(

- J Tampere University

Aija Narvanen

DED+MACHINING AS AN ALTERNATIVE
APPROACH TO TRADITIONAL
MANUFACTURING

A feasibility study focusing on production metrics

Master Thesis Work

Faculty of Engineering and
Natural Sciences

Examiner: Hossein Mokhtarian
Examiner: Eric Coatanéa
2025



ABSTRACT

Aija Narvanen: DED + machining as an alternative approach to traditional manufacturing
Master thesis work

Tampere University

Mechanical Engineering
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WAAM (Wire Arc Additive Manufacturing) is an additive manufacturing method evolved from
traditional welding technology. It has recently drawn attention due to its capability of manufactur-
ing components with high manufacturing efficiency and low production cost. WAAM has high
deposition rate and high heat input which makes the production fast. However, those also con-
tribute to some of WAAM manufacturing key challenges, high surface roughness, geometrical
distortion and large feature size. To improve these issues WAAM is often combined with machin-
ing to achieve both effective production and high surface quality. Though, combining these two
manufacturing methods has proven challenging. Furthermore, there is little to no information to
support full utilization of WAAM + machining manufacturing in industrial production.

The objective of this thesis was to investigate WAAM + machining manufacturing method as
an alternative to manufacturing approach for fully machined component. A literature review and
investigation through two case studies was performed. WAAM + machining was found to be a
promising alternative to traditional manufacturing. By utilizing hybrid WAAM + machining manu-
facturing machining time and machining length could be reduced. However, when comparing the
case study results to literature machining was found to be more effective and ecological manu-
facturing method. By applying primitive geometries in the redesign phase, the production process
was simplified. Furthermore, complex features could be fabricated through effortless and uncom-
plicated manufacturing process. WAAM + machining is a serious competitor to traditional manu-
facturing methods, and it deserves to be adapted to be a part of everyday design and manufac-
turing.

Keywords: WAAM, arc-DED, hybrid WAAM manufacturing, WAAM + machining
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WAAM (Wire Arc Additive Manufacturing) on perinteisesta hitsaustekniikasta kehittynyt mate-
riaalia lisdava valmistusmenetelma. Se on viime aikoina herattanyt huomiota, silla sen avulla voi
valmistaa osia tehokkaasti alhaisilla tuotantokustannuksilla. WAAM valmistusmenetelmalld on
suuri materiaalinsyo6ttétahti ja seka suuri lammoéntuonti, mika tekee sen tuotantotahdista nopean.
Nama kuitenkin osaltaan edistavat valmistusmenetelman suurimpia haasteita, joita ovat korkea
pinnankarheus, geometrinen vaaristyma seka suuri piirre koko. Naiden haasteiden ratkaise-
miseksi WAAM yhdistetaan usein koneistukseen, jolloin saavutetaan seka tehokas valmistustahti
ettd korkea pinnanlaatu. Naiden kahden valmistusmenetelman yhdistdminen on osoittautunut
haastavaksi. Lisaksi saatavilla on vain vahan tai ei lainkaan tietoa, joka tukisi WAAM + koneistus
-valmistusmenetelman taydellistd hyddyntamista teollisessa tuotannossa.

Taman opinnaytetyon tavoitteena oli tutkia WAAM + koneistus -valmistusmenetelmaa ja tukea
sen kayttdéonottoa teollisuuden tuotannossa. Aihetta tutkittiin kirjallisuuskatsauksella seka kahden
tapaustutkimuksen kautta. WAAM + koneistuksen todettiin olevan lupaava vaihtoehto perintei-
selle valmistukselle. WAAM + koneistus valmistuksella voitiin lyhentaa koneistusaikaa seka ko-
neistuspituutta. Tapaustutkimuksen tuloksia verrattaessa kirjallisuuteen todettiin koneistuksen
kuitenkin olevan tehokkaampi ja ekologisempi vaihtoehto. Hyddyntamalld primitiivisia geo-
metrioita tuotantoprosessia pystyttiin yksinkertaistamaan, ja monimutkaisia geometrioita voitiin
valmistaa vaivattomasti. WAAM + koneistus on varteenotettava kilpailija perinteisille valmistus-
menetelmille, ja se ansaitsee tulla mukautetuksi osaksi jokapaivaista suunnittelua ja valmistusta.

Avainsanat: WAAM, arc-DED, hybridi WAAM valmistus, WAAM + koneistus
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1. INTRODUCTION

WAAM is a modern additive manufacturing process for metals. It uses arc as a heat
source and falls under the category of Direct Energy Deposition (DED). It is said to be
evolved from traditional welding technology. [1] WAAM as manufacturing method has
been studied for over thirty years, however the first patent dates back to 1925 [2]. The

development of WAAM is elaborated in Figure 1.
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Figure 1. History and development of WAAM [3].



WAAM has recently gained more attraction among all Additive Manufacturing (AM) tech-
nologies due to its great potential. It can fabricate medium-to-large-scale structures with
low production cost and high manufacturing efficiency. These components are often solid
and can be up to tens of meters long. [4] WAAM components have good structural in-
tegrity and a range of materials from titanium to steel and aluminum can be utilized in
production. Most common way to manufacture WAAM components is to produce near-
net-shape structures. WAAM is a serious competitor for traditional subtractive manufac-
turing methods due to its ability to produce valuable structural parts with recused cost

and material losses in shorter times. [5]

High deposition rate and high heat input makes WAAM production fast. However, it also
contributes to one of the most prominent challenges of WAAM components, high surface
roughness. To combat this challenge WAAM manufacturing is often followed by post-
process machining. Combined WAAM + machining can produce components fast with
great material savings as well as achieve the roughness and geometrical precision com-
monly found in machined components. Though, performing WAAM + machining hybrid

operation has proven challenging. [6]

There is still much to investigate in combined WAAM + machining manufacturing
method. Furthermore, there is an information gap from manufacturing investigation to
fully utilizing WAAM + machining advantages in component production. This thesis fo-
cuses on this subject area, focusing on 2,5 -dimensional (2,5D) components. The main
question to be answered is: How can WAAM, particularly in combination with subtractive
machining, be utilized to manufacture near-net-shape geometry of 2.5-dimension com-
ponents as an alternative to fully machined components? Furthermore, this leading ques-

tion is then refined with the following supporting research questions:

1. What are the characteristics, advantages, limitations and key challenges of integrating

WAAM with subtractive machining processes?
2. How are WAAM components manufactured?

3. Which types of components or industries could benefit from adopting a WAAM + Ma-

chining process?

The structure of the thesis proceeds accordingly. In section two a literature review is
conducted to learn theoretical background of WAAM and hybrid WAAM + machining
manufacturing methods. Section three and four implements foregoing theory by over-
seeing production of two case studies. In the first case study we investigate simple cy-

cloid drive housing geometry and in the second case study more complex 2,5D geometry



is investigated. Lastly, in section five the results of two case studies are reviewed, further

conclusion drawn and compared to existing literature.



2. THEORETICAL BACKGROUND

2.1 WIRE ARC ADDITIVE MANUFACTURING

Wire arc additive manufacturing (WAAM) is a process where metal wire or metal powder
is fed directly into a melt pool caused by electron beam or a laser [7]. DED processes
can use either arc, e-beam or laser as a heat source and often operates with shielding
gas flux over melted surface but can also work in an inert atmosphere [1]. Variety of
metals can be used in this process, such as stainless steel, tool steel, nickel, titanium,
cobalt and aluminum alloys [8], [9]. In this thesis we are focusing on WAAM, which is
one of the DED processes. WAAM uses an electric arc heat source and metal wire as a
feed stock [10]. On the Table 1 below are some general feature values of WAAM pro-

cess and end results:

Table 1. Features and values of WAAM [11].

Layer thickness | Deposition rate | Dimensional ac- | Surface  rough-

(um) (g/min) curacy (mm) ness (um)

~1500 12 0.2 200

WAAM setup contains two main modules: the motion module and deposition module.
The latter creates the deposition process and the former controls the movement of the
carrier head and deposition, thus determining the geometry of the object. Main setups
can be divided into two categories, robotic and Computer Numerical Control (CNC)

based setup. [12] Generally robotic based setup is more common [7].

