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Abstract

The increasing developed complexity parts geometry demanded by the industry nowadays,
represents a challenge itself, not only for the standard production processes that do not have
an answer for it, but also to repair these and other parts in a more cost effectively process
with a short delivery period. A technological response to these needs is relying on the Wire

Arc Additive Manufacturing (WAAM) process development.

This thesis was developed in Addimadour, an additive manufacturing research platform,
located in Bayonne France, that has as objective the development of the Laser Metal
Deposition Powder (LMD-P), Laser Metal Deposition Wire (LMD-W), Selective Laser
Melting (SLM), ColdSpray — ArcSpray, Fused Deposition Modelling Robotized (FDMR)
and Wire Arc Additive Manufacturing (WAAM) technologic processes, procedures, and

providing consistent production parameters to industrial partners.

The starting point for this thesis was an extensive research, regarding the chosen material
that was a duplex stainless-steel ER2209 applied by WAAM technology. This process
consists in deposing layer by layer material through an electric arc with the help of a robot
that runs the paths to generate the defined geometry. Relying on an innovator process with
lower process temperatures named Cold Metal Transfer (CMT) technology, different
experiments were done with the aim to understand the relations between process parameters

and results obtained.

Firstly, three experiments were done to establish direct links between input parameters and
the shape of depositions achieved. Secondly, other two experiments were done, with the aim
of understand the existing dynamic between two or more cords produced together, but also
to achieve the best shape possible to ensure the finishing of the surface quality. At last, two

walls were produced as a result of all the knowledge collected.

All the experiments done, were followed by analysis and observation of all macroscopic and
microscopic specifications. Regarding the microscopic observations and measurements, it

was used a microscope and software, specially designed for this type of analysis.



Two different mechanical tests were done to the samples with the objective of characterize
the material produced by this production process. One was the microhardness test that were
carried out in all samples, using a Vickers testing machine. The results of these tests were a
pattern and a range of values. For the second test, a three-point flexural test was made on
samples, regarding the values of flexural force-displacement to evaluate flexural behaviour
of the built samples.

Keywords: WAAM, CMT, ER2209 duplex stainless-steel, Built deposition, HAZ,

Microhardness
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Resumo

Na industria dos dias de hoje existe uma crescente necessidade de produzir pecas de
geometrias cada vez mais complexas, geometrias estas que, por si s6, sdo um desafio a
producdo através dos processos convencionais, uma vez que estes processos ndo tém
capacidade de resposta para esta necessidade, assim como para a reparagdo das mesmas e
outras passiveis de reparar por este processo, de uma forma rentavel e com periodos de
entrega mais curtos. A resposta tecnoldgica para estas necessidades pode estar associada ao
desenvolvimento do processo de Wire Arc Additive Manufacturing (WAAM).

Esta tese foi desenvolvida no Addimadour, uma plataforma de pesquisa dedicada ao fabrico
aditivo, localizada em Bayonne, Franga, que tem como objetivo o desenvolvimento dos
processos tecnoldgicos e seus respetivos procedimentos das tecnologias de Laser Metal
Deposition Powder (LMD-P), Laser Metal Deposition Wire (LMD-W), Selective Laser
Melting (SLM), ColdSpray — ArcSpray, Fused Deposition Modeling Robotized (FDMR)
and Wire Arc Additive Manufacturing (WAAM), e o fornecimento de parametros de

producdo consistentes, aos seus parceiros industriais.

O ponto de partida desta tese foi uma extensa pesquisa de acordo com o material escolhido,
aco inox duplex ER2209, utilizado pela tecnologia WAAM. Este processo consiste em
depositar material camada a camada, através dum arco elétrico com a ajuda de um robot que,
percorre 0s trajetos que realizard a geometria definida. Baseado num processo tecnolégico
inovador, com temperaturas de processo baixas, denominado Cold Metal Transfer (CMT),
foram feitas diferentes experiéncias com o objetivo de relacionar parametros de processo

introduzidos com os resultados obtidos.

Inicialmente, foram feitas trés experiéncias para estabelecer relacdes entre os parametros
introduzidos e a forma das deposicGes que foram atingidas. De seguida, outras duas
experiéncias foram realizadas, com o objetivo de entender a dindmica existente entre dois
ou mais corddes, produzidos juntos, mas também para atingir o melhor formato e superficie
possivel, para cada deposi¢do. Por fim, duas paredes foram produzidas como resultado de
todo o conhecimento adquirido.
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Todas as experiéncias feitas foram seguidas de uma andlise e observacdo de todas as
especificacbes macroscopicas e microscopicas. Referente as observacfes e medigdes
microscopicas, foi usado um microscopio, e um software especialmente desenvolvido para

este tipo de analise.

