cycle during CMT process. [68] 
 
The wire retraction promotes droplet detachment as the metal transfers into the weld 
pool without the assistance of the electromagnetic forces. Spattering is eliminated and 
the heat input is significantly lower compared to welds with similar metal deposition in 
conventional MAG-welding process. Deflection deformation was also examined and 
noted to be significantly lower than in conventional MAG welding process. [68] 

 Welding parameters 
 
The fundamental parameters that become part of the welding characteristics, and there-
fore, of the welding quality are: 

• Voltage and current 
• Wire feed speed 
• Stick out 
• Travel speed 
• Polarity 
• Angle of inclination of the gun  
• Gas of protection 

 
The knowledge and control of these parameters is essential to obtain quality welding. 
These variables are not independent since the change of one of them produces or im-
plies the change of one of the others. 
 
The heat input (Q) is the most important variable needed to be controlled, as it incorpo-
rates the welding voltage (V), the current (I) and the torch travel speed (s): Q=kVI/s, 
where k=0.8 in case of MIG/MAG welding technique and its variants [69].  
 
Empirical models have been developed to control the process variables in order to 
achieve desired weld bead geometry outcomes and indeed weld quality [65]. Experi-
mental studies show that welding current, wire feed speed, arc voltage, welding speed 
and welding angle affect bead penetration in the CO2 arc welding process [67, 71-73]. 
The value of the depth of penetration increased by increasing the value of welding cur-
rent [72], moreover, increasing in arc voltage decreases the fatigue life of weld metal 
but the fatigue life gradually increases with increasing the welding speed [67]. 
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2.2.4.1 Voltage and current 
 
These parameters are determinant in the form of transfer of the metal to the piece. The 
voltage is measured in volts (V) and is adjustable in the power source, or remotely from 
the wire feeder unit. It is transmitted regularly from the source to wire, however, is dis-
tributed between the extension of the wire and the arch in an unequal way. Approxi-
mately 90% of the energy is concentrated in the arc and the remaining 10% in the wire. 
Therefore, the greater the length of the arc, the greater the voltage. [60] 
 
The current, however, is closely related to the wire feed speed, so that the higher the 
feed rate the greater the current. The deposition rate is also closely related to the current; 
the greater the current more quickly fusion will occur and, therefore, deposition. 

2.2.4.2 Wire feed speed 
 
In this technique, the current of welding is not previously regulated, but it is the adjust-
ment of the wire feed speed of the thread which causes the variation of the current 
thanks to the phenomenon of self-regulation. 

2.2.4.3 Stick out 
 
The stick out is the distance from the contact tube to the end of the wire and is related to 
the distance between the contact tube and the work piece to be welded. This variable is 
very important for welding and especially for the protection of the fusion bath. [60] 
 
When the stick out increases, the penetration becomes weaker and the number of projec-
tions increases. These can interfere with the protection gas output and an insufficient 
protection can cause porosity and excessive contamination. Most manufacturers rec-
ommend lengths of 6 to 13 mm for transfer by short circuit and from 13 to 25 mm for 
other types of transfer. [60] 

2.2.4.4 Travel or transverse speed 
 
If all other constant parameters are maintained, the lower the speed of the welding will 
be greater penetration. However, a gun can overheat if it is welded with high current 
and low welding speed. A high welding speed will produce a very irregular weld. 

2.2.4.5 Polarity 
 
Polarity affects the form of transfer, penetration, melting speed of the wire, etc. Normal-
ly the inverse or positive polarity is used, that is, the piece connected to the negative 
pole and the welding wire to the positive pole. At this point, it is interesting to comment 
on the fact that since the electrons travel from the negative pole to the positive pole, the 
latter is the one that heats the most, specifically, the positive pole warms 65% more than 
the negative pole. This condition could be particularly useful for those welds where a 
greater thermal input is required in the piece than in the welding wire, which would be 
achieved using direct or negative polarity. 
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In the same way, and due to the circulation of electrons from the negative pole to the 
positive, a particularly important property originates: the arc shows an affinity for dis-
persing the oxide films and other refractory materials in the negative pole. Thus, in all 
those cases of welding of metals that form refractory oxides, it is essential to connect 
the inverse or positive polarity (negative in the piece), in order to take advantage of the 
cleaning action of the arc. [61] 

2.2.4.6 Angle of inclination of the gun  
 
When the forward welding technique is used, the penetration decreases and the weld 
pool is wider and flatter, so it is recommended for welding small thicknesses. The max-
imum penetration is obtained with backward welding with an angle of displacement of 
25º. For most applications, backward welding is used with an angle of displacement of 
5-15º. In soldering aluminium, however, solder is usually preferred forward as the 
cleaning action is improved. For angled welding, a working angle of 45º is recommend-
ed. [60] 

2.2.4.7 Gas of protection 
 
It has a significant influence on the form of metal transfer, penetration, the appearance 
of the weld pool, projections, etc. Figure 19 shows the shapes of the weld pool and the 
typical penetrations of this process, depending on the type of gas. 
 

 
Figure 19. Shapes of the weld pool and penetrations depending on the gas. [61] 

 Robotic welding 
 
Robotic welding systems have some common components like the robot manipulator, 
the welding equipment and the positioner. All these components are present in arc weld-
ing, spot welding and laser processing robots. The welding robot can be mainly ar-
ranged in two different configurations, with a cell setup, where the robot is stationary or 
mounted in a movable system. [74] 

2.2.5.1 Robotic welding system configurations 
 
The essential part of the welding robot is the robot manipulator being its end the effec-
tor of the welding torch. The system is known as robotic cell if the robot manipulator is 
mounted in a stationary position, surrounded by the workpieces handling system and the 
auxiliary equipment.  
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The robot cell configurations consist of both the welding robot and the workpiece han-
dling system fixed in a confined area. The relative movement between both is not possi-
ble and the working area is protected by, for example, safety curtains. The movement of 
the manipulator and the workpiece handling system are programmed in coordination 
with the welding process to reduce lead-time and improve weld seam access and quali-
ty. 
 
When cell configuration is not sufficient to grant access to all the workpiece the robot 
can be mounted in a movable system, which enhances the reach of the welding robot 
beside improving adaptability to difficult geometries and productivity. Configurations 
depend on the size of the part to be produced and the welding environment limits. 
Tracks are used for large components, columns for tall workpieces and gantries when a 
combination of long and wide parts need to be welded. [74] 
 
If just one or both, the robot and the workpieces handling system, need to be moved has 
to be decided as a function of the size and weight of the workpiece. In most cases, the 
one heavier will be fixed and the lighter one either fixed or mounted in the moving sys-
tem. 

2.2.5.2 Workpiece handling system 
 
The parts that must be moved during or between welding operations are handled by po-
sitioners. There are several reasons to move or orientate the working piece [74]: 
 

• Increasing productivity by automating simultaneously loading, unloading and 
welding with a turntable. 

• Maximizing deposition rate by coordination of handling system and welding ro-
bot. 

• Enabling the welding of circumferential welds by the motion of the handling 
system. 

• Increasing the accessibility of the workpiece by moving the robot and the han-
dling system. 

 
Turntables, turn-tilt positioners and even robot manipulators are used as handling sys-
tem. All these positioners have the same main common features, they have a mechanical 
setup and control system, they are granted with degrees of freedom (DoF) and load ca-
pacity and a safe environment must be settled. 
 
To fix the part on the positioner, a fixture is used. Fixtures grip the workpieces to the 
positioner so that they stay in place during the welding operation. The design of the fix-
tures depends on the location of the welds, the type of welding, productivity and other 
requirements like cooling systems and expected deformations due to the thermal cycle. 
 
Fixtures can be of many types, from a simple manual clamping like swing and plunger 
clamps to pneumatic or electric clamps which are used to enhance productivity through 
automation [74]. 

2.2.5.3 Welding robots 
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Welding robots are usually articulated with six or even seven DoF to access the weld 
points or follow a welding path with a given orientation and transverse speed by follow-
ing a program. 
 
The motion of the robot axis is usually done with AC servomotors controlled by a ser-
vo-controlled system. This gives to the robot welding arm high accuracy and reduces 
significantly maintenance [74]. Additionally, the robot arms are sometimes hollowed so 
that welding wire, coolant cable and electric wires can be passing inside the area in-
creasing manoeuvrability and reach of the robot. Table 2 lists the common robot fea-
tures and their impact on welding system design. Figure 20 shows three types of com-
mercially available robotic arms. 
 

Table 2. Typical robot specifications [74]. 
 
Feature Typical value Design considerations 

Reach 1-2 m  
Workpiece size 
Space availability 
Cost 

DoF Typically six axes 
Geometry complexity 
Flexibility for different geometries 
Cost 

Payload Around 6-10 kg: up to 
about 400 kg Welding torch weight 

Repeatability 0.03-0.1 mm Process welding requirement (multi-
passes) 

Velocity of tool 
center point (TCP) 

Typically 2 m/s; up to 
5 m/s Maximum transverse speed 

Robot weight Around 30-100 kg; up 
to 300 kg Moving system 

Mounting position Upright,inverted, wall 
or angle mounted Workpiece size, space for robot 

Hollow wrist for 
cables and hoses 

Available specifically 
for welding robots 

Longer-lasting cables and hoses 
Manoeuvrability 

Power and signal 
cables Lifespan; flexibility Physically protected against heat and 

spatters and interference 
 

 
 

Figure 20. Three types of commercially available robot arms [75]. 
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2.2.5.4 Welding equipment 
 
Robotic welding equipment involves additional hardware components to automate the 
process and control it. All these components are interfaced with the main robot control-
ler which controls the whole welding process. Figure 21 shows a typical robotic weld-
ing system with the auxiliary components.  
Table 3 lists the typical features of the welding equipment for different welding pro-
cesses [74]. 
 

 
 

Figure 21. Welding systems configuration [74]: “(1) teach pendant, (2) robot controller, 
(3) welding power source, (4) shielding gas cylinder, (5) air compressor, (6) wire feed-
er, (7) arm robot, (8) clutch, (9) welding torch, (10) wire spool, (11) wire drum, (12) 

workpiece positioner, (13) torch cleaning station, (14) TCP correction”. [63] 
 

Table 3. Typical features of the welding equipment [74]. 
 
Feature GMAW FCAW MCAW GTAW 
Power sources Single process or multiprocess 
Operation modes Constant voltage Constant current 

Wire feeder and 
spool 

Wire is pull and push with direct current 
motor 

Filler may or may 
not be used 

Electrode Bare metal 
wire 

Flux-cored 
wire 

Metal-cored 
wire Tungsten 

Shielding gas sup-
ply system 

Ar, CO2, or mixtures of 
inert and active gases 

Ar-Co2, or 
Ar-Co1-O2 

Inert gas (Ar or He) 
or a mixture of gases 

Cooling units Gas or water cooled depends on the duty cycle and power output 

Welding torch 

Wire comes out from the contact tip 

Include the tungsten 
electrode 

Deliver shield gas 
Typically water cooled 

Twin wire for higher deposition rate and 
welding speeds 
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A crucial component of the robotic system is the power source. It supplies the electric 
power necessary for the welding process. The quality of the power source influence 
significantly the quality of the weld as it is responsible for initiating the arc, allowing a 
stable transfer of material and thus the amount of spatter generated. Power sources vary 
depending on the welding method, although some of them are designed to be able to 
cater more than one type of welding process. In general, the power sources of robotic 
welding have higher duty cycles than those used in manual welding, allowing higher 
productivity. 
 