WAAM is one method for printing metal, but there are several other methods as well.
From Figure 2 you can see a map summary of different methods in relation to each other.
Compared to other metal additive manufacturing techniques, WAAM can produce large
and complex-shaped parts relatively fast [10]. Additionally, because the wire feed stock
is deposed layer-by-layer into the part, WAAM has high efficiency on material usage,
even up to 100 %. This makes it more environmentally friendly technique, in addition to
the fact it does not include risky powder environment. Furthermore, metal wires are more
cost effective, easier available and have lower cost compared to metal powders suitable
for additive manufacturing processes. [11] With WAAM metal can also be laid on com-

plex and nonplanar surfaces and the material or purity can be changed within the part



(varying in different layers or slowly change as part is forming), which offers new oppor-
tunities for designing. [7] On the other hand, WAAM can entail considerable distortions
and residual stresses due to high deposition rate and heat input [11]. Other additive

manufacturing techniques might result in better surface finish and better precision [7].

Additive manufacturing of
metals

Powder bed Sheet Directed energy
fusion (PBF) lamination deposition
Electron beam Ultrasonic additive
Laser PBF PBF manufacturing Powder DED Wire DED
| (UAM) |
Laminated object Laser

Selective laser
sintering (SLS)

Selective laser
melting (SLM)

Direct metal
laser sintering
(DMLS)

Electron beam
melting (EMB)

manufacturing
| (LOM)

engineered net
shaping (LENS)

Direct metal
deposition
(DMD)

Laser metal
deposition
(LMD)

Wire and arc AM
(WAAM)

Shaped metal
deposition
(SMD)

Electron beam
freeform
fabrication (EFF)

Laser freeform
fabrication (LFF)

Figure 2. A map of different metal additive manufacturing processes, adapted
from [13].

To improve the quality of WAAM components different post-processing treatments are
applied. Machining is used to achieve better surface quality, accuracy and enable sur-
face functionality for the part manufactured with WAAM. Other post-processing treatment
is heat treatment, which can be used to enhance the mechanical properties of the part

and reduce the residual stresses. [4]

A variety of different WAAM system designs have been developed to operate for different
levels of production or for different technical requirements. Most usual variations are
based on gas metal arc welding (GMAW) and gas tungsten arc welding (GTAW), and a
bit less common are tandem gas metal arc welding (TCMAW), cold metal transfer (CMT)
(both are variations of GMAW) and plasma arc welding (PAW). [14] Table 2 shows the

basic characteristics of different system designs.



Table 2. Comparison of different WAAM processes based on type of energy
source [14], [15].

Energy Process characteristics Deposition
source rate
GTAW Electrode: non-consumable, wire feed: separate, rotation of | 1-2 kg/h

torch required

GMAW Electrode: consumable, poor arc stability, spatter 3-4 kg/h

CMT Electrode: consumable, heat input: low, dimensional accu- | 2-3 kg/h

racy: high, little to no spatter, high process tolerance

TCMAW | Electrode: two consumable wires, material mixing: easy 6-8 kg/h

PAW Electrode: non-consumable, wire feed: separate, rotation of | 2-4 kg/h

torch required

Mechanical properties of WAAM components are in most cases comparable to their tra-
ditionally manufactured counterparts. There are some inherent flaws with WAAM such
as residual stresses or porosity that can negatively affect the mechanical properties of
the component. Furthermore, since WAAM is inherently unbalanced thermal process,
formulated microstructure is challenging to predict or control and therefore the produced

structures might have a varying mechanical properties. [15]

WAAM is used for producing different metallic, medium-to-large-scale structures/compo-
nents for multiple industries. Automotive, aerospace and shipbuilding industries are one
example, but there is plenty more. WAAM is also commonly used to maintain and repair

a damaged components and parts. [4]

2.2 WAAM COMPONENTS AND PART GEOMETRY

WAAM can open a broad range of new design opportunities, with its advantages and
disadvantages. WAAM component fabrication involves certain aspects, such as build up
orientation, build sequence and strategies, utilization of substrate and certain geomet-
rical constrains. [5] For example, 2,5D geometries can be produced with great efficiency
using WAAM [16]. But in some cases, more traditional manufacturing methods might be

a better choice.



2.2.1 Characteristics of WAAM components

As in additive manufacturing in general, WAAM component design has inherent design
freedoms. Complex shapes can be achieved, and either solid structures, thin-walled el-
ements or combination of both can be constructed. WAAM components vary from small
joints and connectors with grid shell structures to solid bridges. [17] The advantages of
WAAM include high material utilization and deposition rate, ability to construct complex
and large parts with lower cost while maintaining good mechanical properties, and sim-
plification of production process [18], [19]. However, there are some limitations to de-
signing WAAM components as well. The geometry of the structure cannot have signifi-
cant overhang or projection without support, without the risk of drooping or fall of the
melted metal [7]. Thus, minimum allowance for self-supporting angle must be consid-
ered. Moreover, both maximum feature size (risk to distortions and residual stresses
increase with the size of the component) and minimum feature (welding nozzle size)
must be reckoned with. [17] Finally, the process parameters have great influence on the

result and can alter the mechanical or geometrical features of the component [19] .

With WAAM there is an opportunity to utilize the substrate as part of the final component.
Generally, the AM product consists only of the printed part, and the substrate is removed
after deposition. But in some cases the substrate can be included in the final product
[20]. Different strategies can be applied by utilizing the substrate, and they are presented
in Figure 3. Printing can be carried out on one or both sides of the substrate (if substrate
can be flipped), and the substrate might be embedded to the final product or be possibly
reused for different components. Embedding the substrate in the desired component can
save time as fewer layers have to be printed and separation time of part and substrate
can be eliminated. Furthermore, some overhang features can be prevented and overall
accuracy improved. [12] However, if the deposited part is to be machined, the substrate
must as well, to prevent the misalignment of the relative positioning of the printed part
and substrate [20].

If substrate is to be flipped to allow deposition on both sides, a symmetrical deposition
strategy is recommended. This means, that the substrate is considered as a symmetry
plane for the part, and whilst deposition, in between two layers the substrate flips, and
material is printed uniformly on both sides. This balances the effects of the significant

heat input and reduces residual stresses and distortions. [5]



Reusable Embedded Reusable and Embedded
substrate substrate integrated and
substrate integrated
substrate
oy
f—

Build direction

—
_J

Figure 3. Different methods for utilizing substrate in WAAM, adapted from [12].

The built orientation of the part relative to substrate and nozzle must also be considered.
Generally, there are two different build orientations that are used: vertically built (most
common) or horizontally built (challenges with thermal gradients, residual stresses and

removal of substrate materials) [21].

Unfortunately, there are also some drawbacks to this manufacturing technique that
needs to be taken into consideration in the design phase. Parts manufactured with
WAAM have rough and wavy surface, and prone to geometric imperfections and distor-
tions due to the high heat accumulation. Therefore, unlike more traditionally produced
metal components, WAAM components might have unpredictable geometry and thick-
ness. [17], [19] Moreover, the geometry of deposition beads varies depending on process
parameters and welding conditions, which increases the unpredictability of the outcome
[10].

Different factors influence the occurrence of imperfections and distortions in WAAM com-
ponents. Path planning, interlayer temperature and the type of shielding gas, for exam-
ple, are among these factors. Furthermore, the choice of the choice of material affects
the occurrence of imperfections and distortions, since some materials are more suscep-
tible to certain types of defects [15]. Figure 4 compares the material-specific defects for
five material categories (Titanium, Aluminum, Steel, Nickel Alloy, and Binetal) in WAAM.

The severity of each defect is rated on a scale of one to five.



Porosity

0 0O Titanium
5
0O Aluminum
O Steel
. 5 O Nickel alloy
w . _ 7 Binetal
eformation g Residual stress

A — - 5 Severe
|y A

1 Slight

Ciick Oxidation

Figure 4. Most common materials in relation to typical defects [15].