Foram realizados dois testes mecénicos diferentes as amostras, com o objetivo de
caracterizar o material produzido por este processo de producdo. Um deles é o teste de
dureza, que foi levado a cabo em todas as amostras com recurso a uma maquina que realiza
o teste de Vickers. Destes testes, resultaram um padrdo na disposicao de valores, assim como
um intervalo de valores consistente em todas as amostras.

No segundo teste, o teste de flexdo em trés pontos, foi feito em amostras tendo em atengédo
os valores de forca-deslocamento para avaliar o comportamento a flexdo das amostras

construidas.
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Wire Arc Additive Manufacturing (WAAM) Process Analysis on Stainless Steel Built Samples

1. Introduction

This thesis is focused on analysis of the process of building parts on stainless-steel by Wire
Arc Additive Manufacturing (WAAM). These types of technologies and variants are
increasing weight in our society. Sometimes due to the need for repair of damaged
components, in other situations to produce geometrically complex components and on the
other hand to reduce the environmental impact on the production and repair of these
components. With the rising of the environmental concerns, and the need for a better
resources’ management associated to the production, the use of the additive manufacturing
might be the solution required. The simplicity and adaptability of the WAAM process made

it the optimal choice for this development.

In terms of materials, stainless-steel is one of the most important used industrially. The
mechanical, thermic and chemical behaviour is already largely studied. It is also known for
its added-value or for its expensive cost production due to the pouring process. For it to be
cost-effective, it has to be used to produce large parts with limited geometries. Having this
in mind, duplex stainless-steel is the optimal material to be studied in the development of
this thesis.

1.1.Additive Manufacturing Process

Additive manufacturing processes are usually designated by 3D printing. It is possible to use
different types of technology to produce a 3D metal part by these processes such as Wire
Arc Additive Manufacturing (WAAM), Selective Laser Melting (SLM), Electron Beam
Melting (EBM), Direct Metal Laser Sintering (DMLS), among others. (Compositadour,
2018)

This type of processes has the main characteristic of being produced layer by layer, on top
of a substrate or without it depending on the used technology. Every single one of them

consists in adding material with approximately parts geometry.
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The process starts with a CAD 3D model of the part. Then, it is used a software to create a

mesh and to slice it in order to be constructed layer by layer. The number of layers depends
on the surface finish required (Figure 1.1).

1 | enerate 30 CAD Model

2 Conversion of CAD Model to
STL Format

3 ‘ Slice the STL file in Thin Layers

4 Contruction of the Model Layer

by Layer
Cleaning and Post-Processing
the Model

Figure 1.1 — Steps of Additive Manufacturing production

1.2.The Investigation Centre

The experimental part of the thesis took place in Bayonne, France, in Addimadour, which is
a new platform for innovation and technology transfer focused on metal additive

manufacturing. It is one of the first centre in France to offer manufacturers solutions in this
field (Figure 1.2).

Figure 1.2 — Addimadour Infrastructures (Compositadour, 2018)

Addimadour was co-conceived with a group of manufacturers, due to the efforts and the

financings of the “Communauté d’Agglomération Pays Basque” and the “Nouvelle

Aquitaine Region”.

This platform is managed by ESTIA — Ecole Supérieure Des Technologies Industrielles

Avancées (also located in Bayonne), and is part of Compositadour which is specialized in
Robotics and Composites.
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The Investigation Centre focus on the development of the following research themes:

“Mechanical characteristics’ improvement of parts obtained by additive manufacturing.
» Development of optimal process parameter ensuring good material properties;
» Real time instrumentation development for monitoring and feedback;

» Development of deposition strategies adapted to additive manufacturing processes.

Numerical modelling of multi-physics additive manufacturing processes:
» Thermal, mechanical and metallurgical simulation for behaviour prediction (residual
stresses and deformation);
» Topological optimization (finite elements sizing for improving the performance /

mass ratio of high value-added parts).” (Compositadour, 2018)

1.3.Thesis Objectives

The analysis of the additive manufacturing cords produced by WAAM technology were
performed according two different aspects:

» The Material Properties: in this approach, generally, it is done an initial study to
understand what the predicted microstructures and the type of internal structures
should be. The experimental procedure produces the structures to be analysed using

different parameters to obtain the cords;

» The Geometry of the cords: in this approach an ideal shape of the exterior and the

interior of the cord is analysed.

The present work and analysis were done following the geometry of the cords approach. In
this type of approach, the external shape of the cord is analysed according to its height, width,
geometry, length, colour and eventually some defects that might appear on surface, like
spatter. It is also very important to do a correct analysis of cords interior to identify porosity,

inclusions, dimensions of the cords and the magnitude of the penetration.

