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Abstract (English)

Digital factories are the future of manufacturing. Leading manufacturing companies are
deploying new manufacturing methods into production to cut costs, decrease lead time,
reduce risks within the supply chain, and enhance environmental quality. One of these new
processes is called additive manufacturing (AM), which differs from conventional
manufacturing methods wherein parts are produced by removing materials from wrought
blocks or are formed between dies. With AM, materials are added next to each other layer-
by-layer to build 3D parts from metals, composites, ceramics, or biomaterials. Among
variants of AM technology is the wire-arc additive manufacturing (WAAM) process, which
can suitably produce bulky metal parts with a medium complexity due to the building rate,
a large working volume, low costs of material and operation as well as low investment costs.
The WAAM process uses a heat source to melt the feedstock as metal wire. The heat source
can be a laser, electron beam, or electric arc. Due to the characteristics of the gas metal arc
welding (GMAW) process, this welding technique is adopted for additive applications
whenever feasible. Although WAAM shows great potential to realize digital manufacturing,
this process has not been fully explored. There is still room for development and innovation

and is therefore a worthwhile subject to further investigate.

This monograph engages with tool path planning for the WAAM process, beginning with a
general introduction and the state of the art of WAAM. Using this information as a basis,
existing problems in WAAM are subsequently addressed. Before resolving these problems,
the next part of the monograph introduces the hardware of a robot based WAAM process.
The WAAM system includes a Fronius welder with cold metal transfer (CMT) technology
along with a welding torch that is mounted on a six-axis FANUC robot arm. The substrate
is placed on a two-axis FANUC positioner allowing for the robot arm and the positioner to
coordinate and ultimately perform coordinated motion. Along with specifications, the
procedure and tools needed to compile the robot program are also presented in this part. The
following sections propose remedies for existing problems, such as multi-bead overlapping
models, tool path generation for lightweight structures, a multi-axis deposition strategy, and
the extension of the multi-axis deposition strategy in order to produce curved, thinly walled

structures.

The existing overlapping models yield an uneven surface because edges of metal parts lag

the inner. This is due to the inner beads overlapping with two neighbor beads while the outers



have only a one-sided overlap. New mathematical models are established to obtain the

optimal distance between adjacent weld beads and to make surfaces more even.

Lightweight structures are widely applied in many industrial applications due to their high
strength as compared to their weight. Producing these structures by WAAM results in
imperfections because of uneven weld beads, an inevitable phenomenon when starting a new
welding pass. A new tool path strategy to produce lightweight structures is developed using
contour patterns, which transforms any arbitrary geometry into that of a continuous Eulerian
path. Unfortunately, voids are formed at junctions when using contour patterns. An adaptive

correction using machine learning is then developed to overcome this defect.

Large overhang and inclined features are out of reach of WAAM when the welding torch
injects material in the x-y plane and when the growth direction is +Z direction in Cartesian
system. This limits the ability of the WA AM process. To overcome this limit, each overhang
feature should be welded with a distinct direction. This approach is realized within the robot
based WAAM process. Establishing the kinematics of the FANUC robot arm and the
positioner helps compute the new coordinates of control points, the angular displacements
of the positioner, and the orientation of the gun. The proposed strategy is examined through

the construction of an overhang part.

The capabilities of the multi-axis deposition are further extended by means of curved, thinly
walled structures. The WA AM process with a multi-axis deposition can replace conventional
manufacturing methods, such as the bending process. Unlike conventional AM, irregular
thickness layers are deposited by controlling the travel speed, resulting in a different
deposition rate. The curved, thinly walled structures can be properly fabricated by combining
a multi-axis deposition with non-uniform thickness layers. Bonding quality as well as
geometric accuracy are also to be investigated. It turns out that material shrinkage and
distortion always occur in welded parts. To ensure for geometric accuracy, a compensation
strategy based on an experimental approach is developed. The performance of the proposed

algorithm is validated on four different geometries.

This paper will conclude with a summary of this work’s main achievements and

contributions as well as outlooks on future research.

Keywords: Wire-arc additive manufacturing, Lightweight structures, Curve thin-walled

structures, Multi-bead overlapping models
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Kurzfassung (Deutsch)

Digitale  Fabriken prdgen die Zukunft der Fertigung, wenn fiihrende
Produktionsunternehmen neue Fertigungsmethoden in der Produktion einsetzen, um Kosten
zu senken, Vorlaufzeiten zu verkiirzen, Risiken in der Lieferkette zu reduzieren und die
Umweltqualitit zu verbessern. Eines dieser neuen Verfahren ist die additive Fertigung (AM)
und unterscheidet sich von konventionellen Fertigungsmethoden, bei denen Teile durch die
Entnahme von Materialien aus geschmiedeten Blocken oder die Formung zwischen
Werkzeugen hergestellt werden. Bei AM werden Materialien nebeneinander und
schichtweise hinzugefiigt, um 3D-Teile aus Metallen, Verbundwerkstoffen, Keramiken oder
Biomaterialien herzustellen. Unter den Varianten der AM-Technologie eignet sich das
WAAM-Verfahren (Wire-Arc Additive Manufacturing) aufgrund der Baurate, des grof3en
Arbeitsvolumens, der geringen Material- und Betriebskosten sowie der niedrigen
Investitionskosten zur Herstellung von sperrigen Metallteilen mit mittlerer Komplexitét. Das
WAAM-Verfahren verwendet eine Warmequelle, um das Ausgangsmaterial als Metalldraht
zu schmelzen. Die Wiarmequelle kann ein Laser, ein Elektronenstrahl oder ein elektrischer
Lichtbogen sein. Aufgrund der Eigenschaften des Metall-Schutzgasschweilens (GMAW)
wird diese Schweiltechnik fiir additive Anwendungen eingesetzt, wann immer dies moglich
ist. Obwohl das WAAM-Verfahren ein grofles Potenzial zur Realisierung der digitalen
Fertigung hat, ist es noch nicht voll ausgeschopft. Daher gibt es noch Raum fiir Entwicklung

und Innovation, und es lohnt sich, dies umzusetzen.

Diese Monografie beschiftigt sich mit der Werkzeugbahnplanung fiir den WA AM-Prozess,
sie beginnt mit der allgemeinen Einfiihrung und dem Stand der Technik von WAAM. Darauf
aufbauend werden bestehende Probleme in WAAM angesprochen. Bevor diese Probleme
geldst werden, wird im néchsten Teil der Monografie die Hardware eines roboterbasierten
WAAM-Prozesses vorgestellt. Das WAAM-System besteht aus einem Fronius-
Schweilligerdt mit Cold Metal Transfer (CMT)-Technologie, der Schweillbrenner ist auf
einem sechsachsigen FANUC-Roboterarm montiert und das Substrat wird auf einem
zweiachsigen FANUC-Positionierer platziert, der Roboterarm und der Positionierer
koordinieren sich, um eine koordinierte Bewegung durchzufiihren. Neben den
Spezifikationen werden in diesem Teil auch das Verfahren und die Werkzeuge zur
Erstellung des Roboterprogramms vorgestellt. In den nichsten Teilen werden Losungen fiir
bestehende Probleme vorgeschlagen, wie z. B. die Uberlappungsmodelle fiir
Mehrfachsicken, die Werkzeugbahngenerierung fiir Leichtbaustrukturen, die mehrachsige
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Abscheidungsstrategie und die Erweiterung der mehrachsigen Abscheidungsstrategie zur

Herstellung gekriimmter diinnwandiger Strukturen.

Die bestehenden Uberlappungsmodelle ergeben eine ungleichmiBige Oberfliche, die
Kanten der Metallteile liegen innen, weil die inneren Sicken mit zwei Nachbarsicken
iiberlappt werden, wihrend die duBeren nur eine einseitige Uberlappung haben. Es werden
neue mathematische Modelle aufgestellt, um den optimalen Abstand zwischen benachbarten

Schweiliraupen zu erhalten, damit die Oberfldchen gleichméaBiger werden.

Leichtbaustrukturen werden aufgrund ihrer hohen Festigkeit im Vergleich zum Gewicht in
vielen industriellen Anwendungen eingesetzt. Die Herstellung dieser Strukturen mittels
WAAM fiihrt zu Imperfektionen aufgrund ungleichmifBiger Schweiiraupen, und dieses
Phinomen ist unvermeidlich, wenn ein neuer Schweil3durchgang begonnen wird. Fiir die
Herstellung von Leichtbaustrukturen wird eine neue Werkzeugbahnstrategie unter
Verwendung von Konturmustern entwickelt, die jede beliebige Geometrie in eine Eulersche
Bahn umwandelt, um eine kontinuierliche Bahn zu erzeugen. Leider bilden sich bei der
Verwendung von Konturmustern Hohlrdume an Kreuzungspunkten. Um diesen Fehler zu

beheben, wird eine adaptive Korrektur mit maschinellem Lernen entwickelt.

GrofB3e iiberhdngende und geneigte Merkmale sind aulerhalb der Reichweite des WAAM,
wenn der Schweil3brenner Material in der x-y-Ebene einspritzt und die Wachstumsrichtung
die +Z-Richtung im kartesischen System ist. Dies begrenzt die Leistungsfahigkeit des
WAAM-Prozesses. Um diese Grenze zu iiberwinden, sollte jedes Uberhangsmerkmal mit
einer bestimmten Richtung geschweilit werden, und dieser Ansatz wird mit dem
roboterbasierten WA AM-Prozess realisiert. Die Kinematik des FANUC-Roboterarms und
des Positionierers wird erstellt, was bei der Berechnung der neuen Koordinaten der
Kontrollpunkte, der Winkelverschiebungen des Positionierers und der Ausrichtung des
Schweibrenners beitrégt. Die vorgeschlagene Strategie wird anhand der Konstruktion eines

Uberhangteils untersucht.

Die Fahigkeit des mehrachsigen Ablegens wird bei gekriimmten diinnwandigen Strukturen
weiter ausgebaut. Der WA AM-Prozess mit mehrachsiger Abscheidung kann konventionelle
Fertigungsmethoden, z. B. Biegeverfahren, ersetzen. Im Unterschied zum konventionellen
AM werden durch die Steuerung der Verfahrgeschwindigkeit Schichten ungleichméBiger
Dicke abgeschieden, was zu einer unterschiedlichen Abscheiderate fiihrt. Mit der

Kombination aus mehrachsiger Abscheidung und ungleichméBig dicken Schichten kdnnen
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gekriimmte diinnwandige Strukturen hergestellt werden. Die Klebequalitit und die
geometrische Genauigkeit werden untersucht. Es stellt sich heraus, dass bei geschweiliten
Teilen immer Materialschrumpfung und Verzug auftreten. Um die geometrische
Genauigkeit zu gewéhrleisten, wird eine Kompensationsstrategie auf Basis eines
experimentellen Ansatzes entwickelt. Die Leistungsfahigkeit des vorgeschlagenen

Algorithmus wird an vier verschiedenen Geometrien validiert.

Der letzte Teil fasst die wichtigsten Ergebnisse und Beitrige dieser Arbeit zusammen und

gibt einen Ausblick auf zukiinftige Forschung.

Schlagworter: Lichtbogenadditive Fertigung, Leichte Strukturen, Gekriimmte
diinnwandige Strukturen, Uberlappende Modelle
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1. Introduction
1.1. Motivation

The Additive manufacturing (AM) technique is an unconventional manufacturing process,
which creates physical objects from computer-aided design (CAD) models. Since Charles Hull
patented the first AM machine [1], namely the sterco lithographic apparatus, AM technology
has continued to experience significant development. The revenue forecast is expected to reach
$35.6 billion for all AM products and services worldwide in 2024 [2]. In the past, this technique
was applied as a rapid prototyping manufacturing method during the product development
phase due to time and cost reduction [3, 4]. Recently, AM products have been used directly for
actual applications in many sectors such as aerospace [5, 6], the automotive [7, 8] and maritime
[9] industries, civil construction [10, 11], footwear [12] as well as the biomedical industry [13—
15]. This diverse evolution is possible because the AM technique offers several advantages,
such as small batch production, freeform design [16], lead time reduction [17], and low buy-to-

fly ratios [18] as compared to conventional manufacturing processes.

When it comes to conventional manufacturing methods, the production of large and complex
metallic structures is completed by one-piece precision casting, forging, or the more popular
option of machining from billets. For small batch production, these methods experience high
production costs, tooling costs, waste material, and long lead-time. As such, new manufacturing
methods should replace the traditional processes in order to produce complex metallic parts of
medium and large sizes with low costs. Additional benefits would include less waste material,
and a small lead-time. The wire-arc additive manufacturing (WAAM) process is a highly
suitable candidate for manufacturing due to its high deposition rate, large working space as well
as its low capital and operational costs [ 19]. Although many studies have been carried out, none
have yet been able to successfully implement a WAAM system that constructs lightweight
structures and complex functional parts. Therefore, there is still room for improvement and

development.

As can be seen from Fig. 1, there are three steps in an AM process. Firstly, a 3D model is
designed in a computer-aided design (CAD) software. In the next phase, the CAD model is
sliced from the bottom to the top to get cross sections. Tool paths are then established from
these cross sections and converted into machine language, which is included within computer-

aided manufacturing (CAM). Lastly, within the third phase, metal parts can be produced.
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This thesis mainly addresses CAM programs that manufacture lightweight structures and
complex functional parts produced by WAAM processes. The proposed methods begin with
CAD models and end with near-net shaped metal parts.

Tool path
generation

{

Conversion

—| Deposition

[}
]
]
[}
]
[}
I
|
3D model |—»,
]
[}
[}
]
}
:
]

Fig. 1 The three phases of an AM process

1.2. AM categories and process description

In general, the AM technique uses a heat source to create fully dense components. Based on the
type of material, AM technology is categorized into two main groups: powder-based and wire-
based. The powder process utilizes different techniques including selective laser melting (SLM)
[20, 21], selective laser sintering (SLS) [22], and laser metal deposition (LMD) [23]. The wire
feed system includes wire and laser additive manufacturing (WLAM) [24], electron-beam
freeform fabrication (EBF?) [25, 26], and WAAM [27]. Besides the processes for metallic
materials, FDM (fused deposition modelling) is a well-known process to produce 3D

components from thermoplastic materials and polymer-based composites [28—31].

The properties of various processes make them suitable for specific applications. Power-based
processes, such as SLM, can build up fully functional products with high surface quality. The
powder melting process takes place in a closed chamber filled with argon or nitrogen, which
can limit the working space. The size of the powder is within the range of 15-45 um [32] and
the layer thickness is within the range of 20-100 pm [33]. Capital and material costs for these
processes are relatively high and so have low deposition rates [34] and high production costs
[35]. Powder-based techniques are therefore suitable for small components with high
complexity. In contrast, wire-based processes experience a higher layer thickness (> 900 um)
[36] with an uneven weld bead geometry. These techniques consequently result in a rough

surface quality, high deposition rate as well as a near-net shape.

Fig. 2 presents a schematic diagram of the wire-feed AM processes, which all use wire as

feedstock. The heat source can be an electric arc, laser beam, or electron beam. WLAM uses a

23



laser beam to create a melt pool on the base material, where the wire is directed toward the
molten pool laterally, and the metal liquid solidifies into a bead when the laser beam or the
substrate is moved. The melt pool is protected from oxidation and contamination by a shielding
gas, such as argon or helium. This technique is able to manufacture a few metals and alloys, but

the energy efficiency is only about 10% [26].
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Laser gun Laser beam EB gun
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Deposited material
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Fig. 2 A schematic diagram of the wire-based technique: (a) WLAM; (b) EBF?; (c) GTAW additive
manufacturing; (d) GMAW additive manufacturing

EBF utilizes a high-energy electron beam to melt the base material and the wire-feed stock.
Dense components are fabricated by depositing the welding wire on the substrate. The
manufacturing process takes place in vacuum chamber, wherein shielding gas is not required
but the working envelope is limited. Akin to WLAM, EBF? works effectively with a wide range
of materials, including reflective alloys. This technique reveals a significantly higher power

efficiency (90%) [26].

WAAM uses a fusion welding process as a heat source, such as gas tungsten arc welding
(GTAW), plasma arc welding (PAW), and gas metal arc welding (GMAW). This GTAW
technique is also known as tungsten inert gas (TIG) welding. The electric arc is produced

between a non-consumable tungsten electrode and the base material to create a melt pool.
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During this process the wire is fed towards the melt pool. The weld bead is protected from
oxidation and contamination by a shielding gas, such as argon or helium. Like GTAW, PAW
also uses a non-consumable tungsten electrode to create an electric arc. However, this electric
arc is not directly used for welding. There are two gas channels in the PAW nozzle — one for
shielding the welding area and another for jetting gas plasma into the electric arc in order to
create a plasma arc. Due to the ionized state of the gas, temperatures can exceed more than
28,000°C. GMAW differs from other welding techniques due to its use of a consumable wire
electrode to melt and deposit the feedstock. The wire feeds towards the welding surface
perpendicularly and the shielding gas flows through the nozzle to protect the welding area. The
GMAW is often chosen to implement within a WAAM system due to its many benefits,
including versatility, reliability, high thermal efficiency, and large working space. The arc
efficiency and travel speed of GMAW is also much higher than those of GTAW and PAW [37].
The working range can be extended by mounting GMAW hardware with robotic automation, a
relatively easy procedure. The GMAW-based WA AM process is an advantageous choice when
producing metal components with medium and large sizes. The process has low production
costs, high deposition rates (up to 10 kg/h) [38, 39], and a large working space (up to 12.5 m)
[40]. The WAAM process is therefore highly suitable for building bulky parts [41].

During the metal transfer process, the traditional GMAW procedure experiences four primary
modes: short-circuit transfer, globular transfer, sprayer transfer, and the pulse-spray transfer
mode. Each mode has its own distinct advantages. Details of each mode are summarized below

[42]:
+ Short-circuit transfer mode:

The metals of electrode tips are melted by an excessive current when the electrode touches the
base material and short-circuits at the frequency of 20-200 Hz. This is considered a low-energy

mode and can be used for all weld positions with thin materials.
% Globular transfer mode:

This mode occurs with active gases (e.g., CO2) at a low welding current. The droplet sizes are
usually larger than the electrode diameter being used. Due to its low viscosity, this mode is
better suited to welding procedures that require flat and horizontal positions rather than vertical

and overhead positions.

¢ Spray transfer mode:
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Akin to the globular transfer mode, the spray transfer mode produces a large molten pool, and
is usually used for thick materials at flat and horizontal welding positions. This mode sprays
tiny molten droplets (smaller even than the electrode diameter) which detach onto the base
materials. Unlike the short-circuit transfer mode, spray transfer occurs continuously by using a

high current and voltage with argon as the main shielding gas.
% Pulse-spray transfer mode:

The pulse-spray transfer mode is a modification of the spray transfer mode. This technique is
achieved by controlling the peak current and voltage at a frequency of 30-400 Hz. A droplet
transfers from the electrode to the weld puddle within each cycle. By reducing energy input,

this mode can mitigate distortion and prevent burn-through.
1.3. Literature review
1.3.1.Weld bead modelling

AM parts are an integration of single weld beads, which is achieved by moving a metal trail on
the base material. Therefore, weld bead geometry is an important factor in the tool path planning
process. A comprehensive model of weld bead geometry will provide better information as to
reduce failures, leading to a potentially stable process and increasing the geometric accuracy of

the fabricated parts.

h

ZT y

w

Fig. 3 A schematic of a cross section of single weld bead, as reported in Ref. [43]

The melt pool size plays an important role in regards to mechanical properties and the surface
quality of metal parts [44]. For instance, melt pools that are too large result in rough surfaces,
while those that are too small lead to incompetent bonding. High-strength bonding among
adjacent layers demands a melt pool of a sufficient size, one that allows for existing top layers

to re-melt.
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In the GMAW-CMT process, which is introduced later in section 2.2, a cross section profile of
a single bead is mathematically modelled as a parabola, cosine, or arc [45]. Among the latter,
the parabolic profile shows the best fit to real weld bead profiles [46], as shown in Fig. 3. The

bead dimensions can be represented using height (%) and width (w).

Since weld bead geometry plays an important role in the tool path planning process, it is
essential to establish the relationship between welding parameters and weld bead geometry.
Suryakumar et al. [43] established algebraic equations to compute the bead height and width
from welding parameters such as wire diameter, wire-feed rate, and travel speed. Besides
mathematical models, the weld bead geometry can also be predicted by using artificial neural
networks (ANNs) [46—48]. Several studies used a supervised machine learning approach to
make predictions from rule-based learning with experimental training data. In this context, an
ANN represented the relation between bead geometry and process parameters. The process
parameters were adjusted to achieve the desired bead geometry. Other groups of researchers
used an online learning approach to establish rules between process parameters and weld bead
geometry. Heralic et al. [49] integrated a 2D scanner into a WLAM system to determine the
distance between the laser gun and the deposition surface during deposition. The deviation in
layer height is controlled by iterative learning approach within scanned data. The proposed
algorithm adjusts the travel speed in each subsequent layer to maintain a constant distance
between the laser gun and the deposition surface. Another work of note was executed by Aviles-
Vinas et al. [50], who utilized the ANN approach to control weld bead geometry. The process
of generating training data and acquiring the seam geometry automatically took place in real
time while the welding system learned by itself how to produce the desired weld seam for the

GMAW process.

A single weld bead width has limits to a certain value, e.g., [1.0-2.0] mm [39]. To deposit
thicker components, multiple overlapping weld beads and oscillating patterns can be employed
[51, 52]. The step-over rate is the overlapping rate between two adjacent weld beads, in WAAM
the step-over rate is defined as the distance of the welding torch between two parallel weld
seams. Suryakumar et al. [43] and Ding et al. [45] utilized an overlapping approach when
ascertaining an optimal step-over rate of 0.67 and 0.738, respectively. However, it should be
noted that contour beads grow slower in height than inner beads due to the fact that the boundary
contour overlaps only on one side with other weld beads [53]. To overcome this problem, Flores
et al. [53] proposed a heuristic method to level the deposited layer up in the manufacturing of

solid structures. The showcase was deposited by following hybrid tool path patterns as well as
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the addition of an extra contour bead to every two layers. As a metal part requires the deposition
of several layers, uneven layer surfaces may lead to accumulated errors along the growth
direction, resulting in unstable deposition after few layers [54]. Therefore, it is essential to

establish robust models.

1.3.2.Surface roughness and staircase effect

Fig. 4 Stair steps among adjacent layers

When the layer marks become distinctly visible on the surface of the parts, giving the perception

of a staircase, this phenomenon called staircase effect.

For power-based processes, e.g., SLM, the layer thickness that occurs is less than 0.1 mm and
metal parts do not suffer significantly from the staircase effect. However, this effect influences
the geometric accuracy of metal parts considerably in wire-based processes due to a large layer
thickness. Many studies have been conducted to mitigate these issues by adjusting the layer
thickness, based on a part’s contours [55-57]. A weld bead cross section in wire-based AM
processes represents a parabolic shape with a bead height range of about 1.0 to 2.0 mm [39].
As a result, stair steps can emerge among adjacent layers (Fig. 4) making the WAAM process
suitable for building near-net shape parts. Post-processing, e.g. milling, must be applied to work
surfaces in order to ensure accurate dimensions as well as an attractive appearance. The removal
may yield a low deposition efficiency. Almeida and Williams [58] reported that the deposition
efficiency for single bead walls is about 80% with the GMAW-CMT process for Ti-6Al-4V.
This same material reveals higher wire-plasma deposition rates, with an average of about 93%.
Surface waviness could be captured on single thin-walled parts with a range of around 0.35-
1.51 mm [59].
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1.3.3.Defects and imperfections in WAAM
1.3.3.1.Residual stress and deformation

In WAAM, metal parts experience periodic heating, melting, evaporation, solidification, and
cooling. Due to thermal expansion and phase changes, deposited volumes change from a liquid
state to solid state before dropping to room temperature. The microstructure cannot respond to
these changes during the thermal conduction process, leading to an irregular thermal expansion
and contraction of material. These phenomena can cause residual stresses, which inevitable in
welded parts [60—62], may result in the deformation, distortion, or even cracking of metal parts,
especially when the part size increases [63]. Shrinkage is considered as the reduction of the
material volume during cooling without external forces [64]. The shrinkage rate depends on a
specific location and time within a metal part [65]. Deformation and distortion can be mitigated

with the application of a few simple methods, including:

= the use of fixture and jig to clamp substrates [66],
= preheating substrates [67],
» Jetting welded products cool to room temperature in the fixture [66], and

* rolling and peening [68—70].