One of the major concerns of WAAM process is the control of distortions and residual
stresses, which influence the part geometry, and at worst can lead to structures prema-
ture failure. Distortions and residual stress are due to thermally induced strains from the
non-uniform contraction and expansion of the metal under the influence of heat input.
Arising strains may cause the structure to distort during deposition. Sometimes the com-
ponent is secured thoroughly on all sides and therefore cannot move. Thus, the strains
remain locked inside as residual stresses. After unclamping residual stresses will start
to distort the component. Alternatively, the strains might cause microscopic failures such
as yield or cracks. Even though post-processing can help minimizing residual stress, the
best way of limiting both distortions and residual stresses is control them during the build-
up. Many techniques have been developed to tackle this issue, considering deposition

patterns, sequences or temperature control such as interlayer cooling or preheating. [11]

Since WAAM is basically deposition of parabola-similar curves on top of another, result-
ing deposited surface has always high surface roughness [11]. Process parameters
greatly affect surface roughness, as well as deposition strategy and overhang angles.
Two main causes of the surface roughness are the “stair step effect” and “balling”. For-
tunately, surface roughness has a small effect on overall stability of the component, es-
pecially with larger components. Nonetheless, surface roughness should be minimized,

for it can limit components fatigue life and functioning. [17]
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Another common defect in additive manufacturing is porosity, especially with aluminum
alloys. Pores form from gas residuals trapped inside melted metal, generally caused by
excessive energy input or process instability. [22] Furthermore, contaminants on the
metal wire surface or shrinkage caused by incomplete solidification might cause porosity
as well [23]. Porosity reduces significantly the density of the component, which leads to
increasing probability of cracks. If the pores form on the surface, it increases the surface
roughness and the difficulty of reaching desired dimensions. [22] Porosity can be less-
ened by ensuring cleanliness and quality of wire and substrate shielding gas and con-
trolling the process parameters. Also, post-processing such as interpass rolling can be

applied. [15] With material choice the probability of porosity can also be diminished.

2.2.2 Build up and path planning

WAAM is a flexible production method that can be used to form a wide variety of com-
ponent structures. Often the structures are completely solid objects made by layers of
several overlayed welding beads, which following a certain filling path, often in circular
movement [24], [25]. Most common path pattern is unidirectional [21]. Deposition rate of
WAAM is fast, there is a step effect between layers, and the heat input necessitates non
dense path planning. Also, the points where the arc ignites or extinguishes are prone to
defects and therefore, the path should be as continuous as possible with least number
of ignite and arc-extinguish points possible. [18] Additionally, material can accumulate in
curves or during change of direction and lack of fusion can occur in other weld bead side.

These problems appear especially in the larger components. [26]

The cross-section of the single weld bead of WAAM has the geometry of parabola.
Therefore when constructing multi-weld bead structures, the overlapping distance of dif-
ferent beads must be considered to keep the buildup stability [27]. Too small overlap
results in lack of fusion and too large overlap to uneven layers and challenges for sub-
sequent layers [26]. Figure 5 represents the cross-section of a bead layer. Optimal dis-
tance has been widely studied, and different models have been proposed. Ding et al.
[28] developed a tangent overlapping model (TOM) based on geometry models of the
overlapping beads. They determine the overlapping distance to be following d = 0,738*w,
where w is the width of the single bead. However, Cao et al. defined d = 0,637*w as the
correct distance based on Gaussian and logistics and parabola functions [29]. Hu et al.
remarked that the overlapping varies with different geometrical parameters, and to
achieve stable overlapping process and flat top surface overlapping should in the range
of (0,6317; 0,7732) [30]. However, Miller & Hensel pointed out [26] that although multiple

theoretical investigations have been made to determine optimal distance between weld
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beads, there is no sufficient universal tolerance range or stands taken on optimal process
parameters or material behavior. They conducted an experimental study and discovered
approximately 15-50% overlap to be optimal, depending on the process parameters. In
conclusion, there are multiple studies that determine optimal overlapping distance for
overlayed beads based on mathematical models. However, these models do not con-
sider the influence of varying process parameters and, for example, different materials

and thus may reflect reality poorly.

Center distance

Bead height

4_> Overlapping area
Bead width

Figure 5. Cross-section of bead layer, adapted from [28].

WAAM is generally built up with contour wall which follows the outline of the component
and following fill up. Developed methods for WAAM filling path strategies can be divided
into three categories, continuous path, linear path and the combination of these two. The
linear path includes the zigzag path and raster path. Raster path is simple and easy to
implement, and it is best for large components for the lack of corners and curves. This
fill path consists of parallel lines intersecting the contour. However, the lines edges are
left discrete, and therefore the surface precision can be inaccurate. To reduce the sur-
face inaccuracy, a zigzag filling path was created. Zigzag path has continuous wavelike
movement, which means there is only one arc-ignite and arc-extinguish point per layer.
This reduces and line points and improves efficiency. Zigzag filling path is the most used
of all the WAAM filling paths.

The contour filling path is formed by following an offset of the contour, which makes is
easy and simple to use. [18] Every path in each layer is closed, and thus every path has
end and start point. To minimize the start and endpoints spiral contour filling pattern can
be used. Spiral contour filling pattern follows the contour, but individual paths are con-
nected creating a spiral shape. This is great path solution for smaller scale objects, but

in larger components the layers might start to accumulate towards the middle and inflict
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some challenges. [26] In the end, the most suitable filling path is determined based on
the fabricated component. General classification and filling paths are illustrated in Figure
6.

Main classification
of path planning

Linear path Contour path

. Offset contour Spiral contour
Raster path Zigzag path path path

€ee oo

Figure 6. General filling paths, adapted from [26].

WAAM can also be used to build objects that require thin walls, that are topology opti-
mized, or have self-supporting structures, made by single bead deposition [24], [31].
These thin walls can be built by single bead walls, or with two or more overlapping par-

allel beads and/or with weaving path. [21]

The weaving method is also called as “oscillating” or “swinging” and is furthermore elab-
orated in Figure 7. Despite being a relatively new method, it has already gained attention.
Unlike traditional deposition process, which moves forward alongside the deposition di-
rection, the weaving deposition process moves oscillating laterally whilst it is moving
forward, creating a zig-zag path [32]. With weaving deposition, the covered area in each
layer is larger causing faster build up, with the addition of more evenly heat distribution
reducing thermal distortion. However, it exhibits poor surface quality. In addition, the pro-
gramming is more challenging. Therefore, the choice between single bead and weaving
strategies should be made with consideration of geometry, desired material properties,

and conscious trade-off between build up time and surface finish. [33]
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Figure 7. Parallel deposition path compared to weaving (oscillating) deposition
path [32].
Industrial robots often utilize processes that use waving deposition path. Naturally, since
the path is not simple and unidirectional, more process parameters are required to de-
termine weaving path. The three main parameters to control the weaving movement of

deposition are parallel travel speed, weave length and amplitude. [34]

2.2.3 Component geometry and characteristics

2,5D structures refer to complex three-dimensional (3D) substrates which can be fabri-
cated by controlling and stacking 2-dimensional surfaces layer-by-layer [35]. In other
words, 2,5D components are a three-dimensional construction in two-dimensional
space. 2.5D components are known as lightweight designs with enhanced safety and
are used in automobile and aerospace sectors due to their good energy absorption qual-
ities. One efficient way of manufacturing these components is additive manufacturing.
[16] For example, casings, housings and simple flanges can be classified as 2,5D ge-
ometry. Figure 8 illustrated different 2,5D profile geometries.
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Figure 8. Nature inspired 2,5D geometry parts [16].

Housings, also known as casing, hub, tray etc. is a core component of an engine. They
are widely used in generators and in electric motors and are mostly made from metals,
such as steel, cast iron, stainless steel and aluminum alloys. Engine housings functions
as a protective element, in addition to being a mounting frame for other components.
Engine housings have high requirements for structural accuracy and performance. [36]
Its quality affects significantly the fuel consumption, performance and service life of an
engine [37]. Engine housings sizes and shapes vary based on engine types. Some struc-

tures contain two tray-like sides, and other housings are based on cylindric shape.