The robot is equipped with a welding torch that “directs the welding electrode into the 
arc, conducts current to the electrode, and provides shielding gas to the weld pools. For 
GMAW or MIG welding, a contact tube drives the current to the consumable electrode, 
which is in the form of wire being fed into the welding pool. The torch can also supply 
the shield gas according to the needs of the welding method. The gas-cooled torch is 
employed by the process with low current and light duty cycle of up to 60 % while wa-
ter-cooled is used for a heavy duty cycle of up to 100 % and high current. GMAW ro-
botic welding torch may have a twin-wire type for higher deposition rate and welding 
productivity. Both wires are fed to near a single point to give a single weld pool.” [74]  
 
The wire feeder unit is usually mounted on the robot manipulator near the welding torch 
to increase response time. The nozzle of the welding torch must be cleaned regularly 
and the position of the contact tip must be periodically confirmed. This is done by cali-
bration of the tool center position (TCP) of the robot arm. 

2.2.5.5 Robot welding safety 
 
Automation of the welding with robots reduces potential hazards for the operator due to 
welding but the use of robots itself can cause fatal accidents. Safety standards must be 
applied during the installation, commissioning, testing, programming, operation, and 
maintenance stages, to reduce the possibility of an accident. Table 4 lists the main safety 
standards for robotic systems and welding.  
 

Table 4. Relevant robotic welding standards. 
 
Standard number Description 
AWS D16 Robotics and Automatic Welding 
ANSI Z49.1 Safety in welding, cutting, and allied processes 
CAN/CSA-W117.2-06 (R2011) Safety in welding, cutting, and allied processes 

ISO 1021801-1:2011 Robots and robotic devices – safety requirements 
for industrial robots – part 1: robots 

ISO 1021801-2:2011 
Robots and robotic devices – safety requirements 
for industrial robots – part 1: robot systems and 
integration 

DIN EN 775 Manipulating robots - safety 
 
Robot installations must be planned carefully from the safety point of view. Workers 
should be prevented from entering the area without passing through interlocked doors, 
safety curtains may be put up to protect from ultraviolet light and hot spattering. Addi-
tionally, a fume extractor must be installed to remove the hazardous gas emissions and 
fumes from welding. [74] 
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3 Case study 
 
This chapter describes the case study provided by the collaborating company, including 
the geometry, material, loading and environmental specifications. 
 
The component used as the model during the project was a DOP radial impeller that 
operates inside a 1-meter diameter cylindrical tank as a mixer for an organic-aqueous 
solution moved at 115 to 229 rpm by an axle. The geometry of the impeller (Figure 22) 
was designed with Creo™ and SolidEdge CAD/CAM software, according to the 
geometry specifications provided (drafts can be seen in Annex 1). Additionally, a 
modification of the blades’ shape was introduced in another model to evaluate its 
influence of tapered profile in the operational behaviour. The profile of both original 
and modified blades’ shapes are shown in Figure 23 while the dimensions of the 
original and the modified geometry are given in Table 5.  
 

 
 

Figure 22. The DOP radial impeller CAD/CAM geometry. 

 
Figure 23. Cross sections of the original (left) and modified (right) blades’ shape. 

4 mm                                            3 mm 

5 mm 
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Table 5. DOP radial impeller dimensions. 
 

 Original Modified 
Top and bottom plates thickness 8 mm 8 mm 
Outer diameters 400 mm 400 mm 
Top plate inner diameter 200 mm 200 mm 
Bottom plate inner diameter 80 mm 80 mm 
Number of blades 16 16 
Blades’ thickness 4 mm 3-5 mm 
Blades’ height 96 mm 96 mm 

 
The tank, where the impeller is operating, is filled with a dispersion mixture of an 
organic and an aqueous solution (specification is shown in  
Table 6), wherein VO/VA ranges between 0.8 and 1.2. Due to the corrosive environment 
produced by this dispersion, stainless steel 316-L or a carbon steel with chemflake 
coating were the materials proposed by the collaborating company to produce de 
impeller. Mild carbon steel was selected for the purpose of this thesis due to its lower 
cost and better weldability. Specification of stainless steel 316-L wire, mild carbon steel 
wire and chemflake coating are shown in Annex 2. 
 

Table 6. Organic and aqueous solution specification. 
 

Organic solution (O)   
   
Properties Specification/value Comments 

Organic reagent LIX 984 N or 
Acorga M5640  

Organic diluent Shellsol D70  
Reagent max. Content 30 vol.-% typical range 10-30 vol-% 
   
Operating conditions Specification/value Comments 
Temperature 40 ºC typical range 20-40 ºC 
Max. Viscosity 2.8 cP typical range 2.0-2.8 cP 
Solution density 840 kg/m3            typical range 800-840 kg/m3 
   
Aqueous solution (A)   
   
Properties Specification/value Comments 
H2so4 190 g/L typical range 150-190 g/L 
Cu 50 g/L typical range 35-50 g/L 
Fe 1 g/L typical range  1-2 g/L 
Cl 30 g/L  
So4 250 g/L  
   
Operating conditions Specification/value Comments 
Temperature 40 ºC typical range 35-40 ºC 
Max. Viscosity 2 cP typical range 1.5 - 2.0 cP 
Solution density 1280 kg/m3 typical range 1200-1280 kg/m3 
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4 Computational modelling 
 
This chapter describes the computational modelling and simulations carried out for 
evaluation of the component. First, the fluid-dynamic modelling and analysis are de-
scribed in section 4.1 and the static-structural mechanical modelling and analysis are 
addressed in section 4.2. 

 Computational fluid dynamics 
 
Fluid-dynamic simulation of the case study was conducted to obtain the pressure profile 
in the impeller during operation and to study the influence of blades’ shape in the fluid 
flow inside the tank.  
 
ANSYS Workbench Platform for integrated simulation and Fluent CFD software for 
fluid flow modelling were used for that purpose. The geometry, the mesh and the model 
setup were defined for both cases (original and modified) and the results were analysed 
with Fluent post-processing tools. 

 Geometry and mesh 
 
A CAD/CAM model of the original and the modified impeller were designed using 
Creo™ and SolidEdge. These CAD/CAM models were saved as .stp files before 
importing them into the ANSYS Workbench geometry modelling system, where all the 
fluid domains of the tank and the impeller were generated with Design Modeler. Note 
that, due to the external import of the impeller model, the geometry of the impeller 
could no longer be modified in the Design Modeler.  
 
The fluid model was divided in two individual fluid domains, the so-called “tank zone” 
and “impeller zone”, being the second one a region restricted to the closer volume, the 
moving parts (axle and impeller) that will act as rotating region in the model. 
Geometries of the tank and axle were created with primitive geometries and fluid 
domains were created by generating negative geometries using simple Boolean subtract 
and unite operations. The tank and axle parts were suppressed after creating the fluid 
regions. 
 
The distinction between both fluid domains is relevant when meshing contact zones. 
Manual contact interfaces were not needed, but an automatic contact region was defined 
at the surface between the fluid domains. Figure 24 highlights the two fluid zones as 
well as the parts of the model. The impeller solid geometry was suppressed when 
meshed, leaving the remaining two fluid domains only. The final simulated fluid 
domain was a cylinder with 1 meter of diameter and 1 meter of height. The global origin 
of the coordinates system was located at the centre point of the upper surface of the 
impeller´s bottom plate.  
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Figure 24. Parts (red) and fluid regions (yellow) within the computational domain. 
 

The mesh of the fluid domains was created using ANSYS Meshing (Figure 25). The con-
forming method for the mesh elements was defined as of unstructured tetrahedrons in 
both fluid domains. Sizing of the mesh was set with fine Relevance Center and high 
Smoothing, while minimum element and face size and maximum size were fixed as 10-

4, 10-2 and 10-2 meters respectively. Additionally, the mesh was refined in the impeller 
zone with a Body Sizing of 5·10-3 meters (see figure 23, right detail).  
 

  
 
Figure 25. Cross sections of the DOP impeller outlining the Global mesh (left) and im-

peller zone detail (right). 
 
The refinement of the mesh used in the impeller zone was included in order to improve 
stability and accuracy of the converged solution at the elements in the rotating region. 
This provides a better solution for the pressure profile in the impeller. The overall fluid 
domain contains more than 106 nodes and close to·108 elements, depending on the im-
peller geometry used. 
 
 
 

Impeller 

Axle 

Tank 

Impeller zone 

Tank zone 
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Table 7. ANSYS Fluent mesh relevant parameters. 
 
 Model Fluid domains Value 

Conforming method All All Tetrahedrons 

Relevance center All All Fine 

Smoothing All All High 

Min. Element size All All 10-4 

Min. Face size All All 10-2 

Max. Element size All All 10-2 

Body sizing elements size All Impeller zone 5·10-3 

Number of nodes 
Original  1.7·106 

Modified All 1.45·106 

Number of elements 
Original  9.6·107 

Modified All 8.2·107 
 

 Model and solver 
 
ANSYS Fluent uses finite volume methods (FVM) for modelling the fluid flow plus 
heat transfer and chemical reactions in complex geometries. The main difference be-
tween an FVM solver and a typical Fem solver is that the FVM solver treats mesh ele-
ments as control volumes solving conservation laws to maintain the flow through the 
elements faces. These differ from FEM solver which calculates the elements based on 
surface solutions. In FVM solvers, the governing equations are solved for the control 
volumes in the centre of the elements. The result from these calculations is converted 
into integrals in the surfaces called face fluxes and the process is repeated iteratively 
until the solution converges for all elements and faces. 
 
To improve simulation, double precision variables were used, but only serial pro-
cessing. Double precision variables allow storing more information per volume element 
reducing the error where gradients in the solutions are high. This increases the memory 
usage and therefore computer power needs, that is the reason why serial processing was 
selected over parallel processing. Although parallel processing would have been faster, 
the computer could not manage such a high simulation power demand. 
 
The aqueous-organic solution was treated as a fully turbulent, incompressible, Newtoni-
an fluid rotating with a constant velocity of 229 rpm (the highest operational velocity) 
around the rotating impeller. The pressure-based segregated algorithm was used in the 
solver, which is a good choice for solving low-speed incompressible flows. In pressure-
based methods, the velocity field is obtained from the momentum equations, while the 
pressure field is extracted by solving a pressure or pressure correction equation which is 
obtained by manipulating continuity and momentum equations.  
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The governing equations can be solved in Fluent in two main different ways. If the 
equations are solved in a complete sequentially method the simulation is slower but 
simpler and less computationally intensive. These are the segregated methods, which 
usually work as intended, although they are slower than their counterpart, the coupled 
methods. As the computing power was already limited, the segregated method was se-
lected for the simulations. 