Some research groups reported that less thermal input and smaller weld beads can reduce
deformation and distortion due to yielding less residual stresses [60, 71, 72]. Colegrove et al.
[60] used finite element models to predict heating and cooling cycles during WAAM process.
Thermo-mechanical properties were examined by means of a single wall. The results
determined that top layers yield more longitudinal residual stresses, and that a high heat input
promotes significant residual stress and subsequently distorts the wall. CMT technology, on the
other hand, can reduce thermal input by 35 — 40% [73], thereby producing less deformation and
residual stresses [74]. A decreasing wire-feed rate leads to a lower heat input [75], therefore
making it essential to use a small wire-feed rate and to keep the travel speed as high as possible
so as to minimize the thermal concentration. To produce large parts with the WAAM process,
Denlinger and Michaleris [76] proposed an approach wherein two parts were deposited onto
both sides of a substrate in order to neutralize residual stresses on the substrate. By doing so,
the maximum longitudinal bending distortion is decreased by 91%. However, residual stresses
deform not only the substrate but the metal parts as well. This strategy is probably suitable to
produce rib-web structures when the contact between parts and substrates is significant. During
the production of complex functional structures, the metal part is created above the substrate

and can be deformed and distorted.
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Though substantial efforts have been implemented, material shrinkage and distortion cannot be
avoided. Therefore, a compensation strategy is needed. Closed-loop monitoring systems have
been developed to control process parameters, ensuring the geometric accuracy. For instance,
a vision system [50, 77, 78] was applied to monitor the melt pool during processing, which
serves as a basis for adapting the input energy and deposition speed. A red line scanner was
also used to maintain a stable distance between the laser source and deposited surface during
the deposition process [49]. This scanner is not appropriate for hot-glowing surfaces which
means scanning operations are performed after pausing the process for one minute. Therefore,
blue laser technology is recommended for hot-glowing surfaces [79]. Shrinkage and distortion
occur during the deposition process, during the time it takes parts cool down to room
temperature. The feedback data from experiments contains noises, which can lead to inaccurate
control input. However, an online process cannot compensate for material shrinkage and
distortion within fusion welding. An offline process would be better suited, one in which the
tool path is adjusted according to the geometric deviation obtained after the deposition. This
approach has been developed for SLM process [80]. Within this current work, the geometric
deviation is compensated by modifying the CAD model so that the metal parts shrink and distort
in such a way that they assume the desired geometry after cooling. The properties of the powder-
bed system are different from those of the WAAM process, particularly in terms of the support
structures utilized as well as the heat flux and cooling rates. Due to these differing properties,
the existing method cannot be applied directly to the WA AM process. The simulation approach
can be used to obtain geometric deviation. Finite element models have been developed for the
prediction of shrinkage and distortion [81, 82] in WAAM. However, these models were
validated and tested on simple geometries and the computational cost was high [81].
Establishing a numerical model to predict the shrinkage rate in layer-wise manufacturing is
expensive. As aforementioned, the shrinkage rate depends on the size, shape, and specific
position of AM parts, hence existing numerical models might not be applicable for complex

structures in WAAM.
1.3.3.2.Uneven weld bead geometry

When it comes to the GMAW process, weld bead geometry typically follows a profile akin to
the one shown in Fig. 5, with a significant height difference between the start and end position.
The penetration is lower at the starting point due to heat loss and so the weld bead is higher

than during steady-state welding. Towards the end position, a slope is observed due to the weld
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pool [83]. The accumulation of uneven geometries might lead to geometrical defects, under-

fills, and a low surface quality.

Many strategies have been proposed to cope with the problem of uneven weld beads. One of
these strategies included a hybrid process that manufactured metallic parts using both additive
and subtractive processes [52, 84]. During this process, a milling operation was used to mill the
surface between two subsequent layers. Every surface was flattened after a layer was deposited,
thereby avoiding an accumulation of errors. Zhang et al. [83] suggested a method to improve
deposition accuracy by controlling the welding parameters in the start and end portions of a
weld track. For instance, Zhang began the welding process with a higher speed and decelerated
to a constant velocity. The velocity decreased slightly as the process reached the end of the
track. In addition to these strategies, a suitable tool path strategy can also be a measure for
uneven weld beads, which is detailed in section 1.3.4.
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Fig. 5 An uneven weld bead: (a) real weld bead (a) and (b) schematic cross section of a weld bead

1.3.3.3.Porosity

Porosity refers to impurities such as a blowhole, wormhole, pore, or bubble in solidifying weld
metals [66]. This imperfection reduces the mechanical properties of AM products [85]. For
instance, increased porosity level leads to decreased stiffness. Damages, such as micro-cracks,
may occur when put under pressure, degrading the mechanical strength of the product. Lateral
expansion that occurs under compression can promote an opening mode or shearing effect,
which reduces mechanical properties [86]. Despite the manner in which it degrades mechanical
properties, porosity has a significant advantage: it promotes the permeability of porous
structures within an injection-molding die [87]. Due to the evolution of hydrogen during
solidification, porosity is inevitable when depositing aluminum and its alloys. Many studies
have been conducted to investigate the mechanism of porosity development and to propose

methods of minimizing porosity [88—90].
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1.3.3.4.Weld bead humping

Humping is defined as the periodical undulation of weld metal on bead surfaces. This
phenomenon may be caused by the momentum of the back flow of the molten pool (114, 124)
along with a high welding travel speed [91], which limits the capacity of high-speed welding
processes [91-93]. There are two humping morphologies in fusion welding processes: gouging
region morphology (GRM) and beaded cylinder morphology (BCM) [94]. Fig. 6 depicts the
two types of humps. For the GRM, open and unfilled fry spot occur in between the humping
beads. The front of the molten pool experiences a large depression known as the gouging region.

During the BCM process, the solidified metal bulges are connected by a narrow trail.

The humping phenomenon was investigated within CMT welding, wherein a high-speed
deposition was utilized with the wire electrode as a mild steel (ER70S-6). It was found that the
humps emerged at a travel speed of 0.6 m/min [95]. The front portion of the weld pool was
prevented from backfilling due to the strong momentum of the backward flow, which caused

the elongation and solidification of the wall jet, forming a valley in a humped weld bead.

Surface depression A B

Open, unfilled dry spots

Backfilled, trailing regions

-

Fig. 6 Weld bead humping: (a) gouging region morphology and (b) beaded cylinder morphology, as
reported in Ref. [94]

1.3.4.Tool path strategy
1.3.4.1.Tool path strategy for light-weight structures

The way of moving the weld torch is known as a tool path. This movement plays an important
role in the geometric shape of weld bead, surface quality, mechanical properties, and
productivity for WAAM. Fig. 7 illustrates a schematic of typical tool path patterns such as the
zigzag, contour, and hybrid patterns. The zigzag pattern connects single paths from raster

patterns [96] along the x- or y-direction, which results in continuous paths as well as a level of
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movement efficiency that compares to other patterns [97]. Despite significant productivity, this

pattern causes poor outline accuracy [98] and overfills at turning points [99].

The contour pattern, on the other hand, can tackle the drawbacks of the zigzag pattern, e.g.,
improving outline accuracy and avoiding overfills. However, gaps can result among adjacent
beads and facilitate low movement efficiency when the contour pattern is offset at a specific
distance [99]. Overall, the hybrid pattern seems to be the most promising, as it can deal with
the disadvantages of the zigzag and contour patterns. For instance, the inner areas are filled by
zigzag patterns to foster productivity and eliminate gaps among adjacent weld beads while the

outer areas follow contour patterns to improve surface quality.

Due to the large working volume and high deposition rates, WAAM processes are applicable
to components such as rib-web structures, which are predominantly used as lightweight
aerospace structures. Rib-web structures are also found in the equipment used for heat, chemical
and process engineering, where the ribs can be used to promote heat transfer. Forging and
subsequent milling typically produce high-performance components. Forged ribs are made by
forming work pieces between two dies, typically resulting in high tooling costs [100]. Rib-web
structures are often manufactured by removing material from solid blocks, yielding a very high
buy-to-fly ratio [101] and a lot of material waste. Using WAAM processes to manufacture
lightweight structures would reduce material waste along with the number of machining
operations. Investments into tooling and machinery would also be reduced as well as production
lead-times. To summarize, the WAAM process has the potential to replace conventional

manufacturing processes.

(a) (b) (c)
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X

Fig. 7. A schematic of typical tool path patterns: (a) zigzag; (b) contour; (c¢) hybrid
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Rib-web components are considered as lightweight structures, which consist of several
connected ribs. The quality of the junctions between these ribs depends heavily on the
deposition strategy. A direct crossing strategy [102] can cause imperfections such as the
development of material peaks and deposition failures within junctions. In other words, the
welding torch works on existing seams, and thus the number of layers deposited at a vertex of
the rib-web structure is larger than necessary. A common remedy is to deposit one wall
continuously, while the walls intersecting this wall are deposited discontinuously, i.e., the torch
moves over the vertex depositing material but leaves out the vertex itself. Stopping and starting
the welding motion at a vertex may cause binding errors. To deal with this issue, the torch may
follow a fillet at the intersection point instead of overlapping its neighboring ribs [51, 103].
However, this strategy has a drawback since the generation of voids is possible. Contour
patterns cause the intersecting area to enlarge, making the deposited material insufficient for
this area, as shown in Fig. 8. The schematic shows a junction of three ribs, which have been
manufactured from three weld passes and the contour pattern. One can clearly see a gap among
the adjacent weld beads. Venturini et al. [104] proposed a strategy to deposit rib-web structures
with single weld beads, with each rib requiring only one weld bead to be deposited. The tool
path was modified in junctions to avoid voids and to deal with uneven weld beads. Another
void correction method was proposed by Liu et al. [105], whom investigated start-shaped
geometry. The study found that a void would develop between adjacent weld beads at a turning
area if the turning angle is less than 58.65°. The distance between consecutive paths was much
greater than normal but did not ensure an optimal overlapping rate, leading to a shortage of
deposited material at the turning area. The turning point of the inner contour was modified, i.e.,

shifted towards the outer contour, to ensure a proper overlapping rate.

void

Fig. 8 A schematic of void formation among adjacent weld beads

As mentioned in the previous section, uneven weld beads should be avoided, as the uneven

weld bead geometry can affect the production of thin-walled parts. Ma et al. [52] proposed in
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their study that the welding direction alternates between adjacent layers. Another method to
deal with uneven weld beads would be to reduce the number of welding passes in tool path
planning. For lightweight structures, e.g., a rib-web structure, each layer can be represented by
a graph. The multi-graph in Fig. 9 represents a schematic tool path for a rib-web component.
The structure represented by this graph cannot be welded in a single continuous motion of the
weld torch. In other words, if the torch can travel along each edge of the graph only once, the
welding torch cannot start and end at the same vertex. Jumping to a different position and re-
igniting the arc increases the danger of welding defects and under-fills. According to graph
theory, the deposition process can be performed continuously if the tool path represents a
Eulerian path [106], i.e., a graph in which a continuous trail exists that visits each edge only
once. A connected graph is only considered Eulerian if all vertices have an even degree, and
semi-Eulerian only if two vertices in the graph have odd degrees [107]. In graph theory, the
degree of a vertex is the number of edges which meet at that vertex. Within rib-web structures,
the degree describes the number of walls meeting at a vertex. Therefore, no Eulerian path exists
within arbitrary rib-web structures. In this case, the welding torch starts and stops more than

once per layer, which increases the probability for welding defects.

Fig. 9 A representation of a schematic tool path as a graph

1.3.4.1.Tool path for complex functional structures

Overhanging structures are not a challenging prospect within the powder bed systems, e.g.,
SLM, support materials are applicable therefore making the overhanging structures possible. In
addition, plastic wire-based process, e.g., FDM, can add supportive materials in other solvent
materials or in scaffold structures [108] which can be easily removed after deposition. These
materials support the deposition process but do not add value to the parts. To reduce the use of
supportive materials in the FDM process, a multi-axis deposition approach has been introduced
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[109, 110]. While small overhangs are possible during the WAAM process, large overhangs
are decidedly not. This is owing to the fact that scaffold structures as a means of support are
not feasible [111]. However, overhang features can be produced with a multi-axis deposition,
the welding torch is simply reoriented to coincide with the inclinations of a part’s contours
[112-116]. This strategy can enhance the part quality by preventing defects, such as the running
of molten material due to gravity. It can also alleviate the staircase effect [112]. Many research
efforts have been made to produce overhanging features in WAAM. By using the multi-axis
deposition strategy, functional metal parts with overhanging features could be manufactured
[114]. Each overhanging feature was deposited with a distinct position by means of a five axis
CNC machine. A mathematical model was developed to estimate the height of subsequent
layers from the geometry of the first weld bead. This model was confirmed by means of
experimental data gathered through the deposition of 30-layer parts. However, the weld bead
geometry can differ when increasing the number of deposited layers due to accumulative heat
[117]. The geometric accuracy of printed parts was not investigated. For applications regarding
civil engineering [118], each individual pipe was produced with a distinct direction by adding
layers of constant thickness and avoiding out-of-position welds. The joint structures can be
extended in many directions with customized diameters. The cross-section deviation is about +
1 mm and the angular errors are less than + 0.5°. The printed pipe can shrink longitudinally
during the process and there was no evaluation of longitudinal errors. The concept of producing
overhanging features with layers of irregular thicknesses was proposed by Ruan et al within
powder cladding processes [119]. Hybrid manufacturing systems, such as additive and
subtractive manufacturing, were used to fabricate these irregular layers. These are systems in
which operations were integrated within a multi-axis machine. A nozzle deposited layers of
identical thicknesses with constant process parameters. The inclined surfaces were produced by
means of face-milling operations. This hybrid method ensured a controlled metal build up as
material was always deposited on milled, flat surfaces. However, this method also revealed a

few drawbacks, such as a longer processing time, more machinery costs as well as more waste.
1.3.5.Mechanical properties

To satisfy the strict requirements of engineering applications, AM parts are required to meet
specific mechanical properties. Achieving such mechanical properties is a challenge in AM
because of the addition of material. Furthermore, materials must also be weldable. The most
used ones are as steels [120], aluminum alloys [121], and titanium alloys [ 122]. During WAAM

processes, deposited metals are affected by a complex thermal history, i.e. heating, melting,
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solidification, cooling, and local remelting [123, 124]. Many studies have been implemented
with the goal of understanding the effects of process variables on microstructure and
mechanical properties. These variables include shielding gas, deposition path and post-
fabrication heat treatment. Caballero et al. [125] conducted a study on 17-4 PH stainless steel
by WAAM using CMT technology. The work determined that the required tensile properties
can be obtained by applying post-deposition heat treatment. Suryakumar et al [126] investigated
mechanical properties on mild steels using GMAW-WAAM processes. The work found that
hardness is not affected by thermal cycles, just the last few layers yield hardness variation.
Tensile strength in all directions (vertical and horizontal) was homogeneous when the welding
current was increased. Prado-Cerqueira et al. [120] compared the performance of GMAW and
CMT in the construction of mild steel parts, and in terms of hardness and tensile strength. The
experiment’s results revealed that CMT technology allowed for homogeneous hardness and
higher ultimate tensile strength. Sizoval et al. [122] utilized hot forming components with
WAAM products as pre-forms from the titanium alloy Ti-6AI1-4V. It was determined that final
components from WAAM pre-forms have properties similar to conventional forging process

chains.
1.3.6.Shielding gas

It has been found that shielding gas composition plays an important role in fusion welding [127]
since it affects heat transfer. Shielding gas protects the weld pool from atmospheric influences
and maintains the stability of the arc. The weld pool and its surrounding areas oxidize when
brought into contact with the oxygen in the air at high temperatures. Nitrogen and humidity in
the air is also troublesome, as it can lead to pores in welded parts. Thermal input is affected by
the shield gas, which influences the material transfer from the wire electrode into the molten

pool, thereby affecting spatters and weld bead geometry as well [128].

The GMAW technique includes a metal active gas (MAG) process and a metal inert gas (MIG)
process. The techniques are distinguished by the type of gas used. The MAG process is used
for ferrous metals with a typical shielding gas composition of argon (Ar), oxygen (O2), and
carbon dioxide (CO2). The proportion of one to another can affect the transfer mode, behavior
of weld pool, penetration, and mechanical properties. It should be noted that pure Ar is
unsuitable for steels due to an unstable arc and low thermal conductivity [129]. The use of pure
CO; provides advantages such as greater penetration and low cost, but also carries with it
disadvantages, such as a high amount of spatter and an unstable arc [130]. Therefore, a mixture

of Ar with CO; and/or Oz is preferable. Due to the low cost of CO;z in comparison with O2, a

37



mixture of Ar with 5-20% CO3 is popular [131]. This mixture can provide a stable arc, and
enhance penetration of the weld bead [132]. Increasing the CO: ratio results in less porosity
[129], lower hardness and higher toughness [130, 131]. The MIG process, on the other hand, is
famous for stainless steels and non-ferrous metals such as aluminum and titanium alloys. Argon
and helium are the inert gases typically used for MIG welding. Pure Ar is used for the
production of WAAM parts with aluminum and titanium [133, 134]. Oxidation of titanium
alloys was discovered by Caballero et al. [135]. The authors found that oxidation occurs when
temperature and exposure time are high enough. To reduce the reactivity of Ti with Oz, metal
parts should be manufactured in an argon protective chamber [122]. For depositions with duplex
stainless steels, a mixture of He and Ar is applied as the shielding gas [136]. A ratio of 25-75%
He to 75-25% Ar leads to different weld seams. An increased percentage of He causes higher
heat input and thus results in wider weld beads. Use of more He can enhance productivity but

is more expensive than Ar.
1.4. Aims and outlines of the thesis
1.4.1.Research gaps

Although a significant effort has been made to realize the potential of WAAM, tool path
strategies to produce complex and lightweight structures are still being developed and improved
upon. Existing commercial CAM software is mostly for polymer materials and powder-based
processes. Due to its distinct properties, this software cannot be directly applied to WAAM
processes. Tool path strategy plays an important role in building capabilities, mechanical
properties [137] and the accuracy of WAAM products [98]. Several challenges should be
addressed when developing advanced process planning tools, including weld bead modelling
and multi-axis deposition. Furthermore, tool path strategies have to be developed to produce

both lightweight structures and curved thin-walled structures.

Multi-bead overlapping modelling: The weld bead geometry of single beads have been
studied [43, 138, 139], and a metal component manufactured by depositing single beads side-
by-side and layer-by-layer. In such cases, a multi-bead overlapping model seems to be
appropriate. This overlapping model ensures proper fusion among adjacent weld beads and
therefore smooth surfaces. Multi-bead models have been developed [43, 45] but none of them
considered the edge contours, where weld beads have only a one-sided overlap. New multi-
bead overlapping models are needed in order to improve the building ability and geometrical

accuracy of additive parts.
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Tool path strategy to produce lightweight structures: Lightweight structures, such as rib-
web structures, consist of connected ribs. The deposition path does not always represent a
Eulerian or semi-Eulerian path, so additive parts may suffer from uneven weld beads owning
to an increasing number of weld passes. This is particularly true of GMAW process. When
straight walls are deposited, the cross section area derives from a single bead geometry. At
turning points, the cross section of a single bead is irregular and unpredictable [51], therefore
the existing overlapping models are inapplicable in intersections and junctions occurring within
rib-web structures. Moreover, single beads limit to a certain width, which means large walls are
required for multi-bead depositions. Existing tool path strategies for lightweight structures also

reveal drawbacks, indicating the need to develop a new tool path strategy.

Multi-axis deposition: Complex and large overhanging features are challenging for traditional
WAAM processes, wherein materials are deposited in the x-y plane as Cartesian coordinates.
Due to the complexity of support materials and scaffold structures, each overhanging feature
should be detected and deposited with a distinct direction. A multi-axis deposition strategy can
bring even more advantages. Therefore, a CAM program should be established that decomposes

overhanging features and generates a multi-axis program for a robot system.

Tool path strategy to produce curved, thin-walled structures: Overhanging features can be
produced, but a research gap still exits concerning the generation of curved, thin-walled
structures and the compensation of shrinkage and distortion. An often-overlooked approach is
one in which the deposition of nonuniform layers is combined with the adaptive slicing of
curved, hollow profile sections. To create these irregular layers without milling operations, the
deposition process requires precise control of weld bead geometry throughout the process
parameters. The geometry of a weld bead in WAAM is a consequence of the process
parameters, such as travel speed and wire-feed rate. Although many prediction models have
been developed [43, 139-141], only single layers have been considered. Single layers cannot
represent more complex geometries, since differences in temperature history affect weld bead
geometry [117]. There is a pressing demand for a simpler model to estimate weld bead geometry
that utilizes process parameters and takes thermal behavior into account. As aforementioned, a
simulation approach, along with online compensation for shrinkage and distortion, is difficult,

even infeasible. An offline compensation strategy in tool path planning is needed.
1.4.2.Main contributions

This thesis addresses all challenges mentioned in the previous section. The main novel

contributions are summarized below:
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Multi-overlapping models are constructed to ensure the proper growth of part edges.
Adopting an existing single bead model, the proposed algorithm uses mathematical
models to realize overlapping models for hybrid patterns by determining the optimal
distances between adjacent weld beads. This method paves the way for tool path
planning for other AM processes, such as directed laser metal deposition.

A continuous tool path strategy for the fabrication of lightweight structures is
established by converting arbitrary graphs into Eulerian paths, which can bypass the
effects of uneven weld beads. In addition, a new correction method is developed
using an artificial neural network to evade voids at junctions. The impact of the
developed method on surface quality and mechanical properties is also studied.

A multi-axis deposition system for a robot based WAAM is set up. The developed
method detects and decomposes overhanging features into subparts. Each subpart
can be deposited with a distinct direction. The study proposes a neutral deposition
position to mitigate the impacts of disturbances, requiring a kinematics of a robot
system with two groups to be introduced.

Further applications of multi-axis deposition are applied to produce curved thin-
walled structures. A simple method is developed to construct a relationship between
weld bead geometry and travel speed. Layers of irregular thicknesses can be
produced without milling operations. These layers are deposited continuously to
form a metal part. Geometric accuracy is ensured by an offline compensation strategy
for shrinkage and distortion. The proposed manufacturing method can be a substitute
for conventional processes to produce industrial applications, such as structural

frames, wiring conduit, gas and fluid transportation, and vehicle frames.

1.4.3.Thesis outline

The structure of the present work is as follows:

Chapter 2 introduces the specifications of a WAAM system and other measuring and testing

Chapter 3 presents multi-bead overlapping models for WAAM processes. Optimal distances

between adjacent beads are determined from a volume approach. The proposed models are

verified with different process parameters.

In chapter 4, a tool path strategy for lightweight structures is developed. Arbitrary cross sections

are transformed into a Eulerian path, which is considered as a continuous tool path in order to
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avoid the effect of uneven weld beads. Due to a larger volume at junctions, an adaptive
correction is developed based on a machine learning approach. The proposed approach is

validated through the production of a rib-web structure.