High geometrical accuracy requirements make engine housings challenging to manufac-
ture [37]. Moreover, the demand to fulfill variety of requirements limits the utilizing of
traditional technologies [38], as well as the desire to minimize the waste of a high-quality
material. These disadvantages create a demand for alternative manufacturing technolo-
gies. Some studies have successfully manufactured different types of motor housings
using additive manufacturing [38], [39]. These studies indicate that additive manufactur-
ing can be used to produce engine housing successfully. However, these experiments

were not conducted with WAAM, so further research is needed to draw final conclusions.

As it is stated before, there are not already made studies or designs for engine housing
manufactured by WAAM. However, closely resembling geometries of tray-like housing
can be found in two demonstrator parts. Firstly, Addison et al. [40] attempted to produce
and assess a high complexity titanium (Tis Als V) part, which contained variety features
that they had not been yet produced or were known to be problematic. These features
included stepped wall, slot, wedge, tube and boss features, varying wall thickness, sharp
corners, intersections, overhanging structures, round corner and raised level. The objec-
tive was to demonstrate that high complex parts with good material properties and high
material integrity can be produced without expensive tooling or complex support struc-
tures using only readily available equipment. The final model was redesigned to support

the manufacturing method. See the result below from Figure 9.
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Figure 9. Demonstration part of WAAMs capability to produce different geom-
etries and features [40].

The part was successfully built; however, they stated that a variety of lessons were
learned during the process. Unfortunately, subsequent builds could not be made to con-

tinue this study.

The second demonstrator part was made by Suarez et al. [33] to explore WAAM capa-
bilities and demonstrate its adaptability. The designed titanium (Tis Als V) part had rela-
tively simple thin-walled structure, consisting of contour and intersecting wall structures
with varying thicknesses. This study focused on different deposition strategies and path
techniques and aimed to demonstrate WAAM’s adaptability. Both single bead and oscil-
lating deposition strategies were used. Special attention was paid to the junction points
of intersections. Also with this demonstration, the final design was redesigned to support
the manufacturing method. A flat titanium plate (Tis Als V) with dimensions of 20 x 260 x

170 mm was used as a substrate. See the resulted component below from Figure 10.
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Figure 10. Demonstration part containing different deposition paths and multi-
ple cross sections [33].

The printed part’s dimensions were 260 x 170 x 45 mm. The single bead walls had width
of 8 mm and oscillating walls had widths of 18 mm and 24 mm. A spatter could be seen
in the oscillating walls due to directional disrupt in the delivery of protective gas caused
by directional change. Post-Processing was deemed necessary to achieve final geome-
try of the component. Also, a heat treatment was suggested to enhance the mechanical

properties. However, neither was carried out in this paper.

2.2.4 Traditional manufacturing of engine housing

Traditionally, engine housing is most often manufactured by precision casting or by ma-
chining. Both manufacturing methods have their advantages as well as a favorable op-
erating requirement for the best usage. Nevertheless, several challenges are faced with
these manufacturing methods when trying to fulfill multiple alternating requirements. [38],
[41].

Casting is an important segment of the metal-working industry. Several different types of
casting processes have been developed to produce parts for varying accuracy require-
ments and for different materials. However, all different processes are based on the
same, simple idea. Liquid metal is poured into multi-part mold cavity and cooled down.
Once the piece has cooled and solidified, it can be removed from mold. [42] To succeed
in casting, attention must be paid to making high-quality molds with precise details.
These molds can be either single-use or reusable if they have a protective coating to

withhold the hot liquid metal attack or are not in direct contact with it. Casting parts can
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be post-processed to achieve desired features and characteristics. Post-processing can

be for example, heat treatment, machining, welding or straightening. [43]

Casting is essentially rapid pace of manufacturing with controlled accuracy, which makes
it ideal for mass production [42]. Therefore, it is desirable manufacturing method for au-
tomotive casings, where volumes can reach millions. Furthermore, casting process can
be highly mechanized and produce high quality parts with reproducible mechanical prop-
erties and surface finish. It can also reduce cost of machining, finishing and heat treat-
ments. [43] Therefore, not surprisingly, most common manufacturing strategy for engine
housing parts is casting Al-based alloys [38]. On the other hand, material selection, con-
figurations and some physical considerations limit the usage of casting and might there-
fore lead to other manufacturing technologies [42]. Other drawbacks of this method in-
clude low quality caused by gas porosity, high surface roughness, relatively low geomet-
ric accuracy, need for post-processing such as machining and long wait times required

by the process [38].

Some engine housings, an aero-engine housing for example, must function in extreme
environments containing high temperatures, high pressure and high speeds. These
housings are often made by machining. [41] Machine tool is considered one of the most
important equipment in the industry, and systems such as five-axis machine tools have
major role in manufacturing complex parts for aviation, aerospace and automobile indus-
tries. Just like other manufacturing technologies, machining continues to evolve. Higher
efficiency and accuracy have been and remain as main development goals in the ma-

chining industry. [37]

Machining refers to an entity of subtractive process techniques. Generally, workpiece is
shaped into final geometry by removing material progressively by cutting. Either the
workpiece (turning) or cutting tool (milling) rotates with high speed, whereupon cut is
caused by employing relative motion between cutting tool and workpiece. The stock of
the workpiece can come either from another manufacturing process in a form of near-
net-shape, or as basic a plate, rod, bar etc. In the former case only, necessary finishing
is performed to achieve functional surfaces for the component. In the latter case often a
large amount of material needs to be rough machined away, before finishing the part.
[44]

Machining requires always a part program, which recount the tool paths and necessary
process parameters. To form the program, the geometry, contours and material of final
geometry must be known. Additionally, limitations of the machining process, geometry

of the cutting tool and finishing characteristics must be considered. Without the modern
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advent of computers, this can be a costly and time-consuming task. However, generally
nowadays process looks as follows: a model of part is created with Computer aided De-
sign (CAD) software, after which CAD model can be fed to the machining system with
fitting production values, which completes a part program. Next the program is tested
and then approved, following a release to the production. Part can then be mass pro-
duced with the same program with little difficulties, until part or process are modified. [45]
Machining system objective is to create mass production of identical components with

continuous quality without human interference [46].

Two of the most multi-purpose cutting machines are CNC lathe machine and CNC milling
machine. They contain automatic tool replacer, that can change tools between different
machining operations, without external measures and allow multiple machining opera-
tions to be performed in a one work setup. CNC milling machine can execute milling,
drilling, reaming and tapping, whereas CNC lathe machine can perform grooving, boring,
facing and other turning operations. [44] CNC machines main essence is computer-
based controller, which commands programmatically servo motors that actuate machine
axes. Nowadays CNC systems contain solid user interfaces, control auxiliary processes,
can coordinate multiple paths and cell operation applications. CNC has developed from
Numeric Control (NC) machines, which date back into 1950s. [45]

Machining is often utilized when production volumes are small and quality requirements
high, or alternatively used material is challenging to cast. Furthermore, machining is a
flexible manufacturing method, where small improvements and changes are easy to im-
plement, even after the release to manufacturing. This is a clear advantage in the climate
of modern technology. [47] Machined components often call for materials with high du-
rability and with otherwise high-quality features (e.g. titanium alloys, nickel-based alloy)
but alas poses challenges for its cutting processes. [41] Furthermore, machining can be
energy and time intensive, have low buy-to-fly ratio and therefore generates a lot of

waste, and can be costly compared to casting, for example [47].

2.3 WAAM manufacturing process

Primary stages in WAAM manufacturing are process planning, deposition and post-pro-
cessing. One of the most important details in process planning is the consideration of
deposition parameters. They should be carefully selected to achieve flawless compo-
nents with good geometrical accuracy. Deposition stage can be incorporated with differ-
ent sensors for real-time control and oversight of the process. Final post-process ma-

chining needs to be considered thoroughly to achieve adequate results. [48]
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2.3.1 Process parameters

To acquire desired outcome from the WAAM process, process parameters should be
carefully controlled. These process parameters are deposition width, wire diameter, layer
thickness, wire-feed rate and welding speed [11]. Also, interlayer temperature and dwell
time, torch and substrate angle, welding current, and contact tip-to-work distance should
be considered. Each of these parameters have different effect on the part and functioning
combination of the parameters must be found to achieve certain features such as low
surface roughness and high mechanical strength [4] The functioning of the key parame-

ters is elaborated below in Figure 11.