4.1.2.1 Governing equations 
 
For the absolute velocity formulation, the governing equations of fluid flow for a steadi-
ly rotating frame, conservation of mass (1), momentum (2) and energy (3), can be writ-
ten as follows [76]: 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 · 𝜌𝜌 𝑣𝑣𝑟𝑟���⃗ = 0   (1) 
 

𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌𝑣𝑣 + 𝛻𝛻 · (𝜌𝜌 𝑣𝑣𝑟𝑟���⃗  𝑣𝑣) + 𝜌𝜌(𝜔𝜔��⃗ × 𝑣𝑣) = −𝛻𝛻𝛻𝛻 + 𝛻𝛻𝜏𝜏̿ + �⃗�𝐹  (2) 

 
 

𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌𝜌𝜌 + 𝛻𝛻 · (𝜌𝜌 𝑣𝑣𝑟𝑟���⃗  𝐻𝐻 + 𝜌𝜌 𝑢𝑢𝑟𝑟����⃗  ) = 𝛻𝛻 · (𝜅𝜅𝛻𝛻𝜅𝜅 + 𝛻𝛻𝜏𝜏̿ · 𝑣𝑣) + 𝑆𝑆ℎ (3) 

 
 
The RNG-based k-ε turbulence model is derived from the instantaneous Navier-Stokes 
equations, using a mathematical technique called “Renormalization-group" (RNG) 
methods. The following transport equations are used in this model to obtain the turbu-
lence kinetic energy, κ, and its rate dissipation, ε (4, 5) [76]: 
 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜅𝜅) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜅𝜅𝑢𝑢𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

�𝛼𝛼𝜅𝜅𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜅𝜅
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝐺𝐺𝜅𝜅 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 − 𝑌𝑌𝑀𝑀 + 𝑆𝑆𝜅𝜅      (4) 

 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

�𝛼𝛼𝜀𝜀𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜀𝜀
𝜕𝜕𝑥𝑥𝑗𝑗
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𝜀𝜀
𝜅𝜅

(𝐺𝐺𝜅𝜅 + 𝐶𝐶3𝜀𝜀𝐺𝐺𝑏𝑏)− 𝐶𝐶2𝜀𝜀𝜌𝜌
𝜀𝜀2

𝜅𝜅
− 𝑅𝑅𝜀𝜀 + 𝑆𝑆𝜀𝜀   (5) 

 
Further information about the model and its formulation can be found in the ANSYS 
Fluent guide [76]. 

4.1.2.2 Material 
 
The density and viscosity of the organic-aqueous solution needed to be defined to estab-
lish the governing equations of the model. To simplify the model the density and the 
viscosity were set constant. These values are not variable because the temperature is 
constant during the process and speed is low enough to ignore speed influence (Table 
8). Although several calculations with different combinations of density and viscosity, 
within the ranges of specifications, could have been driven, maximum values were cho-
sen for all the simulations as it is expected to obtain the higher pressure values with 
them. Material properties of the solid regions, such as yield strength, tensile strength or 
Young’s modulus, were needed for static-structural analysis but not for fluid-dynamic 
simulations. Additionally, no coatings or special surface roughness were considered or 
simulated, to simplify the model.  
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Table 8. Organic-aqueous mixture specification. 
 

Mixture (M) VO/VA : 0.8-1.2  

Operating conditions Specification/value Comments 

Temperature 40 ºC  

Max. Viscosity 2.32-2.4 cP Arrhenius model [75] 

Density 1040-1085 kg/m3 Simple mixture model 

 
Density and viscosity of the mixture were calculated with a simple mixture model (6) 
and Arrhenius model (7) [77], respectively:  
 

𝜌𝜌𝑀𝑀 = 𝜕𝜕𝑂𝑂 ∗ 𝑉𝑉𝑂𝑂 + 𝜕𝜕𝐴𝐴 ∗ 𝑉𝑉𝐴𝐴
𝑉𝑉𝑂𝑂 + 𝑉𝑉𝐴𝐴

   (6) 
 

𝐿𝐿𝐿𝐿 𝜇𝜇𝑀𝑀 = 𝐿𝐿𝐿𝐿 𝜇𝜇𝑂𝑂∗ 𝑉𝑉𝑂𝑂 +𝐿𝐿𝐿𝐿 𝜇𝜇𝐴𝐴∗ 𝑉𝑉𝐴𝐴
𝑉𝑉𝑂𝑂 + 𝑉𝑉𝐴𝐴

  (7) 

4.1.2.3 Boundary conditions 
 
As this model has no inlets and outlets, only wall conditions had to be defined. Walls 
inside the computational domain were set as moving walls rotating at the same speed 
relative to the adjacent region, and the tank wall was set as moving wall with no abso-
lute rotating velocity. For the global operating conditions, the temperature was set to 
313 K (40 °C) and gravitational effects were turned on. 

 Results of the simulation and discussion 
 
Both models, original and modified, converged with the k-ε RNG pressure-based segre-
gated solver method, the first in 100 iterations and in 94 iterations the latest. Results 
showed that both models behaviour were similar in terms of velocity and pressure of the 
fluid inside the tank.  
 
The maximum velocity speed of the original model was 4.76 m/s being this maximum 
in the fluid close to the blades of the impeller. Additionally, this velocity value is posi-
tively close to the 4.8 m/s maximum tip speed specified by the company for the impeller 
rotation. The modified model behaved similarly to the original with a maximum speed 
of 4.77 m/s in the close part to the impeller’s blades. The velocity profile in a plane per-
pendicular to the impeller's axle can be seen in Figure 26. 
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Figure 26. Velocity profile in a plane perpendicular to impeller's axle. Maximum veloci-
ty in the original model is 4.76 m/s (top) and 4.77 m/s in the modified model (bottom). 

 
The velocity angle and velocity path lines were analysed to study how the fluid-
dynamic motion of the aqueous-organic solution differ in the modified model. As it is 
shown in Figure 27 and Figure 28, the velocity angle far from the walls of the fluid do-
mains was very similar, and no significant difference could be pointed out besides the 
differences in velocity angle in the proximity of the impeller’s blades, where most prob-
ably the flow angles were different due to the different shape of the blade. 
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Figure 27. Velocity angles in the X-Z plane of the original (left) and modified (right) 
impeller models. 

 

 
 

Figure 28. Velocity pathlines of the original (left) and modified (right) models. 
 
Finally, regarding the pressure profile in the blades due to the fluid motion, the models 
exhibited a slightly different behaviour. The maximum, minimum and variation of the 
absolute total pressure can be seen in table 9, the modified differed in 4.1 kPa of pres-
sure variation, which represents a variation of the 13.5% with respect to the original 
model. Figure 29 shows the total pressure profile in the inner wall of the impeller zone. 
Fluent refers to the total pressure as the summation of the static pressure and the dynam-
ic pressure, but the static pressure is reduced with respect to the absolute pressure by the 
operating pressure. Therefore, for obtaining the absolute total pressure, operational 
pressure has to be added to ANSYS’s total pressure, which was in the simulated models 
101325 Pa. The following equations (8, 9, and 10) describe how ANSYS post-process 
pressure results: 
 

𝜅𝜅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝 + 𝑑𝑑𝑑𝑑𝐿𝐿𝑇𝑇𝑑𝑑𝑠𝑠𝑠𝑠 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝  (8) 
𝐴𝐴𝐴𝐴𝑝𝑝𝑇𝑇𝑇𝑇𝑢𝑢𝑇𝑇𝑝𝑝 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 𝑇𝑇𝐴𝐴𝑝𝑝𝑇𝑇𝑇𝑇𝑢𝑢𝑇𝑇𝑝𝑝 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝   (9) 
𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 𝑇𝑇𝐴𝐴𝑝𝑝𝑇𝑇𝑇𝑇𝑢𝑢𝑇𝑇𝑝𝑝 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝 − 𝑇𝑇𝛻𝛻𝑝𝑝𝑝𝑝𝑇𝑇𝑇𝑇𝑠𝑠𝑇𝑇𝐿𝐿𝑇𝑇𝑇𝑇 𝛻𝛻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑝𝑝 (10) 

 
Table 9. The absolute total pressure in the inner wall of the impeller zone. 

 
 Original blades’ shape Modified blades’ shape 
Maximum pressure 117425 Pa 119925 Pa 
Minimum pressure 87025 Pa 85425 Pa 
Pressure variation 30400 Pa 34500 Pa 
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Figure 29. Pressure profile in the inner wall of the impeller zone in the original (top) 
and modified (bottom) models. 

 
With these pressure results and the operational angular velocity (229 rpm), first the 
torque with respect to the Y-axis can be obtained, 52.615 Nm, and the power done by 
the impeller, 1261.75 W. Following the Power number correlation (11), this power for a 
cylindrical tank with a 0.4 m of diameter impeller moving a 1085 kg/m3 of density liq-
uid, gives a power number of 2.04. This power number, which is a dimensionless pa-
rameter used for estimating the power consumed by a mixing turbine, is close to the 
power number data documented in the literature for radial flow turbines that range be-
tween 2.5 and 6.5. 
 

𝑃𝑃 = 𝑁𝑁𝑃𝑃 ∗ 𝜌𝜌 ∗ 𝐿𝐿3 ∗ 𝐷𝐷5 (11) 
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 Computational structural mechanics 
 
Structural simulation of the case of study was driven to obtain the strains, stresses and 
total deformation in the impeller under the pressure profile obtained in the fluid-
dynamic simulation. Additionally, the influence of the blade’s shape in the mechanical 
behaviour of the impeller was studied. 
 
ANSYS Workbench Platform for integrated simulation and Mechanical software for 
static-structural modelling were used. The geometry of each case was directly shared 
with the corresponding Fluent analysis. Mesh and model setup were defined for both 
cases (original and modified) and the results were analysed with Mechanical post-
processing tools. 
 

 Geometry and mesh 
 
As stated before, the geometry was directly imported from the corresponding Fluent 
analysis. The only modification made to geometry was to suppress the fluid zones and 
to un-suppress the impeller part. Only one region was unsuppressed in the model, thus 
no contact regions had to be defined. 
 
Meshing was done inside the Mechanical software (Figure 30). The conforming method 
for the mesh elements was defined to be of unstructured tetrahedrons and sizing of the 
mesh set with fine Relevance Center and high Smoothing. Additionally, the mesh was 
refined with a Body Sizing of 5·10-3 meters. In total, the simulation contains approxi-
mately 3·105 nodes and near 2·105 elements, depending on the impeller geometry used. 
 

 
 

Figure 30. The global mesh of the impeller. 
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Table 10. ANSYS Structural mesh relevant parameters. 

 
 Model Fluid domains Value 
Conforming method All All Tetrahedrons 
Relevance center All All Fine 
Smoothing All All High 
Min. Element size All All 10-4 

Min. Face size All All 10-2 
Max. Element size All All 10-2 
Body sizing elements size All Impeller zone 5·10-3 

Number of nodes 
Original All 3.3·105 
Modified All 3.4·105 

Number of elements 
Original All 1.8·105 
Modified All 1.9·105 

 

 Model and solver 
 
ANSYS Mechanical uses FEM for modelling structures, with the h-method for solving 
structural problems, which refers to the method based in decreasing the characteristic 
length (h) of elements, dividing each existing element into two or more elements with-
out changing the type of elements used (Figure 31). 
 

 
 

Figure 31. H-method refinement. 

4.2.2.1 Loading and constraints 
 
The performed simulation was a linear-elastic static analysis to determine the displace-
ments, stresses, and strains in the impeller caused by the pressure profile, the impeller 
rotation and gravitational effects. This kind of analysis is a good choice for loads that do 
not induce significant inertia, damping effects and steady inertia loads, such as gravity 
and rotational velocity. 
 