Chapter 5 illustrates a multi-axis deposition strategy. The growth direction of subparts is
identified with which the welding torch should align. The welding position is controlled by
neutral deposition position. Kinematics of the FANUC system is introduced, and the neutral
position is maintained by manipulating the positioner and the orientation of the torch. The

multi-axis deposition strategy is examined by the construction of an overhanging feature.

Chapter 6 introduces a novel method to manufacture curved thin-walled structures. The
procedure to generate nonuniform layers is presented. The proposed method is validated
through experiments to examine the building capacity and performance of the compensation

strategy.

Chapter 7 draws a summary of the main findings and future research orientation.
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2. Robot-based WAAM system, testing devices and materials
2.1. Introduction and scope of the chapter

The term industrial robot is defined by the International Organization for Standardization (ISO)
as an automatically controlled, reprogrammable, and multipurpose manipulator. The industrial
robots can have two or more axes, and they are either fixed or placed on a mobile platform
[142]. According to the mechanical structures, the industrial robots are categorized into four
groups, including Cartesian robots, Selective Compliance Assembly Robot Arm (SCARA)

robots, articulated robots, and parallel robots.

Cartesian robot SCARA robot Articulated robot  Parallel robot

Fig. 10 Robot classification by the mechanical structures, as reported in Ref. [142]

To define the position and the attitude of a robot, a frame of reference must be defined. A world
frame is predefined for each robot in the Cartesian coordinate system as the default frame. For
an industrial robot, the end effector is a device typically mounted onto the tool plate of the
robot’s wrist to perform specific tasks. Depending on the required function, the end effector
can be a gripper, welding torch, spray gun, cutting tool, or measuring device. The position of
the end effector is defined as the value of x, y, and z in a Cartesian coordinate system and in
Euler’s angles [143]. The term tool center point (TCP) is used to represent the position and
orientation of the end effector. Industrial robots are a combination of many actuators, e.g., servo
motors. To manipulate the end effector, robot joints are coordinated simultaneously. Besides
the world frame, a joint frame is introduced to define robot joints. The robot’s attitude and
position are defined by angular displacements. In this work, these two frames are used to

describe the position and orientation of a welding torch as well as the angle of a positioner.

Among the robots in Fig. 10, the articulated robots reveal the most versatile features in fusion
welding applications [144]. These features comprise of a large working space, flexibility, a light
weight, and a low price. Such advantages make this type of robot a popular choice for varying
projects, this current academic paper included. Therefore, articulated robots were chosen to

drive the welding torch in the WAAM system.
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The objective of this chapter is to specify the hardware specifications used in this monograph,
which includes a FANUC serial robot coordinated with a positioner and a Fronius welder with
CMT technology. The content is extended with the procedure for offline programming for the
robot based WAAM system. Besides the WAAM system, other measuring and testing devices

are also introduced in this chapter.
2.2. The cold metal transfer technique
2.2.1.Description of the pure CMT technique

A new GMAW technique was introduced in 2004 by Fronius International GmbH called cold
metal transfer (CMT) technology [145]. This technique is a versatile fusion welding method
that can be used for many metals, alloys, and even dissimilar metals. CMT technology derives
from the short-circuit transfer mode of the traditional GMAW process and retracts the electrode
automatically by a feeder when short-circuiting at about 63-160 Hz. At each cycle, the electric
arc reignites and the electrode feeds towards the molten pool, causing the electrode to be

deposited drop-by-drop.

There is no electromagnetic force due to a drop in the welding current during the metal transfer
process, thereby reducing spatter [146, 147]. Each droplet undergoes a three phase cycle: peak
current phase, background current phase, and short-circuiting phase [145]. In the first phase,
the arc voltage is constant, allowing a current pulse to appear and create the molten pool from
which a droplet forms. During the next phase, the current drops considerably, in fact almost
near zero, so as to avoid the globular transfer mode. In the final phase, the arc voltage falls to
zero and the wire-feeder retracts the electrode, stimulating the detachment of the droplet into
the molten pool. Due to the complex waveform of the welding current, the CMT process is
controlled via a digital control unit. The welding energy (voltage and ampere) is controlled in
cooperation with the wire-feed rate in the CMT technique. In other words, droplet sizes are

manipulated through the wire-feed rate, and the welding energy is the resultant.
2.2.2.CMT and feasibility in cladding application

Besides the pure CMT mode, Fronius International GmbH has also recently developed a type
of CMT technology with different droplet transfer modes for welding applications such as CMT
pulse (CMT-P), CMT advanced (CMT-ADV), CMT pulse advanced (CMT-PADV), and CMT
dynamic (CMT-D) [148]. Amongst them, CMT-P, CMT-PADV, and CMT-D reveal more heat

input and arc input and are therefore not suitable for additive manufacturing processes [74,
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149]. On the other hand, CMT-ADYV reported less heat input than the pure CMT mode due to

polarity reversal in the short-circuit phase.

Advantages of the CMT technique include low heat input into the base material and robust weld
bead geometry. As reported, thermal inputs can reduce by 35 — 40% in comparison with the
traditional GMAW process [73, 150]. CMT yields low penetration, low dilution and a wide
weld bead [75, 151] with a maximum deposition rate of up to 5.5-6.0 kg [74]. In addition, the
dilution and penetration of the process can be controlled by changing the synergic line and arc

length correction [146].
2.2.3.Synergic lines and arc length correction

Synergic lines refer to a welding program which tunes the parameters according to voltage,
wire-feed rate, shielding gas, or material thickness. For instance, the welding powder will be
calculated automatically based on selected wire-feed rate, shielding gas and material thickness.
New synergic lines are required for different materials and wire diameters, a task undertaken
by Fronius International GmbH, who develops and installs the lines. As such, the number of

synergic lines available are limited [149].
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Fig. 11 A schematic of a synergic line, as reported in Ref. [152]
Fig. 11 illustrates a schematic of a synergic line (yellow region), wherein the voltage will
change according to the desired wire-feed rate. The dotted curve represents a standard voltage,

which results a standard arc length. However, the welding conditions for creating a synergic

line cannot be the same as the working conditions. An optimal result can be achieved by using
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arc length correction (ALC) through adjusting the voltage. This correction varies spatial
elongation of the arc plasma column from -30 to +30%, which respects to the standard arc
length. The ALC factor effects the arcing time and leads to a different average of voltage and
heat inputs. An increasing ALC value results in longer arc and higher heat input, which leads
to higher dilution and wider weld beads, and vice versa. With one control parameter (wire-feed
rate), CMT technology can produce consistent welds and saves time in finding optimal

parameters.
2.2.4.Equipped Fronius welder

The heat source utilized was a GMAW welder TPS500i from Fronius which was manufactured
using state-of-the-art technology. The power source is completely digitized by a
microprocessor-controlled inverter power source. Due to the modular design, the equipment
offers various welding packages such as GMAW standard, GMAW pulse, pulse multi control
(PMC), low spatter control (LSC), and cold transfer technology (CMT), which enables a high
degree of flexibility [151]. Details of each package can be seen in Ref. [151].

Table 1 TPS500i Fronius welder [151]

Maximum welding current (A) 500
Minimum welding current (A) 3
Welding current (A) / Duty cycle [10min/40°C] (%) 500/40
Operating voltage (V) 14.2-39.0
Open-circuit voltage (V) 71

Mains frequency (Hz) 50/60
Mains voltage (V) 3x400
Mains fuse (A) 35
Weight (kg) 38

The main specifications of the heat source are reported in Table 1. Besides the power source,
the welder includes other components such as torch, wire feeder, and a cooling unit [153].
Depending on the application, users can configure the synergic line from welding conditions,
e.g., material and shielding gas, and save it as a job for later use in a machine program. The
wire-feed rate is manually set from the knob control while the synergic line itself calculates the

voltage and current for setting wire-feed rate.
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2.3. Robot system
2.3.1. ARC Mate 100iC/12 robot arm

The FANUC company is one of the world’s leaders in robotics. They produce more than 100
robot models, with a maximum payload and reach of up to 2,300.0 kg and 4.7 m, respectively.
Among the products of FANUC robotics is the ARC Mate series, which was designed for arc
welding [154]. This work uses the ARC Mate 100iC/12 robot arm for additive applications.
The specifications of this robot arm are reported in Table 2. This robot arm is an articulated
robot with six joints and a maximum reach of about 1420 mm. The robot arm provides a high
level of flexibility and reliability. For security, a force sensor is mounted onto the wrist of the
robot arm, protecting the robot arm from any damage that could occur due to unexpected

collisions.

Table 2 Specifications of the ARC Mate 100iC/12 robot arm
Model

ARC Mate 100iC/12

Controlled axis 6
Repeatability (mm) +0.03
Mechanical weight (kg) 130.0
Maximum reach (mm) 1420.0
Maximum load capacity (kg) 12.0

Force sensor
End effector
\

Origin of the
tool frame

&

Origin of the user frame

+Z
Origin of the world frame

+Y

-Z

Fig. 12. An illustration of the frame system of the robot arm in Cartesian coordinates

Fig. 12 illustrates the frame system of the articulated FANUC robot in Cartesian coordinates.
There are two types of frames in FANUC robotics, which include world frames and customized
frames. The former is a single fixed frame that is considered as a reference for others. The
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customized frames include tool frames and user frames. Further details and the procedure to set
up these frames can be seen in Ref. [155]. A two-axis positioner is integrated as well in order
to extend the level of welding position flexibility. The specifications of this positioner are

detailed in the following section.
2.3.2.FANUC positioner

Fig. 13 shows an illustration of the FANUC positioner. The positioner includes servo motors,
an integrated piping and welding power cable, and a near zero backlash RV-reducer. Further
specifications of the positioner are reported in Table 3. The positioner and the robot arm have
a highly coordinated motion, allowing for a flexible, reliable and cost-effective solution for AM

applications to achieve a high product quality.

Origin of the world frame

Fig. 13. An illustration of the two-axis positioner

Table 3 Specifications of the positioner

Weight (kg) 395.0
Controlled axis 2
Load capacity (kg) 500.0
Mot © JI 140
otion range (°
s J2 480
JI 120
Maximum speed (°/sec)
2190

2.3.3.Robot controller and robot language generation
2.3.3.1.R-307B controller

Any motion of the robot arm and the positioner is driven by one or more of their joint actuators
simultaneously. To perform this job, a computer-based controller is needed. This work uses a
R-30iB controller to actuate the robot system, one which cooperates with the welder to perform
the fusion welding function. More information regarding the controller can be found in Ref.

[155]. The basic actions of the robot arm itself are defined by the position and orientation of
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the welding torch, which is considered robot level programming. The basic movements are
linear and circular interpolation. The positioner used the lower-level programming of joint

interpolation, which is defined by the angle of individual joints.

There are essentially three methods of programming which comprise of online programming,
offline programming, and hybrid programming. Each method, of course, has its own advantages
and disadvantages [156]. The offline programming method is used to generate the CAM
program in this work due to some key features, mainly high efficiency and productivity,
continuous production, and high levels of accuracy in WAAM applications. Details of this

programming method is introduced in the following section.
2.3.3.2.0ffline robot program generation

The offline programming method composes of a text-file CAM program, which includes the
robot declarations and trajectories. The declarations introduce select information such as
program name, date, or robot group. The trajectories describe paths via points through which
an equivalent set of joint motions are converted. Other data in the CAM program are also
specified, including moving patterns, travel speed, and welding function. In FANUC robotics,
Teach Pendant (TP) programs are customarily used. TP programs are binary files that can be
edited through the teach pendant buttons (or touch screen). These TP files can also be compiled
and decompiled from LS files (human-readable ASCII file). This work uses an alphanumeric
method to compose the CAM program as an LS file. The robot controller compiles binary files
by means of the ASCII Program Loader, which is an extra option from FANUC robotics. In
case the ASCII Program Loader is not available, TP files can be compiled in the ROBOGUIDE

software.

Table 4 Raw data for robot program generation

Layer TCP coordinate TCP orientation
Weld_Enable
index X Y Z V4 Y
1 -50.0 0.0 0.0 1.0 0.0 0.0 TRUE
1 -49.8 -3.6 0.0 0937 0.0 0.348 TRUE
n -37.2 0.0 80.324 1.0 0.0 0.0 FALSE

Fig. 14 shows the process chain for WAAM parts and the WAAM robot system. Starting from
a CAD model, the CAM program is generated by slicing the CAD model with a slicing plane.
An appropriate tool path is applied for each cross section in Grasshopper/Rhinoceros and a

conversion into the FANUC robot’s format is compiled in MATLAB. A table of data, as shown
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Table 4, is the output of a tool path strategy. The first column, labeled as the layer index, tells
the position of layers from the slicing sequence. The next six rows describe the position and
orientation of the TCP in the user frame. To be compatible with FANUC robots, the normal
vector is transferred to Euler’s angles, including Yaw (C), Pitch (B), and Roll (A). These three
elements represent the angular displacements of the TCP with respect to the world frame. Yaw
is a rotation of the TCP along the z-axis, Pitch is a rotation of the TCP along the y-axis after
applying Yaw, and Roll is defined as a rotation along the x-axis after applying Yaw and Pitch
sequentially. The order of these rotations is essential, as a different sequence can lead to
incorrect orientation. The last column is a Boolean variable, which indicates whether the
welding function is on or off. The LS program is transferred to the robot controller through

either a portable USB storage device or an Ethernet/IP protocol.

When utilizing the positioner, the robot arm and positioner must be coordinated to perform the
desired task. The motion addresses not only the starting and stopping motion of two groups at
the same time, but also the relative TCP speed must be controlled automatically. The next
section presents a FANUC robotics tool that allows for this vital coordinated motion to be

performed.

Fronius welder

-

Metallic product

CADmodel ~ Computer ~ Robot control unit ? %
|
-

FANUC robotic arm

Fig. 14 Illustration of the process chain (a) and WAAM robot system (b)
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2.3.3.3.Coordinated motion control

Follower group

Leader group

Fig. 15. Coordinated motion overview

When a robot system has more than one group, as illustrated in Fig. 15, the positioner plays the
role as the group leader while the other group to become a follower. To achieve the desired
coordinated movements, the TCP speed and position of the follower are manipulated in relation
to the leader group. This motion provides a constant relative speed between the two moving
groups. These actions provide several advantages for fusion welding, the chief of which include

[157]:

= the maintenance of a relative speed between the positioner and robot arm,
= areduction in the time required for programming,
= a continuous welding process, and

= flexible control of welding position.
2.4. Testing and measuring devices
2.4.1.Microscope

To capture macrographs, this work used the Leica DFC290 stereomicroscope, as shown in Fig.
16. This stereomicroscope can capture real-time images by means of digital color cameras with
CMOS sensors and a 3.0 Megapixel resolution. The microscope is connected with a PC so that
the images can be viewed directly on the PC screen. After being captured, these images can be
analyzed by a means of a user-friendly application. For example, adding straight lines, selecting

free-form regions, measuring distances between two objects.
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Fig. 16 Leica DFC290 stereomicroscope

2.4.2.Metrology equipment

To capture profiles of additive parts, a 2D profilometer was used. This work employed a 2D
scanner from QuellTech with the model Q4. This scanner uses the triangulation principle to
detect the two-dimensional profile of surfaces with a maximum length of 20 mm. The device
projects a blue laser line to the targeted object while a two-dimensional receiver captures the
diffused light from the reflected laser line. Each laser line is defined by a few points with a

resolution of 0.0133 mm.

In addition to the profilometer, a 3D scanner was used to capture the 3D geometry of metal
parts, which is ATOS 5 from GOM GmbH. The ATOS 5 sensor allows for high-precision data
with a short measuring time (0.2s/scan). The 3D scanner has two cameras and a blue light
projector. Similar to the 2D scanner, the sensor system functions based on the triangulation
principle. The projector projects a fringe pattern onto surfaces of interest and the cameras
capture the reflection. Depending on the lenses, the maximum measuring volume can be up to
1000x750x750 mm?>. For each scan, the system creates up to 12 million points, meaning the
larger the measuring volume is, the lower the resolution. For instance, the minimum and
maximum volume experience is a resolution of 0.058 and 0.289 mm, respectively. With
selected lenses, the resolution is 0.115 mm. After construction, mesh objects were analyzed and

evaluated in the GOM Inspect software.
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Fig. 17 ATOS 5 system - 3D scanner

2.4.3.Uniaxial tensile testing machine

Fig. 18 Uniaxial tensile testing machine ‘Inspekt 100’

To examine the strength of materials, uniaxial tension testing was performed on the tensile
testing machine “Inspekt 1007, as shown in Fig. 18. Specimens were machined with dimensions
defined according to a standard. To perform the tension test, specimens were clamped on both
sides by wedge clamps and pulled to failure to determine important material parameters. These
parameters consisted of Young’s modulus, yield strength, ultimate strength, and elongation. To

eliminate elongation errors, this study used a contact extensometer.
2.5. Materials

This work used mild steel and aluminum to manufacture examined parts. Metal parts with mild
steel were deposited on C45 carbon steel substrates with 5.0 mm thickness. An electrode wire
(ER70S-6) with a 1.0 mm diameter was used. The chemical composition of the electrode wire
and the substrate are presented in Table 5, according to DIN EN 10083-1 [158] and AWS

standard [159], respectively. Table 6 presents the mechanical properties of as-welded metal.
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Table 5 The chemical composition of ER70S-6 and C45
Element (Wt.%)

Material

Mn Si P S Cr+Mo+Ni Fe
C45 0.42 0.5 0.3 0.03 0.03 0.63 max Remainder
ER70S-6  0.073 0.97 0.51 0.009 0.013 - Remainder

Table 6 The as-welded metal properties of ER70S-6
Tensile Strength (MPa) 537.8
Yield Strength (MPa) 448
Elongation (%) 24%

Metal parts with aluminum were made from AlISiS with an electrode wire of 1.2 mm in
diameter. The chemical composition and mechanical properties of as-welded metal are
presented in Table 7 and Table 8 respectively according to the ISO 18273 and AWS AS5.10

standard.

Table 7 The chemical composition of AlSi5

Element (Wt.%)
Si Fe Cu Mn S Cr Zn Ti Al
AlSi5 52 0.19 0.1 0.02 0.03 0.001 0.021 0.015 Remainder

Material

Table 8 The as-welded metal properties of AlISi5

Tensile Strength (MPa) >120
Yield Strength (MPa) 40
Elongation (%) 8%
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3. Multi-bead overlapping models
3.1. Chapter introduction

When bulky structures are generated using standard layer-by-layer tool paths, the build rate in
the outer contours of the part may lag the build rate within the interior. However, hybrid patterns
consist of zigzag patterns surrounded by contour lines, reducing the processing time and
enhancing geometrical accuracy. Nonetheless, it must be noted that contour beads grow slower
in height than zigzag beads due to the fact that the boundary contour only overlaps on one side
with other weld beads [53]. As a metal part requires the deposition of several layers, uneven
layer surfaces may lead to accumulated errors along the growth direction, resulting in unstable
deposition after a few layers. Therefore, it is essential to establish robust models that flatten the

deposition surface within hybrid patterns.

In the GMAW-CMT process, the profile of a single weld bead resembles a parabola. Optimal
overlapping distances can be determined in order to keep a consistent build rate at each point
of the layer. This chapter introduces a robust method to compensate for the shortage of material
in the outer beads with the overall aim of levelling the upper surface. This chapter presents new
multi-bead overlapping models for tool path generation. Mathematical models are established
to minimize valleys between adjacent weld beads by accounting for the overlapping volume.
The proposed models are validated by manufacturing solid blocks from mild steel with the
recommended overlapping distances. The approach is compared to standard tool path strategies
by means of capturing boundary profiles. The specimens with the proposed overlapping
distances showed an even profile in contrast to specimens made using the standard strategy.
The following section details the proposed overlapping models and verifies the proposed

models.
3.2. Establishment of multi-bead overlapping models

A weld bead cross-section profile is usually represented as parabola, cosine, or arc model. The
parabola model was applied in this study to establish the overlapping models as it experiences
the best fit to actual weld bead profiles [45, 46]. There are two parameters to consider when
modelling weld bead geometry: weld bead height (%) and weld bead width (w). Fig. 3 in section

1.3.1 illustrates a symmetrical parabolic model of the form Eq. (3.1).

z=ay’+b 3.1
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According to Ref. [43], the two parameters a and b can be expressed by the height and width
of the profile via a = —4h/w? and b = h.

The proposed models are established by the following assumptions:

e The cross-sectional profile of a single weld bead is a parabolic profile.
e With constant process parameters, the weld bead geometry is unchanged.

o The density of the material is unchanged before and after deposition.

Weld beads are formed by the solidification of molten material whilst the weld bead geometry
inherits the dimension from the weld pool. According to existing studies [160, 161], the weld
pool yields an elliptic form when depositing at low and moderate travel speeds, and yields a
tear drop shape when at high travel speeds, as illustrated in Fig. 19. The front of weld pool is

supposed to be an arc with radius » [139].

(@) Fusion zone  Weld pool (b) Fusion zone ~ Weld pool

o

—_—
E——

Welding direction Welding direction

Fig. 19. Schematic of weld pool shape: (a) elliptical shape; (b) tear drop shape

Applying a substitution from Eq. (3.1), the parabolic model can be expressed as:
4h

The cross-section area of a single weld bead profile is calculated from an integration equation

via the weld bead geometry:

A=2 W/Z( o *+h)d _ 2w (33)
B _];) wz” X= 3 '

w and A can be computed by the process parameters illustrated in Eq. (3.4) and Eq.(3.5),
respectively [162].
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3m.vy,.d2
_ 3.4
W 8h.v; S

h = C.v2 + C.v% + C3.v,. v, + C4.v, + Cs. v, + Cg (3.5)

Where d,, is the wire diameter, v, is the wire-feed rate, and v; is the travel speed and C, are

constants. Further details can be seen in Ref. [162].

Fig. 20 depicts the schematic of a multi-bead profile for hybrid tool path patterns. Bead 1 and
bead 2 are for zigzag patterns, and bead 3 is deposited by following a contour pattern. The
overlapping length (/) for the zigzag patterns equals to 0.738w [45] and d; represents the

distance from edges to zigzag patterns.

A weld seam is manufactured by creating a weld pool along a certain path. When the welding
torch changes the direction, the weld seam has a fillet with the radius of » introduced wherein r
equals half of the weld bead width:

_ w
r= (3.6)

Empty A

Fig. 20. A schematic of a multi-bead profile for zigzag and contour patterns

A function f (d1) is introduced, which denotes the difference of the empty and overlapping

volume in 2/:
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f(dl) = Z Vempty - Z Voverlap

The empty volume includes three volumes, which are Vagc, Varz, and Viue.

z Vempty = 21.Sapc + 21.Sp1z + h. Skmp
Sapc 1s the area of the valley between a zigzag and a contour pattern.
2
SABC = SABFG - (SAEG + SBDF) —+ SDCE = h dl — ghw + SDCE

Szz1 1s the right-side area of a contour pattern.

h.w hw hw
SpLz = Spzir — SprL = 2 - 3 = 6

Skup is the area created from the borders of zigzag and contour patterns.

Skmp = Skmnt — 2Sikg + 2Spgv

.12 r
=lr— + 2[ V12 —x2dx = 0.036w
1/2

2

The overlapping volume formed by zigzag and contour patterns.

z Voverlap = 2L.Spcg

Combining Egs. (3.6 - 3.12), the deviation function f{d;) can be specified as:

f(dy) ~ 2L h.dy —

+2L.S +l'h'w+0036h 2
3w | CUOPCET T3 bW

~ 2l.h.dy — L.h.w + 0.036h.w?