W: Width(mm)

H: Height (mm)

P: Penetration (mm)

Al: Penetration Area (mm?)

A2: Reinforcement Area (mm?)

Figure 11. WAAM process parameters [49].

Deposited layer geometry depends mostly on welding speed, wire-feed rate and heat
input. These parameters interact so strongly that they cannot be treated as entirely sep-
arate variables. Furthermore, different combinations of these parameters might result in

similar geometries. [50]

Heat input is a measure of supplied energy to the weld per unit length. It has a linear
correlation with weld bead geometry. During build up, every layer acquires additional
heat which causes heat accumulation. Wire-feed rate and welding speed are the main
process parameters to control the heat input, and more specifically their ratio wire-feed
rate/ welding speed. It should be noted that to change welding bead geometry signifi-
cantly, these parameters must be changed so that the value of the ratio changes. For
example, decreasing this ratio by increasing welding speed means that less heat is trans-
ferred to the material and less material is deposited per unit length. [49] These decreases
both the width and height of the deposited layer. From these two, the difference in height
is rather minor but difference in width is significant. Moreover, increasing welding speed

decreases penetration and roughens contour of the layers. [50]

The number of passes required to build a part depends on wire-feed rate. When increas-

ing wire-feed rate the width of the layer decreases but the height of the layer increases.
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This is since more welding arc energy is needed to melt the higher wire-feed rate, and
so the lack of fusion in the layers decreases the deposition width. Also, the weld pene-
tration decreases which produces more convex clad layers. When increasing the heat

input there is an increase in the deposition width and weld penetration. [50]

Deposited layer geometry determines the characteristics of deposited walls. In the ex-
ample above, there is an increase in the wire-feed rate and heat input. This results in a
relatively wider wall width and higher flatness deviation. Changing parameters such as
increasing the welding speed affects the geometry of deposited layer and produces less

flatness deviation and narrower bead. [51]

Creating the required metallurgical bond between layers requires re-melting thin section
of previous layer, regulating the cooling rate and lessening residual stress. One crucial
parameter in the multi-layer process is therefore the pre-heat or interlayer temperature.
[52] Pre-heating the substrate is one way of balancing layer geometries through build up
[4]. The interlayer temperature of the previous layer or pre-heat of the substrate also
affects the geometry of the deposited layer. When the temperature is higher the deposi-
tion width increases and the height decreases. Furthermore, lower heat input can be
used which can help increase the dimensional accuracy of the part and improve the
uniformity of the deposited layers [52] So, regulating the inter-layer temperature properly
leads to stable and smooth surface while deposition. Thus, another parameter comes
crucial, the dwell time, which is essentially the cooling time between layers to obtain the
desired interlayer temperature. Dwell time is often determined as a tradeoff between

production time and desired production features. [4]

Heat input has an inversely effect on hardness values, as opposed to, cooling rate and
local composition which have a linear effect, and they are all related to the final micro-
structure [49]. Furthermore, the heat input increase affects the cooling rates and the parts
microstructure and therefore mechanical properties, for example with low interlayer tem-
perature and low heat input and therefore short dwell time a hard and smooth walled

component with lower stiffness can be printed [51].

With each deposition layer, the part experiences thermal stress due to heat input and it
can raise residual stresses. Now, first few layers require more heat input to gain good
wetting on the substrate. Heat input should be then gradually reduced during building
process, if not the height dependent profuse accumulation of heat can affect the layer
width and geometry in an unwanted way [50]. Nonetheless, with multilayer deposited
parts three distinctive zones can be identified, lower, middle and upper zones. Lower

zone is located near the substrate, which helps it cool down faster producing higher
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hardness for this section. In the middle part accumulated heat reduces cooling effect
making this section lower in hardness. The upper zone has the highest hardness, for it

does not experience repeating re-heating. [51]

A variety of shielding gasses are used in WAAM process. The object of shielding gas is
to produce a gas flow around the arc to protect the molten pool from atmospheric air’s
damaging effect during deposition. With different metals, different kind of gasses and
gas blends are used. For example, popular use with austenitic stainless-steel is a mix of
argon and carbon dioxide. [53] Selection of shielding gas should be just as important
than selecting any other process parameter, for even though you only change the gas,
bead shape, bead penetration and metal-transfer pattern can transform drastically. For
example, different the amount of carbon dioxide in CO; + Ar shielding gas blend changes
the heat impact in the deposition, which effects bead geometry. Correctly selected shield-
ing gas enhances the stability of the process, improves build quality and can enhance

the production efficiency. [54]

2.3.2 Process flow/steps

WAAM manufacturing process consists of particular stages, which are presented in the
Figure 12. To start with WAAM process, a 3D model of final geometry must be created.
The shape and size are often altered to facilitate the manufacturing process [55]. There-
fore, often large holes are closed, machining allowance is added as well as filet radii and
lead in and out structures to the wall ends [40]. Reworked geometry can then be up-
loaded to the slicer program, to form a layered geometry. Oftentimes test walls are
printed to investigate proper slice layer heights. Furthermore, test walls are used inves-

tigate and finalize proper process parameters. [55]

In the next step, the algorithms for the torch movements are considered. The algorithm
is based on the part geometry, selected build up strategy and wanted end result. There-
after, sliced geometry model can be loaded into software environment, in which the dep-
osition head operates, aka to the robot arm or CNC system. Generally, loaded geometry
model is in G-code format. The software environment may contain solutions for simulat-
ing or programming the robot arm/CNC system, in which the deposition program can be
finalized. If robot arms are used, created deposition program may need to be translated

into robot program. [55]

After completing and downloading the program to the deposition system, possible errors
should be checked. If checking has been successful and the torch trajectory is deemed
to be correct, the process parameters can be set. Thereafter, the deposition can be
started. [55]
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Figure 12. Flow chart of different production phases in WAAM manufacturing
process.

One of WAAM advantages is the ability to manufacture components with one production
machine in one step. During deposition, the kinematic system and welding source inter-
act with each other to ensure a stable process. Some quality effecting abnormalities
might still appear during build up. To detect them, various kinds of monitoring systems
can be used. These sensor systems can be based on thermal, electrical, acoustic or
optical measurement methods, and used sensor methods should be selected depending
on the investigated quality characters. It is recommended to use more than one data
source to create a reliable and stable monitoring system. [56] For example, IR camera
can be used to measure interlayer temperatures of multilayer structures in order to

achieve identical circumstances for every deposited layer [10].

After successful deposition component may be declared as finished if there is no intent
to post-process. To verify the quality of the component and manufacturing process, an
evaluation should be conducted. These can include precise measurements, 3D scans

and model comparisons, for example. [10]

If post-processing is required, the next step is to create a machining path. To start, the
deposited part’s dimensions should be measured and obtained, so that the shape accu-
rate geometry of deposited part can be used as a stock model. Thereafter, a cutting path
can be created and verified by a simple simulation. These steps ca be completed by
using Computer Aided Manufacturing (CAM) program, for example. Before, machining
the compatibility of WAAM process coordinate origin and machining coordinate origin

must be confirmed. Finally, a post-processing machining can be performed. [10]

2.4 POST-PROCESS MACHINING

As mentioned above, WAAM manufacturing process can produce large components, but
almost without exception part has poor surface quality and accuracy. Furthermore, warp-
ing or other distortions might appear. To solve this problem machining such as milling is
used as a post-processing operation. According to Gillepsie [7], combining WAAM and
machining can produce better surface finish and closer tolerances, in addition to elimi-
nating the useless or impeding support structures. Smoothing or polishing can even sur-

face cracks, reduce stress risers and create more aesthetic appearance.
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2.4.1 System setups and process strategies

Across the literature one can find multiple ways to combine AM and machining pro-
cesses. All of which share a common objective, printed object is to be designed and
produced as near-net shape object, so that minimum amount of material can be removed
during machining. [20] Differences arise from the used equipment as well as from differ-

ent process strategies.