Gravity, 9.81 m/s2, and rotational speed, 229 rpm, were defined at ANSYS Mechanical 
software whereas the pressure applied at each surface of the impeller corresponded to 
the maximum pressure of each surface (Figure 32). The impeller was constrained with a 
cylindrical support in the axis joint that disables movement in axial, radial and tangen-
tial directions. 
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Figure 32. Loading and constraints of the impeller model. Red arrows represent the 
pressure in each surface, yellow arrows represent the velocity (label A) and gravitation-

al acceleration (label B) and label C is the cylindrical support. 

4.2.2.2 Material 
 
The simulation treats this material linear-elastic, thus to solve the model density, yield 
strength, tensile strength and Young’s modulus had to be defined. The values used were 
obtained from the specification of the material and can be seen in Table 11. The coating 
was not considered or simulated, to simplify the model.  
 

Table 11. Material properties 
 

Property Experimental value 
Yield strength (σy0) 480 MPa 
Tensile strength (σmax0) 560 MPa 
Young’s modulus (E) 190 GPa 

 Results of the simulation and discussion 
 
Results showed that both models behaviour were similar in terms of von-Mises stress, 
von-Mises strain and total deformation. 
 
The maximum von-Mises elastic strain in the impeller with straight blades was located 
in the contact with the axis and had a value of 0.000482 m/m. The von-Mises elastic 
strain in impeller with tapered blades was slightly higher (13%) with a maximum value 
of 0.00054414 m/m. Figure 33 and Figure 34 show the von-Mises elastic strain contours 
for both the straight and tapered model respectively.  
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Figure 33. The top (top) and isometric view (bottom) of von-Mises elastic strain con-
tours in the impeller with straight blades. 

 

 

 
 

Figure 34. The top (top) and isometric view (bottom) of von-Mises elastic strain con-
tours in the impeller with tapered blades. 

 
The maximum von-Mises stress in the impeller with straight blades was also located in 
the contact region with the axis and had a value of 109.3 MPa. The von-Mises elastic 
strain in impeller with tapered blades was slightly lower (0.8 %) with a maximum value 
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of 108.46 MPa. This stress reduction in the modified impeller, although small, could be 
justified by the reduction of weigh in the component and its impact on the gravitational 
and centrifugal forces. Figure 35 and Figure 36 show the von-Mises stress contours for 
both the straight and tapered model respectively.  
 

 

 
Figure 35. The top (top) and isometric view (bottom) of von-Mises stress contours in 

the impeller with straight blades. 
 

 

 
Figure 36. The top (top) and isometric view (bottom) of von-Mises stress contours in 

the impeller with tapered blades. 
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The highest total deformation in the impeller with straight blades was located in the skin 
of the impeller, including the base plate, top plate and the blades tip. The maximum 
value was 0.20406 mm. The total deformation in impeller with tapered blades was 
slightly higher (1.43 %) with a maximum value of 0.20698 mm. Figure 37 and Figure 
38 show the total deformation contours for both the straight and tapered model respec-
tively.  
 

 
Figure 37. The top (top) and isometric view (bottom) of total deformation contours in 

the impeller with straight blades. 
 

 
Figure 38. The top (top) and isometric view (bottom) of total deformation contours in 

the impeller with tapered blades. 
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These maximum stress results (σ=109.3 MPa) and the material properties of the as-
welded material (σ0=480 MPa), leads to the conclusion that the material outweighs the 
needed performance and can withstand the load. A safety factor is applied to the model 
just by applying the maximum pressure of each surface to the whole surfaces of the im-
peller during the simulation, but moreover, the typical design safety factor used in the 
design of mixing system (2 to 3 of safety factor) could be applied to the obtained stress-
es and the material would still be able to endure the load. Therefore, the material welded 
by GMAW CMT additive manufacturing should be able to resist the operational loading 
in its maximum values. However, this analysis is just a static-structural analysis. During 
the operation of a mixing impeller, there is a presence of dynamic loads that would re-
quire a fatigue analysis, at least in the axis contact, to complete the structural study. 
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5 Experimental methods 
 
Experimental analysis of the process was carried out with the purpose of studying the 
influence of the involved parameters. The four basic phases applied for the experimental 
analysis carried out in this thesis can be seen in Figure 39. 
 

 
 

Figure 39. Scheme showing the phases of the experimental analysis. 
 

This chapter presents the first two steps of the experimental analysis. Section 5.1 de-
scribes the problem formulation and section 5.2 explains the design of experiments, 
including all the equipment, setups and processes required for the production of the 
components. 

 Problem formulation 
 
The objective of this experimental analysis was to study the influence of some parame-
ters involved in the production of the impeller and thus, in a future study, it should be 
used to select the set of parameters providing the best mechanical performance.  
 
All the factors involved in the AM welding process were examined and the most rele-
vant turned out to be the ones that follow: 

• Transfer mode 
• Electrode diameter and composition 
• Polarity 
• Shielding atmosphere (composition, gas flow, pre-flow and post-flow) 
• Heat input 
• Voltage 
• Current  
• Wire feed speed 

4. Analyzing the results

3. Conducting the experiments

2. Design of experiments

Experimental setup

1. Problem formulation

Objectives Factors Interactions
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• Stick out (working clearance) 
• Travel speed 
• Layer thickness 
• Cooling system 
• Geometrical strategy 

 
From these factors, the transfer modes to be studied that have influence in the properties 
resulted short circuit and CMT. The electrode was selected based in the material re-
quirements, the polarity is fixed by the CMT process (DCEP), the shielding atmosphere 
was Ar 72% and CO2 18% with 20 l/min flow, 0.1 s of pre-flow and 2 s of post-flow. 
Heat input is given by the voltage, the current, the travel speed and the welding method, 
so this factor was also excluded from the DOE. The used static curve voltage-current 
was selected from the database of Fronius equipment for the mild carbon steel. Then the 
voltage and current are dependent on the wire feed speed, which was another variable 
selected to study. Wire feed rate determines the current for a fixed stick-out, α and β 
that are material constants (according to equation 12). This stick-out is fixed in the form 
of working clearance of the torch relative to the workpiece, 15 mm. 
 

𝑊𝑊𝐹𝐹𝑆𝑆 = 𝛼𝛼 𝐼𝐼 + 𝛽𝛽 𝐼𝐼2 (12) 
 
The travel speed was fixed in 10 mm/s to have similar productivity in the process. The 
layer thickness is related with all the above-mentioned parameters, thus it was studied 
for each set of parameters and then programmed into the robot. The cooling system was 
designed for the process and the geometrical strategy was set to reduce the thermal cy-
cle effects in the workpiece. 
 
In the end, only two factors remain variable, the transfer mode and the WFS. As already 
indicated, transfer modes used were short circuit and CMT. WFS was selected to 
achieve desirable widths in the welds so that the workpiece could be later machined. 

 Design of experiments 
 
A CMT welding robot was used for the sample preparation, the geometry prototype 
development and the final prototype manufacturing. The robot was a KR 5-2 arc HW 
robot by KUKA, with Fronius CMT welding equipment TransPuls Synergic 5000. The 
CMT welding equipment included a TPS 5000 power source with VR 7000 CMT wire 
feed unit and FK 4000 R cooling unit. Additionally, a cooling system was produced to 
improve heat exchange in the base plate and a clamping system was design to reduce 
geometrical distortion. Figure 40 shows welding system and the specification of the 
components is attached as Annex 4. 
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Figure 40. The CMT welding system showing the CMT welding equipment and the KR 
5-2 HW robot. The power source (blue), wire feeder (yellow), wire buffer (black), robot 

arm (purple), torch (green) and fumes extractor (orange). 
 
The blade layers were performed using MIG/MAG Mild Steel Wire OK AristoRod 
12.50 by ESAB (Annex 2) under MISON 18 (72% Ar and 18% CO2) shielding 
atmosphere. Wire feed speed and static voltage-current curve were selected directly 
from the Fronius equipment while transverse speed and working clearance (stick out) 
were controlled with the robot program.   

 Design and production of the cooling system 
 
The cooling system was designed according to the final set-up that was later used for 
the prototypes and it was applied also to the sample preparation to resemble the final 
condition of the welding procedure. The cooling system was composed of two cooling 
surfaces made of a nickel alloy plate of 11 mm thickness for conduction of the heat, a 
stainless steel plate of 2 mm thickness for isolation and a copper tube of 6 mm diameter 
for cooling with pumped cold water. The channel for the tube was machined in the 
nickel plates and then the copper tube was bent and introduced in the channel. The 
stainless steel isolator plates were screwed to both nickel plates containing the tube 
inside with M4 bolts with a conical head. Figure 41 shows different views of the CAD 
model of one cooling plate, and Figure 42 shows a picture of the produced cooling 
system. The trajectory of the copper tubes could have been designed to optimize the 
heat extraction of the impeller, but in this case, the design was done according to the 
impeller geometry and to facilitate its use in future projects that may have other 
geometries too. Dimensions of the cooling plate assembly can be seen in Annex 1. 
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Figure 41. CAD isometric view of the cooling plate (left) and front view of the interior 
of the cooling plate (right). 

 

   
 

Figure 42. Bottom (left) and top (right) pictures of one cooling plate. 
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 Design of the jig 
 
The jig for the welding procedure consists of a cooling system and a clamping system. 
The cooling system used for this process consists of one or two cooling plates with wa-
ter (20 ºC) pumped through the copper tube inserted in channels machined inside both 
plates. For the production of blade samples, just one cooling plate is needed while for 
prototyping both cooling plates connected in series are used. The cooling plates are de-
scribed in the previous section, and Figure 43 shows a picture of the produced cooling 
system and the used pump.  
 

  
 

Figure 43. The cooling system (left) and the pump (right) used for the welding proce-
dure. 

 
The cooling system is placed in the built table and the then the clamping system is ad-
justed. The clamping system consists in a thin steel plate between the cooling system 
and the base plate plus mechanical clamps that fix this steel plate to the table and to the 
cooling system preventing any movement of the assembly. The steel plate is intended 
for tack welding the base plate to it so that the shape distortions due to heat input during 
the welding procedure are avoided. Also, it enables to adjust the ground clamps to this 
plate improving current flow in the process. Two ground clamps were used with copper 
parts in connexion with the steel plate to avoid disconnection during the process. Figure 
44 and Figure 45 show pictures of the whole jig including the cooling system and the 
clamping system in the experiments setup and the prototyping setup. 
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Figure 44. Picture of the experiments jig including safety barriers (green), welding torch 
(purple), mechanical clamps (orange), cooling system (yellow), base plates (white), 

ground clamps (red). 
 

 
 

Figure 45. Picture of the prototyping jig including safety barriers (green), welding torch 
(purple), mechanical clamps (orange), cooling system (yellow), base plate (black) and 

ground clamps (red).  
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 Code programming 
 
Program codes for all the experiments were programmed directly in the robot using the 
KUKA smartPAD. Codes for each of the experiments were programmed following the 
same structure. First, the variables were declared, followed by a counting loop for the 
number of layers needed. Inside this loop, another counting loop was programmed when 
needed for counting the number of blades and conditional loops where programmed for 
decision making. At the end of the script decision parameters where changed. All the 
steps of the program were introduce using the so-called “teaching method”, which 
consists of the movement of the robot to the desired position and the saving of the 
coordinates as a point of the code. Figure 46 shows an example of the program 
developed for producing the experiments.  
 

