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Chapter 1

Introduction

1.1 Motivation

The coronavirus pandemic that started in 2019 led to a decrease in the num-
ber of worldwide commercial flights by 45% between 2019 and 2021 (IATA
2022). Nonetheless, AIRBUS (2022) expects the air traffic to reach the year
2019 level between 2023 and 2025 and to continue to grow until 2040 (AIRBUS

2022). The demand for newly manufactured aircraft is forecast to be around
40,000 up to the year 2040 (AIRBUS 2022; BOEING 2022). At the same time, the
goals for air traffic set in the European Union’s Flightpath 2050 Agenda state
that the CO2 emissions per passenger kilometer have to be reduced by 75%,
and the NOx emissions by 90% compared to the year 2000 (ACARE 2017).
Lightweight structures and efficient production systems are two key technolog-
ical areas in the aircraft industry to remain competitive (VALDÉS et al. 2019)
and reach these goals. Regarding lightweight structures, titanium alloys are the
material of choice. BOYER (1995) states five reasons for their use:

• weight savings by replacing steel alloy components,
• space savings by replacing aluminium alloy components,
• higher operating temperatures,
• higher corrosion resistance than aluminium and low-steel alloys, and
• better composite compatibility than aluminium.

The last reason by BOYER (1995), better composite compatibility, further in-
creases the attractiveness of titanium alloys for airplane production, since Car-
bon Fiber Reinforced Polymers (CFRPs) are a secondary option with a rising
usage to decrease airplane mass (KARUPPANNAN GOPALRAJ et al. 2021). For
the combination of CFRP with metals in the airframe, factors such as the corro-
sion potential and the thermal expansion have to be considered (INAGAKI et al.
2014). Here, titanium alloys are favorable in comparison to aluminum alloys
(PETERS et al. 2003), such further increasing the amount of titanium alloys in
use for airplane production. However, the efficiency of titanium airframes’
production systems could be improved. One indicator of this is the Buy-to-Fly
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(BTF) ratio. This is the ratio of the material mass bought for manufacturing
of a component to the component mass in the finished aircraft. For complex
shapes produced by forging and machining, the BTF reaches a value as high as
20 (SEMIATIN et al. 2001) or slightly higher. Reducing the BTF is one research
interest (BOYER 2010). Its reduction has two benefits: reducing the amount of
material needed and reducing the machining time (BOYER 2010). One process
chain increasingly studied for this purpose is the combination of Wire and Arc
Additive Manufacturing (WAAM) and machining. The WAAM process principle
is based on the conventional welding process (DING et al. 2015b) and belongs
to the category of metal Additive Manufacturing (AM) processes (ISO/ASTM
52900 2022). A metal wire is melted and deposited layer by layer, forming a
near-net shape of the final component. Advantages of the WAAM process are
its high deposition rates compared to other AM processes, such as Powder-bed
Fusion of Metals with a Laser Beam (PBF-LB/M), its capability to produce large-
size components, and its lower feedstock wastage (KHAN and JAPPES 2022).
However, two major disadvantages are poor surface finish and poor resolution
(KHAN and JAPPES 2022). Therefore, components are often milled to the final
shape. CUNNINGHAM et al. (2017) and MARTINA and WILLIAMS (2015) showed
the economic potential of this process chain. MARTINA and WILLIAMS (2015)
demonstrated that the cost-saving potential was around 69% for a landing gear
part made of titanium. The cost analysis by CUNNINGHAM et al. (2017) even
indicated the potential for a cost reduction of 76% for a propeller if the initial
BTF ratio was 20. A great deal of research has been conducted on improving
the WAAM process concerning the cooling or the heating of setup and part, the
shielding gas, the process parameters, and the process stability with various
materials (RODRIGUES et al. 2019). The deposition strategy, the handling of
residual stresses, heat treatments, and modeling and simulation were research
interests as well (RODRIGUES et al. 2019). However, the subsequent milling
process was the focus of only a limited amount of study, as was the full integra-
tion of WAAM and milling within the process planning.

1.2 Objective and structure

The objective of this publication-based thesis was to develop a methodology for
the integrated process planning and an adapted operations planning for manu-
facturing Ti-6Al-4V components with WAAM and milling. The alloy Ti-6Al-4V
was chosen since it is the most commonly used titanium alloy (LÜTJERING and
WILLIAMS 2007). This means that, integrated into this context, the individual
processes and their influence on each other are considered jointly. Integrated
process planning is necessary since the accessibility of the part for the cutting
tools needs to be respected for the WAAM process, and sufficient material has
to be deposited for the subsequent machining process. Choosing the milling
tools, the cutting conditions, and the path strategies is part of the milling op-
erations planning (see Chapter 2). The machinability must be known to make
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these choices. Possibly, the machinability of wire and arc additively manufac-
tured material differs from conventionally produced material, since the material
is melted during the WAAM process. Therefore, studies on the machinability of
wire and arc additively manufactured material were conducted, and conclusions
for the milling operations planning were drawn.

The objective is fulfilled with a top-down approach (VDI 3633-1 2014), by first
analyzing the process chain of manufacturing airplane components with WAAM
and machining, and, secondly, defining the process steps and interfaces between
the individual steps. The results are addressed in five publications, which form
the major part (Chapters 4 and 5) of this thesis:

• Publication 1 : FUCHS, RODRÍGUEZ, et al. (2021),
• Publication 2 : FUCHS, SEMM, et al. (2021),
• Publication 3 : FUCHS et al. (2020),
• Publication 4 : FUCHS et al. (2023), and
• Publication 5 : FUCHS et al. (2022).

Initially, an introduction into this thesis was given in Chapter 1. This is fol-
lowed by the necessary background information, in particular the fundamentals
of WAAM and machining, and the state of the art of WAAM, machining, and
process planning in Chapter 2. Based on the state of the art, two needs for
action are identified. The two-part research objective and the four research
questions, developed based on the need for action, and the research approach
are discussed in depth in Chapter 3. Summaries of the embedded publications
1 to 3 , which address the integrated process planning, are given in Chap-

ter 4. The results concerning the milling operations planning for wire and arc
additively manufactured parts are summarized in Chapter 5 with the embedded
publications 4 and 5 . Finally, a discussion of the results and an analysis of
the process chain’s potential are given in Chapter 6. The thesis concludes with
a summary and an outlook in Chapter 7.
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Chapter 2

Background and Literature Review

This chapter provides background information on the WAAM process (Sec. 2.1.1)
and the milling process (Sec. 2.2.1). The milling process is strongly influenced
by the workpiece properties (TOENSHOFF 2014b), including the microstructure
and mechanical properties. These properties, in turn, are influenced by the
material’s manufacturing process. In the conventional process chain for man-
ufacturing airplane components, Ti-6Al-4V parts are machined from cast or
wrought stock material. For the wire and arc additively manufactured material,
different material properties are expected. Therefore, a literature review on
the microstructure, mechanical properties and part geometry of wire and arc
additively manufactured parts is presented (Sec. 2.1.2 – 2.1.3). The influence
of the change from cast or wrought stock material to wire and arc additively
manufactured material on the machining process is shown in the Section 2.2.3,
after a general introduction to milling process challenges (Sec. 2.2.2). As de-
scribed in Chapter 1, the objective of this thesis is to develop a methodology
for integrated process planning. Therefore, the background information and
current state of process chain design is reported in Section 2.3. The chapter
concludes with summarizing the state of the art and formulating the need for
action (Sec. 2.4).

2.1 Wire and arc additive manufacturing

All processes in which the material is successively added to build a 3D form
based on a 3D model are considered as additive manufacturing (AM) processes
(ISO/ASTM 52900 2022). Metal AM processes are characterized by the follow-
ing six principles (ISO/ASTM 52900 2022):

• process category,
• source of fusion,
• basic AM principle,
• material feedstock,
• material distribution, and
• state of fusion.
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WAAM belongs to the process category of directed energy input with an arc as the
source of fusion instead of a laser or an electron beam. The basic AM principle
is the selective deposition of material to a substrate, and the material distri-
bution is done through a deposition nozzle. The material feedstock is a wire,
with the melted state as the state of fusion. The detailed WAAM process oper-
ating principles and the characteristics of WAAM-components regarding their
microstructure, mechanical properties, and geometry are discussed in the fol-
lowing sections (Sec. 2.1.1 – 2.1.3).

2.1.1 Principles of wire and arc additive manufacturing

The WAAM operating principle is based on the arc welding process. Gener-
ally, during arc welding, the workpiece is part of the electric circuit while the
power supply and the current is passed from the electrode to the workpiece
via the arc. The electrode is either a consumable or a non-consumable elec-
trode. Processes with a consumable electrode are, among others, Gas Metal Arc
Welding (GMAW) and Shielded Metal Arc Welding (SMAW). Those with a non-
consumable electrode are Gas Tungsten Arc Welding (GTAW), and Plasma Arc
Welding (PAW). (MESSLER 2011)

GMAW, GTAW, and PAW are the most commonly used welding processes for
WAAM (NORRISH et al. 2021). In Figure 2.1, the three welding process princi-
ples, as they are used for wire and arc manufacturing, are shown.

substrate plate

a

c1

b

f1 e

d

(a) GMAW (b) GTAW (c) PAW

substrate plate

a

c1

b

f2 e

d

g

substrate plate

a

c2

b

f2 e

d

g

a – shielding gas

b – molten pool

c1 – arc

f1 – wire electrode

f2 – tungsten electrode

g - wire

c2 – plasma arc

d – torch

e – feed drive

Figure 2.1: Schematic of the WAAM process principles based on DING et al. (2015d) and NOR-
RISH et al. (2021)
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A comparison of the three types of arc welding processes for various criteria
relevant for AM as noted in literature is given in Table 2.1. The weld quality of
GMAW is considered to be lower than that of GTAW and PAW, since the process
tends to produce spatters (CONRARDY 2011). The deposition rate for GMAW
processes is higher than the other processes’ deposition rates with up to 5 kg/h
depending on the material and parameters (MESSLER 2011; SINGH and KHANNA

2021). Directional ease describes the effort to change the welding direction. For
GTAW and PAW, this effort is high since the welding torch has to be rotated to
keep the wire feed direction constant in relation to the welding direction (DING

et al. 2015d). Therefore, the directional ease is low. In GMAW processes, the
wire is fed through the torch and the directional ease is higher. The geomet-
rical accessibility is related to the external wire feed as well. It describes the
effort required in manufacturing complex geometries. The external wire feeder
increases this effort for GTAW and PAW. Therefore, their rating with respect to
accessibility is lower than for GMAW. A cause for distortion is the thermal en-
ergy input resulting in non-uniform expansion and contraction of the workpiece
(DING et al. 2015d). For PAW, the arc energy1 is higher and more concentrated,
resulting in less distortion than in GTAW and GMAW (DING et al. 2015d). The
capital equipment costs are higher for the more complex PAW torch than for the
GTAW torch (HARRIS 2011).

Table 2.1: Arc welding process advantages and disadvantages based on results by DING et al.
(2015d), HARRIS (2011), MESSLER (2011), SINGH and KHANNA (2021), WILLIAMS et al. (2016),
and ZHANG (2011); "–" – negative rating, "0" – neutral rating, "+" – positive rating

GMAW GTAW PAW

weld quality 0 + +
deposition rate + 0 0
directional ease + – –
geometrical accessibility + – –
distortion of the workpiece – – +
capital equipment costs 0 0 –

Theoretically, the WAAM process is applicable to all weldable materials, and
its successful application has been shown for a number of materials. For alu-
minum and steel alloys, the GMAW process results in a good weld quality, while
for titanium alloys arc wandering reduces the quality (WILLIAMS et al. 2016).
However, for GMAW the deposition rate is higher, resulting in a higher produc-
tion speed for large components and a more cost-effective production. There-
fore, research has been conducted on using GMAW for additively manufacturing
Ti-6Al-4V components.

For the GMAW process, three modes of how and when the droplet of molten
material is transferred to the substrate are differentiated (CONRARDY 2011).
Based on the three modes, several subtypes were developed to counter the ef-

1in physical terms: the arc power
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fects of unstable welding and the forming of spatters (ALMEIDA and WILLIAMS

2010). One subtype often used for WAAM is the Cold Metal Transfer (CMT)
process (WILLIAMS et al. 2016). The CMT process is characterized by a reverse
movement of the electrode. The moment of contact between the electrode wire
and the molten pool is detected. Then, the electrode is retracted and the droplet
is transferred. After the transfer, the electrode feed is reversed and directed to-
wards the molten pool. The arc reignites. (NORRISH et al. 2021; ZHANG 2011)

The WAAM setup generally consists of a standard welding power source, a weld
torch, and a wire feed drive (WILLIAMS et al. 2016). It is combined with a
robotic arm or a Computerized Numerical Control (CNC) gantry to enable the
feed motion (GIBSON et al. 2021; KNEZOVIĆ and TOPIĆ 2019). Such a process
setup is shown in Figure 2.2.

X

Y
Z

torch

robot

substrate

WAAM-material

Figure 2.2: Schematic depiction of the WAAM setup

The process cycle described in the following is repeated until the desired shape
is built. First, a layer of material is deposited on the substrate plate. In Figure
2.2, this layer is in the X-Y plane. The torch’s feed direction within this layer is
designated as the welding direction or the deposition direction (MARTINA et al.
2012). The speed of the torch movement is called the torch speed vT or the
travel speed (MARTINA et al. 2012). After the cooling of the layer, the torch is
moved one layer up and the next layer is deposited. The direction in which the
layers are stacked is known as the building direction (SCHMITZ et al. 2021). In
Figure 2.2, this direction corresponds to the Z-direction. The deposited wire ma-
terial is called wire and arc additively manufactured material (WAAM-material)
in the following. Accordingly, the deposited shape is the WAAM-geometry. The
welding torch can be inclined with respect to the welding direction. This incli-
nation is designated as the travel angle δ (CONRARDY 2011) or the lead angle
(REISCH et al. 2020). Additionally, the torch can be inclined perpendicular to
the welding direction, which is called the tilt angle ζ (REISCH et al. 2020). In
addition to the torch speed vT and the travel angle δ, the wire feed speed vW ,
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the voltage U , the shielding gas flow rate V̇ and composition, and the stand-
off distance b between the torch and the substrate are essential parameters for
GMAW processes (CONRARDY 2011).

2.1.2 Ti-6Al-4V component microstructure and mechanical properties

The milling process is strongly influenced by the workpiece properties
(TOENSHOFF 2014b). Therefore, in this section, the state of the art concern-
ing the WAAM-component microstructure and its mechanical properties are
discussed. Additionally, a comparison to wrought and cast Ti-6Al-4V is given.

Conventionally produced Ti-6Al-4V. Four main groups of titanium alloys
are differentiated: α alloys, near α alloys, α-β alloys, and β alloys (EZUGWU and
WANG 1997). This differentiation refers to the presence of the different mi-
crostructural phases of titanium. α references the close-packed hexagonal phase
which is usually present at low temperatures. Meanwhile, β indicates the body-
centered cubic phase existing at high temperatures (LÜTJERING and WILLIAMS

2007). Ti-6Al-4V belongs to the group of α-β alloys. The presence of both phases
is possible by adding stabilizers, such as aluminum (α-stabilizer) and vanadium
(β-stabilizer) (EZUGWU and WANG 1997). For Ti-6Al-4V, a wide range of mi-
crostructures is achievable depending on the processing of the raw materials
(BOYER 1994). These microstructures include

• fully lamellar structures,
• fully equiaxed2 structures, and
• bi-modal microstructures (LÜTJERING and WILLIAMS 2007).