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

To smooth welding surfaces, the overlapping and empty volume should be equal, therefore

making the function f(d;) equal to zero:

2l.h.dy — Lh.w + 0.036h.w? = 0
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=>d, = 047w (3.15)

The growth rate of outer beads lags at the interiors. This can be explained by boundary weld
beads only having a one-sided overlap while the interior beads have two-sided overlap, as
illustrated in Fig. 21. To smooth the last welding surface, the overlapping distance (d2) should
be optimized. Utilizing the same method to determine d;, the empty areas are compensated by
more material from the overlapping area. A function f{d2) denotes the difference between the

empty and overlapping area:

f(dz) = Z Aempty - Z onerlap

= Sapcp —S1— 82— onerlap
= Sapcp — $1 = (0.551 = Aoveriap) — Aovertap (3.16)
= h(d, + 0.5w) — 1.55;
= h(d, + 0.5w) —h.w
To smooth welding surfaces, the empty and overlapping area should be equal, thus the function

fld>) equals to zero.

dy = 0.5w (3.17)

\ Substrate " Overlap

Fig. 21. A schematic of the cross section of the multi-bead profiles

The optimal overlapping distances for hybrid patterns can be determined from the bead width.
For instance, the overlapping distance between zigzag and contour patterns equals to 0.47w and

0.5w in parallel weld beads.
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3.3. Validation of the proposed overlapping models

This section presents an experimental method to verify the proposed models. Metallic blocks
were manufactured with an existing overlapping distance and the proposed distances. To have
an objective comparison, three sets of travel speeds and wire-feed rates were used, as illustrated
in Table 9. Other process parameters, such as the wire electrode (ER70S-6) and shielding gas

composition, were unchanged.

The blocks were deposited on carbon steel substrates (C45) with a thickness of 5.0 mm. The
shielding gas composition was 80% Ar and 20% CO; with a flow rate of 15L/min. Stick-out is
the length of solid electrode extending from the nozzle tip and was consistently kept at 12.0

mm. Six metal blocks were fabricated for comparison.

The hybrid tool path pattern and the dimensions of examined blocks are shown in Fig. 22. The
blocks were deposited with seven deposited layers. The weld beads number must be integer
with a constant weld bead geometry to allow for the dimensions to change slightly, thereby
maintaining the overlapping distances. With the proposed models, d; and d> equal to 0.47w and
0.5w, respectively, and / is set to 0.738w; the corresponding values are shown in Table 9. For
the existing model, all overlapping distances are equal to 0.738w, for instance, d; = d> =1 =

0.738w.

d,
<>

Fig. 22. A schematic of examined blocks
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Table 9. Variation of welding parameters

. Bead Proposed overlapping Existing overlapping
Welding parameters width distances distances
No. Vi vy w / d; d> / d; d>
(mm/min) (mm/min) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1 5700 400 6.77 5.0 3.18 3.38 5.0 5.0 5.0
2 6600 600 6.32 4.7 2.97 3.16 4.7 4.7 4.7
3 7600 400 7.42 5.5 3.49 3.71 5.5 5.5 5.5

The two methods used to evaluate the waviness in boundary areas were a macrograph and a 2D
profilometer. The former is intuitive for showing weld bead layers, but this destructive method
needs a great deal of effort for the preparation of specimens. Consequently, it was just applied
for the first case when vy, and v, were 5700 mm/min and 400 mm/min, respectively. With a low
cutting speed, a band saw was used to extract the specimens for macrographs from blocks.
Sequentially, the specimens were first ground with grade P4000 sandpaper then polished with
a 3.0um polishing paste before applying Nitric acid with a 3% solution onto the polished
surfaces. Macrographs were captured by means of the Leica DFC290 stereomicroscope and the

DFC209 HD camera with a magnification x0.65 (Fig. 16).

The second method used a 2D profilometer and is a non-destructive method that can evaluate
surface profiles without damaging metal blocks. The measuring procedure for this method is

also more effective when compared with the destructive method.

3.4. Performance of the developed overlapping models

Fig. 23. Macrographs of specimens: (a) existing overlapping distance (d; = 0.738w); (b) proposed
overlapping distance (d; = 0.47w)

Fig. 23 compares macrographs from the existing overlapping distance (d; = 0.738w) and the
proposed overlapping distance (d; = 0.47w). The existing model yields an uneven surface, with
a boundary that grows less than the interior area by about 2.7 mm after seven layers. Contrarily,
the proposed model results in a smooth surface since the shortage of material in the boundary
is compensated for by a smaller overlapping distance.
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With the non-destructive method, surface profiles were able to be captured three times. Median
profiles are illustrated in Fig. 24. The existing model yields considerably lower heights in

boundary weld beads. The proposed models, by contrast, resulted in much better surface

profiles.
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Fig. 24. A comparison of surface profiles between the proposed models and the existing model

3.5. Summary of findings within the chapter

This chapter addressed the problem of uneven deposition surfaces due to the build rate within
the outer contours possibly lagging the build rate within the interior. Optimal overlapping
distances between adjacent weld beads were determined in order to smooth the surface. With
the overlapping volume approach, the mathematical models for multi-bead overlapping in
boundaries were developed to compute the overlapping rates. The distances can be calculated
from the weld bead width, e.g., zigzag and contour patterns have the optimal overlapping
distance of nearly half of bead width while the overlapping distance for zigzag patterns is half

the bead width. The proposed models were verified on mild steel, which shows promising

results.
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4. Tool path generation for lightweight structures
4.1. Chapter introduction

In many industrial sectors, e.g., transportation and construction, weight reduction plays an
essential role in reducing harmful gas emissions, energy usage, operational costs, and also helps
maintain sustainable development. When it comes to weight reduction, some lightweight
materials such as magnesium alloys, aluminum alloys, titanium alloys, or composites are mostly
employed. However, these materials when utilized alone are not always economic due to their
high expense. It has been reported that using lightweight structures can achieve weight savings
of 50% and shorten development times [163]. Therefore, a combination lightweight structures

can lead to a significant weight reduction.

Lightweight structures achieve a strength-to-weight ratio superior to that of solid structures, but
the processes of manufacturing these structures are complicated and costly due to their complex
shape and intricate geometry. For instance, high-performance components are typically
produced by forging and subsequent milling. Forged ribs are created by forming work pieces
between two dies, a process that usually results in high tooling costs. Some structures like rib-
web structures are manufactured by removing material from solid blocks, yielding a very high
buy-to-fly ratio and material waste. Here it comes with a trade-off between weight reduction
ratio, material costs, and manufacturing costs. As mentioned above, the WAAM process has
the potential to manufacture medium and large-size parts with high deposition rates at low costs.
In addition to this, the process has a low buy-to-fly ratio and no tooling costs. Hence this process
is highly suitable for components such as rib-web, thin-walled or honeycomb structures. This
chapter introduces another method of producing of lightweight structures, using the additive
material method instead of machining or forging. This new manufacturing method can lead to

better designs, efficient manufacturing and quality end products.

In WAAM, the welding strategy greatly influences the properties and quality of deposited parts.
With an increasing number of starts and stops, the danger of uneven material build-up and
welding defects increases. Unfortunately, most rib-web structures do not represent Eulerian
paths, i.e., they cannot be manufactured with a continuous welding motion, in which every edge
is visited only once. It has been found that doubling the number of welding passes on each edge
of the rib-web structure turns non-Eulerian paths into Eulerian paths, which can be welded
continuously. When two or more weld beads are deposited on each edge, the vertices of the rib-

web structure may suffer from underfilling.
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To realize this new manufacturing method, an efficient tool path strategy is required. To answer
this need, a new tool path strategy for lightweight structures is put forward within this report
with the aim of improving the deposition quality for rib-web components while mitigating the
disadvantages of discontinuous welding paths, such as welding defects and uneven build-up.
The welding torch follows a continuous contour pattern defined as a Eulerian path for arbitrarily
connected rib-web structures, thus avoiding the drawback of starting and stopping in a layer.

To avoid underfilling, a correction strategy has been developed to allow for dense vertices.

This chapter begins with section 4.2, a detailed analysis of the waviness and achievable wall
thickness in single and double-bead strategies. It demonstrates that achieving a certain wall
thickness in ribs requires two or more overlapping beads per layer. Moving from a single bead
to a double-weld bead strategy is shown to pave the way for creating Eulerian paths from any
connected rib-web structure. This forms the continuous tool path strategy that is detailed in
section 4.3. The correction strategy is described in section 4.4, where a machine learning
method is also employed to predict the void length. Section 4.5 presents the testing procedure
to examine the mechanical properties for metal parts that have been produced by the proposed
method. The performance of the developed method is illustrated in section 4.6. The last section

presents a summary of the new manufacturing process.
4.2. Waviness and deposition efficiency

Unlike powder-based process, the WAAM process is suitable for near-net shape deposition.
Post-processing, such as milling operations, must be applied to areas which require accurate
dimensions and good surface appearance. It is necessary to adapt CAD models for machining
allowances before fabrication [164]. The removal depends on the roughness and waviness of
the surface. To this end, the quality of the surface is evaluated through the waviness. When it
comes to a WAAM process, the weld bead geometry will affect the surface properties, as a
bigger weld bead leads to a rougher surface [165]. To investigate the waviness, five walls of
the mild steel ER70S-6 were deposited with a constant wire feed rate of 5200 mm/min with
different levels of travel speed that ranged from 1000 to 200 mm/min. Each single-bead wall is
100.0 mm length and is deposited with 20 layers. The deposition direction alternated after each

layer with an idle time of 10s before resuming the deposition process.

According to the DIN EN ISO 4287 standard, waviness (W;) is the greatest difference of
amplitudes. The waviness in this work was evaluated using macrographs. As illustrated in Fig.
25, specimens with a thickness of 10.0 mm were extracted from the middle of the wall in the

4™ Jayer upwards to avoid thermal instabilities within the first few layers [59]. The specimens
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were ground and polished with grade P4000 sandpaper then polished with a 3.0um polishing
paste. Macrographs were taken by means of the DFC209 HD camera and the Leica DFC290

stereomicroscope with a magnification x0.65.

/ Deposited wall

/ Substrate

Fig. 25. A schematic of specimen extraction for the waviness investigation

4.3. Establishment of Eulerian paths

Fig. 26 illustrates a schematic graph for the representation of a tool path for a rib-web structure
wherein the four nodes are represented as four vertices. The welding torch follows a certain
sequence of vertices to build the rib-web structure. As can be seen, no Eulerian path is feasible
in this case. For example, the geometry can be deposited with two welding passes (Fig. 26a)
and, because of the discontinuous process, the processing time increases resulting in the
possibility of uneven weld beads at the junctions. Furthermore, the wall thickness is also limited
to a certain range. Tool paths for arbitrary rib-web structures can be transformed into Eulerian
paths if the number of incoming and outgoing edges are equal at each vertex. This can be
realized by moving twice along each edge, hence each vertex is visited twice as often as with
single-bead deposition and turned into a vertex of even degree, as illustrated in Fig. 26b. The
tool path is continuous within a layer and the welding torch can start at an arbitrary position
and end at this position. Although the approach is promising in terms of mathematics, problems
might occur when path lines cross at vertices. As illustrated in Fig. 26c, this issue is overcome
by introducing connector lines. Two path lines working on the same edge are cut and connected,
generating four new vertices of degree two. The proposed method results in continuous tool
paths while avoiding imperfections at vertices which can be encountered with the direct

crossing strategy.
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It should be noted that the path length is doubled with the proposed strategy. This can cause for
a longer processing time compared to a single bead strategy. For real applications, it seems
justified to deposit more weld beads to achieve the desired thickness. Typical wall thicknesses

and machining allowances need a minimum wall thickness in as-deposited rib-web structures.

(a) 1

—— Weld path
— Added weld path

Connector line

— — - Rapid move

Fig. 26. A representation of the tool path by a graph: (a) single pass; (b) double pass without connector
lines; (c) double pass with connector lines

The approach described above paves the way for constructing continuous paths from the
viewpoint of graph theory. To realize this approach, the tool path lines are calculated from part
geometry. Parts are manufactured from the bottom to the top, layer-by-layer. Tool paths are
also planned in this sequence. Cross sections can be obtained by slicing the CAD model along
the +Z direction but the step size depends on the layer thickness until there is no more
intersection between the slicing plane and the CAD model, as shown in Fig. 27a. A typical cross
section between the slicing plane and the CAD model is illustrated in Fig. 27b. It includes a
single outer contour curve and three inner contour curves. A corresponding offset curve was
generated for each contour curve, as depicted in Fig. 27c, and the offsetting distance was
calculated on the wall thickness and overlapping distance (/). The geometry can be deposited
by moving the welding torch along the offsetting contours, but the deposition process is
discontinuous, i.c., the welding torch needs to jump between contours which means these
contours should be connected. In order to connect the two contours, two connector lines are
added, which are labelled as ‘connector lines’ in the aforementioned Fig. 26. With # as offset
curves, the number of connector lines required is 2(n — 1). A random segment/edge of each
offset curve is selected at a random location, which is in-between one-third and two-thirds of
the length of the selected segment. The random allocation of connector lines mitigates the
possibility of traces on the part that occur if the connector lines are at the same position. As can
be seen in Fig. 27d, a single closed curve is generated which can be represented as a Eulerian

path. It is worth to mention that adding two connector lines on the same edge is not possible, as
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illustrated in Fig. 27e. For this situation, two connected offset curves and a closed sub-path is
generated on an edge. Such closed sub-paths must be avoided since it would break the
continuity of the deposition process. To overcome this problem, a condition is added when
selecting random edges for the generation of a connector line: each edge is chosen one time

only.

(b) (c) (d) (e)
X A
Intersection \
CAD model .
| — Cross section
Slicing plane — Offset curve
Substrate —— Connector

Fig. 27. Eulerian path generation: (a) illustration of the slice procedure; (b) cross section; (c) offset
curves; (d) valid path; (e) invalid path

4.4. Solutions for void filling in junctions
4.4.1.A geometric solution for void filling

Fig. 28 shows an example of a junction built by three single weld beads. It is possible that
deposited material may insufficiently fill the vertex, causing possible underfillings (voids)
inside the vertex of the rib-web structure. Additionally, sharp turning angles can lead to an
inaccurate motion of the welding torch, thereby enlarging voids. As demonstrated in Fig. 29,
the command FINE in the FANUC robot ensures the precise motion of the welding torch while
the robot arm can decelerate and stop at the target before moving on to the next point. This can
increase heat density and lead to overheating or excess material [166]. Consequently, it is vital
to maintain a constant travel speed. The FANUC robot used in this work allows for this task to
be realized via the continuous motion command (command CNT100) [155]. The target point
(Vi) cannot be reached by the tool center point (TCP) in order to maintain the welding velocity.

Instead of reaching the target, the robot arm interpolates to a nearby position.

Developing physics-based models to effectively resolve this problem is challenging. The void
area depends on process parameters, configuration of vertices, material behavior, and part
geometry. A heuristic method was developed to compensate for these kinds of underfillings.
The approach is to modify the tool path at sensitive vertices, i.e., the TCP is adjusted to move

deeper into the center of the junction by changing the position of the vertices of the tool path.
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The following section will solve the question of how to determine the shifting length of the

vertex with the aim of avoiding underfillings.

As can be seen in Fig. 28, APB represents the tool path for a weld bead. Supposing that this
section is selected to correct the deposited material volume, 4,FP,B, is an offset curve to APB
with /. The position of P is used to shift the turning point from P to Py in the direction of P.

The shifting distance relies on the vertex angle (¢) and is larger when 6 is smaller.

(a) (b)
CNT100
- CNT100 “p =100

\ ‘

FINE 0 N

Vit

Fig. 29. A welding speed diagram at a turning point: (a) tool path pattern; (b) velocity diagram

In terms of geometry, the offset distance can be calculated as:

— l

PP, = D) (4.1)

Py is between P and P,. To have a multi-bead wall with even deposition surface, P, Py is equal

to /.
PP, = PyPy + PPy =l + PPy 4.2)

From Egs. (4.1) and (4.2), Py can be estimated as:
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PPy = (4.3)

1
(v~
sin(6/2)
The two points (£ and F) denote the start and end point of the modified path. These points are
located on the original path and their distance equals to /. Their coordinates can be calculated

as:

- l

PE = PF = Z5in@/2) 4.4)

The TCP follows the path AEPyFB instead of APB to avoid the aforementioned underfilling.
However, voids depend on many factors, and so a geometrical solution might not be valid for
an arbitrary situation. To enhance the capability and reliability of the proposed approach, the
empirical weight A is introduced, which adapts the position of the point Py properly:

— 1

PP; = .1 (— - 1) 4.5
N sin(6/2) (4.5)

An experimental approach is used to determine the value of 4 as well as to evaluate the voids

created from the welding experiments. L denoted the measured length of the void from the

deficit of material and the empirical weight was predicted from L and ,.» (the smallest angle

of the conjunction) as:

Lt (W -1) (46)
—_— i
5 —_—

Toolpath

Metal part

Fig. 30. An illustration of determining L with standard contour
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Fig. 30 shows the procedure of L determination. The example has four arms with symmetrical
geometry. The junction was deposited with 12 layers with a layer thickness of 1.8 mm. Table
10 reports the process parameters. The metal part has a valley and two voids. A digital caliper
was used to determine the valley’s length, which equals to 28.3 mm. The empirical weight was

calculated once using the geometrical relation expressed by Eq. (4.6), and then once again later,

using (PPy) to compute the shifting distance for the selected turning point.

To have a more objective insight into the proposed method, more experiments were
implemented to investigate the feasibility and efficiency of the geometrical correction.
Different junction geometries were deposited with and without the correction. Four different
configurations were examined, as shown in Fig. 31. Metal parts were deposited, and face milled
to observe and analyze surfaces. To investigate the existence of voids, other non-destructive
methods can be also used, such as radiography [167] and ultrasonic inspection [168]. With these

methods, the process of quality control can be integrated in quality control during production.

Table 10 Process parameters for rib-web structures

Process parameters Value

Material Mild steel
Wire-feed rate (mm/min) 5200
Travel speed (mm/min) 400

Wire diameter (mm) 1.0
Shielding gas 80% Ar +20% CO»
Gas flow (L/min) 15.0

Using defect welded geometries to determine the distance L is cumbersome in practice. The
correction factor (1) cannot be estimated by a model without using experimental data due to the
complex dependence of L on the junction geometry, material, and process parameters. Each
junction type was first produced to get the geometrical error. This approach seems feasible for
mass production. However, it is not justified to deposit a part so that a corrected part can be
produced in case of small batch size. Sacrificing these parts is unnecessary and costly. The
challenge here was to develop a rule-based model which can predict L from unknown junction
geometry. The following section details a heuristic approach for the prediction of L, wherein
the correction factor A can be achieved without scarifying any part. For instance, a data-driven
neural network performs defect-free welding for arbitrary rib-web geometries. To simplify the
procedure of generating experimental training data as low as possible, process parameters were

unchanged and the number of ribs at a junction was limited to four at most.
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Fig. 31. A comparison between (a) standard contour tool path and (b) corrective contour tool path

4.4.2.Machine learning approach for void filling
4.4.2.1.Tolerance for the shifting distance

As mentioned in the previous section, the deficit of material can be compensated through
measuring L from experimental results. When PPy is larger than L, voids can be filled. It is
essential to find the smallest value of PPy that enables void filling at the conjunction. To

estimate the lower limit, the junction in Fig. 30 was used, and P_P,{,k increased gradually from
0.0 to 30.0 mm with a step size of 1.0 mm. After 12 layers of deposition, the resulting specimens
were milled flat from top to bottom with a cut depth of 0.5 mm until voids were visible. The
possible void area (40i¢) was measured by means of a DFC209 HD camera and a Leica DFC290
stereomicroscope at a magnification x0.65. The lower limit was used as the tolerance for the

machine learning process.
4.4.2.2 Training an artificial neural network with experimental data

To estimate L from the configuration of the junction, a supervised machine learning approach
was applied. The algorithm can learn from data without relying on a rules-based programming.
The artificial neural network (ANN) technique was used to find the correlation between
variables and enabled predictions of the new output variable. The training data includes the
number of turning points (#), the configuration of junctions, and an output variable of L. The
network was trained from experimental data. With three or four ribs connected at a junction,
eight groups of junctions were categorized via the number of ribs and the number of equal

angles. For example, there was only one case with three turning points and three equal angles.

Using the ANN, L can be expressed as a function of #, and the four angles. With a three-rib
junction, the last angle was set to zero.
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L = net(n,0,,6,,03,0,) 4.7

To parameterize an arbitrary junction, four angles were arranged in descending order, so that
6; was the largest angle. All 63 junction geometries were listed and deposited. The full data can
be found in Appendix Al. 60 random geometries were selected to train the ANN while the
remaining 3 geometries were used to validate the ANN. Each geometry was welded with five
layers. The lengths of the resulting voids were measured by means of a digital caliper. To
validate the proposed method, the value of L was first obtained from the experiments. Then all
geometries with 12 layers were deposited with adaptive void-filling paths. The experimental

results show that there was no presence of voids and valleys.

(a) Group A (b) Group B (c) Group C (d) Group D

/d\\\ Ak
NN /AN T F

\fxroup E (f) GroupF (g) Group G (h) Group H

Fig. 32. The types of junctions considered: (a) three ribs with three equal angles; (b) three ribs with
two equal angles; (c) three ribs with different angles; (d) four ribs with four equal angles; (e) four ribs
with three equal angles; (f) four ribs with two-pair of equal angles; (g) four ribs with one-pair of equal

angles; (h) four ribs with different angles (h)

Input layer Hidden layers Output layer

Fig. 33. A schematic architecture of the ANN

The training process was performed in MATLAB with the nntraintool tool. The ANN
architecture is illustrated in Fig. 33. The ANN has three layers: input, hidden, and output layer.
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The input layer has five variables, and the output layer performs the void length. Two hidden
layers were found by means of computational experiments, with seven neurons revealing a
suitable network architecture. After testing many algorithms, the Bayesian Regularization

[169] was chosen for use as the training algorithm due to its superior performance.

4.5. Evaluation of tensile properties

(a) (b)

r
A

Y

Fig. 34. The tool path for a layer of the tensile testing samples: (a) wall; (b) cross feature
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Fig. 35. Preparation of tensile specimens: for the thin wall (a); for the cross feature (b)

Tensile tests were performed in order to investigate the mechanical properties of deposited
parts. These tests evaluated ultimate tensile strength (UTS), yield strength (YS) and maximum
elongation. It was found that thermal history has a great impact on the anisotropy of mechanical
properties [137]. Therefore, the tensile test was carried out on specimens extracted from straight
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walls and from a cross structure with a single vertex at different heights. A wall and a cross
shape were manufactured with the same process parameters, as is reported in Table 10. Fig. 34
depicts the tool path for the examined geometries. The cross has four turning points in the vertex
area, so the void-filling function was applied. Metal parts are 90.0 mm in height, with a wall

width of 9.0 mm. Tensile specimens were extracted at three positions, as illustrated in Fig. 35.

2.0
J E
L 30.0 |
R12.0 L 256 |
. 100.0

Fig. 36. A technical drawing of the tensile specimen

The dimensions of tensile specimens follow a DIN 50125 standard [170], as reported in Fig.
36. The tensile tests were carried out by means of a uniaxial tensile testing machine called

‘Inspekt 100° with an extensometer at room temperature.
4.6. Experimental results of the tool path generation for lightweight structures

4.6.1.Evaluation of waviness and effective wall thickness

(b) v,= 800 mm/min
4

P e-eonl

&

Fig. 37. Macrographs of the wall cross sections

Fig. 37 shows macrographs of single-bead walls welded with varied travel speeds (v:). The bead
width is in the range of 3.0 to 7.0 mm and the waviness increases accordingly from around 0.3
mm to 0.6 mm. With double beads, the wall thickness will be from about 5.4 to around 11.7
mm. For instance, for multi-bead deposition the bead width is at about 5.3 mm at a travel speed
of 400 mm/min with an overlapping length of about 3.6 mm (/ = 2/3w). As a result, the

computed wall thickness is approximately 9.0 mm with two overlapping beads. A two-bead
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wall was deposited using two adjacent weld beads with 20 layered. Fig. 38 illustrates a
macrograph for the two-bead wall at the selected travel speed. The wall thickness was evaluated
to be about 9.0 mm, and the waviness compares to those obtained with a single bead. To

conclude, the experimental results prove that multi-bead deposition does not affect waviness.