 
 

Figure 46. Example of blades samples program. 
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6 Production of components 
 
This chapter describes the implementation of the blades experiments in section 6.1, the 
production of plastic prototypes in section 6.2 and in section 6.3 the production of the 
steel prototypes. 

 Blades´ samples production 
 
The layer thickness (offset) depends on the welding parameters, hence trials were 
carried out to determine the number of layers needed for each experiment. First, an 
iterative tuning process of the welding parameters was carried out, modifying the 
transverse speed, voltage, wire feed speed and working clearance (stick out) until a 
blade with proper shape, width and the homogeneous layer thickness were produced. 
Then once layer homogeneity was achieved blades samples and prototypes were 
produced. 

 Geometrical strategy 
 
First trail (Figure 47 a) produced an uneven layer thickness at the start and end points 
due to the welding process used, this was improved in the subsequent trials by 
increasing the welding time (hold time) at the end points of the path (Figure 47 b and c) 
and by direct overlapping multipass in opposite directions (Figure 47 d). Direct 
overlapping multipass in opposite directions combined with increased hold time at the 
end point (0.5 s) was selected as the best option for producing a homogeneous shape. 
These geometrical trials were performed with CMT transfer mode and WFS of 4 m/min 
(Figure 47) and 5 m/min (Figure 48), and using short circuit transfer mode and 4 m/min 
WFS (Figure 48). 
 

 
 

Figure 47. Picture showing the results of the blades trials using CMT transfer mode and 
4 m/min WFS. a) First 5 layer trial, b) and c) 10 and 20 layers trial with increased 

welding time at the end point, d) complete trial with 72 layers and direct overlapping 
multipass in opposite directions. 

a

b) 

c)

d) 
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Figure 48. Picture showing the results of the blades trials using CMT transfer mode and 

5 m/min WFS (a, b, c), and the trials using short circuit transfer mode and 4 m/min 
WFS (d, e, f). 

 
As the final prototype printing sequence had to be designed to reduce deformation due 
to heat input, a layer-by-layer welding sequence but alternating the blades using axial 
symmetries was followed (Figure 49). Based on this procedure and considering the 
required travel speeds, a delay of 4 minutes was introduced between passes for the 
welding of the blades samples. An example of the code programmed in the robot for 
manufacturing the blade sample can be seen in Annex 5.  
 

a) 
b) 

c)

d) e) 
f) 
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Figure 49. Schematic of blades printing sequence and dimensions. 

 Samples production 
 
After concluding the geometrical trials and finishing the manufacture of the cooling 
system, the blades samples preparation for material analysis was performed. Blades 
samples were designed as straight blades of the same length as the curved ones (152.18 
mm) because the influence of the curved geometry should not be significant on 
influencing the properties and this shape facilitates the extraction of tensile test 
specimens. 
 
Three blade samples using a different set of parameters were produced. The samples 
were straight blades 152.18 mm long and 115.2-115.6 mm tall, so that the material 
testing specimens could be machined. The different experiments carried out (blade 
samples) with their parameters are listed in Table 12. 
 

Table 12. Main parameters used for each experiment. 

 Current Voltage WFS Transfer 
mode Width Layer 

thickness 
Number 
layers 

Exp 1 109 A 11.4 V 4 m/min CMT 4.5 mm 1.5 mm 77 
Exp 2 124 A 11.8 V 5 m/min CMT 6 mm 1.7 68 

Exp 3 95 A 16.2 V 4 m/min Short 
circuit 4.5 mm 1.6 72 

  
Once produced, the blades are expected to be cut and machined to extract transversal 
and longitudinal tensile specimens of each one plus hardness specimens at the start, 
middle and end points of the blades. So a total of 18 tensile and 9 hardness specimens 
will be obtained. Figure 50 shows a scheme of the blade dimensions and test specimens. 
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Figure 50. Scheme of test blade dimensions with tests specimens. 
 
The blades samples were printed as described in the previous section. Figure 51, Figure 
52 and Figure 53 show pictures of the blades samples as manufactured. 
 

 
 

Figure 51. Picture of the blades samples of the experiment 1 (CMT, 4 m/min WFS). 
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Figure 52. Picture of the blades samples of the experiment 2 (CMT, 5 m/min WFS). 
 

 
 

Figure 53. Picture of the blades samples of the experiment 3 (Short circuit, 4 m/min 
WFS). 

 
Experiments 1 and 2 were carried out without any error or problem, the final geometry 
of the blades resembled the expected one, with a quite homogeneous height and width. 
However, experiment 3 did not go as expected, during the whole process problems with 
the ignition of the arc occurred and even an ignition error happened that was solved by 
increasing the voltage by 1%. The final geometry of the experiment 3 blades was une-
ven with 4 mm difference in the height and irregular shapes. This features could be a 
result of the big amount of spatter produced in the short circuit process (Figure 54) 
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compared to CMT, this spatter is significantly increased in each ignition of the arc in-
fluencing the geometry of the start points (Figure 54). Additionally, the production of 
spatter that accumulates in the nozzle (Figure 55) worsen the conditions for ignition of 
the arc and thus, it produces even more spatter or cause an ignition error.   
 

 
 

Figure 54. Picture of the blades samples of experiment 3 (Short circuit, 4 m/min WFS). 
In red, material detached produced during arc ignition and in green, spatter. 

 

 
 

Figure 55. Picture of the blades samples of experiment 3 (Short circuit, 4 m/min WFS). 
In red, spatter from the process accumulated in the nozzle and tip of the torch. 

 
Geometrical distortions in the plate in contact with the cooling system and in the base 
plates were observed, while the blades seemed to be straight. Figure 56 shows distor-
tions observed after welding procedure without removing the clamping and Figure 57 
shows the distortions once the clamping was removed. Figure 58 shows the distortions 
in the base plates once the tack welds were removed. The distortion is higher when un-
clamped and experiment 2 was the one with higher geometrical distortion, this is justi-
fied by the higher heat input introduced in the material.  
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Figure 56. Pictures showing geometrical distortions (red arrows) of experiment 2 (CMT, 
5 m/min WFS) before unclamping. 

 

  
 

Figure 57. Pictures showing geometrical distortions (red arrows) of experiment 2 (CMT, 
5 m/min WFS) after unclamping. 
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Figure 58. Pictures showing geometrical distortions (red arrows) of experiment 2 (CMT, 
5 m/min WFS) base plate. 

 
 
 
 
 
 
 
 
 

 Plastic prototypes production 
 
Plastic prototypes of the impeller (scaled) and a blade (real size) were produced using 
FDM with PLA material. An Ultimaker 3 was used for the production of the prototypes, 
the geometry was modelled in Creo™ and exported as a .stl file to Cura software were 
the .gcode for 3D printing was generated. Figure 59 show the produced prototypes. 
 

  
 

Figure 59. Picture of the prototype of scaled impeller (left) and real size blade (right) 
made of PLA. 



 

61 

 Steel prototypes production 
 
With the parameters tuned in the previous section, a so-called geometrical prototype and 
a full prototype of the impeller were manufactured in steel.  
 
The geometrical prototype was designed to show the main features of the geometry and 
of the manufacturing process. Thus, some blades were not completely built or they are 
expected to be machined to show some characteristics. Base and top plates were 
manufactured first as designed via laser cutting, in S355 steel (dimensions can be seen 
in Annex 1). Then the blades were manufactured on the base plate. It is expected to be 
machined and next, the top plate will be welded on top of the blades. Figure 60 shows 
the geometrical prototype produced. The code programmed in the robot for 
manufacturing the geometrical prototype can be seen in Annex 5.  
 

 
 

Figure 60. Picture of the geometrical prototype showing 3 steps of the AM process (a, 
one layer; b, half height; c, complete non-machined blade), 3 blades that will be ma-

chined to show different geometrical features (d, whole machined blade; e, half thick-
ness machined blade; f, machined in steps blade) and two blades that will be machined 

and closed with the top plate (g, h). 
 
The blades of the impeller start in the outer edge of the base plate, therefore, the arc 
cannot be initiated in the exact start point and has to be moved inside the blade plate to 
prevent ignition errors. This results in a circular shape of the blade in the outer edge that 
leaves a gap between the blades and the base plate outer diameter. For solving this 
problem, a backing ring plate can be used in order to start the arc in a proper position. 
The backing plate can be afterwards removed and the extra material machined to 
achieve the desired geometry in the outer edge. Figure 61 shows the end shape of the 
blade at the outer diameter. 
 

a) 

b) c) d) 

e) 

f) 

g) 

h) 
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Figure 61. Picture of the shape of the blade in the outer diameter. In blue, the shape of 
the printed blade; in red, the outer edge; in purple, the gap. 

 
The so-called full prototype of the impeller was produced with the same set of parame-
ters. The whole manufacturing process of the blades onto the base plate lasted 6 hours, 
plus an additional hour of setting up the process. The top plate is expected to be welded 
on top of the blades once the prototype is machined. Figure 62 shows the full prototype 
produced.The code programmed in the robot for manufacturing the full prototype can be 
seen in Annex 5.   
 

                                
s  

 
Figure 62. Pictures of the full prototype as welded (left) and with the top plates located 

above the blades 8right). 
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7 Planned characterization of components 
 
This chapter describes the planned characterization of the produced specimens that is 
expected to be carried out in the samples produced. First, geometrical parametrization of 
the surface of the blades samples is described in section 7.1, section 7.2 explains the 
mechanical material testing that will be carried out and in section 7.3 the future study of 
the microstructure and defects is presented.    

 Geometrical parametrization of the blades samples 
 
The GMAW AM manufacturing process, whether with CMT or short circuit transfer 
modes, produce metal components with a complex and high surface roughness. Addi-
tionally, due to the behaviour of the arc during the process and the heat input, the result-
ing geometry could have distortions and deformations that deviate its profile from a 
straight profile.  
 
The surface roughness is different for both longitudinal and transversal directions and 
varies from bottom to top of the blade depending on the number of layers and within the 
same layer. It also differs from one set of parameters to another. Figure 63 shows an 
example of the surface features in the blade samples. The complexity and waviness of 
the surface complicate its study, which will be carried out via 3D scanning for obtaining 
a projection of the surface (big sampling) and Scanning Electron Microscopy (SEM) for 
determining precise local properties. These values are crucial for studying the influence 
of roughness in the mechanical behaviour, as well as, defining the thickness of the blade 
in case that machining of the surface is needed. 
 

   
 

Figure 63. Picture of the profile of one blade of experiment 1 (left) and the surface of 
the same blade (right). 
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Geometrical parametrization of the blades should be carried out for studying the shapes 
obtained from the process. The inclination of the samples and geometrical distortions 
could be assessed via 2D scanning with the help of CAD software. 