The lamellar microstructure is characterized by α-colonies, which consist of par-
allel α-plates separated by the retained β-matrix. An example of such a mi-
crostructure is depicted in Figure 2.3. The size of the α-colonies and the α-
plates decreases with an increased cooling rate, leading to the growth of α-
plates perpendicular to another α-plate. The resulting microstructure is called
Widmanstätten structure or basket-weave structure. (LÜTJERING and WILLIAMS

2007)

Alternatively, wrought Ti-6Al-4V often has an equiaxed structure (RAZAVI and
BERTO 2019; SHUNMUGAVEL et al. 2015). This microstructure is depicted in
Figure 2.4. The bi-modal microstructure contains equiaxed α in a lamellar α+ β
matrix (LÜTJERING and WILLIAMS 2007).

2“having approximately equal dimensions in all directions” (MERRIAM-WEBSTER DICTIONARY

2022b)
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Additionally, two phase transition modes from β to α phase exist: marten-
site transformation and diffusion-controlled nucleation. The cooling rate and
the alloy composition control the transition mode. The martensitically reached
phase is designated as α’. Two morphologies, massive martensite and acicular3

martensite, are observed. (LÜTJERING and WILLIAMS 2007)

200 μm

Figure 2.3: Lamellar α-β microstructure in Ti-
6Al-4V, α – light and β – dark (LÜTJERING and
WILLIAMS 2007); reprinted by permission from
Springer Nature: Springer, Titanium by Gerd
Lütjering and James C. Williams, Springer-
Verlag Berlin Heidelberg (2007)

40 μm

Figure 2.4: Fine grained, fully equiaxed
microstructure in Ti-6Al-4V (LÜTJERING and
WILLIAMS 2007); reprinted by permission from
Springer Nature: Springer, Titanium by Gerd
Lütjering and James C. Williams, Springer-
Verlag Berlin Heidelberg (2007)

The mechanical properties of Ti-6Al-4V, along with some material properties,
are listed in Table 2.2. They have been studied in a number of publications and
have been published in industrial standards.

Table 2.2: The material properties of conventionally manufactured Ti-6Al-4V (DAVIM 2018;
GROPPE 2014; VAZQUEZ et al. 2021; VENKATESH et al. 2001; WANG et al. 2013) (see also glos-
sary: stress-strain-diagram)

Material properties Unit Value

density ρ g/cm3 4.43
modulus of elasticity (Young’s modulus) E GPa 108− 113
ultimate tensile strength (UTS) Rm MPa 900− 1180
yield strength (YS) Rp02 MPa 830− 1030
elongation at break ebreak % 8− 15
Vickers hardness HV 330− 425
specific heat capacity cp J/(kg K) 500− 567
heat conductivity λ W/mK 6.5− 7.6
minimum YS (investment casting) Rp02min MPa 827
minimum YS (wrought) Rp02min MPa 860
minimum elongation (investment casting) emin % 6
minimum elongation (wrought) emin % 10

3“shaped like a needle” (MERRIAM-WEBSTER DICTIONARY 2022a)
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The microstructure, macrostructure and mechanical properties of wire and arc
additively manufactured Ti-6Al-4V have been reported by several studies in re-
cent years. The weldability of Ti-6Al-4V with GMAW is considered worse (see
Section 2.1.1). Therefore, until now, most research in this field has been con-
ducted on GTAW-produced Ti-6Al-4V. Some characteristics of both processes
(GMAW and GTAW) are similar, e.g., the layer dimensions, the energy source,
and the raw material shape. Consequently, similarities between the resulting
microstructures are expected. Therefore, in the following, the resulting mi-
crostructures of the GTAW, the GMAW, and the PAW process are reported. Since
controlling the WAAM process is not within the scope of this thesis, the state of
the art is presented to show the differences and the similarities between WAAM-
material and conventionally manufactured material.

WAAM-microstructure and macrostructure. For CMT-processed Ti-6Al-4V,
TIAN et al. (2019) reported a basket-weave structure. With the same deposition
process, GOU et al. (2019) found a fine acicular α’ martensite within the basket-
weave structure on the side of the deposited wall. On the top of the wall, GOU et
al. (2019) observed a basket-weave microstructure with large columnar grains.
The micrographs are shown in Figure 2.5.

pores

α‘ martensite

lamellar α+β

lamellar α+β

50 μm50 μm

(a) side of the wall (b) top of the wall

Figure 2.5: Micrographs of a wall deposited with CMT (GOU et al. 2019); reprinted from Journal of
Manufacturing Processes, 42, Jian Gou, Junqi Shen, Shengsun Hu, Yinbao Tian, and Ying Liang,
Microstructure and mechanical properties of as-built and heat-treated Ti-6Al-4V alloy prepared by
cold metal transfer additive manufacturing, pp. 41–50, Copyright (2019), with permission from
Elsevier

The CMT process was also used by VÁZQUEZ et al. (2020) to study the influence
of the cooling conditions on the microstructure. The longer the time interval
between the deposition of the layers is, the further the deposited material cools
down between two manufactured layers. In that case, the authors observed
an increase in the α’ martensite microstructure within a Widmanstätten struc-
ture. With forced cooling, VÁZQUEZ et al. (2020) could speed up this behavior
and consequently reduce the time interval between the deposition of different
layers.
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For the GTAW process of Ti-6Al-4V, similar results concerning the microstructure
were found. BAUFELD et al. (2009) found a coarse Widmanstätten microstruc-
ture with acicular lamellae in the bottom of the part close to the substrate. The
top layers showed a needle-like microstructure. The thickness of the top layer
increased with the height of the wall. The authors concluded that the Wid-
manstätten structure was likely linked to sequential heat treatment by the depo-
sition of the individual layers. In 2011 (BAUFELD et al. 2011), the same authors
observed elongated β-grains growing epitaxially4 through the deposited layers.
The microstructure consisted of a Widmanstätten structure. Slender lamellae
were present at the top, while at the bottom the lamellae were thicker. The
authors linked the thickening of the lamellae to the repeated heat treatment of
the lower layers due to the deposition of the top layers.

Similar macrostructural grain growth was also reported by WANG et al. (2013),
who found large epitaxial columnar β-grains grown from the substrate to the
top of the deposited wall. Each deposition pass was detectable as well in the
macrostructure. Concerning the microstructure, the authors found a coarse
Widmanstätten structure over most of the wall. Only in the transition zone
between individual layers, a fine Widmanstätten microstructure was observed.

ZHOU et al. (2020) detected a Widmanstätten structure in the bottom of the
parts as well. In the top layers, the authors noted an acicular α-phase inter-
woven with a basket-weave microstructure, while in the middle of the parts, a
basket-weave microstructure developed. The authors found these microstruc-
tural developments to be independent of the deposition strategy. The same mi-
crostructure was observed by YI et al. (2020). They refined this Widmanstätten
structure using a cooling system for the deposited material.

For the PAW process, both Widmanstätten and basket-weave structures were
also observed (LIN et al. 2016).

In addition to the research on as-deposited material, several post-processing
techniques have been studied to refine the microstructure and enhance the me-
chanical properties, such as interpass-rolling (MARTINA et al. 2013; MCANDREW

et al. 2018), cooling (YI et al. 2020), and subsequent heat treatment (VAZQUEZ

et al. 2021).

Mechanical properties. The mechanical properties of metals are influenced
by their microstructure. As presented, the microstructure of WAAM-Ti-6Al-4V
differs from the microstructure of conventionally produced Ti-6Al-4V. There-
fore, research is presented in the following on the achievable mechanical prop-
erties.

Even though the GMAW process is less common for Ti-6Al-4V than is the GTAW
process, some researchers have already studied its resulting mechanical proper-
ties. VAZQUEZ et al. (2021) observed anisotropy in the tensile behavior. The YS

4“The growth of a thin layer on the surface of a crystal so that the layer has the same structure
as the underlying crystal” (COLLINS ENGLISH DICTIONARY 2022)
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in the welding direction (884.9 MPa ± 10.3 MPa) was lower than in the building
direction (917.5 MPa ± 8.1 MPa). The same held true for the Ultimate Tensile
Strength (UTS) and the elongation. The authors decreased the YS and the UTS,
but increased the elongation using heat treatments. Increased tensile properties
were observed for a strategy using overlapping beads within each layer. ZHANG

et al. (2021) analyzed the influence of the deposition rate on the mechanical
properties. The authors increased the deposition rate by increasing the wire
feed rate. They observed a decrease in the UTS of around 100 MPa to approx-
imately 900 MPa. This behavior was linked to the higher thermal energy input
and to a lower cooling rate.

Initial studies on the mechanical properties of GTAW manufactured Ti-6Al-4V
were conducted by BRANDL et al. (2010). The authors measured a hardness of
(337±14) HV 0.1 in the center of the investigated part. The hardness increased
at the top to (346 ± 16) HV 0.1. The YS reached 856 MPa to 915 MPa and the
UTS 930 MPa to 981 MPa. The elongation was between 6.6% and 20.5%. The
high cycle fatigue was higher than that of cast material. At the same research
facility, in 2011, a UTS between 880 MPa and 1054 MPa was observed. The
strain at failure depended significantly on the sample orientation. In the build-
ing direction, much higher strains were observed than in the welding direction.
(BAUFELD et al. 2011)

An anisotropy of the tensile properties was reported by YI et al. (2020) as well.
The authors studied the influence of the cooling rate. Overall, a lower YS and
UTS in the building direction were detected than in the welding direction. With
an increased cooling rate, a higher YS and UTS, along with a decreased elonga-
tion, were noticed.

WANG et al. (2013) studied the tensile and fatigue behavior of PAW manufac-
tured Ti-6Al-4V. The authors observed an average YS of 950 MPa in the welding
direction, while the YS in the building direction was 803 MPa. Accordingly, the
tensile properties are dependent on the orientation of the sample relative to the
orientation of the deposition process.

For fatigue testing, no dependence on the orientation of the samples was de-
tected. On average, the high cycle fatigue resistance of the WAAM-samples
was better than the authors’ reference material. The authors linked this to the
different microstructure of the reference material. The UTS and YS for PAW-
manufactured Ti-6Al-4V were studied by LIN et al. (2016) as well. At a YS
of 909 MPa ± 13.6 MPa and a UTS of 988 MPa ± 19.2 MPa, the authors’ as-
deposited material had a higher mechanical resistance than the standard for
cast material given by the American Society for Testing and Materials (ASTM).

In summary, all authors reported the YS and the UTS to be within the range
according to the state of the art for conventionally manufactured Ti-6Al-4V (see
Table 2.2). This held true for the hardness as well. The elongation e, however,
was described with a larger interval.
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2.1.3 WAAM-part geometry

WAAM-component geometries have been experimentally characterized, and
several authors developed models to describe the expected geometry based
on the welding parameters. Within the literature, two important research ar-
eas were identified: the study of abnormal5 areas of the weld bead, and the
research into the geometry of stacked weld beads.

Study of abnormal areas. The focus of research of TANG et al. (2019) was the
abnormal area of the weld bead at the arc striking point (start of the weld) and
the extinguishing point (end of the weld). The authors studied the influence
of the welding parameters on the weld bead geometry. Without an adaption
of the parameters, the beginning of the weld beads tended to be wider and
higher than the middle area, while the ends of the weld bead were wider and
flatter. The authors developed a so-called burning back method, going back
over the flatter area to equalize the abnormal areas to the middle of the weld
bead. The authors’ validation showed a successful application of the method.
In 2020, members of the same research group determined regression equations
for the abnormal bead areas and used these models to optimize the welding
parameters (TANG et al. 2020). Finally, in 2021, they presented a closed-loop
control system to control the height and width of the weld bead by adjusting
the welding parameters (TANG et al. 2021).

Research into the geometry of stacked weld beads. Research into the ge-
ometry of stacked weld beads has been focused on developing geometrical mod-
els to describe the resulting part geometry (KAZANAS et al. 2012) and to predict
the part geometry based on the welding parameters. The latter is classifiable
with a definition of terms by the author of this thesis relating to the type of
deposition that was studied (see Figure 2.6):

T1 single-layer, single-bead deposition: one weld bead is deposited on the
substrate (DING et al. 2015a; GENG et al. 2017; KARMUHILAN and SOOD

2018),
T2 single-layer, multi-bead deposition: several intersecting or adhering weld

beads are deposited in one layer on the substrate (DING et al. 2015a),
T3 multi-layer, single-bead deposition: one weld bead is stacked in multi-

ple layers on the substrate (ABE and SASAHARA 2015; ALMEIDA and
WILLIAMS 2010; SZOST et al. 2016), and

T4 multi-layer, multi-bead deposition: several intersecting or adhering weld
beads are stacked in multiple layers on the substrate (DING et al. 2015a;
LI et al. 2018).

5“abnormal” refers to areas where the geometry differs from the geometry of most areas of the
weld. The term was formulated by TANG et al. (2019).
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Figure 2.6: Schematic of the types of deposition

A comparability of the geometry of stacked weld beads for different materials
and welding processes is expected, since the deposition process flow from wire
to molten material to weld bead is similar. Therefore, the following research is
presented independently of the materials and the welding process.

DING et al. (2015c) concluded that parabola and cosine functions most accu-
rately represented the cross-sectional area of a single-layer, single-bead deposit
(T1). Based on these results, the authors developed a model for single-layer,
multi-bead cross-sections (T2). The authors realized that the distance d be-
tween the beads was critical for achieving a stable surface. Their model was
verified by producing multi-layer, multi-bead deposits (T4) showing a stable
surface with a periodically varying surface height H(x), dependent on the posi-
tion. The resulting surface profile is depicted in Figure 2.7. The profile is shown
as a cut through the part parallel to the X-Z plane (see Figure 2.2). With the
distance d below the critical distance, the surface enveloping plane is inclined
with the angle η towards the horizontal line. With the distance d equal to the
critical distance, the resulting enveloping plane is horizontal. The surface height
H(x) periodically varies. In the context of wire and arc additive manufacturing,
this is considered as a stable surface, since there is no inclination η. The dis-
tance d above the critical distance would likely also result in an inclination of
the surface enveloping plane, since the material spreads out further and further,
though this case was not presented by the authors.

Challenges in manufacturing sharp angles and large curvatures (in T1) were
addressed by GENG et al. (2017). They determined a minimum angle for sharp
corners and a minimum radius for the curve. With angles smaller than the min-
imum angle, they showed that a wetting of the initial side occurred during the
deposition of the terminal side, which led to a build-up of material. For the
curvature, radii smaller than the minimum radius led to a material accumula-
tion on the weld bead side oriented towards the center of the curvature. They
concluded that both would lead to varying heights when stacking several layers
(T3).

Another challenge concerning the height of the deposited surface H was ad-
dressed by ABE and SASAHARA (2015). The authors showed that for an inclined
multi-layer, single-bead deposition (T3), the deposited height varied compared
to a deposition with a similar number of layers perpendicular to the substrate.
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(a) d below the critical distance (b) d at the critical distance

Figure 2.7: Schematic depiction of a multi-layer, multi-bead cross section based on the experi-
mental results according to DING et al. 2015c

They proposed a model of intersecting symmetric parabolas (Figure 2.8) to en-
able the calculation of the component height and the single-layer height hlayer
depending on the welding torch speed and the inclination angle Θ. The model
was then used to develop CAM-software to compensate for the height error in
inclined models by adjusting the welding torch speed vT . This was successfully
applied in the manufacture of a part. Figure 2.8 shows that even in the model-
ing a varying cross-section is expected since round shapes are stacked on each
other.

The varying cross-section of deposited weld beads was studied by KAZANAS et
al. (2012). The authors showed that a multi-layer, single-bead deposit’s cross-
section (T3) does not resemble a rectangle, but is similar to the schematic de-
pictions in Figure 2.8 and 2.9 by the presence of a number of indented areas.
Thereby, the effective wall thickness we (= maximum constant wall thickness
after milling) varies depending on the welding parameters.