Fig. 38. Macrographs of the two-bead wall cross sections

According to Jhavar et al. [171], the deposition efficiency (F) is calculated as the ratio of the
total remaining material to the deposited material. As can be seen, the deposition efficiency is
above 82% for single-bead walls and is even higher for multi-bead deposition. In fact, two-bead

walls value at 94% efficiency where v; equals to 400 mm/min.
4.6.2.Evaluation of the geometrical void filling criterion

A comparison of performances can be found in Fig. 39 between the standard contour tool path
and the adaptive void-filling tool path. The former yields a valley and two voids. From the
measured value, 4 is computed. One of the four turning points on the examined junction was
chosen to perform the correction onto each layer. Voids can be compensated with the adaptive

void-filling tool path.

Fig. 40 depicts the side view of the metal part. The height at the junction of the two strategies
was compared using 44 as the deviation. It is important to note when employing the standard
strategy that there is a valley and 44 is negative. Contrarily, the proposed strategy yields a peak

due to an excess of deposited material. The development of peaks might not add up to a height
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that would jeopardize the deposition process. Small peaks are tolerable when the height of the

rib-web structure is low, but voids are not.

(a) (b)

W \/
= e ———
//’_';):)‘Ipath\ //’T:(:;}mﬁl\

Metal part with machined face Metal part with machined face

Fig. 39. Performance of an example: (a) tool path without correction and (b) tool path with correction

Fig. 40. A side view of the metallic part: (a) without correction; (b) with correction

The metal parts, which were examined and deposited with 12 layers, are presented in Fig. 41.
The process parameters for these parts are reported in Table 10. The metal part could not be
filled in the junction with the standard contour tool path, thus introducing voids in all cases.
The first configuration with three ribs yielded a small void and the configuration with six ribs

produced a much larger void. For junctions with four ribs, the k-shaped configuration revealed
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a larger void than was seen for cross-shaped geometry. Voids are compensated for when the

adapting tool path strategy is utilized, confirming the correction strategy as a sufficient choice.

Without void- With void- Without void- With void-
No. No

filling filling ' filling filling

Fig. 41. Results for various junction geometries: (a) standard contour tool path and (b) adaptive void-
filling tool path

4.6.3.Performance of the ANN

4.6.3.1.Tolerance

Fig. 42 illustrates four typical cases with different P_PA‘; The void gets smaller when P_P,(; is

increased. The metal part had two large voids with the original tool path, and a small void for
P_P,(}‘ equaling 26.0 mm. For one step size further, the metal part revealed no voids. The lower

tolerance was the deviation of the most suitable value (27 mm) for P_P,(}‘ and L (28.3 mm), which

1s -1.3 mm.

Fig. 42. Junctions with different P_P,”(, : (a) 0.0 mm; (b) 25.0 mm; (¢) 26.0 mm; (d) 27.0 mm
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Fig. 43. The influence of the shifting distance on void area

Fig. 43 indicates the implications of the shifting distance on the void area with L is the measured

void’s length by a caliper. As can be seen, there is a drop in the void area from about 21.0 to

0.0 mm? when increasing PPy from 0.0 to 27.0 mm. This example can be considered as one of
the most essential junctions in rib-web structure, suggesting that the lower tolerance that was
calculated from this situation is also the general lower tolerance for all conjunctions, yielding

the most outcomes with the selected process parameters.
4.6.3.2.Training ANN with experimental data

Fig. 44 indicates the relationship between the output and the target through regression plots.
The scatter plot presents values of two variables for a set of data. The horizontal axis shows the
desired value, which is experimental data, while the predicted values obtained from ANN are
represented in the vertical axis. The experimental values and the predicted values are ideally
equal, with the perfect trend line developing as an inclined line at an angle of 45° (dashed lines
in Fig. 44). In this case, the line is quantified by an R-value of 1.0. However, even a significant
value does not indicate that the trained network is realizable. The side effect of large R-values
is an issue with overfitting. This problem occurs when the transfer function creates weights and
biases that can only estimate existing data but not foreign data [172, 173]. Overfitting of ANN
is problematic in machine learning. To investigate whether the ANN is overfitted or not, three
junctions were randomly chosen from the full training data that were not used in the training
process and other 60 training junctions were used to establish the ANN and the three remaining

junctions were used for validation, as reported in Appendix A2. It can be concluded from the
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trend line and R-value from Fig. 44 that the ANN established proper rules between the input

and output layer.

(a) Training: R=0.98894 (b) Test: R=0.97897
O Data O Data q
20+ |—Fit i Fit
g Y =T > Q,ZO ......... Y=T
d -
+ +
= ©
5 & 15
(]
I= &
5 D g
o o
i Iy 10
= = )
a Q o
(o) O 5 P
o 26
76
S 10 15 20 5 10 15 20
Target Target

Fig. 44. Regression: (a) training; (b) test

Table 11 Validation of the ANN

No. Group Target Output AL

(mm) (mm)  (mm)
1 F 24.5 24.42 -0.08
2 H; 55 6.3 0.8
3 His 7.0 7.93 0.93

Table 11 presents the validation result for three geometries. The difference between the output
and target is denoted as AL. The ANN can compute new data, and the deviation is within 1.0
mm. With significant R-values and no overfitting, this means that the trained ANN can predict

the void length of foreign configurations.
4.6.3.3.The determination of an optimal training data set

In machine learning, the more sample data there is, the more accurate the network. However,
experimental data is costly and time-consuming. This section presents a procedure to optimize
the number of training samples based on the full data set gathered from 63 welded junctions.
The reason for this approach was to establish a training data set that satisfies specific conditions.
As stated in the previous section, -1.3 mm is the maximum lower tolerance that is allowable.
Every prediction that produced a prediction error (AL) higher than this allowance was also
accepted. To determine the sample size, samples are randomly drawn from the full data without
repetition. Those selected were then applied to train the ANN while the rest was used to validate
the ANN. A maximum of 1000 repetitions took place during the process of picking and training.
As soon as AL satisfied the condition, the process ended. 60 junctions were employed for
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training, and three for the validation. The process continued by reducing one unit at a time until
AL could not satisfy the condition. At 45 junctions, a qualified ANN could not be established,
thereby proving 46 samples to be the optimal sampling size, as reported in Appendix A3. The

first 46 samples were for the learning process and the remaining were for validating.
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Fig. 45. Error histograms for various sets of training / validation data

Fig. 45 indicates the error histogram for six typical trials in the optimization process. The
majority distributes from -1.2 to 0.8 mm. The first trial had the best performance, with errors
ranging from -1.2 to 2.8 mm. The error distribution became larger when the number of sample
data decreased. By reducing the amount training data from 63 to 46, the process of generating

training data became simpler and less expensive.

The proposed classification scheme for junction types is applicable to arbitrary rib-web
structures. However, the optimal training data number may not be sufficient when applied to
other materials and experimental set-ups. Nonetheless, the process of generating training data
can begin with the optimum training set in case of a new material or a different experimental
set-up. Some extra validation cases are needed to ensure void-free deposition. If these
circumstances are not achievable, one additional sample can be added to the training data set
and the validation repeated. The procedure repeats until the desired model accuracy for void-

free deposition is achieved.
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The ANN should only be established if a variety of part geometries are produced. When the
WAAM system is used within variant-rich production of rib-web parts, all possible cases must
be covered by training an ANN. This can help produce a new variant with minimal lead time.
To produce the same rib-web geometry, a defect product can first be deposited to produce the
error, which will yield underfillings. Measuring the length L of the void in each vertex for the

correction that will enable void-free fabrication.
4.6.4.Tensile properties

The mechanical properties of the straight wall were used as a reference to evaluate the cross
shape. Fig. 46 plots the three charts of YS, UTS and elongation along the growth direction from
the bottom to the top. Table 12 summarizes their average values and shows that the average

values of the cross shape are slightly higher than those of the straight wall.

(a) (b) (c)

450 25% 600
400 —_
. 20% g 0
g =)
g 300 5 oo 5 400
< 250 g b
=) 5 5 300
® 900 g =
5 S 10% H
2 150 M 7 200
2 100 5
0 2
CH % 2 100
0 0% E 0 mWall = Cross
A =
25 45 65 90 25 45 65 90 2 25 45 65 90
Height (mm) Height (mm) Height (mm)

Fig. 46. A comparison of (a) yield strength, (b) elongation, and (c) ultimate tensile strength

The yield strength produces an upward trend over the height. For instance, the YS of the
deposited wall increases from 366.0 MPa to 375.0 MPa while the one from the cross shape
begins with 350 MPa and increases by 45 MPa. The single weld seam formed by the
solidification of the weld pool was hard and brittle [ 174] due to the self-quenching effect [175].
Parts manufactured by WAAM were built up gradually layer-by-layer as the heat source heated
formerly deposited layers. The existing layers were affected by an annealing and softening
phenomenon [126]. As such, the tensile specimens extracted at lower positions yielded lower
YS than those extracted at higher positions [137]. Elongation experiences a downward trend
during this experiment, with the wall decreasing by about 5% and the cross-feature decreasing
by about 3%. This phenomenon can be explained by the aforementioned self-quenching effect
as well as the annealing and softening effect. Contrarily, the UTS remains stable when all

specimens are above 500 MPa.
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Table 12 A summary of tensile properties results in rib-web structures

YS UTS Elongation
Sample (MPa) Std. (MPa) Std. (%) Std.
Wall 367.0 6.2 513.8 6.5 16.6 2.2
Cross shape  379.3  20.8 520.8 4.9 19.4 1.3

4.6.5.Realization of the proposed method for rib-web structures

The proposed tool path generation method was validated through a rib-web structure, the
dimensions of which are reported in Fig. 47. The tool path was planned using the developed
algorithm. First, the slicing plane sliced the CAD model with a layer-wise manner. Then inner
and outer contours were obtained based on the cross section between the slicing plane and the
CAD model. The proposed algorithm calculated the offset curves from cross sections and
generated a continuous tool path for each layer. The proposed method was used in each

intersection until there were no more intersections left.

L 184.0 N

Fig. 47. The CAD model of the case study: (a) perspective view of the CAD model and (b) a typical
intersection

Fig. 48 compares both the conventional and the proposed Eulerian tool path strategies. The
standard method requires a great number of passes to produce the part. Each layer has four rapid
moves, and the welding torch has to be frequently switched on and off, leading to defects or
imperfections due to uneven weld beads. Furthermore, the part was susceptible to voids at
junctions that could degrade the performance of the part. In contrast, the proposed method

deposits the part by following only one welding pass within a layer, allowing for basic contours
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to be transformed into a Eulerian path. The adaptive void-filling strategy is also applied to deal

with void problem at junctions.

(a)

(

C |

JL

Fig. 48. A comparison of the standard contour tool path (a) and the Eulerian tool path (b). The red
stars show start/stop positions.

Table 13 quantifies the number of welding passes and the process time for both tool path
strategies. Due to the rapid movements between basic contours, the processing time with the
standard tool path is approximately 21% longer than the one with the proposed Eulerian tool
path. Occasionally machine errors occurred due to slag, wherein Human intervention was
needed to clean the surfaces. On the other hand, the Eulerian tool path did not utilize any non-

welding moves and the movement efficiency reached 100% without any human intervention.

Table 13 The number of welding passes and the processing time for one layer

Tool path patterns Weld passes  Processing time (s)
Traditional tool path 5 230

Proposed tool path 1 190

Fig. 49 shows the different metal parts manufactured by using standard and Eulerian tool path.
Tool paths and process parameters are indicated in Fig. 48 and Table 10, respectively. A single
weld bead geometry is 5.3 mm wide and 1.8 mm high. With two-overlapping weld beads, the
wall thickness was about 9.0 mm. Both parts are about 45.0 mm high. The deposition rate is
over 3.0 kg/h. The metal part with the standard tool path yielded voids at all junctions. The
volumes needed to fill the junctions were greater than the volume deposited for straight walls.
Therefore, the standard contour tool path was unable to fill up these areas. Moreover, traces of

the start and end positions (marked by red circles) could be observed on the metal part. The
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developed strategy displayed a better performance when the metal part was void-free. Rib-web
structures could be manufactured by following single weld beads. Due to discontinuous weld
paths, the possibility for imperfections such as peaks, voids or binding errors occurred at the
junctions [115] while non-welding movements could prolong the processing time. As
mentioned above, the width of a single weld beads limits the rib thickness to a certain value. A
zigzag motion or multi-bead deposition can be applied to applications with thicker ribs. With a
zigzag welding motion, metal parts yielded worse surface quality than the ones deposited with
contour paths [98], and created a high possibility of warpage [176]. The tool path strategy
developed in this work transformed any arbitrary contours into a Eulerian path, which can
deposit a layer with only one welding pass. Multi-bead deposition was the solution for thick
walls. In this situation, a shortage of material in the junction might occur and a tool path

correction would be required.

(a) (b)

. G

Fig. 49. The metal parts after face milling: (a) standard tool path and (b) proposed tool path

4.7. Discussion of the proposed tool path for rib-web structures

This chapter studies a correction strategy that drives the welding torch into the center of the
junction with the aim of compensating underfillings. It was found that the correction step size,
i.e., the correction length, can be achieved by experimentally welding a part. Identifying the
correction factor for each individual junction type can be a cumbersome task. The results
indicate that machine learning can be applied to learn from the experimental data and to train a
neural network that represents the correction as a function of junction geometry. The network
can be trained with 46 junction geometries of degrees three and four. For more complex
junctions, a larger number of experiments are necessary. However, a neural network can be
trained that uses a suitable correction to avoid voids for a specific material. Combined with the
developed strategy to establish Eulerian paths, a tool path strategy for the deposition of arbitrary
rib-web geometries seems feasible. The drawback of the proposed approach is that although

voids can be compensated, peaks, i.e., excess material, occur, possibly restricting the feasible
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build height. The network can be further improved by considering the peak height, i.e., by
including peak information. In addition, this work should be applied when the desired wall
thickness cannot be achieved with a single bead deposition and if it yields a more stable process
or improves the welding motion efficiency. Some parts might not be pure rib-web structures
but rather combinations of different rib-webs and bulky features. In such cases, the developed

method can be extended by accounting for transitions between the varying part features.

The proposed strategy could also be applied to other AM variants, such as laser metal deposition
or electron beam additive manufacturing. For such processes, the deposition process is largely
different from WAAM and other correction strategies, e.g., re-melting of the junction, are
possible. The process of collecting experimental data is costly and time-consuming but seems
infeasible when one uses simulated results as alternative data. When experimental methods are
used, noises and disturbances are included in the results making it possible to obtain accurate
results for form filling. It would be much faster to conduct 46 experiments than the same number
of simulations. The scope of this chapter is to introduce a continuous tool path strategy to avoid
rapid movements as well as multiple starts and stops within a layer. This approach might,
however, cause unfavorable temperature gradients. An interesting topic for future work would
be to analyze whether the random choice of locations for reversing the welding direction should

be replaced by another strategy, e.g., taking temperature distribution into account.
4.8. Summary of chapter findings

This chapter presents an innovative tool path planning strategy for the deposition of rib-web
lightweight structures by wire-arc additive manufacturing processes. The main results can be

summarized as follows:

e The proposed algorithm can generate a continuous tool motion for arbitrary rib-web
structures by establishing Eulerian paths.

e Uneven weld beads can be avoided altogether with continuous tool motion. The welding
torch is turned on at the beginning of the process and remains switched on until the part is
finished.

e Due to this continuous tool motion, movement efficiency reaches almost 100%.

e To avoid underfillings in junctions, a geometrical correction strategy is developed which
the aim of depositing precisely the amount of material required to fulfill the junction. The
optimal path correction is produced by welding the given junction once with the geometrical

correction, evaluating the void length, and updating the correction factor.
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e The machine learning approach is applied to establish the relationship between junction
types and void length; an adaptive void-filling strategy has been proposed, which shows a
promising result.

e Using experimental data to train the network for larger production demands is tedious and
unnecessary. Alternatively, superior benefits can be realized by applying the developed
correction for variant-rich production. However, applying the developed correction for
variant-rich production reveals superior benefits.

e For the experimental set-up, the junctions are categorized, and the optimal training data set
is determined. The 46 test geometries can train a neural network, which qualifies for 17
validation cases. Sufficient training data can be gathered in just one day, which allows for
welding other rib-web structures without defects.

e [t should be noted that the presented methodology is transferable, and so can be directly
used on other materials and set-ups, although training with dedicated geometries welded
with the given set-up might be necessary.

e For the selected welding parameters, the deposition rate is over 3.0 kg/h.

Junction geometry has a complex dependence on several factors, including the deposition
process that occurs within junctions, material and process parameters and multi-objective
optimization (e.g., voids and peaks). Therefore, a geometrical model is not generally feasible.
There is a trade-off between these two features, the work has shown that it is not possible to
achieve void-free and flat surfaces in junctions. The higher the peak is, the smaller is the

possibility of voids and vice versa.
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5. Multi-axis deposition for WAAM processes
5.1. Introduction of the chapter

AM technology enables a free-form design and increases the complexity of parts. In
conventional WAAM process, the welding torch normally moves in the x-y plane with a growth
direction of +Z in the Cartesian system. Due to the properties of the WAAM process, the use
of support materials and scaffold structures is inapplicable [114]. This limits the usefulness
and applicability of the AM process, particularly in the fabrication of parts with overhanging
or inclined features. However, it is possible to combat this drawback by using a higher degree
of freedom, i.e., adding additional axes to the work piece or orienting the welding torch inline
to the deposition direction. This work uses a robot-based WAAM system with additional axes
of the positioner. The hardware’s capability allows for the fabrication of overhanging and

inclined features to be within reach.

However, a multi-axis CAM program is required to operate the multi-axis system. This chapter
presents a tool path strategy to generate this kind of CAM program. With the means of multi-
axis kinematics system, the welding position is maintained as a neutral position whenever
possible. Details are presented in section 5.2. The control of multi axes is then introduced in the
following step. New control points, angular displacements of the positioner, and the orientation
of the welding torch are also explained. These data can be computed based on a normal vector
of the position plane, which is perpendicular to the slicing plane. The procedure of getting this
normal vector is explained in section 5.4. Derived from the CAD model, overhanging features
are decomposed into subparts, each with a distinct growth direction. Section 5.5 illustrates the
construction of an overhanging feature to examine the feasibility of the proposed strategy. The

last section summarizes the main points of this chapter.
5.2. Welding position for WAAM

In GMAW deposition, weld seams can be produced using the pull or push method, which refers
to the way the torch is moved in front of or behind the weld pool. The pull technique creates
more penetration, and the push method yields a wider weld bead. The electrode wire should be
perpendicular to the welding surface [53], thereby keeping the deposition angle at a neutral

position.

Fig. 50 presents possible techniques for maintaining the welding position with the gun placed
perpendicular to the deposition plane. In the case of the 2D layer (Fig. 50a), the gun does not

need to incline. The existing hardware allowed for two ways of maintaining the relative neutral
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deposition position in 3D layers. One procedure oriented the gun and the other tilted and rotated
the positioner. The weld pool was in a liquid state, permitting it to flow to its surroundings due
to internal forces [177]. With the first method, as seen from Fig. 50b, the weld seam is formed
on an inclined surface on which fluids tend to slip due to gravitational force. Weld beads can

be uneven, which can lead to rough surfaces.

o

a
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Fig. 50. The deposition angle: (a) neutral without incline; (b) neutral with torch incline; (c) neutral
with positioner incline

The disturbance depends on the inclination angle (o) and the mass of the weld pool. Controlling
the weld pool size is complicated and relies on many factors, such as shielding gas composition,
wire-feed rate, and travel speed. Moreover, these welding parameters were chosen based on
selected specification which means that changing the inclination angle was ultimately the best
option. It was therefore important to reduce this angle as much as possible in order to mitigate
the implication of noise. As is illustrated in Fig. 50c, a positioner could also be used to mitigate
noise issues. The positioner could reorient the deposition plane to be perpendicular to the gun,
reducing the impact of gravity. Both methods are used in the developed algorithm but
tilting/rotating the positioner is preferred whenever feasible. The procedure of calculating the
positioner’s angles, new control points, and the new welding torch’s orientation is presented in

the coming section.
5.3. Multi-axis control for FANUC robot

A tool path is determined by moving the TCP through a series of control points. In the world
frame, the position and orientation of the TCP represents those of the robot end effector or, in
other words, the last part of the robot to interact with the surrounding environment. In the
WAAM system, the welding torch acts as the end effector, inheriting the position and
orientation from the TCP. Fig. 51 illustrates the schematic of the WAAM system with a control
point (Pryr) and the frame system. The RUF was virtually attached onto the positioner but
reorienting the positioner to reach the neutral welding position leads to a shift in the RUF.
Therefore, new coordinates of control points should be recalculated with angular displacements

of the positioner and the Euler’s angles for welding torch’s orientation.
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The relative distance and orientation of these two systems can be obtained from the previously
stated specifications. Each system also has a customized frame called the user frame. The robot
arm’s user frame can be configured by operators, but not the positioner’s user frame. The
relative distance and orientation between the two frames can be represented as a homogenous
matrix. The homogenous matrix includes a rotation matrix (R.x) and a translation matrix (d),

as expressed by Eq. (5.1).

(a) (b) RUF: robot user frame
PUF: positioner user frame
PWE: positioner world frame
z /Hlsm Z RWF: robot world frame

RWF 7
Vrur
RWF RUF ;
y =
.’NRUF Ay
X x  Pryr WY
RWF \
Hpwr ,z - HEJE " \HRYE

RUF; |
4

U

Fig. 51. A representation of the WAAM robotic system in the Cartesian coordinate: (a) representation
of a control point and (b) representation of the frame system

H= [ng" ‘11] (5.1)

The basic rotation equations are indicated in Egs. (5.2 -5.4):

e Rotation matrix, along the x-axis:

1 0 0
R,(6,) = [0 cosf; —sin 61] (5.2)
0 sinf; cos6,
¢ Rotation matrix, along the y-axis:
cosf, 0 sinb,
R,(0y) = [ 0 1 0 ] (5.3)
—sinf, 0 cos6,
e Rotation matrix, along the z-axis:
cosf; —sinf; 0
R,(63) = [sin 05 cosO; 0] (5.4
0 0 1
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e R can be calculated from the basic rotations. These matrices are not permuted, so any

other sequences lead to different results, meaning they must adhere to the following order:
Rzyx (61: 60,,03) = Rz(93)- Ry (62)- R, (61) (5.5

When the positioner changes its angles in its world frame, the coordinate of control points is
different in the robot world frame, transforming the control points from RUF to PUF by HEYE.
At PUF, a new coordinate is calculated with rotation angles, consequently transforming the
control points back to RUF by HRYE. As illustrated in Fig. 51b, the homogeneous matrices
between RUF and PUF can be established when there are connections between them [178]. In
fact, three transformation matrices can be computed from the system. The first of these matrices
is between the positioner user frame and the positioner world frame (HFY), the second
between the positioner world frame and the robot world frame (HE}yE), and the third between

the robot world frame and the robot user frame (H/Z ).

e HEUE can be computed by multiplying known matrices:

HEGE = HEWE. HEWE HEYY = CHESE) ™. CHEWE) ™ A 5:6)
e From Eq. (5.6), HRYE can be calculated as an inverse of HEJE:

HEgr = (Higr) ™ (5.7)
e [fahomogenous transformation of matrix H is represented by [g Cll], its inverse can be

expressed by:
1 _p-1
=R R 4] (5.8)

With the existing hardware, the positioner manipulates the neutral welding position by rotating
along its x- and z-axis. The rotation is represented as a rotation matrix. Because the z-axis places
on the x-axis, any motion with respect to the x-axis will lead to a different z coordinate. The
rotation matrix is denoted as Ry..
e Rotation matrix Ry is constructed from two basic rotation matrices Egs. (5.2) and (5.4),
with 6y, and 6. are unknown variables:
cos 0, —sinb, 0

R,,(0,0,) =|cosB,.sinf, cosO,.cosf, —sind, (5.9)
sinf, .sin6, sinf,.cosf, cosb,
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To compute two unknown variables, the normal vector and the torch orientation in the
positioner user frame are used. For instance, the normal vector is transformed to align with
torch orientation, as represented in Eq. (5.10). With three equations, two rotation angles can be

found.