To develop the stainless-steel process production of components through WAAM, it is

necessary to increase the knowledge of the following key-points:
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1. To understand the main characteristics of the deposited material with the WAAM
process;

2. The optimization of the process parameters as amperage, voltage, robot speed and
wire feed speed aiming to optimal cord geometry;

3. The correlation between input parameters and defects;

4. Development of a correlation between the obtained microstructures with the
parameters used on the experiments;

5. Find the microhardness pattern values inside the cords.

A microscopic analysis is done to all cords produced, all the different parameters, to fully
understand the implications of each parameter in its construction. This analysis allows to

compare the main results with those available on the bibliography.

To complete the analysis of each cord, microhardness tests are performed in the middle cut
of cord. This test has the purpose to understand if there is a pattern in the microhardness
values regarding start and end of deposition. The same evaluation was made concerning

down and top of the cord.

The final goal of this thesis is to build two walls by WAAM using the parameters
defined/optimized by the first experiments. Three-point flexural tests were performed on
samples withdraw from those walls in order to achieve flexural mechanical properties such
as young modulus and the maximum strength that allows to understand how the process

influences the material properties.

1.4.Thesis Structure

In Chapter 1 (this Chapter) it is made the introduction of technology, materials, investigation

centre, main objectives and thesis structure description.

Chapter 2, gives a brief explanation about WAAM process, the materials used by this
technology, the process parameters that influences the outcome products made by this
technology. On its last topic, it is explained how the complex technology of CMT works and

the parameters and the limitations associated with this equipment.
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The Chapter 3 introduces the experimental methodology and gives a brief presentation of all
the equipment and material used in all the experiments.

Chapter 4 details all the experimental procedures, such as general procedure, the defined

parameters and tests.

In the Chapter 5 the main results obtained are presented, where is provided all the collected
data, the chosen cords and depositions from the experiments, the comparison between cords
and walls, and all the analysis (macroscopic, microscopic, microstructure, microhardness

and three-point flexural test).

The last chapter, Chapter 6, summarizes the main conclusions obtained from the experiments

and their analysis and future developments are suggested.
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2. State of the Art of the WAAM Processes

2.1. WAAM Classification

The American Society for Testing and Materials (ASTM) developed a standard ASTM F42
with several guidelines that classifies the Additive Manufacturing processes in seven
categories:
» Vat Photopolymerization
Material Jetting
Binder Jetting
Material Extrusion
Power Bed Fusion

Sheet Lamination

YV V. V V V VY

Directed Energy Deposition

The process used in this thesis (WAAM) could be included on the Direct Energy Deposition

processes.

2.2.WAAM Processes

The WAAM process has the meaning of Wire Arc Additive Manufacturing. This process
consists in an electric arc, as a heat source, that melts the wire and the substrate where the
material is being deposited. WAAM builds parts, with the required geometry, by adding
material, layer by layer. Currently, the CMT process is equipped with a complex equipment
that controls the wire feeding, the electric arc and the gas volume added. The trajectory of

the layers is the only parameter that is controlled by the robot software.

This production process consists in designing CAD model, slicing into layers, tool-path
generating, choosing welding parameters, material deposition and post-processing.

According to Posch, Chladil & Chladil (2017), to produce wings, turbine blades and valves,
and many other big components by AM, “economic considerations are more dominant and

it is necessary to reduce the additive manufactured component costs”.
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2.3.Materials

The materials used in the WAAM process (processes that are being currently in
development) are the Titanium (TiAl6V4B) used in the aeronautic and chemical industries;
the Inconel 7718 (NiFel9Cr19Nb5Mo3) used in aeronautic industry and on the
manufacturing of tools dedicated to work with high temperatures; Steel (ER316LSi, SMV3S,
ER2209 duplex) used on the assembly and repair of stainless-steel parts, boilers and tubes,
in under pressure equipment, in metallic constructions that do not exceed the work
temperature of 400 °C, in constructions near the sea, in moulds for glass, dies and insert for
stamping, and in the naval industry; and Aluminium (AISi5, AISi5GrY, AlMg5Cr,
AISi7Mg0,5Ti, AICu6MnZrTi) used on extruded aluminium parts and repair of foundries
parts, naval construction, on railroads, on roads and in aerospace and aeronautic industries.
The materials to this process come in wire spools in which the wire can have different
thicknesses according to their final purpose, mainly provided by the supplier Selectarc
Welding.

2.4.Process Parameters

The process parameters usually depend on the material to be used and the geometry of the

parts to be produced (Figure 2.1).