The degree of the variation was studied by SZOST et al. (2016). They stated that
it could be specified by a deviation from the ideal flat surface and linked it to
the deposited layers. On their sample, the periodicity was 1 mm, in agreement
with the offset between layers which was 1 mm as well.

LI et al. (2018) also studied the cross-section. The authors observed that with an
increasing built height the width of the deposited beads increased, while their
individual height decreased. They linked this observation to the slower solidifi-
cation of the molten pool due to lower heat transfer the further the deposition
is away from the substrate. This was solved by developing a thermoelectric
cooling system which resulted in a 56.8% decrease in bead width deviation.
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Figure 2.8: Schematic depiction of the weld
bead cross section based on ABE and SASA-
HARA (2015)
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Figure 2.9: Scematic depiction of the effective
wall width based on results by KAZANAS et al.
(2012)

An additional area of study concerning both the WAAM-part geometry and the
microstructure is the quality control during the deposition process. BAIER et al.
(2020) presented a method to ensure a high quality of geometrically complex
components by splitting them into geometrically simple shapes, such as blocks,
walls, and cylinders, and validating deposition parameters individually for each
shape. The authors’ method enables the control of the microstructure and the
WAAM-geometry.

In summary, the literature on WAAM-part microstructure, mechanical proper-
ties, and part geometry properties is listed in Table 2.3. Visibly, considerable
research has already been performed on the microstructure and mechanical
properties of wire and arc additively manufactured Ti-6Al-4V, while research
on the part geometry obtained by WAAM is scarce. These properties are ex-
pected to influence the milling process. Therefore, the background and state
of the art on the machining of WAAM-material is presented in the following
Section 2.2.



18 2 Background and Literature Review

Table 2.3: Overview of the publications presenting research on the microstructure, mechanical
properties and geometry of wire and arc additively manufactured Ti-6Al-4V;  – the topic is the
research focus,G# – the topic is (partially) included,# – the topic is not addressed
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BAUFELD et al. 2009 G#  #
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BRANDL et al. 2010 G#  #

BAUFELD et al. 2011   #

WANG et al. 2013   #

MARTINA et al. 2013   #

SZOST et al. 2016  G# G#

LIN et al. 2016   #

MCANDREW et al. 2018  # #

TIAN et al. 2019   #

GOU et al. 2019   #

VÁZQUEZ et al. 2020   #

ZHOU et al. 2020   #

YI et al. 2020   #

BAIER et al. 2020 # #  

VAZQUEZ et al. 2021   #

ZHANG et al. 2021   #
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ABE and SASAHARA 2015 # #  
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TANG et al. 2019 # #  

TANG et al. 2020 # #  

TANG et al. 2021 # #  
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GENG et al. 2017 #   
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2.2 Machining

Most metallic airplane surfaces are machined to minimize the airplane mass
and to enhance the fatigue properties (SARH et al. 2009). For non-rotationally
symmetric parts, milling is one of the most common machining processes for air-
frame components (EZUGWU and WANG 1997). Therefore, it is the one which is
researched within this thesis, and its process principles are discussed in Section
2.2.1. However, challenges arise when milling Ti-6Al-4V. These are addressed
in Section 2.2.2. Several key characteristics of the milling process are similar to
those of other metal cutting processes. Therefore, in Section 2.2.3, the state of
the art concerning the machining in general of wire and arc additively manu-
factured Ti-6Al-4V is presented.

2.2.1 Principles of the milling process

Milling is categorized as a cutting process with a defined cutting edge (DIN 8580
2020). During the process, material is removed from the raw material by the
tool’s cutting edges in the form of chips (TOENSHOFF 2014a). Milling is charac-
terized by the cutting speed resulting from the tool’s rotation and a feed move-
ment along, oblique, or perpendicular to the tool’s rotational axis (DIN 8589-3
2003). Accordingly, to accommodate the feed movement oblique or perpendic-
ular to the rotational axis, milling tools have two types of cutting edges: the
primary cutting edge and the secondary cutting edge. A schematic of a milling
tool is depicted in Figure 2.10. Several types of cutting are differentiated, de-
pending on the direction of the feed relative to the tool’s axial direction and the
cutting edges involved in the cutting process. Peripheral milling is commonly
used for aircraft structural components (RATCHEV et al. 2004). The process
schematic as well as the kinematic and geometric parameters are depicted in
Figure 2.11.

⌀ 𝐷

secondary cutting edge primary cutting edge

helix angle 𝛾

Figure 2.10: Schematic of a milling tool, D – tool diameter, depiction based on (ALTINTAS 2012;
BÖGE 2017)

The kinematic and geometric parameters are part of the process input, along
with the workpiece properties, the tool properties, and environmental influ-
ences (TOENSHOFF 2014a). Kinematic parameters are the cutting speed vc and
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the feed velocity v f , with their control variables spindle speed n, tool diameter
D, feed rate per tooth fz , and the number of cutter teeth z. The cutting speed vc
is defined as

vc = n · D ·π , (2.1)

where n denotes the spindle speed, and D denotes the tool diameter (GROOVER

2011). The feed velocity v f is calculated from the feed per tooth fz , the number
of teeth z, and the spindle speed n as

v f = fz · n · z (GROOVER 2011) . (2.2)

From the feed per tooth fz and the cutter angle Φ, the uncut chip thickness h
can be determined as

h(Φ) = fz · sin (Φ) (ALTINTAS 2012) . (2.3)

The productivity of the process can be quantified by the volumetric material
removal rate MRRvol , which is defined as

MRRvol = v f · ap · ae , (2.4)

where ap · ae denotes the area of the cut. ap and ae are, therefore, geometric
parameters defining the engagement of the tool and the workpiece (GROOVER

2011). This tool engagement is also depicted in Fig. 2.11.

Three strategies are differentiated for the milling process based on the cutter’s
angle of entry Φe of the cutter’s teeth into the workpiece: face milling, up-
milling, and down-milling. For up-milling operations, the feed direction of the
workpiece is opposite to the spindle rotational direction (DIN 8589-3 2003).
In this case, the entry angle of the cutter is 0°. A schematic of the up-milling
kinematics is depicted in Figures 2.11 and 2.12. For down-milling operations,
the spindle direction is inverse to the one marked in Figure 2.12. The exit angle
is then 0°.

The workpiece properties are also inputs for the milling process (TOENSHOFF

2014a). The workpiece characteristics and properties are summarized by its
machinability (GROOVER 2011), which is determined from the tool life, the
surface finish, the cutting forces, the power consumption, and the ease of chip
disposal (GROOVER 2011; HUDA 2021). A short tool life, a low surface finish,
high cutting forces, a high power consumption and a low ease of chip disposal
constitute low machinability.

The cutting forces F are produced as a part of the process interactions
(TOENSHOFF 2014a). Each tooth experiences these forces in the tangential
(t), the radial (r), and the axial (a) direction of the tool during the shearing
motion to cut the material. According to ALTINTAS (2012), these cutting forces
are expressible as

Ft(Φ) = Ktc · c · h(Φ) + Kte · c ,

Fr(Φ) = Krc · c · h(Φ) + Kre · c , and

Fa(Φ) = Kac · c · h(Φ) + Kae · c ,

(2.5)
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Figure 2.11: Schematic of the peripheral milling
process with geometric parameters based on
DIN 6580 (1985), DIN 8589-3 (2003), and
GROOVER (2011).
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Figure 2.12: Schematic of the up-milling
process and resulting cutting forces based on
ALTINTAS (2012).

where Ktc , Krc , and Kac denote the cutting force coefficients for the shearing
action, and Kte, Kre, and Kae represent the edge constants. The cutting forces
are dependent on the uncut chip area c ·h(Φ) and the edge contact length c. The
six cutting force coefficients K must be determined by milling tests or calculated
from previously determined coefficients and are constant for a workpiece and
tool combination. (ALTINTAS 2012)

Based on the schematic shown in Figure 2.12, the cutting forces are also ex-
pressible in the X-Y coordinate system using horizontal (feed), normal and axial
components (ALTINTAS 2012) as

Fx (Φ) = −Ft · sin(Φ) + Fr · cos(Φ) ,

Fy(Φ) = −Ft · cos(Φ)− Fr · sin(Φ) and

Fz(Φ) = +Fa .

(2.6)

Notably, the equations presented here are simplifications and are only valid for
cutters with a helix angle γ of zero. For more complex cutter geometries, the
cutting forces must be expressed as an integral along the cutting edge. (ALTIN-
TAS 2012)

In addition to the equations presented here for the mechanistic identification of
cutting forces, several more representations for the calculation and simulation
of cutting forces exist. Examples are the equations by Kienzle and Victor or Ernst
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and Merchant (GROOVER 2011; TOENSHOFF 2014a)6. The process output are
the chip form and the effects on the workpiece, the tool, and on the environment
(TOENSHOFF 2014a).

2.2.2 Milling process challenges

Several challenges are generally associated with controlling the machining
process interactions and effects, such as the forces, the temperature, the vibra-
tions, and the stresses and deflections (TOENSHOFF 2014a). In this section, the
challenges, especially for milling Ti-6Al-4V, are addressed and state of the art
solutions are presented.

Forces and temperature. Titanium and its alloys are usually considered as
materials with a low machinability (GROPPE 2014; NIKNAM et al. 2014). One
reason for the low machinability is the low thermal conductivity, resulting in a
high thermal load on the tool (GROPPE 2014). Furthermore, the material has
a low modulus of elasticity and a high tensile strength, leading to only minor
plastic deformations (GROPPE 2014). This results in high mechanical loads on
the flanks of the cutting tool (GROPPE 2014). Titanium alloys also tend to react
with the cutting tool materials. This adversely affects the tool life. At the same
time, protective tool coatings fail rapidly due to the high temperatures during
the cut (NIKNAM et al. 2014). The high cutting forces are linked to strain rate
hardening7 (NIKNAM et al. 2014). Segmented chip formation is often reported,
which is why localized shearing exists and the effective chip thickness varies
(PRAMANIK 2014). The chip thickness variation leads to a cyclic force on the
tool, which may lead to rough machined surfaces, chatter, and tool breakage
(PRAMANIK 2014).

Vibrations. Vibrations in machine tools are induced by various sources, such
as the process, the environment, and the machine tool itself (SHAMOTO and
SENCER 2014). Every vibration is caused by an exciting force or displacement
and results in a deterioration of the machined surface or shortened tool life
(SHAMOTO and SENCER 2014). Additionally, self-excited vibrations may occur
in machining processes, known as chatter (ALTINTAS and WECK 2004). Periodic-
ity in the cutting forces instigates process-induced vibrations. This periodicity is
either process inherent or induced by tool runout, imbalance or non-symmetric
cutting teeth. The forced vibrations then occur at the tooth passing frequency
or at the spindle frequencies including their harmonics (ALTINTAS 2012).

6The equations from the original publications (likely ERNST and MERCHANT 1941; KIENZLE

and VICTOR 1957) were reproduced many times and their formatting transformed into today’s
mathematical formulae. Therefore, textbooks on basic machining principles are given as refer-
ences here.

7The faster the deformation, the more stress needs to be applied to achieve the deformation
(ATZEMA 2017).
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Chatter can occur when the chip thickness varies. Initially, one structural mode
is forcibly exited, which results in a wavy surface. The next tooth, which also
oscillates due to forced vibrations, removes a chip thickness that varies. In turn,
this leads to oscillating cutting forces in case this waviness is removed with the
next cut or by the next tooth. These excitation effects can build up and lead
to tool breakage or jumping out of the cut. (ALTINTAŞ and BUDAK 1995) The
milling process stability for chatter depends on the spindle speed and the axial
depth of the cut (BUDAK 2014).

Deflections. As within any mechanical system, the applied forces lead to a de-
flection of the parts involved in the cutting process. In the machining process,
these deflections lead to errors in the geometric form of the workpiece (AL-
TINTAS 2012; RATCHEV et al. 2004). A schematic of such deflections of the
workpiece is depicted in Figure 2.13. The tool is depicted in the schematic in a
simplified rigid manner. In reality, the tool could also be deflected.

workpiece

deflected 

workpiece

tool

X

Z

𝑛

Figure 2.13: Schematic depiction of deflections due to the cutting forces based on RATCHEV et al.
(2004), with the assumption of a stiff tool

Additionally, the thermal heat input into the workpiece may also lead to de-
flections (LOEHE et al. 2012). Specific to titanium alloys are the deformations
that are caused by its low modulus of elasticity E, which results in a bouncing
action when the cutter enters the cut (CAMPBELL 2006). According to LOEHE

and ZAEH (2014), two approaches are in use to reduce deflections during the
milling process: a process-related approach and compensation strategies.

Within the process-related approach, kinematic and geometric process param-
eters (vc , v f , ae, and ap) are sought to reduce deflections. For example, BUDAK

and ALTINTAS (1995) developed a model to predict the form error and to lower
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it by choosing an appropriate feed rate and radial depth of cut. By scheduling
the feed rate along the plate that was machined, narrowing the tolerance of the
form error from 300 μm to 80 μm was possible with only a slight increase in
the machining time. The machining strategy was addressed by HERRANZ et al.
(2005). The authors proposed a strategy of switching the cutting from side to
side several times during machining for milling thin-walled parts, and success-
fully applied it to machine an aluminum alloy into a wall with a thickness of
0.3 mm. The form error was reduced to 4 μm. The authors also suggested using
the up-milling strategy. In up-cut milling, the force component in the normal
direction, which is mainly responsible for deflections, pulls the workpiece into
the tooth, helping to reduce deflections.

Compensation strategies are based on the adaption of the tool path trajectory.
DÉPINCÉ and HASCOËT (2006b) presented such a compensation strategy. The
authors proposed a computational method based on calculating the cutting
forces and the tool deflection in the normal direction. Then, a compensation
value was calculated from the expected tool deflection and the part’s tolerances,
which was applied in the opposite direction of the expected error. The authors
successfully applied the method to manufacture an industrial part, reducing the
overall surface error to reach the tolerance zone.

WIMMER (2020) incorporated a flexible workpiece into a similar approach. The
author simulated the cutting forces and the workpiece deflection. Based on the
simulation results, he adapted the tool’s path by discretizing the poses and ad-
justing the tool’s position and axis orientation. The form error was significantly
reduced on an aluminum part using his method.

For nearly all deflection reduction methods, it is necessary to determine the cut-
ting forces and estimate the tool and/or the workpiece deflections. The cutting
forces are obtainable from either

• empirical models which are derived from experimental cutting data or
analytical models based on elementary plastomechanics, or

• Finite Element (FE) methods (TOENSHOFF 2014a).

Based on these cutting force estimations, several options exist to approximate
the tool deflection:

• geometrical modeling: cylindrical model, equivalent tool diameter model,
and Computer-Aided Design (CAD) model

• cutting force modeling: concentrated forces, and distributed forces
• deflection calculation: cantilever beam model based on solid mechanics

and FE methods (DÉPINCÉ and HASCOËT 2006a)

The workpiece deflections are usually determined by FE simulation. This is nec-
essary since during the milling process the material is removed from the work-
piece, and thus, stiffness and deflection behavior are time-dependent. (WIMMER

2020)
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2.2.3 Machinability of material manufactured with wire-based pro-
cesses

Several researchers have already conducted investigations on the topic of the
machinability of WAAM-material. In the following, their research is discussed
for various WAAM-materials. Investigations into the machinability of materi-
als manufactured by AM processes other than WAAM are omitted, since the
microstructure, which has a significant influence on the machinability, is influ-
enced by the AM process.