One common option is to use multitask machining with one setup for both processes.
Modern hybrid equipment consists of 3-, 4-, and 5-axes machining center with the addi-
tive process and implements two functions (WAAM and machining) on the same bed one
after the other. This system has the advantage to achieve tighter tolerances. [7] Moreo-
ver, when manufacturing is completed in one setup cutting defects caused by misaligning
the work origin can be eliminated. Unfortunately, cost of these hybrid manufacturing ma-

chines is quite high, which severely limits their usage. [20]

In the other system setup, there are separate and independent additive manufacturing
processes and machining systems. For example, Hanamoto et al. created first the near-
net shape of the final product with WAAM setup and then moved the component to ma-
chining system. Compared to hybrid machines, robot based systems are more econom-
ical to acquire. [20] For this and their flexibility, these types of setups are simple and

most commonly used [7].

Machining can also be implemented as a part of additive manufacturing process cycle
[20]. With this strategy, only one setup is required, and it can consist of two cooperative
robot arms [9], or alternatively of multitask hybrid machine [7]. With two cooperative
robot arms, one has a welding torch for WAAM system and the other has a milling tool
as a machining system. After the desired number of layers are printed, the milling arm
mills away the top and side surfaces of previous print layers to facilitate following print
layers and to obtain good surface quality and desired geometric and accuracy. Printing
and milling cycles are then repeated until the whole part is created. [9] Hybrid machine
can similarly switch seamlessly from deposition tool to machining tool within additive

manufacturing process cycle [7].

2.4.2 Considerations of design

Using hybrid manufacturing process affects the design of the produced part. The inclu-
sion of the post-processing must be kept in mind as early as the designing state and for
example, adequate machining allowance must be added to the geometry of the part.
Moreover, removal of extra material leads to unnecessary material, time and cost waste,

and so the minimum amount of material needed to be removed must be determined.
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Fuchs et al. furthermore suggested that the amount of material that is to be removed
should be larger than the occurring inaccuracies that occur in the deposited wall struc-
tures. They proposed that 125% of the maximum height point of the surface should be

removed to ensure high surface quality. [57]

Some geometries may pose challenges for post-processing. Fuchs et al. discovered that
start and end zones of wall structures might have to be removed to prevent critical tool
contact. Naturally these zones need to be taken into consideration when designing ma-

chining strategy and therefore the part [58].

One of the challenges of post-processing is to align the coordinate origin of the deposi-
tion process and the machining accurately. It can be hard to determine origin coordinates
from the irregular surface of the deposition if the process has multiple setups. One solu-
tion to match the origins of the WAAM and post-processing is to make a groove to the
base plate as a pre-process. Then the base plate and deposition path can be aligned.
[10] Other is to use small, fabricated objects (35 x 155 mm) on a substrate fixed on a

reference section, and using a corner as a work origin [20].

Another discernability that produces challenges is the difficulty to predict accurately the
silhouette of the workpiece. This complicates the creation of fitting machining paths. [10]
Often advanced WAAM process requires a precise measurement method between

these processes to define sometimes unpredictable end shape of deposited part [20].

2.4.3 Machining WAAM component

Machining a deposited part has some differences compared to machining a basic raw
stock block. The final surface quality of the part is not only dependent on basic milling
parameters such as spindle speed and tool-feed rate but also dependent of the WAAM
parameters such as wire-feed rate and travel speed. This is since the cutting depth
should be determined by the deposited bead geometry. This is particularly important if
the machining is implemented inside the WAAM process cycle. [9] Another difference
comes from the surface of the machined part. Deposited parts have wavy and geomet-
rically low accurate surface, in which the surface hardness might vary. This unfortunately
is not ideal machining surface and can cause instability in the machining process, such

as chatter vibrations, which might lead to lower tool life, and rougher surface finish. [51]

Differences arise below the surface as well. AM parts have unique microstructure and
therefore unique material properties, and this must be taken into consideration. [59] For

example, Awiszus et al. found [60], that stainless steel (1.4403) WAAM parts have ori-
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ented dendritic microstructure, which means that mechanical properties have low direc-
tional dependence. Furthermore, they acquire high cutting forces but have lower hard-

ness (in comparison) due to local microstructure composition.

Some guidelines for machining a WAAM component can be found from the literature.
Machining direction should be considered in relation to build-up direction [60], and feed
direction should be the direction of the smaller waviness, to keep the average cutting
force stable [58]. Moreover, using conventional calculations for cutting force is not rec-
ommended [60]. However, corresponding values or equations for machining a WAAM

component have not yet been developed.

2.5 PROCESS AND COMPONENT EVALUATIONS

WAAM is often described as an effective, economically and ecologically friendly manu-
facturing method, and there lies it favorability over traditional manufacturing [61]. How-
ever, across literature the precedence of WAAM seems to alternate. In this section we
take a closer look at literature of economic and ecologic analysis of WAAM to investigate,
in which situations WAAM has been found to be a better choice compared to traditional

manufacturing.

2.5.1 Economic analysis

One way of determining systematically the cost of an asset during its life cycle is Life
Cycle Costing (LCC) method. It includes determining the significant cost elements, suit-
able cost model, and utilizing collected cost data. Cost elements can include machine
cost (cost of tools, jigs, fixtures maintenance and tooling), material cost, cost of consum-
ables (energy, shielding gas, cooling fluid etc.), post-processing cost and labor costs

(operator, preparation time, set up time, supervision). [62], [63]

The above can be roughly interpreted as the following: the more material, consumables
and labor is used, the more expensive manufacturing is. Therefore, things such as ge-
ometry, material and post-processing parameters affect the overall cost. Kokare et. al.
found in their study, that for simple geometries such as wall, machining can be most
economical solution, but if complexity of geometry increases or some other factor re-
duces the material efficiency, WAAM is less expensive alternative [62]. Another study
made an interesting conclusion regarding post-processing and material allowances, for
post-processing accounted for two-thirds of the WAAM production cost of marine propel-
ler and WAAM was considered most economical approach when material allowance was
under 4 mm [63]. Priarone et al. considered medium-to-large components produced with

different materials and found that there are notable differences in favorability of WAAM,
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manufacturing with aluminum had considerably lower-cost with WAAM, steel on the other
hand with machining and titanium was in between [61]. Kokare et al. investigated the
influence of batch size from 1 to 50 and found that for batch sized over three, WAAM is

more cost-friendly, making machining better for single-unit production [64].

2.5.2 Sustainability analysis

Sustainability of a manufacturing method is most often measured with Life Cycle Assess-
ment (LCA). LCA is a popular method for calculating ecological impact of process or
product across its life cycle stages. This analysis takes into consideration environmental
impacts of raw materials, energy usage, other resources, waste and emissions, and uses
life cycle inventory data to form calculations and conclusions. This inventory data can be
collected from experiments, literature sources and legitimate databases. [62] Across lit-

erature a cradle-to-life LCA is most often performed for WAAM.

Generally, cradle-to-life focuses on the timespan of the product from natural resource to
the factory gate, including the impacts of harvesting of natural resources, formation of
stock material, transportation, and finally the manufacture of the product. Production
chains of WAAM and machining components are demonstrated in Figure 13. Now, if we
compare machining and WAAM life cycles, we can see that the differences lie in the
production and formation of stock material and part manufacturing processes. For
WAAM there is the formation of wire feedstock which usually contains hot rolled steel
billet that forms a rod, followed by wire drawing. The manufacture of the product requires
the feed stock material, substrate material, shielding gas and energy (power consump-
tion of electric arc) all of which can be measured during deposition. Post-processing ma-
chining requires additional power, which also can be measured. Lastly, comparing the
weight of consumed stock wire and final product, an manufacturing material efficiency

can be measured. [62], [65]

On the other hand, with CNC we can assume raw stock is formed by hot rolling a steel
billet into bar, which then undergoes a rough milling. The manufacturing energy (of pro-
ducing component) consumption depends on machine, machining method and material
removal rate, efficiency and length. Other used resources are cutting fluid and com-
pressed air. Again, manufacturing material efficiency can be measured by comparing

weight of the raw stock block and the final product. [62]
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Figure 13. Production processes of WAAM and machining manufacturing tech-
nologies.