I7PUF = ny(ex' HZ)JVPUF (5.10)

e Rotation of the substrate occurs in the positioner user frame, transforming the torch

orientation from the robot user frame to the positioner user frame:
a
74 — PUF 7 —
Veur = Hryr-Vrur = [b] (5.11)
c
e To transform the normal vector from the robot user frame to the positioner user frame:

d
Npyp = Hggg-NRUF = [e] (5.12)
f

Substituting Egs. (5.11) and (5.12) into Eq. (5.10), 8, and 6: are computed from Eq. (5.13) with
a, b, c, d, e, and f are constant, and Ry can be established. Details of this procedure are reported

in Appendix B.

d.cos8, —e.sinf, = a
d.cos@, .sin@, +e.cosf,.cos8, —f.sinf, =Db (5.13)
d.sin 6, .sinf, + e.sinf, .cos b, +f.cosf, =c

e To transform the control point from the robot user frame to the positioner user frame:
Ppyr = HIIQDLIJJIE-PRUF (5.14)

e The positioner tilts and rotates in the positioner user frame with angles of 6x, and 6.,

respectively, the control point is transformed by:

Ppyr_rot = Rxz-Ppur (5.15)

After tilting and rotating, the control point is transformed back to the robot user frame, as

expressed in Eq. (5.16); Pryr goe 1s the final coordinates.

PRUF_Rot = Hﬁzljjg- PPUF_Rot (5.16)

When the positioner exceeds its limits, the welding torch will compensate for this shortage by
maintaining a neutral welding position.
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e The normal vector is in the positioner user frame after tilting and rotating:
ﬁPUF_Rot = ny-ﬁPUF (5.17)
e After tilting and rotating, the normal vector is transformed back into the robot user frame:

NRUF_Rot = Hglljjl{f'NPUF_Rot (5.18)

N RUF Rot Should be aligned with VRU F- A rotation matrix is introduced to align those two vectors
by reorienting the welding torch. The robot tool frame is transformed along the z, y, and x-axes
with respect to the robot world frame, as 4, B, and C. The rotation angles are Euler angles. The

theory can be expressed as Eq. (5.19).
Vrur = Rzyx(A'B: C)-NRUF_Rot

Rzyx(ll) Rzyx(lz) Rzyx(lg)
= VRUF = Rzyx(21) Rzyx(zz) Rzyx(23) 'NRUF_ROt (519)
R

ZYX(31) Rzyx(sz) Rzyx(ss)

According to LaValle [179], 4, B, and C can be computed from the rotation matrix, as expressed

in Egs. (5.20-5.22):

R
A = tan™? (ﬁ) (5.20)
RZyx(n)
R \
B = tan™! / RAci (5.21)
\\/Rzzyx(n) + Rzzyx(33)/
R
C =tan~! (ﬁ) (5.22)
ZYX(33)

To summarize, the new coordinates of the control points can be obtained from Eq. (5.16), the
angular displacements of the positioner are calculated from Eq. (5.13), and the Euler’s angles

of the gun are computed from Egs. (5.20-5.22).
5.4. The decomposition algorithm

To support multi-axis deposition, each overhanging feature of the complex geometry should be
sliced with a distinct direction. As such, the CAD model should be decomposed into subparts.

This section presents a method to decompose complex geometries into subparts and a way to
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establish a central axis for each subpart in Grasshopper/Rhinoceros. The approach consists of
analyzing the differences between two consecutive layers that had been obtained by slicing the
CAD model. By the nature of AM processes, there is always a default layer at the bottom of
AM parts. Every cross section created from the slicing process will have a predecessor, which
is called the bottom layer while the current layer is called the top layer. Each layer may contain
many section curves inside. When analyzing the outer geometrical shapes between two adjacent
layers, it is important to remove all section curves which were encompassed by another.
Therefore, a simplification module was equipped with the aim of getting rid of inner section
curves. A normal vector was used to guide the slicing plane. A CAD model, which contains
curved feature, was an important means of manipulating the slicing direction. A normal vector
identification module was adopted to track the curvature of the CAD model. For instance, when
projecting the bottom layer onto the top layer possible scenarios included unrelated, not
uniform, and uniform. Split planes were constructed to split overhanging features apart from
the main body in the decomposition module. At the end of the process, a controidal axis for

each subpart was constructed.

(@) /\/ ®)

’ ' S

Fig. 52. An example of part decomposition: (a) CAD model; (b) model slicing; (c) split overhangs; (d)
centroidal axes
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The decomposition algorithm is illustrated through an example in Fig. 52. The cup has two
handles, which are considered overhanging features. The algorithm first sliced the CAD model,
and then split these handles. Finally, a controidal axis was constructed for each subpart. Details

of each module are explained below:
% Simplification module

In order to construct the centroidal axis, only the outer cross sections were taken into account.
Therefore, it is important to remove all inner curves, as shown in Fig. 53. This module makes

the geometrical data simpler to analyze.
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(a) I (b) :
Fig. 53. A simplification: (a) before removing inner cross sections and (b) after removing inner cross
sections

+» Normal vector identification

(a) (b) (©)
——  Next cross section
——  Current cross section
e [, Current centroid
° [i+1 Next centroid

Fig. 54. Scenarios between two consecutive cross sections (a) unrelated; (b) uniform; (c) not uniform
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Fig. 55. Normal vector identification

To track the curvature of a CAD model, the slicing is manipulated based on the local geometry.
After removing all inner cross sections, the bottom layer is projected onto the plane of the top
layer. There are three main scenarios. Fig. 54a reveals that two layers are not related to each
other. Fig. 54b indicates that /; and /;+; are coincident, hence the slicing direction remains

unchanged. On the other hand, Fig. 54c shows differences when /; and /;+; are not coincident.
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In this scenario, the slicing plane might change the slicing direction. /; obtained from each slice

1s used to construct the centroidal axis.

Fig. 55 illustrates two adjacent slices from Fig. 54c. The normal vector (IV ), which is always
perpendicular to the slicing plane (SP), is used to navigate SP through the slicing process. This

normal vector may change when /; and /;+; are not coincident.

e N of the current layer is the V of the predecessor layer:

— —

Ny =Vi4 (5.23)

e (s a guessed point, which is used to determine the slicing plane (SP), and G is defined

by transforming /; a certain thickness (¢) with the direction of N:
Gi = Ii + ti (524)

e After intersecting SP and the CAD model, the centroid of the top layer was determined,

allowing for the angle vector to be computed, as expressed in Eq. (5.25):

V=1l — I (5.25)

Algorithm: pseudo code for adjusting moving distance 4’

Rinax and h,,;, are the maximum and minimum height within a CAD slice

Rnax and hy,;, are the maximum and minimum height that can be deposited

If hppin < hppin then

' ,hmin
h'=h W

min
Else if hy,p, > hypgx then

hm ax

W= h

I
hm ax

End if

Fig. 56. Pseudo code for adjusting moving distance

In this way, the angle between two vectors is calculated. If y is larger than S, then the SP is

transformed to be perpendicular to the angle vector with a center point at G. The new slicing

plane (SP’) intersects the CAD model and new parameters are recalculated such as /; and V,so

that y is close to zero.
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vi = (N, V) (5.26)

When y is too small, it is not necessary to transform the slicing plane, thereby limiting the angle
of y. In this section, £ is 0.10. When the slicing thickness (4°) is large, the procedure executes
productively, but for large curvature features, the normal vector can be inaccurate. To optimize
the process, conditions should be set to adjust the moving thickness automatically, as expressed

below:
%+ CAD model decomposition module

Fig. 57 depicts a showcase of how to take off overhanging features. At every slice, the bottom
layer is projected onto the top layer (Fig. 57a). This is executed with the assumption that the
projected curve has n control points, and each control point has an associated point on the top
curve (Fig. 57b). Two split lines are constructed based on these associated points, as shown in
Fig. 57c. The top layer is divided into three regions (A1, A2, and Az). For the following slice,
A is considered as the bottom layer. Moreover, the first and the last split lines are used to

establish a split plane so as to split the overhanging feature apart from the main body.

)
.

5.5. Experimental results for the multi-axis deposition strategy

(a) (b) (c)

Fig. 58. Trajectory planning: (a) slicing sub-parts; (b) tool path; (c) control points extraction

The CAD model from Fig. 52 was used as a case study for the multi-axis deposition strategy.
After decomposing the CAD model, each sub-part was sliced with a distinct direction. Fig. 58
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shows the sequence of obtaining the coordinates of control points and the normal vector. The
examined part was manufactured by a single weld bead, and the average curves between cross
sections were used as the tool path patterns, as shown in Fig. 58b (blue lines). After that, control
points and corresponding normal vectors were extracted into a text file as seen in Table 4. A
MATLAB script was developed to calculate data for the CAM program such as new
coordinates, angles for the positioner, and the Euler’s angles for the torch’s orientation, as

illustrated in Table 14.

Table 14 The input data for a multi-axis CAM program

TCP coordinates Positioner angle Torch’s orientation
Layer
index Y z 0 0 4 B C Weld_En
(mm) (mm) (mm) (degree) (degree) (degree) (degree) (degree)
1 50.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 On
1 49.8 -3.6 0.0 -3.085  -0.447 0.0 0.0 0.0 On
n -37.2 0.0 80.32 0.0 0.0 0.0 0.0 0.0 Off

Table 15 Material and process parameters for the experiment in multi-axis deposition

Process parameter Value
Material AlSi5
Wire diameter (mm) 1.2
Shielding gas 100% Ar
Flow rate (L/min) 18
Travel speed (mm/min) 600
Wire feed rate (mm/min) 2200
Stick-out length (mm) 12

Fig. 59 Building overhanging features: (a) building the bottom; (b) building the cylinder; (c) building
the handles; (d) finished part

Table 15 presents the material and process parameters for the case study. The part was deposited

on an aluminum substrate (80x160 mm?) with a thickness of 2.0 mm. The robot user frame was

set at the center point of the substrate with the tick-out length of 12 mm. Initially, the wire feed

rate was set to 4.6 m/min for the first layer and the substrate was at room temperature making

the welding energy higher than normal. Fig. 59 presents the manufactured steps of the case

study. The bottom of the part was built by following a spiral pattern, and the cylinder was
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manufactured by following contour pattern with a layer thickness of 1.1 mm. The two
overhanging features were deposited by moving the positioner to maintain the neutral welding

position.
5.6. Summary of chapter findings

This chapter introduced a tool path strategy to generate CAM programs for WAAM multi-axis
deposition. The proposed strategy was developed in Grasshopper/Rhinoceros and MATLAB.
Due to the nature of the WAAM process, support materials and scaffold structures were
inapplicable for the fabrication of overhanging and inclined features. To overcome this limit, a
multi-axis deposition strategy was developed on the robot-based WAAM system that consisted
of a six-axis robot arm equipped with the CMT welder. The substrate was mounted onto the
positioner. Each overhanging or inclined feature should be deposited with a distinct direction;
hence, the decomposition algorithm has been proposed to detect overhanging features. New
coordinates of control points, positioner’s angles, and torch’s orientation were calculated to
maintain the neutral welding position for each subpart. In addition, homogeneous matrices
between the robot arm and the positioner were established then used to convert the relative
position of control points between these groups. This theory has been validated by the
construction of an overhanging feature. For small overhangs, such as the cylinder, the part is
executed on a three-axis planar deposition. For large overhangs, such as the handles, the
positioner tilts/rotates to a certain angle to ensure a neutral welding position. The multi-axis
deposition strategy provides another choice to manufacture overhanging features while

reducing processing time, material waste, and small production batch sizes.
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6. Tool path generation for curved thin-walled structures with shrinkage
compensation

6.1. Chapter introduction

This chapter further extends the application of the multi-axis deposition through a novel method
of producing curved thin-walled hollow structures by WAAM. With shapes including bent
pipes and pipe elbows, these structures can be used as fittings, lightweight space frames in
vehicle, machine structures, and construction engineering. Bent hollow profiles are typically
produced by metal forming processes such as press bending [180], rotary draw bending [181],
three-roll push bending [182], and induction bending [183]. These forming processes require
tooling and appropriate semi-finished products produced by extrusion, shape rolling or roll-
forming [184, 185]. Complicated profile cross sections cannot be produced due to wrinkling
and fracture. Although casting can deal with these kinds of shapes, the process of doing so
requires substantial lead time to ensure the complete filling of the mold and to achieve a defect-
free solidification. Limited castability of thin-walled sections restrict the range of geometries

that can be produced.

A new manufacturing process using WAAM can produce complex bent hollow structures.
These structures can be manufactured by welding non-uniform layers, meaning the travel speed
is manipulated to change the melting volume. A slow travel speed causes more injected material
and vice versa. To realize this, curved hollow structures were deposited with multi-axis
deposition using the FANUC robot system with a GMAW welder from Fronius. The tool path
was generated by slicing the CAD model along the curved profile. The slicing plane was
perpendicular to the central axis, producing non-uniform slices. Material shrinkage and
distortion are common issues in GMAW processes. A novel compensation algorithm was

developed to ensure geometric accuracy.

The next section of this chapter will present the geometries used to examine and validate the
proposed method. Section 6.3 introduces WAAM process with multi-axis deposition and non-
uniform layers. The subsequent section will cover evaluation methods used for welding defects
and geometric accuracy are presented. Section 6.5 details an offline compensation approach
based on experimental data to compensate for material shrinkage and distortion. Experimental
results for the developed methods are presented in section 6.6. The following section discuses
about the combination of multi-axis deposition and non-uniform layers as well as a
compensation strategy. The final section concludes findings, achievements, and the novelty of
the proposed strategy.
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6.2. Examined geometries

The proposed algorithm was examined through four curved thin-walled hollow structures, as
shown in Fig. 60. The test geometries were designed with different dimensions and geometries.
For example, Part [ is a bent pipe with a uniform circular cross section of 100 mm diameter and
a bending radius of 150 mm. Part II is an irregular circular cross-section and a bending radius
of ~314 mm while part III is a combination of a rounded-square section and a bent tube. Part
IV has a hexagonal cross section with the curvature of 250 mm. The algorithm will be described

using the bent tube of part I.

Part |

Part lll

E-E (2:1)

Fig. 60 A nominal model and technical drawing of examined structures

6.3. Multi-axis deposition with layers of non-uniform thickness

6.3.1.Tool path generation by means of the adaptive slicing algorithm of CAD
geometry
Since the geometries presented in Fig. 60 are overhanging features, the slicing plane should
follow the skeleton of CAD models to get cross sections, using N to denote the normal vector

of the slicing plane. Based on the local geometry, the slicing plane was adapted so that it was
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perpendicular to the axis of the profile as slicing proceeded along the geometry. The working
principle of the adaptive slicing algorithm is illustrated in Fig. 61. The initial normal vector is
equal to the unit vector of the z-axis. I; denoted the area centroid of a cross section and G is a
point defined by moving /; at a distance of 4’ along the normal vector, so G = I; + h'. N. The
slicing plane is transformed with its normal vector at a distance of I,G. The slicing process ends
when there is an intersection in the CAD model. Otherwise, the cross section creates an area
centroid denoted as /.. The slicing plane is transformed to be perpendicular to /i/;+; at I;+;. The
next cross section is created by repeating this procedure. At the end of the slicing process, the

layers are of irregular thicknesses.

(a) (b)

| Initiate a slicing plane with normal vector N |

»
»

| Intersect the slicing plane and CAD model | — Step 1

v

| 1; is the area centroid of the cross section |

v

Move the slicing plane a distance of I;G —» Step 2

v

Intersect the slicing plane and CAD model |

Cross
section

Step 1

— Step 3
yes
1;.; is the area centroid of the new cross section | _
| Transform the slicing plane to be perpendicular | Step 4
Step 3 Step 4 to jlj4q at [,

Fig. 61 The procedure of adaptive slicing algorithm: (a) schematic and (b) flowchart

It is important to note that the dimension of the non-uniform layer is limited by the nature of
welding process. The bead height was reported to be in the range of from 1.0 - 2.0 mm [39].
Any layers beyond this range are not able to be deposited. The displacement distance (I,G) is
consequently adjusted. When the minimum slicing thickness is smaller than the feasible
minimum weld bead height, the scaling factor 4’ is scaled up. Contrarily, the scaling factor is
scaled down when the maximum slicing thickness exceeds the maximum weld bead height, as

described above in Fig. 56.
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(a) (b)

Cross section

(3:1)

Fig. 62 A representation of the creation of 3D slices: (a) cross section and (b) 1% 3D slice

Start/End  Weld direction

End portion Start portion

Base material

Fig. 63 A schematic of the start and end portion in a closed weld pass

Fig. 62 shows the typical non-uniform layers that result from the adaptive slicing process. These
cross sections act as basic tool paths to deposit the structure, but the deposition process is
discontinuous. As aforementioned, uneven weld beads are inevitable in a GMAW process when
the number of welding passes increases. Defects can occur at the start and end portion of each
layer, as illustrated in Fig. 63. The process is disrupted after finishing a layer and imperfections

may occur. A simple strategy to overcome this problem is to establish a continuous path from

the basis cross sections, which can enhance the productivity and product quality.

To evaluate the feasibility of the adaptive slicing algorithm with experimental results, four test

geometries were manufactured. The setting minimum and maximum layer height are reported

in Table 16.

Table 16 The maximum and minimum layer thickness for slicing the curved thin-walled models

Part hmux hmin

| 2.0 1.0
I 1.7 1.1
I 1.4 1.1
v 1.6 1.1
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6.3.2.Deposition of a non-uniform thickness layer

The distance between consecutive cross sections is not uniform, requiring full control over the
amount of deposited material following changes in desired thicknesses. To realize this aim, a
precise model should be established for the influence of the process parameters on the weld
bead geometry. This section presents a procedure to construct the corresponding relationships

between process parameters and weld bead geometry.
6.3.2.1.The relationship between weld bead geometry and travel speed

Weld bead geometry is controlled locally within a layer to create non-uniform layers. The
dimensions of the weld depend primarily on welding parameters such as power, the wire-feed
rate, shielding gas composition, and travel speed [39]. In fact, there are many factors which can

be adjusted.

In the CMT process, the welding power and wire-feed rate follow the synergic line, hence the
welding power is automatically manipulated according to the wire-feed rate. Moreover, a minor
adjustment of the shielding gas composition can have a great, complicated impact on weld bead
geometry [186] and mechanical properties, thus the shielding gas composition is unchanged
during processing. There are mainly two controllable parameters: the travel speed (v;) and the
wire-feed rate (vv). To simplify the model, only one parameter is manipulated, and the other is
kept unchanged. Due to the fact that the travel speed has a greater effect on the weld bead
geometry than the wire-feed rate [111], the travel speed was selected as the control factor. The
geometry of a weld seam can be represented as its height (%) and width (w), but they cannot be
controlled independently as only one dimension can be controlled at a time. To produce bent
hollow structures, the height must be controlled, and the width of the deposited weld bead

achieved accordingly.

To establish the prediction model, a function for the relation between the travel speed and the
bead height is needed, as shown in Eq. (6.1). This work applies the interpolation proposed by
Kosaki [187], an estimation method is used to obtain new data points within the range of a

discrete set of known data points. An algebraic equation is constructed from known data points.

ve =f(h) (6.1)

To collect a set of discrete data points, single-bead walls were deposited with 20 layers in
various travel speeds. The wire-feed rate was 3200 mm/min for all experiments. The travel

speed varied in steps of 50 mm/min in the range of 100 mm/min to 1000 mm/min. The idle time
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between two adjacent layers was 10 s and the welding direction alternated with every layer.
The dimensions of the weld bead were obtained by means of a digital caliper at three positions
(Fig. 72): 10.0 mm, 50.0 mm, and 90.0 mm. The measurements were carried out at room

temperature.

Regarding to Eq. (6.1), a continuous function f{4) was computed by a non-linear least squares
regression [188]. To evaluate how well the function fits to the sample data, the R* (coefficient
of determination) was determined. A perfect fit was indicated by going through all points and
yielding the R? value of 1.0. In other words, the closer the R? value was to 1.0, the more accurate

the interpolation was.

As mentioned above, the wall thickness cannot be controlled directly though the design requires
a certain wall thickness. This condition must be considered in the deposition process to ascertain
a suitable width. Consequently, a relationship between bead height (%) and bead width (w) was
required, as expressed in Eq. (6.2).

w = f(h) (6.2)

The test geometries shell models and the wall thickness are not indicated. Deriving from the

relationship in Eq. (6.2), CAD models with thickness information can be constructed.

(a) (b)
Slicing
plane

\ —— Nominal section
— Inner section

— Quter section

Fig. 64 The construction of inner and outer shells: (a) nominal CAD model; (b) a cross section
between the slicing plane and the shell model

Fig. 64 shows a schematic the construction of a volume CAD model from a shell model. Each
section of an irregular layer was obtained based on a 3D layer containing height information.
The relative distance between the two adjacent layers was calculated and expressed as the weld
bead height. The distance resolution between two control points was 2.0 mm. Further details

will be described in section 6.3.3. Based on the height information, the bead width at each
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control point was obtained from Eq. (6.2). Control points of inner and outer sections were
computed by shifting the nominal control points to half of the predicted width. The point
shifting operations occurred on the slicing plane with the direction set perpendicularly to the

nominal section at each control point.
6.3.2.2.The correlation between the tube curvature and diameter

In the proposed approach, a metal part is deposited from a sequence of layers containing a
thickness variation. The deviation of this variation depends on the degree of curvature. For
example, a larger difference between the maximum and minimum thickness in a layer results
in more curvature or a smaller diameter. With a bead height in the range of 1-2 mm [39], the
curvature (Ruin) and the diameter (d) are dependable. Fig. 65 shows a 3D slice from the bent

tube. The achievable degree of curvature can be calculated as:

(a — hmin

R
{ hmjzx (6.3)
\* = R,

Fig. 65 Representation of a 3D slice on a bent tube

where /Amin and hmqx are the arc length, /i, and Ayq. are small segments of a curved line, so that
they are supposed to be straight lines. R; and R are the inner and outer radii, and « is the angle
representing the curvature of the profile. Let denote 4 = Ama/hmin. Since the height varies from

1-2 mm, 4 is equal to 0.5. The limit curvature radius of the section can be obtained as follows:

Ry = 1.5d (6.4)
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6.3.3.Multi-axis programming of the welding robot
A tool path is defined by the control points which guide the welding torch to perform a specific
motion. To do so, the tool path must transform into robot program. Fig. 66 indicates a flowchart
that demonstrates the sequence from CAD to a metal part. This section presents the procedure
of extracting points information and the composition of multi-axis programs for FANUC robot.