Steel. MONTEVECCHI et al. (2016) compared the machinability of wrought,
laser additively manufactured and wire and arc additively manufactured AISI
H13 steel. Their results showed higher average cutting forces for the AM-
materials. At the same time, the hardness of the AM-materials was higher than
that of the wrought material. The authors concluded that this was the likely
reason for their results. Due to the higher cutting forces, the machinability of
the AM-materials could be considered lower. Contrastingly, MASEK et al. (2019)
determined that the machinability based on the surface quality was higher for
WAAM than for a hot rolled rod made of American Iron and Steel Institute (AISI)
316L. The authors also measured a higher hardness for the WAAM-material and
concluded that machinability could not be determined based on hardness alone,
since the material composition and microstructure also influence the results.

LOPES et al. (2020) also detected an influence of the microstructure. The
authors carried out slot milling experiments on High-strength low-alloy steel
(HSLA steel) parts manufactured by GMAW. Seemingly, the microstructure did
not influence the cutting forces, but significant tool wear was detected, which
was assumed to be caused by strong fluctuations in the microstructure. The
cutting forces and the tool wear were also studied by DTTMANN and GOMES

(2021). The authors conducted milling experiments on GMAW-manufactured
ER70S-6 steel parts with three cutting speeds. The cutting force decreased with
increased cutting speed, while the tool wear increased. These results were in
accordance with the state of the art for milling conventionally manufactured
material.

The influence of the WAAM-part geometry on the orthogonal cutting process
was shown by ESCHELBACHER and MÖHRING (2021). The experiments were
conducted on a test bench and the authors analyzed the structure-borne sound
and the cutting forces. They concluded that the WAAM-geometry influenced
the structure-borne sounds. Therefore, the structure-borne sound and the cut-
ting force signals can be used to detect defects in the welded material. The
geometry of the WAAM-parts was also a focus of a study by CHERNOVOL et al.
(2021). The authors studied the WAAM process and the influence of the cutting
parameters on the milling process stability. The material was EN ISO 14341-A
(G 42 4/M21 3Si1), and the process was GMAW. The authors detected a relation
between the WAAM process parameters and the milling process stability, mainly
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due to the difference in microstructures and deposited wall widths. It was con-
cluded that a shorter cooling time leads to a decreased component stiffness and
thus provoked chatter during the milling process in their case.

Titanium alloys. ALONSO et al. (2020) compared the machinability of PAW-
manufactured Ti-6Al-4V to the machinability of a conventionally manufactured
plate. The results showed a higher cutting torque for the PAW-manufactured ti-
tanium than for conventional material, which was in agreement with the higher
hardness of the material. The cutting torque for three milling strategies, up-
milling, down-milling, and slot-milling, was analyzed by VEIGA et al. (2020).
The authors conducted peripheral milling experiments in PAW-manufactured
Ti-6Al-4V. They showed that the variations in the hardness had no significant
influence on the cutting forces. The torque difference between up-milling and
down-milling was statistically insignificant, however, slot milling led to tool
breakage. This was linked to the direction of the tool path, which was per-
pendicular to the deposited layers.

The literature on the machinability of WAAM-material is summarized in Table
2.4.

Table 2.4: Overview of the publications presenting research on the machinability of WAAM-
material, and the topics studied in connection with the machinability; – the topic is the research
focus,G# – the topic is (partially) included,# – the topic is not addressed
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Visibly, only a small amount of research has been conducted up until present.
Therefore, it was chosen to be a topic of research for this thesis. However, before
a manufacturing process can be conducted, it must be planned. Consequently,
the background and state of the art of process planning, which is a part of
process chain design, is presented in the following Section 2.3.

2.3 Process chain design

Process chain design needs to be conducted in order to achieve an efficient
production (DENKENA and TÖNSHOFF 2011). Within this section, the terms
related to process chain design are first defined. Then, the state of the art on
process chain design for the combination of AM and machining is presented.
Finally, the Process and Operations Planning (POP) within such a process chain
is discussed.

2.3.1 Definition of terms and general considerations

Within the manufacturing context, a process chain is defined as "a sequence of
process elements with the objective of transforming certain items from an in-
put state into a conformable [desired] output state" (HENJES 2014). Processes
are the most minor and impartible parts of such a process chain (DENKENA

and TÖNSHOFF 2011). They are defined by their input and output parame-
ters (HENJES 2014) and use "one or more physical mechanisms to transform a
material’s shape and/or properties" (CHRYSSOLOURIS 1992). The technological
interfaces define the transfer of information and material between the processes
(DENKENA and TÖNSHOFF 2011). Transferred information can include surface
quality, part dimensions, or processing temperatures, for example (DENKENA

and TÖNSHOFF 2011). The task of the process chain design is to identify and to
arrange processes to achieve specific product characteristics and efficient pro-
duction (DENKENA and TÖNSHOFF 2011). If a previous process chain exists,
three options are available to remodel the process chain:

• adaption: adjusting sequential processes for higher efficiency or higher
quality,

• substitution: replacing one process with another, and
• integration: conducting one process together with another one (HENJES

2014).

Planning steps must be conducted before a component is manufactured with a
specific process chain. The planning steps are part of the production planning
(DENKENA and TÖNSHOFF 2011; SCALLAN 2010). Planning steps to select and
sequence processes are considered process planning (D’ADDONA and TETI 2014;
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SCALLAN 2010). How each process is carried out is defined during the opera-
tions planning (D’ADDONA and TETI 2014; EVERSHEIM 2002). This contains, for
example, the selection of tools and tool holders and the process parameter selec-
tion. It is carried out individually for each process. Within this thesis, defining
how the POP must be conducted is considered part of the process chain design.
Overall, production planning considers a broader context. Scheduling machines
and people, coordinating suppliers, and deciding what is to be produced where,
when, and how are also production planning activities (D’ADDONA and TETI

2014). Process chains, in which the main processes are additive manufactur-
ing and machining, are designated additive-subtractive process chains within
the thesis. However, the thesis presents only research concerning the WAAM
process as the AM process. To enable a comparison of the researchers’ results,
they are clustered with the above introduced definitions. However, the pub-
lication authors’ original terms for the process steps are retained, in order to
showcase the confusion within the state of the art. A listing by the author of
this thesis of the actions within the steps is given in the Appendix A.1.

2.3.2 Process chain design for additive-subtractive manufacturing

Several researchers have already studied the process chain design for additive-
subtractive manufacturing. Two types of additive-subtractive process chains
were identified by the author of this thesis within the state of the art: sequen-
tial and hybrid process chains. Within sequential process chains, additive and
subtractive processes are carried out in two different machining centers. First,
the part is manufactured entirely by additive manufacturing, and subsequently
it is milled or cut by some other process. An adaption of the processes is usually
necessary for this type of process chain remodeling. This process chain might
also be conducted on one machining center, provided the tool is changeable
from a welding torch to a milling spindle. Based on the definitions by DENKENA

and TÖNSHOFF (2011), if the conventional process chain included the manufac-
turing of a near-net shape by a forming process such as forging, the remodeling
type may be considered a substitution, replacing the forming process by AM.
Hybrid process chains incorporate both processes within one machining cen-
ter, and the operations are carried out iteratively: one layer is deposited and
machined before the next layer is deposited. The remodeling type is then an
integration, not a substitution. Both process chain types may include further
processes, such as heat treatment, process planning steps, and waste material
processing, but the main shaping processes are AM and machining.

Sequential process chain. Applications and considerations for the sequential
additive-subtractive process chain are described in the literature. The techno-
logical interfaces for a WAAM-based sequential process chain were documented
by BUSACHI et al. (2015). The authors listed five processes in their process
chain:
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1. WAAM system,
2. heat treatment,
3. machining,
4. wire electrical discharge machining, and
5. argon recovery*.

They divided the process outputs into critical (i.e., noise and vibrations) and
non-critical outputs (i.e., waviness resulting in chips, heat, and supports). The
connection between the processes was realized by the product flow, whose prop-
erties were not described in-depth.

The successful application of a sequential process chain was shown by YA and
HAMILTON (2018), for example. The authors focused their research on manu-
facturing conventionally hard-to-machine propeller designs and explored CNC
milling and manual grinding as subtractive machining processes. For the depo-
sition process, the authors used GMAW with a steel wire.

An adaption of the GMAW process for additive manufacturing was proposed by
CHERNOVOL et al. (2020), and the setup requirements for sequential manufac-
turing were documented by REISCH et al. (2020). A total of 15 requirements
were collected, including multi-axis deposition and the capability of detecting
anomalies. Based on these requirements, the authors developed a WAAM setup
with the CMT process and studied the influence of different lead angles on the
deposited walls. They concluded that a lead angle of 0° was preferable since
it eased automation and path planning, while its influence on the weld quality
was negligible. Finally, REISCH et al. (2020) presented a system architecture
for the process chain and used it to document computing needs within the con-
trol system. Notably, REISCH et al. (2020) combined the process planning for
WAAM and milling within one step.

Hybrid process chain. Several applications of the hybrid additive-subtractive
process chain are described in literature. KARUNAKARAN et al. (2010) developed
a machining center and software framework for a component’s hybrid deposi-
tion and finish machining. The authors integrated GMAW equipment into a
CNC machining center. The process steps are then deposition of one layer and
face milling of this layer until the final height is reached, and peripheral milling
to final shape. The successful application of this process chain was shown for
manufacturing injection mold dies.

For the fabrication of stiffened panels, LI et al. (2017) developed a two-robot
hybrid manufacturing system to fabricate stiffened panels. One robot was
equipped with a GMAW welding torch, while the other was outfitted with a
spindle and a milling tool. The process chain consisted of the following steps:
repeated deposition of one layer and face and peripheral milling of that layer
until the deposit reached the desired height. The authors studied the effect of

*For a brief description of the process steps, the reader is kindly referred to Appendix A.1.
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the deposition parameters and milling parameters on the surface quality and
material utilization. They improved the material utilization from 34% to 91%
in comparison to conventional machining.

2.3.3 Process and operations planning for sequential additive-subtractive
manufacturing

Substantial research was conducted on the POP for the individual processes
WAAM and milling.

WAAM process. DING, PAN, CUIURI, LI, et al. (2016) identified six steps for
an automated WAAM process planning:

1. CAD modeling,
2. 3D slicing,
3. 2D path planning,
4. bead modeling,
5. weld setting, and
6. robot code generation*.

The authors’ focus was the bead modeling, which they identified as crucial to
achieving geometrical accuracy and which is an input into 2D path planning and
weld setting. They implemented a neural network to predict the bead geometry
and developed a path planning algorithm based on the Medial Axis Transforma-
tion (MAT). (DING, PAN, CUIURI, LI, et al. 2016)

The first step of CAD modeling was, among others, addressed by LOCKETT et al.
(2017), who defined design rules for WAAM parts, including part dimensions,
symmetry, and machining considerations such as accessibility for the tool. The
authors also developed a methodology to determine the build orientation during
the WAAM process. The possible build orientations are chosen by guidelines
and assessed using five criteria: the deposited material, the number of build
operations, the build complexity, the symmetry and the substrate waste. The
methodology was applied to two case studies and reviewed by experts, proving
that viable build orientations were chosen.

Another framework for the POP was developed by URBANIC et al. (2017). It
is applicable to all bead-based additive manufacturing processes, including
WAAM. The authors’ framework includes five steps:

1. project setup,
2. travel path strategy [selection],
3. definition of process-specific parameters,
4. travel path simulation and verification, and
5. generation of the Numerical Control (NC) code*.

*For a brief description of the process steps, the reader is kindly referred to Appendix A.1
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The machine, the process type, the substrate material, the material and the
travel path strategy are considered within the project setup. Here, the research
is not conclusive, since the travel path strategy is also the second item in the
framework and thus considered twice. Process-specific parameters are the speed
vT and feed parameters vW , the substrate heat input parameters, transient con-
ditions, and profile and fill parameters. Simulation modules and CAM path
planning modules were developed for the additive processes and linked with a
database containing knowledge such as on material parameters and build rules.

In 2020, DAI et al. (2020) stated that planning for the WAAM process generally
consists of

1. modeling,
2. slicing,
3. path filling,
4. tool-path generation,
5. weld setting,
6. weld code generation,
7. welding, and
8. machining*.

According to the previously introduced definitions (see Section 2.3.1), welding
and machining are not part of the planning steps but are manufacturing steps.
DAI et al. (2020) studied the steps slicing, path filling, and tool-path generation
for the deposition on conical substrates and proposed an algorithm to calculate
the tool paths. The authors applied this algorithm to the manufacture of an
underwater thruster and achieved a dimensional accuracy of roughly ±0.55 mm.

An example of a POP method based on the control of the heat input was pre-
sented by CUI (2020). The authors investigated in which component areas a
higher or a lower heat input was necessary to influence the bead geometry for
an improved shape. They demonstrated a successful application of their method
by manufacturing an L-shape.

Milling process. For the milling process, a high amount of research was con-
ducted for the POP. In the following, a short overview of the necessary steps is
given, along with current research trends.

Generally, XU (2009) defined four steps for the POP in manufacturing:

1. specification and requirement[s] analysis,
2. operation selection and sequencing,
3. resource selection, and
4. determination of operational parameters*.

*For a brief description of the process steps, the reader is kindly referred to Appendix A.1
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In the first step, the component design is analyzed, and features8 are identified.
Appropriate manufacturing operations and their sequence are identified in the
second step. The resource selection comprises decisions such as the selection of
the machine tools, the cutting tools, the fixtures, and the clamps. Operational
parameters for machining operations include the process parameters and the
tool engagement parameters. (ELMARAGHY and NASSEHI 2014; XU 2009)

More specific to machining processes, HALEVI and WEILL (1995) identified ten
steps for the POP. These steps are:

1. input specifications and interpretation,
2. selection of primary processes,
3. determination of production tolerances,
4. selection of holding devices and datums,
5. selection and grouping of operations,
6. selection of [the] machine and [the] sequence of operations,
7. selection of cutting tools,
8. selection of quality assurance methods,
9. time and cost module, and

10. editing of [the] process sheet*.

The order of the steps is not fixed. The processing conditions (speeds, tool
engagement, etc.) are chosen within the time and cost module. (HALEVI and
WEILL 1995)

This approach has shortcomings, such as the fact that the results are depending
on the process planner, and that they are incomplete or inconsistent. Also, an
extended pre-production time is to be accepted. Therefore, the main research
focus is the replacement of manual labor by automation of the planning activ-
ities. Research interests in this field are studied under the topic of Computer-
Aided Process Planning (CAPP). (HALEVI and WEILL 1995)

Two main approaches are researched within the topic of CAPP: the variant ap-
proach and the generative approach (ELMARAGHY and NASSEHI 2014). Already
existing process plans for similar parts are used to generate a new process plan
within the variant approach (XU et al. 2011). The generative approach uses
decision logic and process knowledge to develop process plans (XU et al. 2011).
For this purpose, feature-based or knowledge-based systems were developed,
and the benefits of machine learning algorithms such as neural networks and ge-
netic algorithms were studied (XU et al. 2011). In specific regard to the milling
POP for the post-processing of WAAM-components, no research was identified
at this time.

8“A feature is a physical constituent of a part, which is mappable to a generic shape, has
engineering significance, and has predictable properties.” (SHAH and MÄNTYLÄ 1995).

*For a brief description of the process steps, the reader is kindly referred to Appendix A.1
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Process chain. However, some research was found for the POP for the com-
plete additive-subtractive process chain with WAAM and milling. Along with the
technological interfaces, BUSACHI et al. (2015) also defined and documented
process steps within the POP for the WAAM process. However, their design
lacked the consideration of the milling process within the WAAM process oper-
ations planning.

PRADO-CERQUEIRA et al. (2017) proposed an eight-step methodology to manu-
facture parts with the additive-subtractive process chain. Part of it, the steps

1. 3D modeling,
2. slicing in layers,
3. programming the path in each layer,
4. CNC code generation, and
5. adjustment of welding parameters*,

are attributable to the POP, although the authors make no such distinction.
These five steps are followed by the steps manufacture by addition, post-
machining, and final result.