Figure 2.1 — Examples of parts produced by WAAM technology (Huntingdon Fusion Techniques (A); Material district
(B); Avianik (C))

Developing parts for different markets have different challenges. The starting point is always
the basic understanding and the number of parameters that are directly linked or that restraint
the final product achieved. Developing the basis of a production technology requires a deep

understanding of the key parameters that correctly tune and allow to achieve a good result.
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Simple precautions with the material, like keeping the filler wire “clean and dry, and stored
in a covered container until use” are assured while handling it (TMR Stainless, 2014).
Vignesh (2017) states that “a deposition strategy limitation, required in additive
manufacturing, is that the processing tool should be always normal to the working plane;
thus the inclination is chosen to be constant at 90 degrees”, and also “to minimize aspiration
of air into the shielding gas” (TMR Stainless, 2014) the angle is kept constant in all the

experiments.

Using the correct procedures like maintaining the width of the root gap carefully, “to ensure
consistent heat input and dilution in the root pass”, or initiating the gas flow “several seconds
ahead of striking the arc, and it should be maintained for several seconds after the arc is
extinguished, ideally long enough for the weld and HAZ to cool below the oxidation range
of the stainless steel” must be followed carefully. Respecting these procedures suggested by
the TMR Stainless (2014) as well as the flow rates of 12-18 I/min would help to protect
“from atmospheric oxidation and contamination” and to achieve a good result and, as
according to Vignesh (2017), the flow rate gas and the gas itself used during WAAM,

“influences many factors such as surface appearance”.

Vignesh (2017) stated that the parameters of amperage, voltage, wire feed speed and welding
speed “are very crucial to obtain the desired weld bead geometry and properties for WAAM
deposition”; and that when they have a “properly calculated combination” the weld shows
the best quality “in terms of geometrical aspects such as Bead Width (W), Height (H) and
Depth of Penetration (P) and metallurgical aspects such as defect free weld beads, less spatter

and inclusions”.

According to Posch et.al. (2017) “the wire feed rate was set to 4.2 m/min, the welding speed
was 36 cm/min” related with the amperage that “was 145 A” and “the voltage 11.9 V” that
shown good results in a blade production. The wire manufacturers also indicate, for 1.2
diameter of wire, similar values regarding the amperage and voltage but there are other
parameters to consider and explore, like paths’ strategies as Vignesh (2017) states. These
values are going to be the basis for the search for the right law in the Fronius equipment.

The influence of the parameters, stated by Vignesh (2017) are “the current (amps) produces

the heat and penetration, the voltage produces the arc that carries this heat and the travel
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speed supports this heat and the resulting molten metal to be deposited on the substrate.”
These are the parameters with the most importance and where the focus of the thesis would
be.

2.5.Technology

2.5.1. CMT - Cold Metal Transfer

The Cold Metal Transfer (CMT) was the process chosen for this thesis development as it is
“a highly developed version of Metal Inert Gas / Metal Active Gas (MIG/MAG) arc welding
process with a precise process control and low heat input to the base material.” (Imoudu,
2017).

The CMT equipment was developed by an Austrian company called Fronius, to help the user
to achieve better depositions through setting some parameters inside each law. Fronius
developed “synergic laws” that have instructions to be used regarding the material chosen.
Inside each “synergic law” it is possible to adjust only some parameters like the wire’s
feeding speed or the arc’s hardness, while others are unaltered by the user but changed
automatically by the processes controller Fronius, adjusting them to the changes introduced

by the user (Figure 2.2 and Figure 2.3).

Material Geometric Data
Properties input (3D Cad)

Feature Identification

WAAM - IP
{
Deposition Geometries ]
Build Sequence Process Algorithms
| Design Handbook
Process Conversion to Layer | Compensation
Parameters Geometry (Slicing) | Strategi
Feature Build
Strategies
Machine Tool/Robot :
Path Generation Additional process
.

'

Additional Functionality

Nc Controler

Figure 2.2 — Scheme of Fronius steps and interaction in WAAM equipment
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Nc Controler
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Motion Power Material
System Source Supply

Figure 2.3 — Distribution of the information introduced in Fronius

2.5.2. Synergic Laws

According to Imoudu (2017), Fronius developed a concept designated by synergic law “for
different filler materials and filler diameters”. There is a major importance of this synergic
laws “in the CMT welding process because they provide the basic parameters automatically
to each filler material” and each filler diameters. A good choice of this law, together with
good adjustment of the welding parameters, controlled by the CMT, should provide quality
welds. Because the amount of data in each law, there is a need to choose the right one using
the tables supplied by Fronius, where it is referred the indicated laws for each type of
material and upload them to the CMT equipment, through the remote control.

The creation of a synergic law has, as a fixed parameter, a low value of wire feed speed and,
with the help of an oscilloscope and a high-speed camera, a process of detailed examination
of the different characteristics and optimization is developed, achieving an ideal value of
voltage. This optimization process is developed for all the wire feeding speed values,

presented in each law.
The gathered voltage values, collected by the arc length correction, are in a range of 60%,

being 30% above the ideal and 30% below it, defining an ideal value, for each wire feeding

speed. This range is shown, in yellow defining the working area, in the Figure 2.4.
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