 Tensile and micro-hardness testing 
 
Tensile tests of the specimens obtained from the produced blades are expected to be 
performed using MTS 858 Table Top System (25 kN Dynamic Force Capacity) at con-
stant strain rate up to its breakpoint while Vickers hardness tests are expected to be car-
ried out with a Buehler Vickers Hardness machine. The results of these tests will be 
homogenized with the as-welded properties given in the material specification (σ0=480 
MPa, σmax0=560 MPa, A0=26%, see annex 2) following equations (9) and (10): 
 

𝐺𝐺𝜌𝜌𝜅𝜅𝐿𝐿,𝑇𝑇 =
𝜎𝜎𝑦𝑦
𝜎𝜎0

+ 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚0
+ 𝐴𝐴

𝐴𝐴0
   (13) 

 

𝐻𝐻𝐻𝐻𝑆𝑆,𝑀𝑀,𝐸𝐸 = 𝐻𝐻𝑉𝑉𝑚𝑚𝑎𝑎−∆𝐻𝐻𝑉𝑉
𝐻𝐻𝑉𝑉𝑚𝑚𝑎𝑎

    (14) 

 
With these dimensionless parameters and weighting coefficients (βi), a performance 
parameter P will be calculated (11): 
 

𝑃𝑃 = 𝛽𝛽1∗𝐺𝐺𝐸𝐸𝑇𝑇𝐿𝐿+𝛽𝛽2∗𝐺𝐺𝐸𝐸𝑇𝑇𝑇𝑇+𝛽𝛽3∗𝐻𝐻𝑉𝑉𝑆𝑆+𝛽𝛽4∗𝐻𝐻𝑉𝑉𝑀𝑀+𝛽𝛽5∗𝐻𝐻𝑉𝑉𝐸𝐸
5

  (15) 
 
These tests will enable to select the best combination of parameters from the ones ex-
perimented in terms of obtained mechanical properties.  

 Microstructural analysis and defects inspection 
 
For further characterization of the material and process, microstructural analysis of the 
welded samples will be carried out. Additionally, inspection of the samples for the pres-
ence of defects is expected to be carried out in order to ensure the quality of the process. 
 
The microstructural analysis will be performed via optical and SEM to determine the 
phases of the material, and Electron backscatter diffraction (EBSD) is expected to be 
used for characterization of the grains and texture.  
 
The quality of the samples will be assessed by inspection for defects. Visual inspection 
of the cut surfaces and X-ray scanning of the blades are expected to be performed. Ul-
trasonic testing and eddy-currents testing are also available options, however, the sur-
face roughness of the blades dissuade from using these techniques.  
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8 Environmental analysis and cost report 
 
Every manufacturing process is characterized by four components that define the manu-
facturing system, and by the inputs and outputs to the system. These components are the 
design, the pre-processing phase, the manufacturing and the post-processing phases. 
AM systems and traditional manufacturing systems differ in some critical features, 
which influence the cost and environmental impacts of the process [78]. Figure 64 
shows the concept of an industrial manufacturing system.  

 

 
 

Figure 64. Concept of an industrial manufacturing system [78]. 
 
In the design phase, the geometry of the part is produced and requirements in terms of 
operational behaviour, material, quality and other features are decided in the case they 
are not provided as an input to the system. As announced, there are significant differ-
ences between design for AM when compared with that for traditional manufacturing. 
Due to the “freedom of shape” feature enabled by AM processes, pieces can be redesign 
to achieve topological optimization and thus reduce the material consumption, weight as 
well as improving its functionality.  Figure 65, Figure 66 and Figure 67 show examples 
of topologically optimized components. [79, 80] 
 

 
 

Figure 65. Redesign of a water distribution manifold for AM. Optimised one at the 
right-hand side. [79] 

 

 
 

Figure 66. Topological optimization of aerospace nacelle hinges brackets. Optimised 
one at the right-hand side. [80] 
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Figure 67. Thermal conditioning ring redesigned for AM. [80] 
 
By reducing the quantity of material needed in the design, the cost of the part is also 
reduced. However, many AM technologies use powder material, which increments the 
cost of the raw materials in more than 10 times the cost of the traditionally manufac-
tured parts [81]. 
 
The pre-processing phase asses the feasibility of the manufacturing process and config-
ure the manufacturing process, planning the production, activities and resources neces-
sary for the production of the demanded product. With AM, an additional step is intro-
duced to pre-processing: the 3D CAD design has to be imported to .STL format and this 
file have to be checked for geometry errors [78, 82]. 
 
After pre-processing, manufacturing phase takes place. This includes carrying out the 
machine setup, loading the materials, manufacturing the part and removing it from the 
machine. There are many differences between all processes at this stage even inside the 
same type of manufacturing. 
 
Finally, the post-processing is performed, which involves finishing, identification, 
cleaning and recycling of the waste material plus the inspection of the products. As for 
manufacturing phase, these stages depend complete on the technology used: in general, 
for AM metal parts produced by WAAM, a milling process is needed to improve the 
surface finish of the part [82, 83]. 
 
Nowadays, cost estimation and sustainability impacts are two key features that should 
be assessed for any industrial process. While traditional processes costs and sustainabil-
ity are well studied, limited knowledge on AM processes costs and sustainability exists 
and the impacts remain unclear [83].  
 
In section 8.1 of the current chapter new information is provided by comparing envi-
ronmental impacts of the WAAM process system for producing an impeller, the objec-
tive of this thesis, and the conventional milling process system. Additionally, a costs 
analysis of the thesis is carried out in section 8.2. 
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 Sustainability Life Cycle Assessment 
 
Some sustainability studies have been done for AM metal parts using Life Cycle As-
sessment [89-98] methods, which analyse the environmental effects of a product, pro-
cess or system from raw material acquisition to end-of-life treatment. Nevertheless, 
these studies tend to simplify the system boundaries and therefore, there is no complete 
study which asses all the environmental impacts related to a full AM manufacturing 
system seen from a business point of view of and not only as a manufacturing technolo-
gy.  
 
One of the first sustainability studies in metal parts was the one carried out by H. Paris 
et al. (2016). They studied the sustainability of an aeronautical Ti6AlV turbine impeller 
produced by two ways, EBM and subtractive manufacturing (machining). The study 
concluded that EBM was more sustainable for high shape complexities that need exten-
sive material removing from subtractive manufacturing, while for acceptable complexi-
ty shape machining was the best option.  
 
In the same year, Faludi et al. (2016) did one of the most complete studies. They as-
sessed the environmental impacts of SLM for manufacturing a cradle-to-grave produc-
tion system, concluding that the main source of environmental impact was the powder 
material used during the process followed by the energy input needed for the manufac-
turing phase. Hence, topological optimization, powder usage reduction and optimal ma-
chine utilization where proposed for improving the sustainability of the process. 
 
Furthermore, G. Ingaao et al. (2017) evaluated the environmental impacts of alumini-
um-based components produced by SLM and traditional processes.  Their results exhib-
ited that additive manufacturing is not always an environmentally friendly solution. For 
the case studied the resulted impacts where higher for SLM, no matter what geometry 
was used, due to the high-energy input required for SLM process in aluminium. 
 
Finally, Peng et al. (2017) compared the environmental damage of the production of a 
Ti-alloy impeller by CNC milling, DED and remanufacturing processes. Their study 
concluded that remanufacturing was the most sustainable process followed by DED and 
CNC milling. However, they pointed out that redesign of the part and logistics for AM 
should be assessed to have a better insight into the environmental impacts. 
 
These studies depict a scenario where AM metal parts manufacturing is relegated to the 
manufacture of geometrically complex parts with low material fraction usage and short 
batch sizes. Therefore, further application of AM process for metal parts could be pro-
moted by the development of new industrial processes, which reduce costs, as sustaina-
bility of AM process seems to be better than traditional methods. Some of these pro-
cesses could be the ones under development based on WAAM as they reduce material 
costs, power consumption, lead-times and environmental impact significantly [24, 91]. 
 
One example is given by A.C.M. Bekker and J.C. Verlinden (2017). They studied the 
sustainability impacts of WAAM compared to sand casting and CNC milling processes 
for stainless steel. They concluded that WAAM process and green sand casting had 
comparable environmental impacts, in the same range as CNC milling process. Howev-
er, in spite of the uncertainty around the assessment, they concluded that although the 
environmental impact was in the same order of magnitude for the part studied it could 
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be possible to reduce the impact for complex shapes and low material fraction usage by 
applying topological optimization. 

 Approach of the assessment 
 
The main goal of this study is to assess the environmental impacts associated with the 
production of the impeller of this thesis, by WAAM using CMT in carbon steel. Sus-
tainability is assessed using LCA by comparison of the WAAM system with the con-
ventional manufacturing process, in which the impeller is produced from a raw holed 
cylinder of carbon steel using CNC milling. Figure 68 shows a schematic of the life 
cycles for the conventional manufacturing process and WAAM process. 
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Figure 68. Scheme of WAAM (left) and conventional (right) life cycles. 
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It should be noted that topological optimization and logistics changes due to design for 
AM are not assessed in this thesis. In this study, the geometry and the mechanical prop-
erties were considered identical for both the WAAM part and the CNC milling part. 
Future research should analyse how this features influence the costs and sustainability 
of the process.  
 
The functional unit used was a single produced part. Therefore, some environmental 
impacts were neglected in the LCA comparison. Machinery lifespan environmental im-
pacts are not included in the system boundaries as it was assumed to have little influ-
ence on the total impact per impeller produced. However, energy consumption of the 
machinery is included in the study.  
 
Additionally, the cradle-to-grave systems of the LCA were simplified. Transportation, 
usage and end-of-life phases of the part were considered the same for both WAAM and 
CNC milling systems. Nevertheless, recycling of waste products during the manufactur-
ing was assessed. This restricts the sustainability study to a comparison of cradle-to-gate 
systems for both AM and traditional CNC milling processes. The base and top plates 
manufacturing were removed from the system for both approaches because WAAM 
system produces these plates by means of traditional processes, as the CNC milling ap-
proach. In conclusion, as shown in Figure 69, the blade´s area is the one studied in the 
LCA comparison. 
 

 
 

Figure 69. Blade´s area with highlighted blades 
 

Future studies should assess the influence of the batch size to evaluate the contributions 
of lead-time, process speed and other features to the environmental impacts and costs. 

 Life cycle inventory of WAAM system 
 
The WAAM cradle-to-gate system consists of five consecutive processes: continuous 
casting, hot rolling, wire drawing, WAAM and final finishing (Figure 54 left). The con-
tinuous casting process creates carbon steel billets that are shaped into bars with hot 
rolling also improving the mechanical properties. These carbon steel bars are processed 
by wire drawing to transform the bars into welding wire. With the use of welding wire 
and shielding gas, the WAAM process is run and the resulting built part is finished with 
CNC milling machine. The steel waste produced in these processes is considered to be 
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recycled in an end-of-life phase, so this recycled steel is used as a resource for the pro-
cess. 
Material and energy inputs and outputs of the sub-processes are shown in table 13. The 
material utilization fraction (MUF) for continuous casting was considered 0.9 according 
to the literature [84] and the specific energy consumption (SEC) was 5.86 MJ per kg 
produced according to UNIDO [100]. In the hot rolling process, CES EduPack 2017 
shows that it ranges between 0.9 and 1, so it was considered 0.95 and the SEC was 3 MJ 
per kg produced according to IEA [100]. CES EduPack 2017 show that MFU for wire 
drawing varies from 0.85 to 0.9, hence 0,875 was selected as right value while SEC was 
considered 0.8474 MJ per kg produced according to the literature [101]. According to 
Fronius [102], the CMT welding process it is supposed to reduce spattering in a 99%, 
being this 0.002 g/m of wire, hence for a 1 mm of diameter wire the MUF is 0.99992. 
The SCU of WAAM process was estimated from the energy consumption of the robot 
and the heat input of the welding process (Q), 7.3 kJ per second of robot operation and 
153.69 kJ per meter of deposited wire. The finishing process MFU, 0.889, was calculat-
ed measuring the geometry of the impeller once 3D printed and with the data from the 
CAD model, and the SEC, 2.667 MJ per cm3 machined, was calculated with the milling 
parameters. Finally, recycling sub-process input material was calculated based on the 
literature [86], steel waste from all sub-processes except machining, were considered to 
be 95% recyclable while metal chips waste from machining was considered to be 85% 
recyclable. The energy used for recycling the steel waste was considered 11.7 MJ per kg 
of waste according to BIR [103]. 
 