As mentioned in Section 2.3.2, REISCH et al. (2020) defined one combined
process planning step for both the WAAM and the milling process. Within this
step, the workpiece model should be divided into segments, deposition strate-
gies and parameters chosen for each segment, and milling operations defined
on all surfaces requiring post-processing. The path planning should also be
conducted, along with a collision check.

A summary of the literature on process planning for WAAM and machining is
listed in Table 2.5. Visibly, research on process planning for a sequential process
chain, as studied in this thesis, is scarce, while for both individual processes,
WAAM and milling, detailed research results are already available.

*For a brief description of the process steps, the reader is kindly referred to Appendix A.1
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Table 2.5: Overview of the publications presenting research on the process chain design and
process planning of WAAM-material; – the topic is the research focus,G# – the topic is (partially)
included,# – the topic is not addressed
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2.4 Summary and need for action

The background and state of the art presented in the previous sections are sum-
marized in this section with key facts, and the need for action is formulated.

Summary. The following four key facts (Sx) summarize the state of the art:

S1 The process chain for aircraft structural components by WAAM and
milling uses substitution to remodel the process chain. Before the substi-
tution, a (titanium) slab was used as a raw part for the milling process.
A WAAM-component replaces this slab. Successful applications of this
process chain were shown in literature.

S2 POP was studied for the individual processes. In regard to the opera-
tions planning for the WAAM process, algorithms for the orientation of
the build (LOCKETT et al. 2017), path planning strategies (DING et al.
2015c), quality control (BAIER et al. 2022), and a framework for sim-
ulation models (URBANIC et al. 2017) have been developed. Ten steps
were identified by HALEVI and WEILL (1995) for the manual milling op-
erations planning.

S3 The WAAM process can produce near-net shaped parts of Ti-6Al-4V, with
mechanical properties comparable to those of conventionally manufac-
tured Ti-6Al-4V.

S3.1 All the models presented in the literature show that individual
weld beads are expected to be identifiable in the WAAM deposi-
tion, resulting in geometric deviations from ideal shapes.

S3.2 Abnormal areas on the weld beads are likely. They are adjustable
to the rest of the weld bead with additional effort, such as with the
so-called burning back method.

S3.3 The WAAM-microstructure differs from the microstructure of con-
ventionally produced Ti-6Al-4V. The microstructure depends on
the position within the part (top or bottom), and instead of a
lamellar or equiaxed microstructure, a Widmanstätten structure
is often found.

S3.4 The properties of wire and arc additively manufactured Ti-6Al-
4V are dependent on the orientation within the part (anisotropy).
Furthermore, the YS and UTS are often above the minimally re-
quired strength, but the elongation is not.

S4 Milling Ti-6Al-4V presents challenges. The material is mostly difficult
to machine due to its properties (see Section 2.2.2). Furthermore, vi-
brations and deformations need to be controlled during the machining
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process. Vibrations are expected due to an exitation force or a varia-
tion of the chip thickness. Deformation occurs due to the cutting forces
and affects the cutting tool and the workpiece. For wire and arc addi-
tively manufactured Ti-6Al-4V, one publication showed a higher cutting
torque than for conventional material. Additionally, a dependency of tool
wear on the tool path directions was speculated. The results were not
consistent for steel, however, the authors realized that a study of the mi-
crostructure and the material’s hardness was necessary to compare the
machinability of conventional and additively manufactured steel alloys.

Need for action. From this state of art, two areas necessitating action (Nx)
were identified.

N1 There is no consideration of the subsequent milling process during the
WAAM POP, except by LOCKETT et al. (2017), who state that cutting
tool accessibility needs to be ensured for the WAAM design. Additional
research should be carried out, especially regarding the machining al-
lowance which is the amount of material additionally deposited to ensure
a stable surface quality after machining. No further research concerning
this topic could be identified at this time.

N2 There is no adaption of the milling operations planning to WAAM-
components.

N2.1 A part of the operations planning is selecting cutting tools and
parameters. This cannot be successful if the machinability of the
material is unknown. Therefore, the machinability of wire and arc
additively manufactured Ti-6Al-4V has to be determined.

N2.2 Tool path strategies also have to be chosen during operations plan-
ning. Generally, vibrations are induced by a variation of the cutting
force. Due to the WAAM-geometry, a variation of the cutting forces
is expected, which should be considered for the tool path strategy.
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Chapter 3

Objective and Research Approach

The following sections present the objective, the scope, and the approach of this
publication based thesis. The chapter concludes with the author’s contributions
to the listed publications.

3.1 Objective and scope

The objectives (Ox) of this thesis were developed based on the areas necessitat-
ing action N1 to N4 (Sec. 2.4).

O1 Methodology for integrated process planning

Integrated in this context means that the individual processes and their influ-
ence on each other are considered jointly. An integrated process planning is
necessary since, for example, accessibility for the tools needs to be considered
for the WAAM process, and sufficient material needs to be deposited for the
subsequent machining process.

O2 Milling operations planning adapted for WAAM-components of Ti-6Al-4V

Choosing tools, cutting conditions, and path strategies is part of the operations
planning. For these choices, the machinability has to be known. As presented
in Chapter 2, the machinability of WAAM-components is still undetermined but
likely differs from the machinability of conventional Ti-6Al-4V.

To fulfill these objectives, four research questions (Rx) were defined as follows:

R1 What are the steps of the integrated process planning?
R2 How can a sufficient machining allowance be ensured?
R3 How does the WAAM-material’s machinability differ from conventional

material?
R4 How does the WAAM-part geometry influence the milling process?
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The relations between the objectives and the research questions are depicted
in Figure 3.1, along with the respective chapters in which the results are pre-
sented. The WAAM process is a new process which is studied by a large re-
search community and its process stability is relatively low compared to the
milling process. The WAAM process parameters are therefore chosen for process
stability, while the milling process, with its higher process capability, reacts to
the resulting WAAM-component characteristics. Consequently, operations plan-
ning for the WAAM process and improving the WAAM process by adapting the
process parameters are outside the scope of this thesis. The WAAM-part ge-
ometry and properties presented in Chapter 2 show considerable variability.
Therefore, within this thesis, a milling operations planning is to be developed
which is adaptable to changing WAAM-component characteristics. Accordingly,
specifying cutting conditions or tools are outside the scope of this thesis.

Chapter 6 Potential Analysis and Discussion

Chapter 1 Introduction

Chapter 5 Milling Operations Planning
• mechanical properties and machinability
• impact of WAAM-geometry

④⑤④⑤

R3

R4
Publications:

Chapter 7 Summary and Outlook

Chapter 4 Integrated Process Planning
• steps for integrated process planning
• definition of machining allowance
• cost analysis①②③ R2

R1

Publications:

Chapter 3 Objective and Approach O1 O2

Chapter 2 Background and Literature Review N2N1

Figure 3.1: Methodology of this dissertation thesis

3.2 Research approach

The technological interfaces between the processes need to be determined to
enable this type of integrated process planning. Therefore, this thesis presents
a process chain model developed by system analysis. The top-down approach is
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used for the system analysis. The schematic of the top-down approach is shown
in Figure 3.2. The advantages of this approach are a rapid comprehension of
the interdependencies of the processes, while the effort can be limited since
the detailing is only conducted to the level required to achieve the objective
(VDI 3633-1 2014). Steps for the integrated process planning are developed
based on the process chain model. Furthermore, studies on the machinability
of WAAM-material were conducted, and conclusions for the milling operations
planning are drawn.
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Figure 3.2: Schematic depiction of the top-down approach for system analysis based on VDI
3633-1 (2014)

The approach was pursued in the five publications, which this dissertation thesis
is based on. Using the following bibliographical information, the full publica-
tions can be found in the respective journals or online:

1 FUCHS, C., RODRÍGUEZ, I., et al., (2021). “Process Planning for
the Machining of Ti-6Al-4V Near-net Shaped Components”. In:
Procedia CIRP vol. 101, pp. 58–61. ISSN: 22128271. DOI: 10.
1016/j.procir.2020.03.155

2 FUCHS, C., SEMM, T., et al., (2021). “Decision-based process
planning for wire and arc additively manufactured and machined
parts”. In: Journal of Manufacturing Systems vol. 59, pp. 180–189.
ISSN: 02786125. DOI: 10.1016/j.jmsy.2021.01.016

3 FUCHS, C. et al., (2020). “Determining the machining allowance
for WAAM parts”. In: Production Engineering vol. 14.5–6, pp. 629–
637. ISSN: 0944-6524. DOI: 10.1007/s11740-020-00982-9

4 FUCHS, C. et al., (2023). “Investigation into the influence of the
interlayer temperature on machinability and microstructure of ad-
ditively manufactured Ti-6Al-4V”. in: Production Engineering vol.
17.5, pp. 703–714. ISSN: 0944-6524. DOI: 10.1007/s11740-023-
01192-9

5 FUCHS, C. et al., (2022). “Impact of wire and arc additively manu-
factured workpiece geometry on the milling process”. In: Produc-
tion Engineering vol. 17.3–4, pp. 415–424. ISSN: 0944-6524. DOI:
10.1007/s11740-022-01153-8

https://doi.org/10.1016/j.procir.2020.03.155
https://doi.org/10.1016/j.procir.2020.03.155
https://doi.org/10.1016/j.jmsy.2021.01.016
https://doi.org/10.1007/s11740-020-00982-9
https://doi.org/10.1007/s11740-023-01192-9
https://doi.org/10.1007/s11740-023-01192-9
https://doi.org/10.1007/s11740-022-01153-8
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Following the top-down approach, the first part of Publication 1 , Chapter 4
introduces the process chain and defines technological interfaces within the
process chain. Based on the definition of the interfaces, three steps for the
integrated process planning are developed in the second part of Publication
1 in Chapter 4, and the first step is specified. This publication answers the

research question R1. In Publications 2 and 3 , the other two steps for in-
tegrated process planning are detailed. The research question R2 is addressed
in Publication 3 by defining a method to determine the necessary machining
allowance based on surface profile measurements. This is followed by Publica-
tions 4 and 5 , which address the operations planning for milling of WAAM-
parts. The results are described in Chapter 5. The research question R3 of how
the WAAM-material’s machinability differs from conventional Ti-6Al-4V is an-
swered in Publication 4 . The influence of the WAAM-part geometry on the
milling process (R4) is studied in Publication 5 . Finally, in Chapter 6, an ex-
emplary application of the process chain to two test parts is described, and an
analysis of the process chain potential is performed. The methodology of this
dissertation thesis is depicted in Figure 3.1, along with the respective publica-
tions.

An overview of this author’s contributions to the publications is depicted in
Figure 3.3.
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Figure 3.3: Overview of this author’s contribution percentages to the publications

The individual contributions of the author are based on the Contributor Roles
Taxonomy (CRediT) categories (ALLEN et al. 2019). The following categories
were used to define the authorship:

• conceptualization and methodology,
• investigation and validation, and
• writing and visualization.
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If categories are not applicable for the author in any publication, they are not
given. Except for Publication 4 , the majority of the work was conducted by
the author of this thesis. In Publication 4 , this author shared the work equally
with the second author.
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Chapter 4

Integrated Process Planning for WAAM
and Milling

The integrated process planning considers both the WAAM and the milling
process. To achieve this, technological interfaces in the process chain must
initially be defined, and then the planning process steps must be developed.
Publication 1 addresses this topic and details the first planning step. Publica-
tions 2 and 3 present methods for individual steps of the integrated process
planning.

4.1 Process planning and orientation – Publication 1

Publication 1 presents the process chain with its technological interfaces. The
process chain was detailed following the top-down approach. Initial input into
the production is a model of the desired workpiece. The output is the finished
workpiece. For manufacturing, six processes are necessary: process planning,
WAAM operations planning, WAAM, heat treatment, milling operations plan-
ning, and machining.

Further detailing the model, the integrated process planning is presented in
Publication 1 . In Figure 4.1, the three processes, part orientation, manufac-
turability analysis, and surface offset, are depicted in the flow chart of the plan-
ning process. Subsequently, the part orientation process is further detailed in
Publication 1 . In Publication 2 , the cost analysis as part of the manufactura-
bility analysis is specified. The surface offset determination, necessary for the
third process, is described in Publication 3 .

During the definition of the part orientation, the build direction is determined
from four parameters. These four parameters include the substrate utilisation
in parameter P1, the deposited material (parameter P2) , the build time (param-
eter P3), and the build complexity (parameter P4)1. The determination requires

1For the equations to calculate P1 to P4 and in-depth explanations the reader is kindly referred
to the Publication 1 .
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Figure 4.1: Flow chart of the integrated process planning (FUCHS, RODRÍGUEZ, et al. 2021);
licensed under the Creative Commons License CC BY 4.0

that the desired mechanical properties and microstructure are achievable inde-
pendent of the orientation. The determination parameters were adapted from
LOCKETT et al. (2017) for a 3-axis welding setup. This determination is possible
when using gantry machines or welding robots without a turn-tilt table, because
the calculation is only valid for an unchanged build direction. The calculation
of the part orientation was conducted for one generic aerospace component as
a validation.

The following achievements were obtained through Publication 1 :

• The additive-subtractive process chain with WAAM and milling and its
technological interfaces were defined.

• Processes within the integrated process planning for the sequential
WAAM and milling process chain were determined.

https://creativecommons.org/licenses/by/4.0/legalcode
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• The first process, the determination of the part orientation, was detailed
and validated with an exemplary component.

In Figure 4.2, the author’s contributions to the publication are specified.
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Zaeh, M. F.
Baier, D.

Fuchs, C.Rodríguez, I.

①

• conceptualization & methodology: 90 %

• investigation & validation: 10 %

• writing & visualization: 65 % 

Figure 4.2: Individual contributions of the authors to Publication 1
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4.2 Feature-based sequence definition by performing a
cost analysis – Publication 2

The manufacturability analysis is the second part of integrated process planning
(see Figure 4.1). Two questions need to be answered within this step:

• "Is manufacturing by WAAM possible?", and
• "Is WAAM economically viable?".

The first question is answerable by the state of the art. However, a cost analysis
has to be conducted to answer the second question. Notably, the economic via-
bility does not refer to the component as a whole but refers to each subtractive
geometric feature. A method for the cost analysis is presented in Publication
2 . For each geometric subtractive feature of a component, the decision of

which work sequence to use has to be made based on economic considerations.
The sequences are: premanufacturing the feature with WAAM and milling from
a near-net shape (Sequence X) or filling the feature with material during the
WAAM process and milling from a conventional shape (Sequence Y). Examples
of these work sequences for manufacturing a hole are shown in Figure 4.3.

Final part   

Milling blank

WAAM model

Work sequence X Work sequence Y

Figure 4.3: Work sequences for the cost analysis (FUCHS, SEMM, et al. 2021)
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A cost model, based on the deposition and material removal rates, was devel-
oped in Publication 2 for each work sequence. The model was applied to the
manufacture of generic features. Additionally, the influence of model parame-
ters on the decision of which work sequence to use was determined. The results
showed that the machining allowance had the greatest influence, followed by
the diameter of the hole.

The following achievements were obtained through Publication 2 :

• The second process planning step, manufacturability analysis, was de-
tailed by developing a method for the cost analysis of sequentially man-
ufacturing with WAAM and milling.

• The cost analysis enables a decision on how each geometric feature
should be manufactured.

In Figure 4.4, the author’s contributions to the publication are specified.
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Figure 4.4: Individual contributions of the authors to Publication 2
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4.3 Determining the machining allowance – Publication 3

Publication 3 focuses on the determination of the machining allowance. The
machining allowance is defined as the additional material deposited during the
WAAM process and removed during the milling process to achieve a defect-free
surface with a surface quality acceptable for the application. The publication
presents research on how much material must be removed until a defect-free
surface is reached.