Different studies comparing LCA of machining and WAAM can be found from the litera-
ture [62], [63] [61], [64], [65]. The results of these studies vary, some found machining to
be more sustainable and others WAAM. Therefore, following can be inferred: sustaina-
bility of product is affected by number of different aspects, such as material efficiency,

geometry, material, size and so on. [62]

The complexity of geometry affects its material efficiency significantly. Increased com-
plexity and wall curvature lead to lower material efficiency for CNC machining. This is
caused by increase of removed material and therefore and increase in resource con-
sumption, making CNC less sustainable. In comparison, material efficiency of WAAM is
not affected much by the complexity of geometry. [62] Another study where object of
interest was solid-to-cavity ratio (same as buy-to-fly) made similar conclusions, where
change in foregoing ratio did not affect much the WAAM results, but had noteworthy
effect on sustainability and cost of machining [65]. Priarone et al. conducted that remark-
able reduction CO, emission, energy and resource demands can be seen in WAAM
manufactured medium-to-large components, especially with aluminum and titanium ma-
terials [61]. Similar conclusions were made by Kokare et al. stating that WAAM is gener-
ally found to be more environmentally friendly compared to machining, and if component
size is increased 5 times, WAAM environmental impact is half compared to machined

component [64].

Across the studies above, raw material production has the biggest impact on sustaina-
bility, for both machining and WAAM. For machining, 80% of the impact can be from raw
material production, and in second comes energy usage of manufacturing. Moreover,
WAAM as high as 60% of environmental impact comes from raw material production,

followed by usage of shielding gas and energy/resources used in post processing.

Nevertheless, most studies cannot be widely generalized as they are heavily linked to
certain materials, geometry and process parameters, and therefore a change of charac-
teristics can significantly change the results. Thus, to form general guidelines, more re-

search is needed to truly understand the economics and ecology of the WAAM. [63]
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2.5.3 Productivity analysis

Productivity is important value, and crucial in surviving today’s competitive world. One
way of improving productivity is to reduce manufacturing times. [66] Manufacturing time
can be considered as a productivity metric, but is good to keep in mind that it is also

closely linked in cost analysis [61].

For WAAM manufacturing time is often measured manually, and it includes set-up time,
deposition time, interlayer cooling time and time for post-processing. Supposing fixed
deposition rate, WAAM process time increases linearly in relation to increased amount
of deposited material. [65] For machining, total cutting time can be measured manually
from manufacturing process or alternatively from toolpath simulation of CAM. In both

cases a timeframe for setting up and preparation must be considered. [63]
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3. RESEACH METHODS AND MATERIALS

3.1 Methodological approach overview

This section investigates the design, fabrication and post-processing of WAAM + ma-
chining through two case studies. Figure 14 illustrates the adopted methodology of the
current study. This methodology approach integrates experimental investigation, from
designed geometry to deposition, post-processing and finally to evaluation of produced
part. Purpose of this study to ensure a thorough understanding and evaluation of hybrid

WAAM process and its influence on component manufacturing.
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Figure 14. Chosen methodology approach.

This investigation consists of conventional process parameter investigation and two dif-
ferent case studies. The first case study 1 overviews simple geometry production with
analytical evaluation including examinations on both physical component and the com-
ponent in digital environment. Post-processing was studied through simulation and ac-
tual post-process machining. The second Case study contains more complex geometry,

which enables investigation of the suitable build-up strategies and advisable utilization
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of primitive geometries in path planning. Deposition is evaluated by fabricating and ana-
lysing a digital model, and machining post-processing is analysed with machining simu-

lation in Siemens NX software.

3.2 Investigating process parameters

Several tests were conducted to find out suitable process parameters. Furthermore, the
formation of simple geometries is investigated. Firstly, two single bead walls were fabri-
cated to investigate suitable wire-feed rate and welding speed. After which several wall
geometries were produced to define correct parameters for overlapping beads. The
weaving deposition path was also studied with wall geometries. Based on these investi-
gations, different primitive shapes with different deposition paths could be studied. These

features included both cylindric and block geometries.

The depositions were performed with ABB robot with a rotating table setup. Used power
source was Fronius CMT and it was connected to the robot arm. The welding torch was

mounted to the ABB robot arm. See setup from Figure 15.

w—

1 7 -
AR . . .

power

source B . e , fume
torch ' extractor

6-axis robot

Figure 15. Demonstration of used setup at Tampere University.

Initially shielding gas UN 1956 containing 8 % CO2 and 92 % Argon was used with the
flowrate of 14,5 I/min. A steel S355 plates were used as a substrate. The substrate was
brushed with steel brush to ensure cleanliness and the grip of the first layer. Used wire

was TD-MAK10S with diameter of 1,20 mm. Interlayer temperature was maintained at
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200 °C before each new layer deposition. Table 3 indicates the chemical composition of

the G4Si1 welding wire.

Table 3. Composition of welding wire [67].

Material C Cr Mn Ni P S Si Total Cu

G4Si1 0,09 0,02 1,67 0,02 0,005 0,007 0,87 0,20

3.2.1 Single weld bead investigation

Two bead rows were printed to determine suitable process parameters, such as wire-
feed rate and welding speed. The specimen’s length was 100 mm, 10 layers were de-
posited on each wall. Layer height was set to 2 mm. The deposition was bidirectional to
ensure proper structure during build up. Interlayer temperature was measured after each
bead and subsequent layers were printed after the temperature reached 200 °C or under.

See from Table 4 below the investigated process parameters.

Table 4. Investigating process parameters.

Specimen Travel speed | Wire-feed rate | Welding cur- | Voltage U (V)
(mm/s) (m/min) rent (A)

1 8 4 137 13.4

2 4 2 137 13.4

Produced specimen are presented in Figure 16. They had rough dimensions of 18 x 6 x
100 mm. As we can see, the specimen with higher welding speed and wire-feed rate has
also rougher surface roughness. These specimens show clearly the trade-off between

time and quality.
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Specimen 1

Figure 16. Produced wall specimens with different process parameters (trade-
off between printing time and quality).

3.2.2 Overlapping parameter investigation

A series of overlapping parameter tests were conducted to determine adequate percent-
age for overlapping. Several papers in the literature indicated that the overlapping per-
centage should be somewhere between 63 — 77 %, based on mathematical models [28],
[29], [30]. Furthermore, an opposing discovery was also discussed, based on series of
experiments, the overlapping percentage should be somewhere between 15 - 50 % de-
pending on process parameters [26]. It should be noted that overlapping can be calcu-
lated more than one way. In this study, we followed the model presented by Miller &
Hensel [26], where the overlap is calculated as presented in equation (1) and used val-

ues are elaborated in Figure 17.

d(mm)

overlap (%) = (1 =

)x 100 (1)

bead distance, d

Overlap

L Width w

Figure 17. Cross-section of bead layer to clarify values in equation (1) [26].

Different shielding gases were tested as well. Initially shielding gas UN 1956 containing
8 % CO2 and 92 % argon was used with the flowrate of 14,5 I/min. Wire-feed rate was 2
m/ min, welding speed 4 mm/s, and overlapping included three beads. Tested overlap-

ping percentages were 25-50 %. Thereafter, a UN 1956 gas containing 2 % CO> and 98



33

% argon was tested. The overlapping percentages varied from 30-70%. Tests with both
gases showed signs that fusing temperature for the metal was not high enough to pro-
duce proper melt pool, which resulted in several challenges. The overlapping percentage
had to be extremely high (65-70 %) to bring all beads together, and this caused the layers
to have inferior structure. Furthermore, with second gas (2 % CO2 and 98 % argon) fully
fused walls had low width of under 8 mm, and therefore the number of beads was in-
creased to four. Second set of tests were conducted with the wire-feed rate was 4 m/
min and welding speed 8 mm/s. Surprisingly, these printed walls did not differ much
compared to first results. This might have resulted from the heat accumulation from ad-
jacent bead rows. Even tough wire-feed rate and welding speed were increased, remain-
ing heat in adjacent bead rows could have produced enough warmth to fabricate similar

melt pools resulting in similar bead geometries.

Another gas composition containing 18% CO. and 82 % argon was tested which was
known to produce high fusing temperature for the melt pool. Since the last test indicated
that two used process parameter sets resulted in similar walls, the faster parameters
were used in all following investigations to achieve better efficiency. Studied overlapping
percentages were 40%, 30% and 35% with 4, 4 and 3 overlapping beads, respectively.
All these tests resulted in extremely promising results, most of all 35 %. Results from
different gas investigations are illustrated in Figure 18. Except for gas exchange, the

process parameters remain the same.