Table 13. Material and energy data of WAAM system. 
 

 MUF Waste (kg) Material (kg) Energy (MJ) 
Initial 1 - 11.04 - 
Continuous casting 0.9 1.1 9.94 58.22 
Hot rolling 0.95 0.5 9.44 28.31 
Wire drawing 0.875 1.172 8.268 7 
WAAM 0.99992 0.001 8.267 158.41 
Finishing 0.887 0.927 7.34 311.61 
TOTAL 0.6648 3.7 - 563.55 
Recycling 0.925 0.28 3.42 43.29 

 Life cycle inventory of CNC milling system 
 
The CNC milling cradle-to-gate system considered has the same two first sub-processes 
as the WAAM system (continuous casting and hot rolling) and a third sub-process of 
CNC milling from a cylinder to the final geometry (Figure 54 right). 
 
The material and energy inputs and outputs of the sub-processes are shown in table 14. 
The MUF and The SEC for continuous casting and hot rolling were considered the same 
as in WAAM process. The CNC milling sub-process MUF, 0.0775, was calculated as 
well with the CAD model geometry. The SEC was divided into two sub-processes, one 
of roughing with 59.23 kJ per cm3 machined and a SEC for finishing equal to the one in 
WAAM process. The parameters used for the roughing process were based on the litera-
ture [88]. Recycling phase was considered to have the same parameters as in WAAM 
process but with different inputs. 
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Note the major differences are given by the required amount of initial material that leads 
to the higher amount of wastes and energy consumption for CNC option. 
 

Table 14. Material and energy data of CNC milling system. 
 

 MUF Waste (kg) Material (kg) Energy (MJ) 

Initial 1 - 36.15 - 

Continuous casting 0.9 3.62 32.53 190.63 

Hot rolling 0.95 1.63 30.9 92.71 

CNC milling 0.0775 23.56 7.34 856.5 

TOTAL 0.203 28.81 - 1139.85 

Recycling 0.865 3.89 24.92 337.077 
 

 Impact assessment method 
 
OpenLCA 1.7, CES EduPack 20017 and European reference Life Cycle Database 
(ELCD) 3.2 were used as main data sources for the study performed. ELCD is a life 
cycle inventory database and CES EduPack is a material database. OpenLCA is an LCA 
free software which enables to generate the life cycle inventories and create flows, pro-
cesses and product systems to calculate their impact assessments.  
 
For assessing environmental impact, the ReCiPe method v1.11 was used. The default 
and recommended settings that were applied are hierarchic perspective (H), European 
normalization and average weighting. This method includes Endpoints model, which 
refers to environmental impacts that can be measured and added in terms of damage to 
certain areas (ecosystems, human health and resources); and Midpoints model, which 
asses the environmental impact of the system or process by a series of categories that 
can be normalized but not added since they have different units. 
 
Data for the process inventories was extracted from the databases presented, scientific 
papers and the thesis process carried out. Whenever possible, Finland was used as the 
location for the data used followed by European data and World data. 

 Results and discussion 
 
The WAAM system (AM) and conventional manufacturing (SM) were compared with 
OpenLCA tool for the calculated conditions of the life cycle inventories. Additionally, a 
comparison between AM and SM models for different total MUF of the conventional 
system was carried out. 
 
Figure 70 and Figure 71 show the comparison between Endpoints and Midpoints, re-
spectively, for AM and SM systems. It can be seen that for the part produced and the 
system considered the Endpoints are reduced in more than a half by using AM. Every 
Midpoint is also reduced below the 50% except for Metal depletion, which is 36.45% 
only. Although obtained values of environmental impact are rough due to all the simpli-
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fications made, clearly AM is a better manufacturing process for the production of this 
parts from the environmental point of view due to the reduction of metal used and the 
lower energy required per part, as already pointed out by tables 13 & 14. 

 

 
Figure 70. ReCiPe v1.11 H Endpoints comparison with European normalization and 

average weighting. 
 

 
Figure 71. ReCiPe v1.11 H Midpoints relative results comparison with European nor-

malization. 
 

2,10314
4,94

3,88908

9,126,7421

15,56

0

5

10

15

20

25

30

Additive Manufacturing Substractive Manufacturing

Ecosystems Human health Resources

0,00%

10,00%

20,00%

30,00%

40,00%

50,00%

60,00%

70,00%

80,00%

90,00%

100,00%

AM SM



 

73 

 
The manufacturing of the impeller could be done with other means, like casting, that 
leads to better results but as these results are geometry dependent they are not applicable 
to other parts with different geometries. However, a comparison between AM and SM 
systems can be done by introducing two dimensionless ratios E and C.  
 
The ratio E (12), which provides a dimensionless indicator relating the environmental 
impact of both AM and SM models. 
 

E = Environmental impact indicator of SM
Environmental impact indicator of AM

   (12) 
 
When E value is above one, AM model is more environmentally friendly for that indica-
tor while when below one SM is more interesting in terms of environmental impact and 
both systems are similar when E is equal to one. 
 
The ratio C (13) is a dimensionless indicator related to the geometrical complexity and 
the material utilization of the part. For high values of C, not much material has to be 
removed from the part in the SM system and the part can be considered simpler in 
shape. 
 

C = Volume of the part
Volume of material required in SM system

   (13) 
 
Figure 72 and Figure 73 show the comparison between E and C ratios calculated for 
both AM and SM systems. As it is seen in the figures, E takes the value 1 for values of 
C near 0.5 in the Endpoints and 0.3 in the Midpoints. Hence, for the studied data, AM 
system is more environmentally friendly for values of C lower than 0.3 while SM is 
better for C higher than 0.5. For values of C between 0.3 and 0.5, the result remains 
unclear. This result matches with the statement that AM technologies are suitable for 
parts with high geometrical complexity and expensive materials such as titanium, which 
would intensify the difference between both processes. 

 
Figure 72. Correlation between environmental impact ratio, E, and geometry complexity 

ratio, C, for ReCiPe v1.11 H Endpoints. 
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Figure 73. Correlation between environmental impact ratio, E, and geometry complexity 

ratio, C, for ReCiPe v1.11 H Midpoints. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

1

2

3

4

5

6

7

8

9

10

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00

En
vi

ro
nm

en
ta

l im
pa

ct
 ra

tio
, E

Geometry complexity ratio, C

Climate change Fossil depletion

Freshwater ecotoxicity Freswater eutrophication

Human toxicity Ionising radiation

Marine ecotoxicity Marine eutrophication

Metal deplation Ozone depletion

Particulate matter formation Photochemical oxidant formation

Terrestrial acidification Terrestrail ecotoxicity

Water depletion



 

75 

 Cost analysis 
 
The goal of the present analysis is to assess the costs associated with the production of 
the impeller of this thesis, by WAAM using CMT in carbon steel. Based on the thesis 
system (Figure 74), the incurred costs of each sub-process and resources were account-
ed. The costs are estimated for the procedure/scheme followed to perform this thesis, 
taking into account the inputs, outputs and processes.  
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Figure 74. Schematic of Thesis system. 
 

Although machinery (hardware) and software costs are listed, the lifespan of all the ma-
chines and the license period of the software used in the project should be significantly 
bigger than the use made of them. Hence, the costs listed below for machinery and 
software should be considered in terms of an initial investment and not a real cost of the 
project. Table 15 lists sub-processes and its related inputs, outputs and resources. Table 
16 shows the calculated cost related to each element, except those free of charge. Addi-
tionally, the energy involved in each sub-processed was accounted (table 17).  

 
 
 
 
 
 



 

76 

 
 

Table 15. Sub-processes, inputs, outputs and resources. 
 

Sub-process Inputs Outputs 
Resources 
Hardware Software Material 

CAD Geometry          
specification 

3D CAD             
geometry Computer Creo - 

Fluid FEM  
analysis 

Environment 
 specification 
 
3D CAD geometry 

Pressure profile Computer ANSYS - 

Design of           
the jig 

Geometry           
specification Jig design - - - 

Jig               
manufacture 

Jig design 
 
Geometrical             
strategy 
 

Clamping  
system 
 
Cooling system 

Machining      
machine Creo 

Brass plates 
 
St. steel plates 
 
Copper tube 
 
Steel plates 

Geometrical  
strategy 3D CAD geometry Geometrical 

strategy - Creo - 

Sample         
preparation 

Material            
specification 
 
Geometrical       
strategy 
 
Clamping system 
 
Cooling system 
 
3D CAD geometry 

Blades samples 
 
WAAM                 
parameters 

KUKA Robot 
with 
CMT Fronius 
welding  
equipment 

Orang-
eEdit 

Carbon steel 
plates 
 
Shielding gas 
 
Carbon steel 
wire 

Structural FEM 
analysis 

3D CAD geometry 
 
Pressure profile 
 
Material properties 

Previous     
structural 
behaviour 

Computer ANSYS - 

Steel 
prototypes  
manufacture 

Clamping system 
 
Cooling system 
 
Geometrical             
strategy 

Steel  
prototypes 

KUKA Robot 
with 
CMT Fronius 
welding      
equipment 

Orang-
eEdit 

Top and bot-
tom carbon 
steel plates 
 
Shielding gas 
 
Carbon steel 
wire 
 
Cooling liquid 

PLA prototype  
manufacture 3D CAD geometry PLA prototypes Ultimaker 3 Cura PLA 
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Table 16. Costs incurred by each element. 

 
 Element Unit cost Quantity Cost (€) 

Hardware 

Computer 2000 €/ud. 1 ud. 2000 

KUKA robot KR 5-2 arc HW - - 29000 

CMT Fronius welding equipment - - 28000 

Ultimaker 3 - - 2995 

Software 
Creo - - 2200 

ANSYS - - 35000 

Material 

Carbon steel (test plates) 1.5 €/plate 13 plates 19.5 

Top and bottom carbon steel plates - - 353 

Carbon steel wire 2.78 €/kg 19.6 kg 54.5 

Shielding gas 0.075 €/l 11510.8 l 863.3 

Jig material - - 220 

PLA 19€/kg 0.244 kg 4.64 
 

Table 17. Energy consumption and incurred cost of each sub-process. 
 