The amount of material removed is given with regard to the initial surface
roughness. Notably, a connection between the deposition strategy and the sur-
face waviness was found in the study. In the welding direction, the periodicity
of the waviness corresponds to the deposition’s zig-zag pattern. The deposition
layers are found in the periodicity in the building direction. With the proposed
method, the machining allowance can be determined based on surface profile
measurements. This results in a faster determination of an acceptable amount
compared to trial and error. In the study, surface parameters such as maximum
height of the roughness profile Rz, maximum height of the waviness profile Wz,
maximum surface waviness Sz, maximum height of the primary profile Pz and
form deviations were determined. Of those, the maximum surface waviness
Sz exceeded the other deviations and was therefore, according to the method,
chosen as the reference for the necessary material removal. A surface was con-
sidered defect-free, when no remnants of the welded surface remained. The
results are depicted in Figure 4.5.
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Figure 4.5: Surface quality after milling (FUCHS et al. 2020); licensed under the Creative Com-
mons License CC BY 4.0
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On each part of the twelve parts, six areas with different depths of material re-
moval (total width of cut) were machined. At a material removal depth of 125%
of the initial waviness, the surfaces are defect-free. Notably, 125% exceeds the
method’s proposed 100% of the maximum surface deviation. As likely reasons,
deviations in the workpiece datum axis and measurement inaccuracies due to
spatter were identified. However, the study showed that determination of the
machining allowance based on measured surface profiles values is possible and
that the method was applicable.

The following achievements were obtained through Publication 3 :

• The relationship between the surface waviness and the deposition strat-
egy was described.

• It was shown that removing the waviness is key to achieving even sur-
faces.

• A method to determine the necessary machining allowance, based on
measured surface roughness and waviness values, was presented.

In Figure 4.6, the author’s contributions to the publication are specified.
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Figure 4.6: Individual contributions of the authors to Publication 3
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4.4 Summary of the integrated process planning

The objective O1 was to develop a methodology for integrated process planning,
which considers both the WAAM and the milling process. The methodology is
supposed to enable the consideration of the accessibility for the tool and suf-
ficient deposited material for the subsequent machining. The first step of this
objective was achieved by Publication 1 . Within the publication, the techno-
logical interfaces of the additive-subtractive process chain were defined, and the
individual processes within the integrated process planning were determined.
Furthermore, the first process of the integrated process planning was detailed
and validated. The second process of the integrated process planning was stud-
ied in Publication 2 . Here, the manufacturability analysis was detailed, which
enables a decision on how each geometric feature should be manufactured. The
deposition of sufficient material was the focus of Publication 3 . Within the
publication, a method to determine the necessary machining allowance based
on measured surface roughness and waviness values was presented. With these
three publications, a complete methodology for the integrated process planning
is presented. The difference between the WAAM-material’s machinability and
conventional material and the influence of the WAAM-part geometry on the
milling process are issues that need to be answered for the second objective O2.
These issues are addressed in the following chapter.
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Chapter 5

Considerations for the Milling Operations
Planning

The tools, the cutting conditions, and the cutting strategy must be defined in
the milling operations planning. Tools and cutting conditions are only definable
if the machinability of the WAAM-material is known. Publication 4 addresses
this topic and is described in Section 5.1. Aside from that, there is a difference
between the near-net-shaped WAAM-components’ and the conventional mate-
rial’s geometry (see Chapter 2). The difference influences the cutting strategy
and the cutting conditions. Therefore, milling operations planning should con-
sider the geometry of the WAAM-parts. This topic is addressed in Publication 5
(Sec. 5.2).

5.1 Connection between microstructure, mechanical prop-
erties and machinability – Publication 4

The material’s heat cycles influence the microstructure of WAAM-components
significantly. As shown by various researchers, the heat cycles are dependent on
the interlayer temperature. Therefore, Publication 4 focuses on the influence
of the interlayer temperature1 on the microstructure, the mechanical properties,
and the machinability. Two samples each with three different interlayer temper-
atures (200°C, 350°C and 500°C) were manufactured, peripherally milled, and
their properties were analyzed. A Widmanstätten structure was found in all
samples. This is consistent with the state of the art (see Section 2.1.2). The
β-lamellae were coarser at the bottom of the samples than at the top. The
hardness of the samples was similar, except for the top layer. Here, the hard-
ness slightly increased with increasing interlayer temperature. The tension tests
showed uniform yield strength and ultimate tensile strength for all samples,
comparable to the state of the art for Ti-6Al-4V. The waviness was removed on

1The interlayer temperature is the temperature of the weld bead before depositing the next
layer.
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the samples before the cutting force measurements were made. During the mea-
surements, no influence of the interlayer temperature was detected. Addition-
ally, substrate material was also milled, and the cutting forces were measured.
The comparison between the cutting forces of WAAM-material and substrate
material, which can be considered as conventionally produced Ti-6Al-4V, show
no discernible difference. The results in the direction perpendicular to the part
are depicted in Figure 5.1.
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Figure 5.1: Cutting forces in normal direction for three different interlayer temperatures and for the
substrate material (FUCHS et al. 2023); licensed under the Creative Commons License CC BY 4.0

This publication shows that mechanical properties similar to conventional
Ti-6Al-4V are achievable by WAAM. Secondly, if the mechanical properties are
similar, the influence of the interlayer temperature on the cutting forces is neg-
ligible. Thirdly, the cutting forces are comparable to those of conventionally
manufactured Ti-6Al-4V, even though the microstructure differs. Therefore,
for milling operations planning, similar cutting conditions are advisable as for
conventionally manufactured Ti-6Al-4V.

The following achievements were obtained through this Publication 4 :

• The microstructure was shown to be similar to the microstructure de-
scribed in the chapters on the state of the art for WAAM-components.

• The mechanical properties of the WAAM-samples were similar to con-
ventionally manufactured Ti-6Al-4V, except for the top layer, where an
influence of the interlayer temperature was detected.

• The cutting forces were determined to have no discernible difference
from the cutting forces in conventionally manufactured Ti-6Al-4V.

https://creativecommons.org/licenses/by/4.0/legalcode
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In Figure 5.2, the author’s contributions to the publication are specified.
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Figure 5.2: Individual contributions of the authors to publication 4
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5.2 Impact of the WAAM-geometry on the milling process
– Publication 5

Publication 5 focuses on the WAAM-geometry’s impact on the milling process.
The surface quality of three sample sets was analyzed. The samples were man-
ufactured with different parameters and their profile visibly differed. Details
of the surfaces are depicted in Figure 5.3. Next, the surfaces were peripher-
ally milled, and the resulting cutting forces were analyzed. Notably, the surface
profile waviness was detectable in the mean cutting forces, which vary with the
modulation frequency, which is calculable from the surface waviness and the
feed velocity.

10 mm

X

Z

(a) aluminium alloy (b) titanium alloy (c) titanium alloy

Figure 5.3: Surfaces of three types of WAAM components without post-processing, and manu-
factured using three different WAAM strategies (FUCHS et al. 2022); licensed under the Creative
Commons License CC BY 4.0

The impact of the force modulation on the milling process was analyzed. It was
concluded that forced vibrations might occur if the modulation frequency coin-
cides with a natural frequency of the setup. This is especially likely for milling
with robots since their first mode natural frequency lies between 5.5 and 10 Hz.
Additionally, the modulation led to periodic deflections found on the aluminum
samples. On these samples, the surface waviness after milling corresponded to
the waviness before the milling process, even though the deposited surface was
completely removed by the cuts. A likely reason for that is to be seen in the tool
and the workpiece deflections due to the modulation of the mean cutting force.

Guidelines for the milling process were determined from these results. They in-
clude choosing a cutting strategy with the feed direction parallel to the smallest
measured waviness value, ensuring that the modulation frequency, the natural
frequency of the setup, and the spindle rotational frequency do not coincide,
and choosing a strategy with a finishing cut.

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
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In summary, these results give guidelines for milling operations planning. An
improved cutting strategy is proposed, and recommendations for choosing cut-
ting conditions such as spindle speed n, and feed rate fz are given. Combined
with the results from Publication 4 , the milling operations planning has been
adapted from conventional material to WAAM-components.

The following achievements were obtained through this Publication 5 :

• The impact of the surface profile of WAAM-components on the cutting
forces was determined. This shows that the surface profile waviness leads
to a modulation of the mean cutting force.

• The influence of the modulation (fluctuation) of the mean cutting force
on the vibration and deflection behavior was demonstrated.

• Guidelines for the milling process planning to counteract the impact of
the WAAM-geometry were derived and proposed.

In Figure 5.4, the author’s contributions to the publication are specified.
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5.3 Summary of the considerations for the milling opera-
tions planning

The objective O2 was to adapt the milling operations planning for WAAM com-
ponents of Ti-6Al-4V. For that purpose, the machinability of the wire and arc ad-
ditively manufactured material had to be determined. This determination of the
machinability was performed in Publication 4 . For the publication, the macro-
and microstructure of wire and arc additively manufactured Ti-6Al-4V were an-
alyzed, and the mechanical properties were determined for samples manufac-
tured with different interlayer temperatures. Furthermore, the machinability of
these samples was ascertained by determining the cutting forces. The machin-
ability of conventionally manufactured Ti-6Al-4V and the samples’ machinabil-
ity were compared to each other. The results show that it is possible to manu-
facture Ti-6Al-4V with WAAM with a machinability comparable to that of con-
ventional Ti-6Al-4V. Therefore, similar cutting conditions are advisable as for
conventionally manufactured Ti-6Al-4V. However, in Chapter 2, it was shown
that the stock material geometry for the machining process differs, when ma-
chining near-net shaped WAAM-material compared to the conventional process
chain. The impact of this difference was studied in Publication 5 . The wavy
surface profile due to the WAAM process leads to a modulation of the mean
cutting force. It was demonstrated, that, in turn, this influences the vibration
and deflection behavior. And finally, guidelines for the milling process plan-
ning were derived. The milling operations planning was adapted to the WAAM
process with these two publications. Combined with Chapter 4, the objective of
this thesis is achieved. However, no analysis of the potential and the applicabil-
ity was conducted so far. Therefore, this topic is addressed in Chapter 6, along
with a discussion of the results of the thesis compared to the literature.
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Chapter 6

Potential Analysis and Discussion

This chapter presents an analysis of the potential of the process chain devel-
oped in this thesis. It serves the dual purpose of showing the applicability of
the process steps to parts having an engineering significance and of illustrating
the process chain’s economic impact in comparison to a trial-and-error-based
process planning approach. In Section 6.1, the parts and fundamental equa-
tions for the analysis are initially introduced. This is followed by the analysis of
potential, which is carried out for each step of the developed process planning
procedure. In Section 6.2, the thesis results are compared to the objectives, and
the research limitations are pointed out.

6.1 Potential analysis

Several publications address the economic and environmental potential of an
additive-subtractive process chain consisting of WAAM and machining. An
early-stage assessment of the economic feasibility of such a process chain and
a sensitivity analysis was given by MARTINA and WILLIAMS (2015). CUNNING-
HAM et al. (2017) presented a more in-depth study. The energy efficiency was
studied by CAMPATELLI et al. (2020), for example. Overall, the results by all au-
thors show that the process chain consisting of WAAM and machining has great
economic and environmental potential. Above all, saved material compared to
machining the components from slabs leads to the process chain being the more
economical decision every time, provided that the WAAM equipment is inexpen-
sive compared to machining centers. Even the additional welding time does not
change this outcome.

All aforementioned authors assumed that the process chain is conducted with
optimal parameters within their studies. As shown in Chapter 2, the process
planning for a combination of WAAM and milling is still in the early stages.
Therefore, a methodology for integrated process planning was developed in
this thesis. The potential of this methodology is analyzed in this section. The
possibility of losses due to process planning with a trial-and-error method is
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determined for that purpose. The basis for the calculations are two test compo-
nents. Both are depicted in Figure 6.1. The dimensions of the parts are found
in Appendix A.2.

The first part is based on a structural aircraft component. A similar part was
developed for the research project REGULUS (Federal Ministry for Economic
Affairs and Climate Action (BMWK), Grant Nr. 20W1709D) in cooperation with
the industrial partners. The second component is based on a bleed air leak
detect bracket. The bracket was presented in a case study by DEHOFF et al.
(2013). The authors showed the potential of Powder-bed Fusion of Metals with
an Electron Beam (PBF-EB/M) for decreasing the BTF ratio. Initially, the BTF
ratio was around 33 and was speculated to decrease to fairly close to 1. Since
no scale was given for the part, its appearance was recreated.

2 
A4

(a) Test part no. 1: structural component

2 
A4

(b) Test part no. 2: bracket

Figure 6.1: Isometric view of the two test parts for the analysis of the potential

Since the lesser material consumption of the process chain is crucial for its eco-
nomic potential, the BTF ratio is used for the analysis. Additionally, manufactur-
ing time is a concern. Therefore, an estimation of the manufacturing time based
on the deposition rate and the material removal rate is given. Theoretically, if
the manufacturing time is strongly increased by the additive-subtractive process
chain, any economic gains due to the lesser material consumption can be can-
celed out by the costs for the increased manufacturing time. Consequently, both
parameters are considered in the potential analysis. All calculations are based
on the initial parameters given in the appendix in Table A.2.
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The following assumptions were made for the calculations:

• The clamping is ideal, and the substrate is no larger than necessary for
the part dimensions.

• Only a deposition of geometrically simple shapes such as straight walls
is conducted. No tapering, cylinders or unsupported features are consid-
ered.

• The machining allowance is added globally to all surfaces, even to the
substrate. This machining allowance on the substrate accounts for the
fact that raw material slabs likely have to be milled to remove the rolled
skin and unevenness.

• The idle and setup times are not considered.

Based on these assumptions, the models for the deposition were determined.
They are shown in Figure 6.2.

(a) Test part no. 1: structural component (b) Test part no. 2: bracket

Figure 6.2: Depictions of the part geometries that should be deposited

The component mass for the potential analysis was determined by modeling
all parts in CAD and calculating it based on the volumes. The BTF ratio BT F
was determined from the material’s mass used for production Mp divided by the
material’s mass of the final component M f

BT F =
Mp

M f
, (6.1)

where Mp is the sum of the deposited material’s mass Md and the substrate
material’s mass Ms according to

Mp = Md +Ms . (6.2)

The manufacturing time T is the sum of the time for deposition Td and the time
for milling Tm according to

T = Td + Tm . (6.3)
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Td is a function of the deposition rate DRmass and the mass of the deposited
material Md :

Td =
Md

DRmass
, (6.4)

while Tm is dependent on the material removal rate MRRmass and the mass of
the machining allowance Ma:

Tm =
Ma

MRRmass
. (6.5)

The relation between the volumetric material removal rate MRRvol (see Eq. 2.4)
and the material removal rate MRRmass is defined by the density ρ as

MRRmass = MRRvol ·ρ . (6.6)

The initial BTF ratio and machining time are listed in Table 6.1. The objective
of a substitution of the conventional manufacturing route is to reduce both or,
if that proves impossible, to find an optimal point between increasing costs due
to one factor and decreasing costs due to the other.

Table 6.1: Initial BTF ratio and machining time for the test parts

Parameter Unit Structural component Bracket

BT F - 6.01 21.13
Tm h 3.16 2.69

6.1.1 Part orientation

The first step within the integrated process planning is determining the part
orientation. For both test parts, a suitable build orientation according to Pub-
lication 1 was determined. Based on the guidelines for choosing preliminary
build orientations, only one orientation is feasible for the structural component.
It is denominated as OR11. However, at least two orientations are possible for
the Test part no.2 (bracket), denominated OR12 and OR22. The results of the
evaluation are listed in Table 6.2. The layer height hlayer was assumed to be
5 mm. To determine the optimal build orientation, four parameters P1 to P4 are
calculated from the component’s characteristics (see Publication 1 ). The opti-
mal orientation is reached at the maximum of the sum of the four parameters.
Therefore, as the bracket’s sum of P1 to P4 for OR22 exceeds the one for OR12,
it was chosen as the optimal build orientation.