Slice CAD | .| Tool path Multl-a)qs N
model " generation programming Deposition

(CNC program)

A 4

A 4

Fig. 66 Process procedure for a metal part

A multi-axis program for the robot system was needed with the aim of maintaining the neutral
deposition position. The trajectory of the robot system was controlled through the information
extracted from non-uniform thickness layers. Each layer was described by three attributes:
control points defining the path, the normal vector of each point, and the relative distance to the
previous cross section, as indicated in Fig. 67. When n control points were within a cross
section, there were n-1 segments, and adjacent segments yielded a slight height variation. In
other words, a 3D layer is a collection of individual segments with height variation. The
deposition process manipulated the travel speed to achieve the design dimensions, which is
reported in section 6.3.2.1. Each segment is short at only 2 mm, allowing for a continuous

manufacturing process without breaks between adjacent segments.

Current slice
Normal

vector

Control
points

7 4 R
E‘ Previous slice

Fig. 67 Data acquisition from a 3D slice

Table 17 The raw data for robot program generation

Layer . . Weld
index X Y Z Roll Pitch Yaw Height Enable

1 -5000 00 10 00 00 200 TRUE
1 48 -36 00 1.0 00 0.0 1.95 TRUE

n 32 00 83 09 0.0 034 1.8 FALSE

Table 17 reports a data matrix for the robot program generation in the robot user frame. X, 7,
and Z are coordinates of control points in the Cartesian coordinate system that define the
coordinates of the tool center point (TCP). Roll, Pitch, and Yaw are Euler angles defined by the
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orientation of the normal vector. Height constitutes the layer thickness of individual points. The
last column is a Boolean variable, which describes the welding function. A script was developed
in MATLAB to process the data from Table 17. Details can be seen in section 5.3. The outcomes
of this script are ultimately the new coordinates of the TCP, the angles of the positioner (6, and

6.), the orientation of the gun (4, B, C), and the desired travel speed (v;),
6.4. Macrostructure and dimensional accuracy of the welded hollow sections
6.4.1.Bonding quality and waviness (destructive test)

This section presents a destructive test to investigate the quality of a welded structure. Fig. 68
illustrates a schematic of the three specimens that were extracted to examine the macrostructure,
i.e., waviness, bonding quality, and defects. The specimens were grounded with grade P4000
sandpaper and polished 3.0 um paste. Nitric acid with a 3% solution was applied on the polished
surfaces for 40 sec. Macrographs were taken by means of a Leica DFC290 stereomicroscope
and a DF C209 HD camera at a magnification of X0.65. The waviness (W;) was calculated as

the greatest difference of amplitudes, according to the DIN EN ISO 4287 standards.

Fig. 68 A schematic of the CAD intersection with three extracted specimens

6.4.2.Geometric accuracy (non-destructive test)
6.4.2.1.Surface deviation between actual geometries and target geometries

Although CMT technology can reduce the thermal energy to the weld pool, metal parts still
yield non-uniform thermal expansion and contraction. This leads to shrinkage and distortion in
the bent hollow structures. To evaluate the accuracy of metal parts, the 3D scanner ATOS 5
from GOM GmbH was used to digitize the part surfaces in a scanning process that took place
at room temperature (21°C). Metal parts were stored at ambient temperature for one day before
being digitized. The digitized model and the CAD model were aligned, based on the origin of
the CAD model. The surface deviation was evaluated in the GOM Inspect software. Besides
the surface deviation, the deviation of the central axis and cross sections at three positions were
also investigated. For instance, the central axis of the digitized model was obtained by applying
the adaptive slicing algorithm that was reported in section 6.3.1. As presented in Fig. 69, the
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slicing plane intersected with both models at three positions: the bottom, middle, and top, to get

Cross sections.

Central axis

Shell model

Cutting plane

Middle

' Bottom

Fig. 69 A representation of three cutting planes at three positions

6.4.2.2.0vality of welded hollow sections

With non-uniform thickness deposition, the cross-section profile of metal parts becomes an oval
instead of a circle. The ovality is computed to find the conformity of the oval-shaped profile,
which is deformed and distorted during solidification and cooling. This criterion was performed
on geometries with circular cross sections at the top sections (Fig. 69). The TT-WN 010

standard for hollow bent tubes was used and the ovality is calculated via Eq. (6.5)

V= 2Oo(dmax - dmin)
dmax + dmin

(6.5)

OV is the percentage of ovality, and duu and dpin are the maximum and minimum measured

diameters, respectively. The accepted tolerance for the examined dimensions is 12.5% [189].
6.4.2.3 Reproducibility of metal parts

Due to the complexity of thermal expansion and contraction, metal parts might yield significant
deviation. When this happens, it is not possible to design an offline correction for shrinkage
and distortion. Examining reproducibility of this process makes the offline correction possible.
To examine this condition, the reproducibility was investigated in part I from the test geometries
with three metal parts produced using the same process parameters. The first part plays as a
reference for the others. Three points on the central axis were selected to evaluate

reproducibility. The positions of these three points are reported in Fig. 69.
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6.5. Off-line compensation approach for material shrinkage and distortion
6.5.1.The evolution of part geometry

This section focuses on an experiment that had been implemented to gain insight into the
evolution of temperature distribution and the geometry of a part during processing. An infrared
camera from InfraTec GmbH with a resolution of 1024x768 was applied to capture the thermal
gradient. Fig. 70 illustrates the experimental setup. The workpiece was captured from the side
view on the y-z plane. A scale unit was established in order to obtain images at actual
dimensions without image distortion. A plate was placed at the middle of the substrate and was
used as a reference frame for the image correction. This reference plate was removed before
starting the deposition process. The camera position and the positioner were left unchanged
when taking the thermal gradient. The part was split into six subparts; after finishing each
subpart, the positioner was returned to its original position, and a temperature gradient was

captured. The idle time was about 2 minutes between subparts.

Based on the existing work from the Ref. [190], a MATLARB script was developed to correct
the image distortion and detect the edges of the metal part. Four corners of the reference plate
were selected as the reference points to establish a transformation matrix. Since the dimensions
of the plate were identified as 248 X248 mm, the outer contour of the part could be represented

to actual scale.

Shell model
Substrate

Fig. 70 A schematic of the infrared camera set-up with a reference plate

108



6.5.2.Compensation strategy

This section presents an experimental method to compensate for the shrinkage and distortion
of deposited parts. The main idea is that the residual stresses form a bending moment, which
jeopardizes the actual central axis. It is assumed that the right actual central axis can be obtained
by applying a virtual bending moment to the original CAD geometry. It is challenging that the
bending moment is unknown in advance. To determine this moment, the geometry after
deposition with shrinkage and deformation data should be available, which can be achieved by
a numerical method or an experimental method. The performance of the finite element model
is not effective [191]. Thereby, it would be faster and more accurate with the experimental
method. In this work, the tool path for the metal part is generated based on the original CAD
model. After being deposited, the metal part is digitized. The virtual bending moment can be
obtained, and an inverse bending moment is applied to the CAD model, as shown in Fig. 71.
Differing from the casting process, the WAAM process deposits each layer, and the
deformation of each deposited layer has an implication on the global deformation and distortion.

Thereby, the approach is that the correction strategy is applied on each layer locally.

A Target cross section
= = Actual cross section

= Compensated cross section

S

Fig. 71 Representation of distortion caused by the virtual bending moment

During the welding process, the bending moment changes along the part, which distorts the
central axis locally, for instance, the curvature radius varies from R to R’. Thereby, the local
correction is implemented on the way that bending the central axis to the opposite direction,
which creates a new curvature radius (R*). To realize this approach, each layer is shifted to the
new curvature radius and a cross section, which has the nominal radius 7, denoted as a layer in

the tool path planning process. After the deposition process, the cross section is shrunk to a
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smaller radius than the nominal one (»” < r). For each reference point (i), the actual profile is
obtained, which has 7; = i’ + §;, where s; is the deviation information measured at i. The
distance between two reference points is 2 mm. For the correction strategy, a new cross section
is computed when the deviation data is taken into account. In particular, the new profile is

calculated in the way that 7;* = r; - §;.

The proposed approach might need to iterate until converging to the target geometry. For
instance, the iteration of constructing a metal part, digitizing the surface, and tool path
correction is repeated until the actual geometry meets the tolerance requirements. The critical
points here are that whether the proposed algorithm is feasible and how fast it converges. To
answer this research question, part I, which owns the thickest layer thickness, plays as
termination condition. For instance, whenever the surface deviation is within the maximum

waviness, the correction method converges, and no further iteration is implemented.
6.6. Experimental results of tool path generation for curved thin-walled structures

6.6.1.Relationship between weld bead geometry and travel speed, and computed CAD

model

Fig. 72 shows a typical wall welded with a travel speed of 500 mm/min. Weld bead geometries
with varying travel speeds are reported in Table 18. The value is the average of three positions.
When the welding torch moves too slowly, e.g., 100 mm/min, the straight wall yields a wavy
shape. On the other hand, higher travel speeds of around 950 mm/min or faster create humps
thereby restricting the deposition process. Therefore, valid travel speeds range from 150 to 900

mm/min.

Fig. 72 A deposited wall with the travel speed of 500 mm/min

Fig. 73 illustrates the data points of the weld bead height and travel speed. A reciprocal function
exists between the quantities of the weld bead height and width.

The curve of the dashed line goes through almost all data points and the goodness-of-fit R> =
0.9923. The travel speed is computed as a function of the desired weld bead height below:
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vy = 686.4h7%9%° mm/min; h c [1.0,2.0] (6.6)

The equation representing weld bead width as a function of bead height is expressed via Eq.

(6.7). The R*-value of the interpolation is equal to 0.9886.

w = 1.5093h* — 8.8702h° + 18.132h? — 11.823h + 4.3077; h < [1.0,2.0] (6.7)

h is a dimensionless parameter and h = A/h*, h = [1.0, 2.0] mm and #* = 1 mm.

With the computed weld bead width, the inner and outer surface of the bent hollow structure

can be constructed, as illustrated in Fig. 74.

Based on the experimental results, the relationship between the travel speed and the weld bead
geometry is established. The data can be collected with the effort of a mere half day’s work.
With different process parameters (e.g., material, wire-feed rate, and shielding gas), can denote
a different relationship between the travel speed and the weld bead geometry, requiring the
experiments be repeated. The range of weldable bead height is limited, helping establish a

design rule that shows a feasible curvature to the diameter.
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h (bead height) Unit: mm

Fig. 73 A scatter chart and interpolation function between travel speed and bead height (dash line) and
between bead width and bead height (continuous line)

111



(b) © =

N

—— Nominal section
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Fig. 74 Construction of a CAD model: (a) computed CAD model with inner and outer shells; (b) top
view of the computed CAD model;
(c) intersection of the cutting plane (A-A) and the computed CAD model

Table 18 Average height and width of a weld bead

Control input Corresponding weld bead

No. vy h w

(mm/min) (mm) (mm)
1 100 2.723 8.001
2 150 2.102 6.673
3 200 1.792 5.723
4 250 1.601 5.573
5 300 1.454 4.923
6 300 1.342 4.717
7 400 1.300 4.320
8 450 1.240 4.087
9 500 1.221 3.910
10 550 1.106 3.587
11 600 1.006 3.507
12 650 1.008 3.350
13 700 0.967 3.220
14 750 0.950 3.093
15 800 0.926 2.933
16 850 0.900 2.830
17 900 0.882 2.707
18 950 -- --
19 1000 -- --

6.6.2.Tool path generation and deposition performance

Fig. 75 indicates the WAAM deposition process for part I. The positioner initially starts in a
horizontal position. After each layer, the positioner is gradually manipulated to maintain the

neutral deposition position.

Fig. 76 and Fig. 77 compare tool paths and metal parts for discontinuous and continuous
deposition strategies in part I. There are 170 cross sections in the discontinuous tool path, which
act as basic tool path for each layer. The idle time between layers was about 3.0 seconds for the

movement of the positioner. The metal part yielded imperfections at layer endpoints due to the
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uneven weld bead phenomenon. Moreover, slag could occur on the solidified weld pool,
creating an isolation layer for the electric arc in the next weld beads. The welding process was
interrupted, calling for human intervention. The processing time was about 128 minutes without

mean time between failures.

Contrarily, the continuous tool path yielded only one weld pass for the entire manufacturing
process. This strategy avoided uneven weld beads. The positioner and the robot arm coordinated
simultaneously during the process. The processing time decreased by 8.5 minutes, as compared
with the other tool path. More benefits were also revealed, such as better surface quality, higher

reliability, and a reduction of processing time.

0 Time 128 min.

Fig. 75 A deposition process with WAAM

\
\

X . R X W irecti
Substrate Start/End poin Substrats , Weld QIrectlon
Start point

Fig. 76 An illustration of the tool paths: (a) discontinuous; (b) continuous spiral path
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Fig. 77 Comparison of metal parts from two tool path strategies in part I: (a) discontinuous; (b)
continuous; (c) side view

Part ITT Part IV

Fig. 78 Tool path and metal part. Only every fifth layer is displayed

The four test geometries, their tool paths and corresponding metal parts are illustrated in Fig.
78. For the sake of better visualization, the number of cross sections is decreased so that only
every fifth layer is depicted. All metal parts are deposited properly without any interruptions or

failure by following a continuous tool path strategy.
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6.6.3.Evaluation of the macrostructure and dimensional accuracy of welded hollow

sections
6.6.3.1.Macrographs and the waviness of curved thin-walled structures

The macrographs are illustrated in Fig. 79, where one can see that the macrographs reveal no
defects nor any other imperfections such as cracks, humps, or uneven weld beads. A significant
difference regarding the geometrical dimensions can be seen. For instance, the width and height
of one layer rises from about 1.0 mm to 1.8 mm in specimen A, and from around 3.2 mm to 6.0
mm in specimen C. Proper fusion bonding between adjacent layers can generally be observed

in all specimens along with a surface waviness of about 0.1 to 0.3 mm.

(c) X
. 1.49 mm

Fig. 79 The macrostructure of the metal part: (a) intersection (grey due to sand blasting); (b) specimen
A; (c) specimen B; (d) specimen C

To verify the Eq. (6.7), which presents the relationship of bead height and bead width, the
deviation between the measured and predicted bead width is reported in Table 19. It confirms

that the deviation error is less than 3.4%.

Fig. 80 illustrates the schematic used to measure the waviness along the actual intersection

profile (green curve) of part I. As can be seen, the waviness fluctuates, and limits to 1.22 mm.

Table 19 Validation results for the relationship of bead height and bead width

Measured bead height Measured bead width Predicted bead width Error

(mm) (mm) (mm) (%)
1.01 3.18 3.29 34
1.49 4.95 5.04 1.8

1.84 6.05 5.98 1.2
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Fig. 80 Waviness along actual profile

6.6.3.2.Geometric accuracy between actual geometries and target geometries
6.6.3.2.1.Surface deviation between actual geometries and target geometries

The alignment of the CAD and the digitized models are illustrated in Fig. 81. Only outer
surfaces could be captured and analyzed due to the measurement principle. The outer surfaces

were constructed from shell models using the procedure reported above.

Fig. 88 reports the surface deviation between the computed CAD model and the actual part. In
general, all metal parts yield deformation and distortion, a problem far more significant in larger
parts. The surface deviation ranges from about -6.0 to +3.3 mm for part I, from -4.0 to +1.2 mm
for part II, from -7.0 to +9.0 mm for part III, and from -6.0 to +3.0 mm for part IV. From the

origin, the deviation is minor, and becomes larger towards the growth direction.

The equation representing travel speed as a function of bead height already includes shrinkage
information and noise when the data is measured at room temperature. Therefore, the metal
hollow structures do not assume to yield any deformation and distortion since printed parts
compensate for the material shrinkage. However, the metal parts reveal a great difference to the
target geometry. This means that the shrinkage rate depends on the heat transfer coefficient,
which relates to the surrounding environment, shape, and geometry of a part. Straight walls

cannot represent the thermal behavior of bent hollow structures.

Each deposited layer was performed on a hot surface along with its preceding layers, which
were also not at room temperature. Due to the accumulated heat input, areas close to the current
layer yielded higher temperatures. The current layer was placed on an inaccurate position when

existing layers were later being shrunken. During cooling, the former layers pulled the later
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ones, leading to a domino-like distortion effect. Therefore, metal parts yielded more deviation

along the built direction.
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Fig. 82 A schematic of the target and actual central axis (a) and deviation along the central axis (b)

Moreover, thicker areas yielded greater deviations. Since the welding torch moved slowly to
deposit more volume, the thicker portions received more thermal energy than the thinner ones.
The rounded-rectangle section and hexagon had different levels of thermal expansion and
material contraction. Therefore, part I1I, which is a combination of both a rounded-rectangle
and a circular cross section, reveals the most significant distortion by about 9.0 mm. Parts that

have a circular cross section experienced less deformation and distortion than the other
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geometries in the experiment. From the central axis, the distortion occurs mainly in the x-z

plane.
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Fig. 83 Cross-section deviation between the computed CAD model and the actual part at three

intersections

Fig. 82 indicates the deviation of the actual central axis to the target. For parts I, 11, and IV, the

deviation is below 3 mm while part III experiences a much greater value (about 6.6 mm). The

deviations tend to increase along the growth direction until they reached the maximum. Cross-

section deviations tend to rise along the build direction, as can be seen in Fig. 83. Within a cross

section, thicker portions (left-hand side) yield more deviation than thinner ones (right-hand

side).
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6.6.3.2.2.0vality of welded hollow sections

The ovality is reported in Table 20. This criterion cannot be applied for the part with a
hexagonal cross section. As can be seen, the ovality is much lower than the set allowance of

12.5%. Therefore, the metal parts are acceptable only in terms of ovality.

Table 20 The ovality of welded hollow sections

Measurement Calculation
Part dmax dmin or
(mm) (mm) (%)
| 103.33 101.682 1.6
II 53.792 52.513 2.4
111 102.71 100.93 1.75

v - - -

6.6.3.2.3.Reproducibility of metal parts
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Fig. 84 A box plot for the repeatability at three positions on the central axis

Fig. 84 shows the plot for reproducibility at three positions. As reported in section 6.6.3.2.1,
the WAAM process yielded inaccurate geometry due to distortions and waviness, but proved
to have good repeatability when the deviation limited to 0.2 mm. Therefore, the production of
bent hollow structures is stable, as with the same process conditions though the variance of the
obtained geometry is smaller than the waviness. It is worth implementing a compensation

strategy for inaccurate geometries, based on experimental results.
6.6.4.Compensation of shrinkage and distortion for curved thin-walled structures
6.6.4.1.1.Evolution of part geometry during welding

The temperature gradient for six stages during welding is presented in Fig. 85. Using thermal
imaging, evolution of part’s outer geometry can be observed in-situ. Since a great deal of

thermal energy conducts to the substrate, the first subpart (segment 1) shows a small thermal

119



gradient. The thicker regions yielded higher temperatures due to the larger thermal mass. The

temperature distribution in existing segments tended to be homogenous, while the thermal

gradients took place in the last segment.

a &

>

Fig. 85 Thermal gradient during processing

Fig. 86 illustrates the profile extracted after the metal is deposited and cooled down to room
temperature, along with the central axis for these two states. The last deposited segment, which
has a significant thermal gradient, deformed upon cooling. The deviation yielded significantly
at the past segment when the temperature dropped from about 430°C to room temperature, to

about 5.5 mm.

Fig. 87 shows the deviation variation of the central axis through six points after depositing each
subpart. The deviation was computed between room temperature and high temperatures. There
is only one subpart (segment 1) at stage 1, which means there was only one reference point at
this stage (P1). The deviation was calculated based on the position of P; at room temperature
and high temperatures. In the next stage, two subparts were deposited, and the deviation
computed at point P> as well as at the previous reference point. The procedure continued until
the metal part was completed. As can be seen, the position of the reference points changed

during the process, yielding an upward trend.
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Fig. 87 A schematic of the central axis with 6 reference points (a) and deviation during the process (b)

6.6.4.1.2.Compensation strategy

Fig. 88 compares the surface deviation of geometries manufactured with and without a
geometric correction. Without applying a compensation strategy, the deviations are significant
in all four test cases. These inaccurate parts are used as the input data for the improvement of
the tool path. In the first iteration of the compensation algorithm, all four parts reveal a much
lower deviation than in the previous ones. The maximum value is less than 1.2 mm, which is
smaller than the termination condition of 1.22 mm. Therefore, the correction process terminated

after the first iteration.
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Fig. 89 illustrates the deviation of the four parts from the central axis with and without a
correction strategy. The deviation dropped significantly, in fact below 1.1 mm, for all test

geometries.

The cross-section deviation of the CAD model and the actual geometry is illustrated in Fig. 90.
By applying the correction algorithm, the actual cross sections ended up being close to the

targets for all geometries with a maximum deviation of 1.2 mm, which is slightly lower than

the tolerance of 1.22 mm.
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Fig. 90 An intersectional comparison of the three positions for actual and target geometry with the
correction strategy

6.7. Discussion of the developed tool path generation and the compensation strategy
6.7.1.Discussion of the continuous deposition strategy and variable wall thickness

Although the multi-axis deposition strategy has been proposed in the past [114, 116, 118], none
of the previous strategies can produce curved thin-walled hollow structures. In general,
overhanging parts are achieved by welding straight printed profiles on an existing part. The
proposed algorithm adopts different approaches to the problem. A combination of weld bead
geometry control and a multi-axis deposition strategy realizes non-uniform thickness layers.

Consequently, curved thin-walled hollow structures can be manufactured by WAAM process.
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Unlike the existing method [111], complex functional profiles can be produced without milling

operations.

Another method of constructing curved thin-walled hollow structures is to weld “incomplete”
layers to make the desired curvature, as presented in Fig. 91. This strategy uses unchanged
process parameters to generate a constant weld bead geometry. As it is not restricted by height
variation, this approach also allows for a larger variety of section curvatures and can be applied
to laser powder deposition processes wherein the layer thickness is relatively thin (0.2-1.0 mm)
[192]. However, this method is inapplicable in WAAM processes due to its low geometrical
resolution (1-2 mm) as well as its ‘open’ weld beads that result in a staircase effect, which may

restrict the deposition of subsequent layers.

Substrate

Fig. 91 Incomplete layer deposition

For fluid transportation applications, rough surfaces can make the WAAM process
impracticable. This issue can be resolved by a hybrid method in which milling operations are

performed in-situ after depositing a few layers.
6.7.2.Discussion of the compensation strategy

The compensation strategy contains two aspects: the compensation of shrinkage due to material
contraction and the distortion of the profile due to residual stresses. Supposing that thermal
distribution is uniform, all deposited areas hold a specific temperature. The compensation of
shrinkage could be achieved based on the coefficient of expansion. However, a thermal gradient
is also created. The former layers yielded a low temperature while the current layer yielded a
much higher temperature than its surrounding areas. Thicker portions would therefore produce
more heat energy than thinner portions within a layer, making the estimation and compensation
of the shrinkage amount unrealistic. Distortion of the central axis is similarly difficult to
calculate. Several finite element models of the WAAM process were put forward, including
heat source modeling, material deposition modeling and material properties [193, 194].

Numerical models were constructed to predict thermal distribution during the manufacturing
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process while considering heat loss through radiation, conduction, and convection. The material
shrinkage, deformation and residual stresses could be estimated, and a compensated geometry
could be performed. However, the simulation approach reveals many drawbacks. The set-up
and execution of a simulation model is time-consuming and so existing studies proposed
numerical models just for simplified shapes and geometries. Consequently, it is difficult to

realize the predictions of shrinkage and distortion for complex parts.