Sub-process Hardware Power (W) Usage (h) Energy (MJ) Cost (€) 
CAD design Computer (60%) 50 10 1.8 0.04 
Fluid FEM  
analysis Computer (90%) 70 120 30.24 0.59 

Geometrical  
strategy Computer (50%) 40 8 1.152 0.02 

Sample  
preparation 

KUKA Robot 
CMT Fronius 

welding equipment 
- - 479.6 9.33 

Structural FEM 
analysis Computer (90%) 70 30 7.56 0.147 

Steel  
prototypes 
manufacture 

KUKA Robot 
CMT Fronius 

welding equipment 
- - 76.21 1.48 

PLA prototype  
manufacture Ultimaker 3 - - 22.32 0.43 

 
Based on the costs listed above, the budget of this thesis was 12.04 € of expenses in 
electricity, 1515 € of expenses in material resources and 99195 € of expenses in the ma-
chinery and software (initial investment). 
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9 Summary 

 General Comments 
 
Additive Manufacturing (AM) of metal parts is economically and environmentally fea-
sible and components with high quality and good mechanical properties are produced 
for high-end products in leading industries like aerospace and automotive among others. 
However, these parts, which are generally produced by SLM and EBM, are only cost-
effective for high complex ones and low batch sizes, reducing significantly the available 
market for AM metal manufacturing. New developments in wire and arc AM (WAAM) 
aim to broaden the application of this manufacturing alternative by both increasing 
productivity and reducing the production costs. Nevertheless, WAAM processes are 
challenging processes that induce complex thermal cycles in the material limiting its 
application in many cases.  
 
The study carried out in this thesis contributes to the development of WAAM processes 
by studying the influence of GMAW CMT transfer mode parameters in the production 
of a real industrial component. The CMT transfer mode offers a great opportunity to 
increase the productivity and reduce the heat input introduced in the material and there-
fore the negative impact of the process in the material properties.  
 
Logically, the work carried out in this thesis does not cover all the involved process 
parameters but establish a first study about the influence of the transfer mode and of the 
WFS in the manufacturing process. The numerical fluid-dynamic and structural models 
created of an industrial component provide a procedure to measure the performance of 
different geometries and to compare them. The model also provides an estimation of the 
real performance of the component under real conditions. 

 Conclusions 
 
Following the thesis system the main conclusions are listed hereafter: 
 
The geometry of the mixer impeller used as an objective of this thesis was designed and 
simulated for the environmental and loading specifications, providing the results that 
follow: 
 

• Fluid-dynamic flow showed a maximum speed of 4.76 m/s in the tip of the 
blades and a total pressure variation of 30.4 kPa. 

• The variation of the impeller´s blade profile to optimize the geometry resulted in 
similar fluid-dynamic flow results. Speed and velocity angles variation was not 
significant; however, the pressure variation differed in 4.1 kPa due to the new 
pressure profile applied to the blades. 

• Redesign of the geometry has to take into consideration these pressure modifica-
tions to avoid mechanical failure of the part due to topological optimization. 

• Static-structural simulations showed a maximum stress of 109.3 MPa in the axis 
contact and a total deformation in the external region of the impeller of 0.2 mm. 

• Reduction of the weight of the impeller by means of blade shape modification 
seems to have a positive impact on stress values even though the fluid pressure 
is increased.  
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• Static-structural simulations showed maximum stress values endurable by the 
material with safety factors within the typical range of design for mixing sys-
tems.  

 
A first experimental analysis of the WAAM GMAW CMT process was carried out with 
mild carbon steel, concluding: 
 

• Shielding gas flow, pre-flow time, post-flow time, increased hold time at the be-
ginning and end of the passes, travel speed, wire feed speed, stick out and volt-
age-current curve influenced the shape of the layers.  

• Some of these parameters were fixed to ensure a homogeneous layer shape: 
o Gas flow: 20 l/min 
o Pre-flow time: 0.1 s 
o Post-flow time: 2 s 
o End hold time: 0.5 s 
o Travel speed: 10 mm/s 
o Working clearance (stick out): 15 mm 
o Direct overlapping multipass in opposite directions  

• Remaining parameters were tuned to produce blade specimens for material test-
ing: 

o WFS: 4 m/min and 5 m/min 
o Transfer modes: CMT / Short circuit 

• CMT and short circuit transfer modes resulted in the same layer width, however, 
thickness and surface roughness were higher for short circuit transfer mode. 

• Increasing the WFS results in higher layer thickness and width. 
• Short circuit transfer mode promotes spatter and geometrical uniformity. Be-

sides, ignition of the arc was defective for the experimented parameters.  
• Layer thickness and heat input varied for each set of parameters changing 

productivity and potentially the material behaviour.  
 
Then the preliminary development of AM process for the production of the impeller 
was designed for CMT welding process with milling post-processing, which comprised: 
 

• The selection of CMT welding process as the transfer technology its justified by 
its reduction of the heat input and high productivity. The development of CMT 
process for AM can potentially reduce some of the major issues in AM of metal-
lic parts, such as low productivity, lack of flexibility, built volume limitations or 
material properties. 

• A geometrical strategy was developed for the production of the impeller. Direct 
overlapping multipass in opposite directions and the increasing of the hold time 
at the end points of the weld passes was needed in order to accomplish a homo-
geneous layer shape.  

• An alternating printing sequence was designed to reduce geometrical distortion. 
• A cooling and clamping system was designed and manufactured to fix the im-

peller during the process and to reduce geometrical distortions during welding 
due to the heat input. The manufacturing was fully made in-house. 

• Edge effect affects the ignition of the arc, therefore, backing plates should be 
used. 
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• The process was designed for mild carbon steel, changes in the material (e.g. 
stainless steel) would need significant changes in the welding process, as the 
weldability would be completely different. 

 
Finally, the sustainability of the process was assessed by comparison with traditional 
manufacturing methods with the results listed below: 
 

• The biggest environmental impact of the AM process arises from the energy 
used during welding and the energy used for machining. 

• Material reduction of the AM process makes it more environmentally friendly 
than AM for the studied systems. 

• The high complexity of the parts that lead to extensive machining makes AM a 
potentially beneficial alternative for manufacturing of metal parts. The use of 
more expensive material than carbon steel would eventually enhance this trend. 

 
This thesis is a first step to the proper development of WAAM manufacturing at the 
Aalto University with still a lot of work to be done to ensure reliability and quality of 
the process. Thus this thesis should be considered as a starting point for future activities 
aiming to further develop this alternative manufacturing process.   

 Future work 
 
Further work is needed to make a complete analysis of the influence of all the process 
parameters in the material behaviour, for instance: 
 

• Study the results of the used parameters on material properties by performing 
tensile and hardness tests to the blade samples already produced. 

• Broaden the material experimentation including other mechanical tests to meas-
ure toughness and fatigue behaviour and non-destructive testing to evaluate the 
presence of defects. Additionally, corrosion testing could be of great interest. 

• Perform optical and electron microscopy to identify the microstructural features 
of the material 

• Evaluate other levels of WFS different from the ones studied in this thesis. Al-
ways having into consideration the thickness limitation. 

• Fully investigate the influence of all the process parameters by including other 
variables such as travel speed, stick out and gas flow. Taguchi´s methods could 
be used to make the complex analysis of the optimal parameters.  
 

Three main activities could be performed to further develop the simulation of the part 
and the process outcome:  
 

• Change the material properties of the structural simulation for the properties ob-
tained from mechanical testing of the processed material. 

• Evaluate the fatigue behaviour of the component through dynamic modeling. 
• Develop, design and simulate the manufacturing effects of the process in the 

parts by means of ESI Sysweld. This software enables to fully simulate the 
thermal cycles, residual stresses, microstructural phase transformations, geomet-
rical distortions and machining influence. 
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In order to further improve the knowledge about the WAAM GMAW CMT welding 
process various actions could be envisaged:  
 

• Optimize the geometry to suit the requirements and reduce material usage. 
• Either redesign the cooling system to improve heat exchange and reduce geo-

metrical distortions or study the needed pre-bending for obtaining a completely 
straight geometry. 

• Reproduce the process and analysis for other materials such as stainless steel. 
• Perform a wider and more precise environmental analysis that includes more ac-

curate information about the traditional manufacturing and consider flows addi-
tional to the steel and energy ones. 

• Run a comparative cost analysis of the AM process related to the traditional 
manufacturing process. 
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Annex 1. Geometry drafts 
 
Draft of the DOP impeller mixer. 
 

 
 
 
 



 

   
 

Draft of the cooling system assembly 
 

 
 
 
 
 
 



Annex 1 (3/4) 
 

   
 

Draft of the geometrical prototype top plate bought.  
 

 
 
Draft of the geometrical prototype bottom plate bought.  
 

 
 
 
Draft of the finall prototype top plate bought.  
 



 

   
 

 
 
Draft of the finall prototype bottom plate bought.  
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Annex 2. Materials specifications 
 
MIG/MAG Stainless Steel Wire OK AristoRod 316L by ESAB 

 
 
 
 
 
 



 

   
 

 
 
MIG/MAG Mild Steel Wire OK AristoRod 12.50 by ESAB 
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Chemflake Special coating by Jotun 
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Annex 3. Fluent solver models assesment 
 
In the segregated models the governing equations are solved sequentially, the algorithm 
is memory-efficient and the solution convergence is relatively slow. In the coupled 
models, the momentum and continuity equations are solved in a closely coupled man-
ner; the rate of solution convergence significantly improves when compared to the seg-
regated algorithm. However, the memory requirement increases by 1.5 - 2 times that of 
the segregated algorithm. 
 
For the purpose of this thesis and due to computer limitations, segregated methods were 
selected for the simulations as coupled methods required excessive memory for the cal-
culations. Several fluid-dynamic models were considered, the Spalart-Allmaras model 
was rejected due to its simplicity, and complex and memory demanding models like the 
Reynolds stress model (RSM) or the Detached eddy simulation (DES) were discarded 
too. Additionally, k-ε models were selected over k-ω models due to convenience for 
problems including rotating and swirling flows. 
 
Standard, RNG and Realizable k-ε models were simulated. All of them reached conver-
gence, although Realizable model was significantly slower than the other two (over 700 
iterations). Results from the simulations for Standard and RNG models are shown in 
table 18. Finally, RNG model was selected for the thesis simulations. 
 
  



 

   
 

Segregated k-ε Standard and RNG models results. 
 
 Standard RNG 
Iterations to  
convergence 

90 iterations 100 iterations 

Maximum  
velocity 

5,37 m/s 4,76 m/s 

Velocity 

  

Velocity angle 

  
Maximum  
pressure 

2.04· 104 Pa 1.61 · 104 Pa 

Minimum  
pressure 

-1,81 · 104 Pa -1.43 · 104 Pa 

Pressure variance 3.85 · 104 Pa 3.05 · 104 Pa 

Total pressure 

  

Particle path lines 
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Annex 4. Welding equipment specification 
 
Robot KR 5-2 arc HW by KUKA (further technical information can be found in: 
www.kuka.com/-/media/kuka-
downloads/imported/48ec812b1b2947898ac2598aff70abc0/spez_kr_5_arc_en.pdf, ac-
cessed in March 2018) 
 

 

 
 
 
 
 
 
 
 
 



 

   
 

TransPuls Synergic 5000 CMT with TPS 5000 power source, VR 7000 CMT wire feed 
unit and FK 4000 R cooling unit by Fronius (further technical information can be found 
in:www.fronius.com/~/downloads/Perfect%20Welding/Operating%20Instructions/42%
2C0426%2C0001%2CEN.pdf, accessed in March 2018) 
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Annex 5. Codes for programming robotic welding 
 
Program code for blade test experiment 1 
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Program code for geometrical prototype 
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