Table 6.3 lists the results of the potential analysis for the orientation of the two
test parts. The initial BTF ratio of the structural component was 6.01. It was de-
creased to 1.83 with the additive-subtractive process chain. The BTF ratio was
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Table 6.2: Results of the orientation evaluation based on Publication 1

Parameter Structural
component

Bracket

OR11 OR12 OR22

↑

bu
ild

in
g

di
re

ct
io

n

P1 0.56 1.88 1.15
P2 0.87 0.88 0.82
P3 1.00 1.00 0.59
P4 0.62 0.40 0.44

Sum 3.05 4.16 3.00

also significantly reduced for the bracket, from initially 21.13 to around 5. How-
ever, for OR12, the BT F is lower than for OR22 by 13%. Even more significant
is the difference concerning the manufacturing time Td . Here, OR12’s time was
shorter than OR22’s time by 35%. This demonstrates that the calculation of the
build orientation leads to significantly better results than a trial-and-error-based
approach. The guidelines for choosing preliminary build orientations enable a
brief definition of possible orientations and show that only one orientation is
feasible in the case of the structural component. With other orientations, over-
hanging areas cannot be minimized, which is why they are not considered for
the evaluation.

Table 6.3: Comparison between BT F and manufacturing time T (the sum of Td and Tm) for
different part orientations

Parameter Unit Structural
component

Bracket

OR11 OR12 OR22

Md kg 1.23 0.84 1.29
Ms kg 1.64 0.63 0.39
Ma kg 1.29 1.14 1.34
Mp kg 2.87 1.47 1.68
M f kg 1.57 0.33 0.33

BT F - 1.83 4.45 5.09
Td h 2.46 1.68 2.58
Tm h 0.52 0.46 0.54
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6.1.2 Cost analysis

Publication 2 presents a decision-based method to minimize production costs.
The method was applied to both test parts. The constants of the method were
set to the values originally specified in Publication 2 , which are listed in Ap-
pendix A.3. The same assumptions as made in the publication were applied to
calculate the optimal sequence. The manufacturing time and material consump-
tion are regarded within the publication’s calculation method. Based on these
characteristics, the costs for manufacturing near-net shaped or prefilled features
(see Figure 4.3 on page 46) were determined and their ratio is illustrated with
the cost coefficient Qc . The cost coefficient Qc gives the ratio between the manu-
facturing costs for work sequence X divided by the costs for work sequence Y. If
Qc exceeds 1, the costs for work sequence X are larger than the costs for manu-
facturing the feature with work sequence Y. Consequentially, the feature should
be manufactured with work sequence Y. If the cost coefficient Qc is smaller than
1, the opposite applies.

The determinations are based on the identification of subtractive features,
which was the first step conducted in this potential analysis. For the structural
component, only one relevant feature was identified. For the bracket, five fea-
tures were found where a decision between deposition and milling has to be
made. In Figure 6.3, the features are depicted.

feature 1

feature 1feature 2

feature 3

feature 5

feature 4

(a) Test part no.1: structural component

feature 1

feature 1feature 2

feature 3

feature 5

feature 4

(b) Test part no.2: bracket

Figure 6.3: Test parts with the identified features that require a decision between the work se-
quences X and Y

The resulting cost coefficients Qc for each feature are listed in Table 6.4, along
with the mass and BTF ratio. An in-depth description of the work sequences
and the calculation method is included in Publication 2 .

For the structural component’s Feature 1, the chosen work sequence is Sequence
X – near-net shape manufacturing with WAAM and milling to shape (see Figure
4.3 on page 46). This is equal to the one used for the orientation evaluation in
Section 6.1.1. Therefore, the resulting BTF ratio remains at 1.83.
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Table 6.4: Comparison of the work sequences for the test parts

Unit Structural
compo-

nent

Bracket

Feature no. 1 1 2 3 4 5

Cost coefficient Qc – 0.090 0.361 0.361 1.002 0.950 0.950
Work sequence – X X X Y X X

︸ ︷︷ ︸

Md kg 1.23 0.72
Ms kg 1.64 0.63
Ma kg 1.29 1.02
Mp kg 2.87 1.35

BT F – 1.83 4.09

For the bracket’s Feature 3, the chosen work sequence is the Sequence Y instead
of the Sequence X. Sequence X is chosen for all other features. Consequently, the
WAAM model to be deposited during the WAAM process would have a prefilled
Feature 3, but would have near-net shaped holes for Features 1, 2, 4, and 5.

In comparison to the assumed WAAM model of Section 6.1.1 (page 60), this
is a difference. One premise for the determination of the orientation was that
only geometrically simple shapes are deposited, with no unsupported features
or cylinders (see Figure 6.2). Therefore, originally, for the orientation determi-
nation, the Sequence Y for all features – prefilling the features and milling from
a conventional shape – was chosen.

The BTF ratio of Test Part no. 2 after the cost analysis would be 4.09. Previously
it was at 4.45. Consequently, the BTF ratio is reducible by considering the
individual features. At the same time, the manufacturing time is also decreased.

In reality, however, it is unlikely that a deposition with the calculated work
sequences for the all features would be performed. Due to the part’s orientation,
the plate containing Features 4 and 5 would be part of the substrate. Therefore,
using Sequence X for these features would be unlikely since the substrate is
usually a rolled slab without holes. Therefore, if the original premise of the
deposition of simple shapes is omitted, Features 1 and 2 would be deposited
with work sequence X, while Feature 4 and 5 would be prefilled (Sequence Y)
opposite to the evaluation results. A comparison of the resulting WAAM model
and the originally assumed model for the orientation determination is depicted
in Figure 6.4.

The cost analysis method leads to better results than a trial-and-error approach
for the determination of the work sequence. In the case of the structural com-
ponent, the method confirms the preliminary assumptions of Section 6.1 for the
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(a) WAAM model for the optimal work sequence (b) WAAM model for Sequence Y, as used for the
evaluation in Section 6.1.1

Figure 6.4: Comparison of the WAAM models for the bracket

WAAM model. However, the BTF ratio is further reducible for the bracket by
depositing near-net-shaped holes. Here, the method rejects the initial design of
the WAAM model.

6.1.3 Machining allowance

The third step within the process planning is to include the necessary machining
allowance. A method to determine the machining allowance was presented in
Publication 3 . The impact of the machining allowance’s size on the process
chain’s potential was determined by analyzing the BTF ratio and the manufac-
turing time for the two test parts (Fig. 6.1) for two machining allowances a.
They are set at a = 2 mm and a = 4 mm. According to the method, they would
be chosen based on measured surface quality values. The optimal orientation
based on Publication 1 and 2 was chosen for the calculation.

The results are listed in Table 6.5. The structural component’s BTF ratio in-
creases by 44% and the manufacturing time by 36%. The bracket’s BTF ratio
increases by 44% and the manufacturing time by 30%. Conclusively, employing
a method to determine the necessary machining allowance increases the poten-
tial of the process chain. Both material consumption and manufacturing time
can be reduced.

6.1.4 Milling operations planning

Guidelines for the milling operations planning are determined in Publications
4 and 5 . These include the milling strategy and the cutting conditions. Both

influence the material removal rate MRRmass of the milling process. Therefore,
the influence of the MRRmass on the process chain’s potential is analyzed in the
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Table 6.5: Comparison between BTF ratio and machining time for different machining allowances

Parameter Unit Structural component Bracket
Machining allowance a = 2 mm a = 4 mm a = 2 mm a = 4 mm

Md kg 1.23 1.67 0.72 0.93
Ms kg 1.64 2.46 0.63 1.01
Ma kg 1.30 2.56 1.02 1.61
Mp kg 2.87 4.13 1.35 1.94

BT F – 1.83 2.63 4.09 5.88
Td h 2.46 3.35 1.44 1.87
Tm h 0.52 1.02 0.41 0.64

following. However, the material removal rate MRRmass does not influence the
BTF ratio. Consequently, in this section, only its influence on the manufacturing
time T is studied. For the evaluation, Equation 2.4 and the Equations 6.3 to 6.5
with the initial parameters given in Appendix A.2 were used.

The relationship between the manufacturing time T and the material removal
rate MRRmass is depicted in Figure 6.5. The comparison between the manufac-
turing from a rolled slab and the manufacturing with the additive-subtractive
process chain is shown for each test part (see Fig. 6.1). The deposition rate
DRmass was fixed at 0.5 kg/h. Visibly, for a small MRRmass, the manufactur-
ing time with the conventional process chain is higher than for the additive-
subtractive process chain. A reason for this is the deposition time. However, at
a MRRmass of 2.8 kg/h for the structural component and 4.0 kg/h for the bracket,
this is reversed, and the conventional process chain is faster than the additive-
subtractive process chain. In this scenario, the DRmass stays constant. There-
fore, the deposition times are constantly 2.46 h and 1.68 h, respectively. At a
MRRmass higher than 2.0 kg/h, the milling time’s share of the manufacturing
time is smaller than 25%. Conclusively, the influence of the DRmass exceeds that
of the MRRmass. However, if the MRRmass for the additive-subtractive process
chain is consistently lower than for the conventional process, no switch from
the conventional process to the process chain is recommended, based on the
manufacturing time. Therefore, the material removal rate significantly influ-
ences the process chain’s potential.

Consequently, the potential of the process chain is increased by the results con-
cerning the miling operations planning. Within the studies presented in Publica-
tions 4 and 5 , a MRRmass of 0.65 kg/h and 1.75 kg/h was applied respectively.
At these values of MRRmass, the additive-subtractive process chain has a lower
manufacturing time than conventional manufacturing (see Figure 6.5). It was
shown that these values of MRRmass lead to acceptable results concerning the
cutting forces and are applicable for manufacturing. However, due to the rel-
atively small volume machined in the additive-subtractive process chain, there
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Figure 6.5: Influence of the material removal rate MRRmass on the manufacturing time T for both
test parts with a conventional and an additive-subtractive process chain

is a limit on improving the manufacturing time by increasing the MRRmass. As
demonstrated for the test parts, the deposition time is a significant factor con-
cerning the manufacturing time and needs to be considered for improvement.

Overall, it was shown with the potential analysis that the application of the pro-
posed method results in a BTF ratio equal to or better than the trial-and-error
approach. For the structural component, the BTF ratio was lowered from 6.01
to 1.83. Here, the trial-and-error approach might have achieved the same out-
come. For the bracket, the BTF ratio was reduced from 21.13 to 4.09. Here,
each step of the process planning decreased the BTF ratio further, likely produc-
ing a better result than the trial-and-error approach.
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6.2 Discussion

This section discusses the main contributions of the publications compared to
the state of the art. The limitations of each result are published in the respective
publications. Therefore, in this section, the results of this dissertation thesis as
a whole are discussed and their limitations are pointed out.

In Publications 1 to 3 , steps for an integrated process planning were de-
veloped. For the additive-subtractive process chain, this enhances the state of
the art by jointly considering WAAM and milling. The method for decision-
based process planning, described in Publication 2 , facilitates the optimization
of the work sequence for each geometric feature based on the manufacturing
costs. Overall, in combination with the calculation of the part orientation 1
and the method for determining the minimal machining allowance 3 , inte-
grated process planning strives to minimize the manufacturing costs within the
additive-subtractive process chain. These results address the first need for ac-
tion N1. With integrated process planning, the milling process is considered
before the WAAM process is conducted. The results also answer the research
questions R1, "What are the steps of integrated process planning?", and R2,
"How can sufficient machining allowance be ensured?", and thus fulfill the ob-
jective O1. However, process planning strongly relies on expert knowledge in
several steps:

• Build orientation:
This method determines the optimal orientation based on a set of possi-
ble orientations.

• Manufacturability by WAAM:
Parts should be modified if the manufacturability is not assured.

• Modification of the WAAM model:
The manufacturability analysis necessitates adapting the WAAM model
if a feature is not manufacturable or not economically viable.

Disadvantages of the fact that there is expert knowledge necessary are the need
for skilled production planners and the possibility of non-optimal solutions be-
cause the number of possible solutions is too large for an individual person to
consider.

Publications 4 and 5 address the milling operations planning for the additive-
subtractive process chain. While Publication 4 shows that a comparable
machinability for WAAM-material is achievable, Publication 5 points out the
differences in milling strategies and parameters which need to be considered
for WAAM-material. These publications address the second need for action
N2 and answer the research questions R3, "How does the WAAM-material’s
machinability differ from that of conventional material?", and R4, "How does
the WAAM-part geometry influence the milling process?". The results fulfill
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the objective O2. Nevertheless, several aspects of milling operations planning
which are specified in the steps of HALEVI and WEILL (1995) were not addressed
in the thesis:

• Holding devices and datum axes:
Due to switching between production processes and the characteristic ge-
ometry of the WAAM-component, clamping was identified as a challenge
during the research activities. The selection of datum axes is complicated
by the WAAM-geometry as well.

• Sequence of operations:
Sequencing milling operations for maximum efficiency and sufficient
quality was beyond the scope of this thesis, since not a single specific
WAAM-component was studied. The milling strategy sometimes needs
to be adapted in order to avoid deformations. This could lead to exces-
sive repositioning moves of the cutting tool.

• Time and cost module:
Due to the fact that the proposed guidelines for milling operations plan-
ning are of a general nature and not part-specific, no optimization of the
milling parameters was conducted.
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Chapter 7

Summary and Outlook

7.1 Summary

A sequential process chain with WAAM and machining has economic and envi-
ronmental benefits for manufacturing aircraft components. While the successful
application of such a process chain was shown in literature, subsequent milling
was not considered during the WAAM process planning. Likewise, the milling
operations planning was not adapted to WAAM-components. This necessitates
process planning by trial and error and could possibly lead to economic losses.

Therefore, within this thesis, the process chain design was conducted through
an adaption of the WAAM and milling process for manufacturing in a sequen-
tial additive-subtractive process chain. Two objectives were defined for the re-
search: the development of a methodology for integrated process planning and
the adaption of the milling operations planning.

A top-down approach was chosen to fulfill these objectives. The approach was
pursued in five publications. First, a process chain model was derived, and
technological interfaces between the processes were defined. Second, the steps
for the process planning were detailed, and a methodology to determine the
necessary machining allowance was developed combined with a decision-based
method to reduce the manufacturing costs. Third, the machinability of wire and
arc additively manufactured Ti-6Al-4V was determined, and the influence of the
WAAM-component geometry on the milling process was investigated. The key
results were:

• The integrated process planning consists of three steps: the determi-
nation of the part orientation, the manufacturability analysis, and the
determination of surface offset.

• A cost analysis within the manufacturability analysis enables the mini-
mization of the manufacturing costs. A decision-based method for this
step was developed.

• The minimal necessary machining allowance is an input parameter for
the surface offset. A method was developed to determine this from the
measured surface profile.
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• A machinability comparable to conventionally manufactured Ti-6Al-4V
parts was proven to be achievable with WAAM. Therefore, cutting con-
ditions similar to those for conventionally manufactured Ti-6Al-4V are
possible.

• The WAAM-component geometry leads to a modulation of the mean cut-
ting force. This modulation needs to be considered for the selection of
the cutting parameters and the tool path strategy.

The thesis closes with an analysis of the methodology’s potential and appli-
cability. Compared to process planning with the trial-and-error method, the
developed methodology performs better.