This chapter presents a method to compensate for both for shrinkage and distortion from
experimental information. Firstly, a metal part is manufactured to obtain geometric errors, a
process that takes around 2-3 hours for the parts considered in this work, considerably less time
than the computation time of a finite element simulation. Geometric accuracy is ensured with a
single iteration. The deviation of the actual and target cross sections of the metal part can be
used to estimate cross sections, which tend to shrink to the desired size. Many improvements
can be achieved in future research. Shapes should be manufactured that might yield a larger
distortion so as to test the convergence of the proposed algorithm method. The compensation
process probably needs more than one iteration. Simulation methods would be an interesting

approach to estimate a compensation without scarifying a metal part.
6.8. Summary of chapter findings

A new tool path generation tool has been developed in Rhinoceros/Grasshopper and MATLAB
to produce curved thin-walled hollow structures by means of wire-arc additive manufacturing

processes. Some main points can be drawn below:

e Curved hollow structures can be produced by using a multi-axis deposition with non-
uniform thickness layers.

e Non-uniform thickness layers can be realized by manipulating the travel speed to obtain a
desired weld bead height.

e The minimum curvature radius of the structure corresponds to 1.5 times the diameter of the
cross section. This corresponds exactly to long-radius pipes, which is common in piping.

e A neutral welding position should be maintained to reduce the noises of gravity, which
requires the use of a positioner.

e The WAAM process for complex geometries is repeatable and can be applied to a
compensation strategy for shrinkage and distortion.

e Shrinkage can be compensated for by adjusting the cross sections, based on the measured

deviation between the metal part and the CAD geometry. Experimental data has showed
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that the proposed correction can correct the geometric deviations, which are below the

waviness of the surface.
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7. Summary of the main findings and possibilities for future research

This work presented tool path strategies for metal parts produced by a wire-arc additive
manufacturing process. These strategies were based on the current state, development trend,
and potential of WAAM. This monograph includes models for multi-bead deposition, a tool
path strategy for rib-web lightweight structures, a multi-axis deposition strategy, and the
application of the multi-axis deposition for the construction of curved thin-walled hollow

structures. The main findings and outlook for each section are presented below.
¢ Multi-bead overlapping models

For large metal parts, weld beads are welded next to each other, and the cross-section profile of
a single weld bead is presented as a parabolic shape. It is therefore vital that the optimal distance
among adjacent beads is determined, so that deposition surfaces are relatively even. Existing
overlapping models [43, 45] have not addressed the problem of uneven deposition surfaces.
The build rate in the outer contour of the part may lag the build rate within the interior. In other
words, inner beads overlapped with two neighboring beads at a higher overlapping rate than
those at the part’s edge where the deposited beads have only a one-sided overlap. Other groups

of researchers realized this problem and intuitively added an extra bead in every two layers.

This study came up with a systematic approach when balancing overlapping and empty volumes
to determine the optimal distances between adjacent weld beads. Mathematical models for
multi-bead overlapping in boundaries have been developed to compute the overlapping rates.
The results show that distances can be computed from the weld bead width. For example, zigzag
and contour patterns have the optimal overlapping distance of nearly half the bead width, and
the overlapping distance for zigzag patterns is half the bead width. The developed models are
tested on mild steel and perform convincing results. For statistical insights, more materials and

process parameters should be investigated in the future.
+ Fabrication of lightweight structures

Due to the superior features of WAAM, such as a high deposition rate, large working volume,
low buy-to-fly ratio, and no tooling costs, the WAAM process is well-fit for the fabrication of
the lightweight structures, such as rib-web structures. High-performance parts can be
manufactured by adding materials layer-by-layer instead of by forging or subtractive

machining, which yield high tooling costs, buy-to-fly ratios, and material waste.

This study also addressed a tool path strategy for rib-web lightweight structures. The procedure
of generating the tool path is based on two weld beads. More weld beads can be added for
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applications requiring a thicker wall. Contour patterns are suitable for the construction of rib-
web structures and cross sections are offset to ensure the optimal overlapping length between
two adjacent weld beads. To avoid the uneven weld bead phenomenon, the number of weld
passes should ideally be minimized to one. The welding torch turns on and off for transition
lines between contours, increasing the danger of uneven weld beads. This work suggests a
Eulerian path approach, allowing a continuous tool motion for any arbitrary geometry. The
electric arc is on during the position process until the metal part is complete. Thus, the problem
of uneven weld beads can be avoided, and the movement efficiency maximized. In addition to
that, the continuous motion prevents machine errors from slags and surface contamination. The
proposed algorithm yields a deposition rate of over 3.0 kg/h for the selected welding parameters

and WAAM can be a replacement for conventional manufacturing processes.

Although the contour patterns can improve the accuracy of metal parts and mitigate the warpage
problem, these patterns yield voids in junctions. This kind of defect is susceptible for the
mechanical performance of metal parts. Therefore, the geometrical correction strategy was
proposed in order to properly deposit the amount of material required for the junction. For
instance, the turning points are modified to increase the deposition rate. Due to the complex
dependence of material behavior on junction geometry, material, and process parameters, the
geometrical model is not applicable to avoid voids. The optimal path correction would be to
weld the given junction once with the geometrical correction, evaluating the void length, and

updating the correction factor.

Optimization should draw upon this correction strategy in the production of scale, when the
batch size production is sufficient. However, it can be tedious to optimize all junction types
independently when the production experiences a variety of portfolios within a small batch size.
The artificial neural network approach has been applied to develop an adaptive void-filling
strategy as well as to reuse the knowledge for welding arbitrary junction types. The rule-based
relationship between the void length and junction types is established via machine learning that
is based on experimental training data. Generally speaking, the more experimental training data
there is, the more precise the trained network is, but the process of generating this data is
probably costly and time-consuming. The optimal number of training data ensures proper
prediction and minimizes the required amount of training data. The optimal training set has
been determined by gradually reducing the number of training data, resulting in 46 junction
geometries. This optimal training set was used to train a neural network so that it could make

accurate predictions for the 17 validation cases. Sufficient information could be gathered within
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a single day that allows for welding other rib-web structures without defects. It is important to
note that the methodology presented here may not be transferred directly onto other machines,
materials or process parameters, but acts as a guideline or a reference with dedicated

geometries.

Although voids can be compensated, peaks emerge at junction as well. There is a trade-off
between the benefits of void correction and peak development. It is not possible to avoid voids
and peak development at the same time, hence, one should be sacrificed. This method
prioritized the avoidance of voids as a main objective. Despite this, the peak tolerates the

deposition process to a certain height.

For future work, an adaptive correction tool can be further developed when various welding
parameters are considered. Strategies to avoid peaks emerging at junctions should also be
developed. To fully exploit the method, deformation, distortion and residual stresses should be

analyzed and considered in order to optimize the welding and tool path.
¢ Multi-axis deposition approach

The three-axis platform limits the construction of large overhanging or inclined features due to
the properties of the WAAM process, making support material and scaffold structures
inappropriate. The multi-axis deposition strategy is proposed so as to explore the full use of
WAAM. To realize the multi-axis deposition strategy, each overhanging or inclined feature is
deposited with a distinct direction and the growth direction is aligned with the central axis of
each feature. The developed algorithm detects overhanging features and slices them along their
skeleton. The welding position is set to be perpendicular to the slicing plane, which denotes the
normal vector of this slicing plane. To reduce the impact of gravity on an inclined surface, the
FANUC robot-based WAAM system is employed. The WAAM system includes a six-axis
robot arm equipped with the CMT welder, and a substrate that is mounted on a two-axis
positioner. The kinematics of the robot system is established based on the normal vector, which
results in the new position of control points, the positioner’s angles, and the orientation of the
gun. The use of the positioner is preferable whenever feasible to minimize the flow of weld
pool. The suggested algorithm is developed in Rhinoceros/Grasshopper and MATLAB,
resulting in a multi-axis CAM program and is validated by the construction of an overhanging
feature. In small overhangs, such as the cylinder, the metal part is manufactured in a 2D manner,
where the positioner remains at the setting position. For large overhangs, such as the handles,

the positioner and the robot arm coordinate to ensure the neutral welding position.
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«* Fabrication of bent hollow structures

The benefits of the multi-axis deposition strategy are further extended in the fabrication of
curved thin-walled hollow structures, offering another manufacturing method for applications
like structural frames, wiring conduit, and gas and fluid transportation. The new tool path
generation tool was developed in Rhinoceros/Grasshopper and MATLAB and the result shows
that the WAAM process with multi-axis deposition can fabricate bent hollow features. The
slicing plane follows the skeleton of the bent structures by manipulating its orientation from
local geometry. Each slice might result a non-uniform cross section manufactured by adjusting
the travel speed. With a constant wire-feed rate, higher travel speed leads to a smaller and
thinner weld bead and vice versa. The positioner and the robot arm coordinate to reduce the
impact of gravity on weld pool and to maintain the neutral welding position. The tool path is
optimized by using the continuous pattern to avoid uneven weld beads, and the experimental
data reveals that the continuous path yields a better surface quality. In addition, a guideline for
designers and/or users about the correlation between tube curvature and diameter is also

provided.

The feasibility of the developed strategy is validated from the fabrication of four test
geometries, which can be properly manufactured. Furthermore, the performance of metal parts
was evaluated from destructive and non-destructive tests. From the destructive test,
macrographs show that no cracks nor welding imperfections, and a proper bonding among
adjacent layers. Due to irregular material expansion and shrinkage, welded parts usually yielded
high residual stresses, leading to deformation and distortion. The non-destructive test was used
to examine the geometric accuracy of deposited parts. The results revealed that all metal parts
experienced inaccurate geometry and are deformed. To ensure geometric accuracy, it would be
worth implementing a compensation strategy. Due to complex thermal behavior, an offline
method is more suitable than an online one. When repeatability was investigated, it was
determined that the deposition process for complex parts is repeatable, proving the deviation
among metal parts to be minor and the offline compensation strategy to be useful. A run-by-
run method has been developed to compensate for the shrinkage and distortion, based on
experimental information. For all considered geometries, the compensation process converges
in the first iteration. The deviation between the actual parts and CAD models is within the

tolerance, which is defined as surface waviness.
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For future research, a simulation approach to estimate the necessary information to correct the
part can be useful. Metal parts can be ensured geometric accuracy without scarifying a metal

part.
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8.Publications

The following documents have been produced from this monograph:

Decomposition algorithm for tool path planning for wire-arc additive manufacturing.
Journal of Machine Engineering. 2018, Vol.18 (No.1), 96-107. Available from:
10.5604/01.3001.0010.8827.

Multi-bead overlapping models for tool path generation in wire-arc additive
manufacturing processes. Procedia Manufacturing. 2020, 47, 1123-1128. Available from:
10.1016/j.promfg.2020.04.129.

Continuous Eulerian tool path strategies for wire-arc additive manufacturing of rib-web
structures with machine-learning-based adaptive void filling, Journal of Additive
Manufacturing. 2020. Available from: doi.org/10.1016/j.addma.2020.101265.

Analysis and compensation of shrinkage and distortion in wire-arc additive manufacturing
of thin-walled curved hollow sections, submitted to Journal of Additive Manufacturing.
2021. Available from: doi.org/10.1016/j.addma.2021.102365.

Producing curved thin-walled structures by control of welding speed in wire-arc additive

manufacturing (The International Journal of Advanced Manufacturing Technology).
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10.Appendices

A. Experimental data for ANN in rib-web structures

Al. Full experimental data for ANN in rib-web structures

Configuration L

No. Group 91 92 93 94 Target

77 () () () 0 (mm)

©) ©) ©) ©)

1 Ay 3 120 120 120 0 0.8
2 B 2 180 90 90 0 1.0
3 B; 3 150 150 60 0 2.1
4 B; 3 160 160 40 0 2.5
5 B4 3 165 165 30 0 6.2
6 Ci 3 150 120 90 0 1.2
7 C 2 180 108 72 0 1.5
8 G 2 180 120 60 0 1.6
9 Cs 2 180 126 54 0 1.7
10 Cs 2 180 144 36 0 2.5
11 Cs 2 180 150 30 0 2.8
12 Cy 2 180 162 18 0 6.8
13 Cs 2 180 165 15 0 10.0
14 D, 4 90 90 90 90 3.0
15 E: 3 180 60 60 60 5.0
16 E> 4 135 75 75 75 4
17 E; 4 100 100 100 60 3
18 Fi 4 108 72 108 72 4.6
19 F, 4 120 60 120 60 6.0
20 F3 4 126 54 126 54 33
21 F4 4 135 45 135 45 9.0
22 Fs 4 144 36 144 36 9.5
23 Fe 4 150 30 150 30 12.0
24 F7 4 162 18 162 18 24.5
25 Fg 4 165 15 165 15 28.3
26 Fo 4 108 72 72 108 3.1
27 Fio 4 120 60 60 120 4.7
28 Fu 4 126 54 54 126 33
29 Fiz 4 135 45 45 135 5.7
30 Fis 4 144 36 36 144 4.8
31 Fus 4 150 30 30 150 5.5
32 Fis 4 162 18 18 162 10.5
33 Fis 4 165 15 15 165 11.0
34 G 3 180 52 76 52 6.0
35 Gy 3 180 45 90 45 8.0
36 G 3 180 37 106 37 11.0
37 Gy 3 180 30 120 30 11.2
38 Gs 3 180 90 45 45 4.5
39 Gs 3 180 120 30 30 6.0
40 Gy 4 108 90 90 72 3.2
41 Gs 4 120 90 90 60 5.5
42 Gy 4 126 90 90 54 4.5
43 Gio 4 144 90 90 36 7.0
44 G 4 150 90 90 30 9.5
45 G 4 162 90 90 18 16.0
46 Hi 3 180 90 60 30 8.0
47 Ha 3 180 90 70 20 11.0
48 H; 3 180 90 30 60 5.5
49 Haq 3 180 90 20 70 11.0
50 Hs 3 180 15 30 135 11.0
51 He 3 180 30 15 135 12.0
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52 Hy 4 126 72 108 54 6.2
53 Hsg 4 144 72 108 36 6.4
54 Ho 4 144 54 126 36 8.0
55 Hio 4 162 72 108 18 12.5
56 Hu 4 162 54 126 18 14.5
57 Hiz 4 162 36 144 18 15.6
58 His 4 126 108 72 54 4.6
59 Hi4 4 144 108 72 36 5.0
60 His 4 144 126 54 36 7.0
61 His 4 162 108 72 18 14.5
62 His 4 162 126 54 18 12.5
63 His 4 162 144 36 18 9.4
A2. Training data for ANN in rib-web structures
Input Measurement Prediction Deviation
No. Group 91 02 03 04 LTarget LPredict AL
NG ©) © ©) (mm) (mm) (mm)
1 Ay 3 120 120 120 0 0.8 0.3 -0.5
2 B: 2 180 90 90 0 1.0 0.1 -0.9
3 B> 3 150 150 60 0 2.1 1.5 -0.6
4 B; 3 160 160 40 0 2.5 3.6 1.1
5 By 3 165 165 30 0 6.2 6.3 0.1
6 C 3 150 120 90 0 1.2 1.8 0.6
7 ) 2 180 108 72 0 1.5 1.9 0.4
8 G 2 180 120 60 0 1.6 2.0 0.4
9 Cs 2 180 126 54 0 1.7 0.8 -0.9
10 Cs 2 180 144 36 0 2.5 1.5 -1.0
11 Cs 2 180 150 30 0 2.8 2.2 -0.6
12 Cy 2 180 162 18 0 6.8 6.0 -0.8
13 Cs 2 180 165 15 0 10.0 10.7 0.7
14 D 4 90 90 90 90 3.0 3.5 0.5
15 E: 3 180 60 60 60 5.0 4.0 -1.0
16 E> 4 135 75 75 75 4 3.0 -1.0
17 E;s 4 100 100 100 60 3 33 0.3
18 Fi 4 108 72 108 72 4.6 5.2 0.6
19 F 4 120 60 120 60 6.0 6.4 0.4
20 F; 4 126 54 126 54 33 3.5 0.2
21 F4 4 135 45 135 45 9.0 9.1 0.1
22 Fs 4 144 36 144 36 9.5 8.4 -1.1
23 Fs 4 150 30 150 30 12.0 11.6 -0.4
24 Fg 4 165 15 165 15 28.3 27.5 -0.8
25 Fo 4 108 72 72 108 3.1 34 0.3
26 Fio 4 120 60 60 120 4.7 4.6 -0.1
27  Fn 4 126 54 54 126 33 2.3 -1.0
28 Fnn 4 135 45 45 135 5.7 8.1 2.4
29 Fi 4 144 36 36 144 4.8 5.4 0.6
30 Fuu 4 150 30 30 150 5.5 5.0 -0.5
31 Fis 4 162 18 18 162 10.5 10.4 -0.1
32 Fi 4 165 15 15 165 11.0 11.5 0.5
33 G 3 180 52 76 52 6.0 6.0 0.0
34 Gy 3 180 45 90 45 8.0 9.5 1.5
35 Gs 3 180 37 106 37 11.0 10.2 -0.8
36 Gy 3 180 30 120 30 11.2 10.6 -0.6
37 Gs 3 180 90 45 45 4.5 4.9 0.4
38 Gs 3 180 120 30 30 6.0 5.6 -0.4
39 Gy 4 108 90 90 72 3.2 2.5 -0.7
40 Gs 4 120 90 90 60 5.5 6.7 1.2
41 Go 4 126 90 90 54 4.5 43 -0.2
42 G 4 144 90 90 36 7.0 6.2 -0.8
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

G
G2
Hi
H>
Ha
Hs
He
H,
Hsg
Ho
Hio
Hin
Hiz
His
Hig
His
Hiz
Hig

APPREAr A PERAPREAERAPAEDMPRELOWLULWLWLWSED

150
162
180
180
180
180
180
126
144
144
162
162
162
126
144
162
162
162

90
90
90
90
90
15
30
72
72
54
72
54
36
108
108
108
126
144

90
90
60
70
20
30
15
108
108
126
108
126
144
72
72
72
54
36

30
18
30
20
70
135
135
54
36
36
18
18
18
54
36
18
18
18

9.5
16.0
8.0
11.0
11.0
11.0
12.0
6.2
6.4
8.0
12.5
14.5
15.6
4.6
5.0
14.5
12.5
9.4

9.5
16.2
8.6
11.1
10.2
11.7
12.6
7.0
6.2
9.5
13.0
14.2
15.4
7.1
5.6
15.1
12.8
9.1

0.0
0.2
0.6
0.1

-0.8
0.7
0.6
0.8
-0.2
1.5

0.5

-0.3
-0.2
2.5

0.6
0.6
0.3

-0.3

A3. Optimal training data for ANN in rib-web structures

Input Measurement Prediction Deviation
No Group 01 02 03 04 LTargel LPredicl 4L
T ©) ©) ©) (mm) (mm) (mm)
1 B, 2 180 90 90 0 1.0 1.51 0.5
2 B 3 150 150 60 0 2.1 2.28 0.2
3 Bs; 3 160 160 40 0 2.5 2.56 0.1
4 By 3 165 165 30 0 6.2 6.30 0.1
5 C 3 150 120 90 0 1.2 1.58 0.4
6 G 2 180 120 60 0 1.62 2.00 0.4
7 Cs 2 180 126 54 0 1.7 1.37 -0.3
8 G 2 180 144 36 0 2.5 3.01 0.5
9 C; 2 180 162 18 0 6.8 6.11 -0.7
10 C 2 180 165 15 0 10.0 9.32 -0.7
11 D: 4 90 90 90 90 3.0 2.98 0.0
12 Ei 3 180 60 60 60 5.0 6.49 1.5
13 Eo 4 135 75 75 75 4.0 4.40 0.4
14 Es 4 100 100 100 60 3.0 3.38 0.4
15 Fi 4 108 72 108 72 4.6 4.47 -0.1
16 F, 4 120 60 120 60 6.0 6.02 0.0
17 Fs 4 135 45 135 45 9.0 8.17 -0.8
18 F, 4 162 18 162 18 24.5 24.60 0.1
19 Fs 4 165 15 165 15 283 28.98 0.7
20 Fo 4 108 72 72 108 3.1 3.60 0.5
21 Fio 4 120 60 60 120 4.7 4.14 -0.6
22 F. 4 135 45 45 135 5.7 5.20 -0.5
23 Fs 4 144 36 36 144 4.8 4.28 -0.5
24 Fiu 4 150 30 30 150 5.5 6.11 0.6
25 Fie 4 165 15 15 165 11.0 11.31 0.3
26 G 3 180 52 76 52 6.0 6.95 0.9
27 G 3 180 45 90 45 8.0 8.23 0.2
28 G 3 180 37 106 37 11.0 11.36 0.4
29 G, 4 108 90 90 72 3.2 341 0.2
30 Gs 4 120 90 90 60 5.5 5.38 -0.1
31 Go 4 144 90 90 36 7.0 6.57 -0.4
32 G 4 150 90 90 30 9.5 9.80 0.3
33 G, 4 162 90 90 18 16.0 17.06 1.1
34 H, 3 180 90 60 30 8.0 7.93 -0.1
35 H» 3 130 90 70 20 11.0 11.09 0.1
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36 H; 3 180 90 30 60 5.5 5.24 -0.3
37 Hs 3 180 90 20 70 11.0 10.93 -0.1
38 Hs 3 180 15 30 135 11.0 10.37 -0.6
39 He 3 180 30 15 135 12.0 11.80 -0.2
40 H, 4 126 72 108 54 6.2 6.21 0.0
41 Hy 4 144 54 126 36 8.0 8.45 0.4
42 H, 4 162 36 144 18 15.6 14.36 -1.2
43 Hus 4 144 108 72 36 5.0 4.95 -0.1
44 His 4 144 126 54 36 7.0 6.48 -0.5
45 His 4 162 108 72 18 14.5 17.92 34
46 Hiy, 4 162 126 54 18 12.5 12.14 -0.4
47 A 3 120 120 120 0 0.8 1.91 1.1
47 C 2 180 108 72 0 1.5 1.53 0.0
49 Cs 2 180 150 30 0 2.8 4.34 1.5
50 Fs3 4 126 54 126 54 33 7.17 3.9
51 Fs 4 144 36 144 36 9.5 11.29 1.8
52 Fs 4 150 30 150 30 12 14.12 2.1
53 Fn 4 126 54 54 126 33 5.01 1.7
54 Fis 4 162 18 18 162 10.5 9.59 -0.9
55 Gy 3 180 30 120 30 11.2 12.11 0.9
56 Gs 3 180 90 45 45 4.5 7.25 2.7
57 Gs 3 180 120 30 30 6.0 8.30 2.3
58 Gy 4 126 90 90 54 4.5 5.13 0.6
59 Hs 4 144 72 108 36 6.4 7.44 1.0
60 Hio 4 162 72 108 18 12.5 14.99 2.5
61 H, 4 162 54 126 18 14.5 14.00 -0.5
62 Hi; 4 126 108 72 54 4.6 4.85 0.2
63 His 4 162 144 36 18 9.4 11.80 24
B. Solving trigonometric equation for rotation angles
d.cosf, —e.sinf, = a (B.1)
d.cos @, .sinf, + e.cosf,.cosf, —f.sinb, =b (B.2)
d.sin @, .sin8, + e.sinb,.cos b, + f.cosO, =c (B.3)
Let denote t = tan(6,/2), we have:
I( sinf, = 2sin(6,/2).cos(6,/2) = ZM .cos%(6,/2)
cos(6,/2)
. 5 (0
4 6, sin (%)
| cos(8,) = cos?(6,/2) — sin? (—) =|\1-——~ .cos?(6,/2)
| 2 2 (%
cos? (5
(. 2t
sinf, = ——
N 214 ¢? (BA4)
0 1-—t2 '
cos 6, = 1+ t2

Substituting Eq. (B.4) into the formula in Eq. (B.1):
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1—t? 2t
1+2 142

d a

= (@+dt?+2et+a—-d=0 (B.5)

The unknown variable (7) can be obtained from the quadratic equation Eq. (B.5). It is possible
that the quadratic equation results in two values. The rotating angle (#:) is then retrieved, and

the tilting angle (6x) can be computed from Eq. (B.2) or Eq. (B.3).
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