7.2 Outlook

With this dissertation, integrated process planning for a process chain of WAAM
and machining is available. Besides the application for manufacturing aircraft
components, the process chain is already studied for manufacturing in the au-
tomotive sector, the nautical sector and the aerospace sector. An application in
the automotive sector could be the production of the chassis, while in the nau-
tical sector parts of the hull structures could be manufactured. The integrated
process planning, as proposed within this thesis, can be used to plan the pro-
duction of these components and shorten the time from design to production
considerably, by providing a methodical approach to production, which is bet-
ter than the trial-and-error method. Findings on the milling process behavior
of WAAM-parts can be generalized to other materials than Ti-6Al-4V, as it was
shown in this thesis that some characteristics remain the same for an aluminum
alloy and Ti-6Al-4V (FUCHS et al. 2022). Some topics were not addressed within
this thesis. Clamping must be chosen during milling operations planning, since
the modulation of the cutting forces might excite the clamping to vibrations.
Additionally, repositioning between the two manufacturing processes compli-
cates the definition of datum axes. Future research should address both aspects
using a clamping strategy specific for this process chain. This aspect is included
in the research project AdDEDValue funded by the Federal Ministry for Eco-
nomic Affairs and Climate Action (German: Bundesministerium für Wirtschaft
und Klimaschutz (BMWK)) in the initiative “digitalisation of the vehicle man-
ufacturers and supplier industry” (German: Digitalisierung der Fahrzeugher-
steller und Zulieferindustrie). Its results are expected to be published in 2024.
Furthermore, the process planning method relies on expert knowledge to de-
termine the building orientation and perform the manufacturability analysis.
In the future, these aspects should be incorporated in a CAPP software to de-
crease the involvement of experts. Finally, while cutting conditions similar to
those for conventionally manufactured Ti-6Al-4V are possible, the impact of the
force modulation on the tool wear has not been studied so far. Changing tool
engagement, the root cause of the force modulation, might increase the tool
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wear. Further research activities should address this aspect by developing a tool
wear model for changing tool engagement and employing this model to choose
cutting strategies and cutting parameters to minimize the tool wear. Since one-
sided optimization could lead to a decrease in profitability, the manufacturing
time should be simultaneously considered. However, with the results presented
in this thesis, a considerable step has been taken from a trial-and-error-based
process chain planning towards sophisticated process planning, resulting in re-
duced manufacturing costs.
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Glossary

Term Description

acicular “shaped like a needle” (MERRIAM-WEBSTER DICTIONARY

2022a)

epitaxial epitaxy: “the growth of a thin layer on the surface of a
crystal so that the layer has the same structure as the un-
derlying crystal” (COLLINS ENGLISH DICTIONARY 2022)

equiaxed “having approximately equal dimensions in all directions
– used especially of [sic] a crystal grain in a metal”
(MERRIAM-WEBSTER DICTIONARY 2022b)

feature “a physical constituent of a part which is mappable to a
generic shape; has engineering significance, and has pre-
dictable properties” (SHAH and MÄNTYLÄ 1995)

interlayer
temperature

the temperature the weld bead is cooled down to, before
the next layer is deposited

machining
allowance

the material deposited additionally during the WAAM
process to ensure a stable surface quality after the milling
process

operations
planning

the detailed planning of how to perform each operation,
for example the selection of machining centers (D’ADDONA

and TETI 2014)

process chain
design

identification and arrangement of processes to achieve
specific product characteristics and efficient production
(DENKENA and TÖNSHOFF 2011)

process chain “a sequence of process elements with the objective of
transforming certain items from an input state into a con-
formable [desired] output state” (HENJES 2014)

process
planning

locating and determining the sequence of processes to
transform an input into an end product (SCALLAN 2010)

process the most minor and impartible part of a process chain
(DENKENA and TÖNSHOFF 2011); defined by its input and
output parameters (HENJES 2014)
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Term Description

strain rate
hardening

“the faster the deformation, the more stress needs to be
applied” (ATZEMA 2017)

stress-strain
diagram

Stress-strain diagrams are the result of tension tests. In Fi-
gure G.1, a typical stress-strain diagram is depicted, along
with mechanical properties that can be determined.

strain 𝜀

s
tr

e
s
s
 

ultimate tensile strength

yield strength

elastic strain strain 

at fracture
Figure G.1: Schematic stress-strain diagram

In tension tests, continually increasing, uniaxial tensile
force is applied to a standard specimen. The resulting
elongation is measured as well as the applied force F . The
stress σ is defined as

σ =
F
A0

, (7.1)

where A0 denotes the initial cross-section of the standard
specimen. The strain ϵ is calculated as

ε=
L − L0

L0
. (7.2)

Here, L denotes the current specimen length and L0 the
initial specimen length. (DAVIM 2018)



89

Appendix A

Appendix

A.1 Descriptions of process and planning steps

Table A.1 indicates the process steps and planning steps as found in literature
along with a description by the author of this thesis. If there is no explanation
given, the phrasing of the publication’s description is assumed to be clearly
comprehensible.

Table A.1: Description of authors’ designations of process and planning steps

Publication authors’
designation

Description by the author of this thesis

BUSACHI et al. 2015

WAAM system WAAM process including the setup and online
rolling

Heat treatment heat treatment process including the setup

Machining machining process

Wire electrical discharge
machining

process, probably for the removal of the sub-
strate plate, no detailed explanation by the pub-
lication’s authors

Argon recovery process to recover the inert argon atmosphere

DING, PAN, CUIURI, LI, et al. 2016

CAD modeling designing a 3D model of the desired part

3D slicing slicing of the 3D models into 2D layers

2D path planning torch trajectory planning in the 2D layers

Bead modeling modeling or simulation of the desired bead ge-
ometry based on the welding parameters

Weld setting determining the welding parameters corre-
sponding to the desired bead geometry
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Publication authors’
designation

Description by the author of this thesis

Robot code generation translating the torch path into robot executable
code

URBANIC et al. 2017

Project setup defining the WAAM machine, the process type,
the substrate material, the wire, and the torch
path strategy in the 3D component

Travel path strategy [se-
lection]

no detailed explanation by the publication’s au-
thors

Definition of
process-specific parameters

defining the parameters such as torch speed,
feed speed, overlaps between path, corner ra-
dius, and voltage, essentially all parameters of
the WAAM process

Travel path simulation
and verification

likely refers to a collision check, no detailed ex-
planation by the publication’s authors

Generation of the numer-
ical control code

translating the torch path into executable code

DAI et al. 2020

Modeling designing of a 3D model of the desired part

Slicing slicing of the 3D models into 2D contours

Path filling employing path planning algorithms to fill the
2D contours with lines

Tool-path generation expanding the path lines with torch information

Weld setting determining the welding parameters

Weld code generation translating of the torch path into executable
code

Welding WAAM process

Machining machining process

XU 2009

Specification and
requirement[s] analysis

analyzing the component design and identifying
features, defining part requirements

Operation selection and
sequencing

identifying and sequencing manufacturing op-
erations

Resource selection selecting machine tools, cutting tools, fixtures
and clamps
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Publication authors’
designation

Description by the author of this thesis

Determination of
operational parameters

choosing of process parameters and tool en-
gagements

HALEVI and WEILL 1995

Input specifications and
interpretation

analyzing the technical drawing of the desired
part regarding tolerances, surface roughness,
dimensions, material etc.

Selection of
primary processes

picking of suitable primary processes according
to the analysis results

Determination of
production tolerances

determining the production tolerances with re-
gard to the technical drawing’s tolerances

Selection of holding
devices and datums

ensuring the adherence to the tolerances by se-
lection of suitable holding devices (i.e., clamps)
and datum axes for reference

Selection and grouping
of operations

improving the economic feasibility by grouping
similar operations on the same machine

Selection of [the] ma-
chine and [the] sequence
of operations

–

Selection of cutting tools –

Selection of quality
assurance methods

–

Time and cost module determining the process parameters for all op-
erations, and calculation of the machining time
and costs

Editing of [the] process
sheet

assembling detailed documentation of the ma-
chining operations used for production

PRADO-CERQUEIRA et al. 2017

3D-modeling designing a 3D model of the desired part

Slicing in layers slicing of the 3D models into 2D layers

Programming the path in
each layer

–

CNC code generation translating the torch path into executable code

Adjustment of
welding parameters

likely an experimental definition of the welding
parameters, no detailed explanation by the pub-
lication’s authors
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A.2 Test parts for the potential analysis

This section shows the technical drawings specifying the dimensions of the test
parts, which are a structural component and a bracket.
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A.3 Data for the potential analysis

Table A.2: Initial dimensions and parameters for Test parts no. 1 and no. 2 (Chapter 6)

Parameter Unit Structural
component

Bracket

ρ g/cm³ 4.43 4.43

M f kg 1.57 0.33

bounding box dimensions mm x mm x mm 214 x 192 x 52 88 x 124 x 144

Mb kg 9.47 7.05

a mm 2.00 2.00

DRmass kg/h 0.50 0.50

MRRmass kg/h 2.50 2.50

initial BTF ratio - 6.01 21.13

initial Tm h 3.16 2.69

Table A.3: Constants of the cost model used for the potential analysis (Section 6.1.2)

Parameter Unit Initial value

CMA €/m³ 270 000.00

CME,WA €/h 40.00

CLA,WA €/h 60.00

xWA – 1.00

xMI – 1.00

CME,MI €/h 40.00

CLA,MI €/h 60.00

TWA h 8.00

TMI h 1.00

tw,WA h 0.16

tw,MI h 7.50 · 10−4

l – 100.00

CW,WA € 5.00

CW,MI,X € 100.00

CW,MI,Y € 100.00
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Appendix B

Supervised Student Theses

The author supervised multiple student theses (see Table B.1). A number of
them contributed to the results presented in this document. The author highly
appreciates the students’ work and acknowledges their contributions to this the-
sis.

Table B.1: Student theses supervised by this document’s author

Author Title

Robert Hoefer Entwicklung eines Moduls zur automatisierten
Roboterbahnplanung für die additive Fertigung
mittels Auftragsschweißen
iwb-Nr. 44594 (2018)

Sebastian Pohlmann Modellierung der Systemarchitektur einer hybriden
Prozesskette in der Luftfahrt
iwb-Nr. 45673 (2018)

Ignacio Rodríguez Design for Hybrid Manufacturing of Structural
Components
iwb-Nr. 47328 (2019)

Linge Ai Automated Pre-Processing of CAD-Data for Hybrid
Manufacturing of Structural Components
iwb-Nr. 47613 (2019)

Carina Schmitt Entwicklung der Softwarearchitektur eines Daten-
managementsystems für eine hybride Prozesskette
in der Luftfahrt
iwb-Nr. 50515 (2019)

Michael Launer Untersuchung der Oberflächeneigenschaften addi-
tiv gefertigter und fräsend nachbearbeiteter Körper
aus einer Titanlegierung
iwb-Nr. 50778 (2019)

Leonhard Salcher Prozessplanung für eine Prozesskette aus WAAM
und Fräsen
iwb-Nr. 52066 (2019)
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Author Title

Mahmoud Sakli Characterization of the challenges in milling com-
ponents manufactured by WAAM
iwb-Nr. 52986 (2020)

Fabian Winkler Charakterisierung der Ratterneigung bei der
fräsenden Nachbearbeitung additiv gefertigter
Stege aus Ti 6Al 4V
iwb-Nr. 53892 (2020)

Anna Brack Entwicklungen von Bearbeitungsstrategien für das
Fräsen dünnwandiger Stege aus Ti 6Al 4V
iwb-Nr. 53930 (2020)

Aaron Dietz Datenmanagement in der Luftfahrt
iwb-Nr. 54444 (2020)

Ophélie Leprévost Untersuchung von Prozessparametern beim
Gleitschleifen für additiv gefertigte Bauteile
iwb-Nr. 56843 (2020)

Shichen Guo Untersuchung der Prozesskette zur Feinbear-
beitung von LBM-Bauteilen
iwb-Nr. 56949 (2020)

Mahmoud Sakli Determining the influence of WAAM component
characteristics on the milling process
iwb-Nr. 56951 (2020)

Ophélie Leprévost Entwicklung einer Frässtrategie für WAAM-
gefertigte Komponenten aus Ti 6Al 4V
iwb-Nr. 59680 (2021)

Ignacio Rodríguez Process planning and post-processing of a wire and
arc manufactured model turbine
iwb-Nr. 59796 (2021)

Tobias Fischer Entwicklung einer Strategie zur ressourcenef-
fizienten spanenden Nachbearbeitung von
lichtbogenbasiert additiv gefertigten Luftfahrt-
Strukturkomponenten
iwb-Nr. 60386 (2021)
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Appendix C

Publications and presentations

The author contributed to a number of publications and presentations. They
are listed in Table C.1.

Table C.1: Presentations and publications by this thesis’ author

Year Authors and title

Presentations and conferences

2019 Fuchs, C: Projekt Regulus (Deburring Expo 2019)

2020 Fuchs, C.; Haeussinger, C.: Prozesskettengestaltung in
der Hybriden Fertigung (Vortragsreihe "Neues aus der AM-
Szene")

Publications

2019 FUCHS, C. et al., (2019). “Additive Fertigung für Flugzeug-
Strukturkomponenten. [Additive Manufacturing for Struc-
tural Components in Aerospace Engineering]”. In: ZWF
Zeitschrift für wirtschaftlichen Fabrikbetrieb vol. 114.7-8,
pp. 431–434. ISSN: 0947-0085. DOI: 10 . 3139 / 104 .
112124

2020 FUCHS, C. et al., (2020). “Determining the machining al-
lowance for WAAM parts”. In: Production Engineering vol.
14.5–6, pp. 629–637. ISSN: 0944-6524. DOI: 10.1007/
s11740-020-00982-9

2021 FUCHS, C., SEMM, T., et al., (2021). “Decision-based
process planning for wire and arc additively manufactured
and machined parts”. In: Journal of Manufacturing Systems
vol. 59, pp. 180–189. ISSN: 02786125. DOI: 10.1016/j.
jmsy.2021.01.016

https://doi.org/10.3139/104.112124
https://doi.org/10.3139/104.112124
https://doi.org/10.1007/s11740-020-00982-9
https://doi.org/10.1007/s11740-020-00982-9
https://doi.org/10.1016/j.jmsy.2021.01.016
https://doi.org/10.1016/j.jmsy.2021.01.016


100 Publications and presentations

Year Authors and title

2021 FUCHS, C., RODRÍGUEZ, I., et al., (2021). “Process Plan-
ning for the Machining of Ti-6Al-4V Near-net Shaped Com-
ponents”. In: Procedia CIRP vol. 101, pp. 58–61. ISSN:
22128271. DOI: 10.1016/j.procir.2020.03.155

2021 FUCHS, C., KICK, L., et al., (2021). “ASSESS-
MENT OF FINISH MACHINING AND MASS FINISH-
ING AS POST-PROCESSING METHODS FOR PBF-LB/M-
MANUFACTURED 316L”. in: MM Science Journal vol.
2021.5, pp. 5187–5194. ISSN: 18031269. DOI: 10.17973/
MMSJ.2021_11_2021137

2022 FUCHS, C. et al., (2022). “Impact of wire and arc additively
manufactured workpiece geometry on the milling process”.
In: Production Engineering vol. 17.3–4, pp. 415–424. ISSN:
0944-6524. DOI: 10.1007/s11740-022-01153-8

2023 FUCHS, C. et al., (2023). “Investigation into the influ-
ence of the interlayer temperature on machinability and
microstructure of additively manufactured Ti-6Al-4V”. in:
Production Engineering vol. 17.5, pp. 703–714. ISSN:
0944-6524. DOI: 10.1007/s11740-023-01192-9

https://doi.org/10.1016/j.procir.2020.03.155
https://doi.org/10.17973/MMSJ.2021_11_2021137
https://doi.org/10.17973/MMSJ.2021_11_2021137
https://doi.org/10.1007/s11740-022-01153-8
https://doi.org/10.1007/s11740-023-01192-9
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