Figure 18. Three overlapping walls produced with (a) 8% CO; and 92 % Ar, 37,5%
overlap, (b) 2% CO: and 98 % Ar, 40% overlap, (c) 18% CO: and 82 % Ar, 35%
overlap.

Consequently, based on the results above, two 10-layer 100mm long walls were printed.
The objective was to study the creation of full block-shape primitive with overlapping
beads. Each multi-bead all was printed with wire-feed rate of 4 mm/ min and welding
speed of 8 mm/s, and overlapping percentage was 35 %, latest shielding gas (18% CO:
and 82 % Ar) was used. First multi-bead wall had three overlapping beads and produced

a 14,5x22x100 mm block. Second multi-bead wall had only two overlapping beads and
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it produced 11x20x100 mm block. Both tests were deemed as successful to define pa-

rameters for path planning of primitive blocks.

Next step was to investigate these parameters for a cylindric primitive shape geometry.
Test continued with same parameters as before: wire-feed rate was 4 m/min, welding
speed 8 mm/s, overlapping percentage was set 35%, shielding gas contained 18% CO
and 82 % Ar, used substrate was similar as to before and it was brushed before printing.
Set diameter for the outer bead was 80 mm and inner circle diameter was calculated
based on overlapping percentage. Layer height was set to be 2 mm. Ten layers were
printed, and starting point of each layer changed counterclockwise V. of the perimeter

between layers. Interlayer temperatures were maintained to be below 200 °C.

3.2.3 Weaving or oscillating

As an alternative deposition strategy, weaving was examined. Weaving strategy is alter-
native to the overlap deposition to reach wider deposition on deposition path. From dif-
ferent weaving shapes we used the zig-zag pattern where nozzle moves in X, Y- coordi-
nate system and Z value remains as zero. The illustration of deposition path and main

process parameters are shown in Figure 19.

Welding speed

Amplitude /\ /\ /\ /\ Leading line

Weaving trajectory

Weave lenght

Figure 19. Weaving path and required main parameters, adapted from [34] .

Different process parameters were tested, with varying welding travel speed, amplitude
and wavelength. The goal was to produce wall of similar width than the final width of the
wall in overlapping tests. Two different shielding gasses were also tested. Best results
were obtained with following values: wire-feed rate 4 m/min, welding speed 2,5 mm/s,

weave length 2 mm, amplitude 5 mm, shielding gas 8% CO_ and 92 % Argon. Thereafter,
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weaving was investigated with circular path, to produce an alternative for cylindric prim-
itive shape geometry. The aim was to produce similar dimensions as with overlapping
cylinder. This resulted in 8-layer, circle with 76,1 mm diameter. Similarly to the overlap-
ping deposition of circles above, starting point of each layer changed counterclockwise
Ya of the perimeter between layers and interlayer temperatures were controlled to stay
under 200 °C. Figure 20 shows the results of two circular path deposited specimens for

overlapping and weaving deposition strategies.

Figure 20. Results of circular path testing: (a) two bead overlapping deposition,
(b) weaving deposition, (c) side profile comparison of overlapping (left) and weav-

ing (right).

Both deposition strategies produced an object with solid structure. However, with weav-
ing, the points where arc ignites and extinguishes had greater impact in the structure of
the wall, and presumably there can be defects path planning, and hence weakening the

structure of the component.

3.3 Creating case study geometries

During the design phase, the entire manufacturing chain was acknowledged. Further-
more, we capitalized WAAM’s possibility of utilizing substrate, and freedoms in path plan-
ning. Challenges such as rough surface, misalignment from multiple set-ups, residual
stress and distortion were considered. We followed general guidelines for WAAM com-
ponents design proposed by Lockett et al. [5]. Final geometries were first created, and
thereafter, they were redesigned to fit the WAAM + machining manufacturing method.
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During redesign phase, the primitive shape geometries were utilized. Furthermore, dif-
ferent guidelines regarding using continuous path, tool accessibility, level on complexity,
corner radii as well as part and feature dimensions were followed [5]. Machining allow-
ance for post-processing was added based on values found in literature. In theory section
we discussed Fuchs et al. estimation that machining allowance should be 125% of the
maximum height of the surface [57]. Lockett et al. gave more general guideline of 1 mm
for the surface roughness [5]. Additionally, features were designed to help with alignment
of deposition and post-processing setups. Since we are using a robot arm set up com-
bined with five axis CNC machine in case 1 a reference point was needed in the geom-

etry of the part.

3.3.1 Case study one geometry

The focus of case study 1 is to investigate an alternative manufacturing method to
produce cycloid drive housing. These components are commonly produced with machin-
ing, and this traditional manufacturing method is compared to hybrid WAAM + machining
manufacturing. Therefore, the design model was redesigned to fit used manufacturing
methods. This entailed defeaturing and simplifying the geometry, considering utilization
of substrate, and adding machining allowance. The model was redesigned with Siemens
NX CAD software.

Figure 21 illustrates cycloid drive housing part flow from assembly to reworked, de-

featured geometry.

Figure 21. Geometry of case 1: Cycloid drive housing.

Initially, we assessed, if the final geometry is reasonable to produce with DED. According
to Lockett et al. [5], there are four primary assessment criteria. First, the component
should have a mass larger than 0,5 kg. The second and third criterion are connected to
a bounding box’s dimensions. Bounding box is a minimum cuboid (or cylinder in our
case) in which the part can be enclosed. WAAM is a viable manufacturing method if

bounding box has one or more dimensions over 20 mm, and all dimensions 10 m or
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under. Maximum dimension is limited by the size of manufacturing cell. The last assess-

ment criteria is the estimated buy-to-fly ratio which should be over 4.

Designed geometry met the criteria above. By assigning simple steel from NX material
library, the mass of 0,78 kg is estimated. All the dimensions of the bounding box were
between 20 mm and 10 m. After which we calculated the buy-to-fly ratio dividing the
mass of the raw stock by the material of the final part accordingly: 1, 59 kg / 0,78 kg =
2,04. According to Lockett et al., low buy-to-fly ratio might indicate that this component
could be more cost effective to manufacture by machining. Although, it is good to keep
in mind that buy-to-fly ratio varies between materials and therefore the estimate can be
inaccurate depending on the material. [5] The first step of redesign was to consider the
utilization of substrate. Embedded substrate seemed to be the best option since most of
the material in the component is in the bottom plate of the part. Furthermore, by embed-
ding it to the substrate we could have substantial material savings both in deposition
phase and in post-processing. The second step was to simplify the geometry; therefore
holes, chamfers, thread and groove were extracted. The remaining geometry was inte-
grated with suitable primitive shape, resulting in cylindric wall geometry. For aligning the
coordinates, a small pin 4 x 5 mm was considered in the middle of deposition surface.
This feature can be maintained when facing the raw stock material. Alternatively, a fixture

can be used to ensure the centeredness of the component in a repeatable manner.

The wall of the final geometry was 4 mm at its widest point. From primitive shape inves-
tigations, we could observe that single bead walls had a width of 6 mm, and two over-
lapping beads had a width of 11 mm. These widths would result in 1 mm and 3,5 mm
machine allowances per surface, respectively. However, it should be noted that uneven
wall geometries have only been measured with vernier caliper and therefore the result is
only a rough estimate. Therefore, most likely machining allowance per surface would be
under 1 mm. To ensure sufficient machining allowance, a deposition path with two over-

lapping beads was preferred.

Dimensions for primitive shape geometry were defined accordingly. The outer radius of
final geometry was 48 mm, and inner radius 44 mm. Machine allowance was distributed
to both sides of the wall, 2 mm to outside and 5 mm to the inside radius. More material
was added to the inner surface to ensure functional interface surfaces. Next, the depo-
sition paths were defined. Since outer radius of deposition was 50 mm and knowing that
one single bead to be 6 mm width, the outer circle path should have radius of 47 mm.

Inner circle path was calculated with 35% overlap percentage and had radius of 42 mm.
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The substrate had to be post-processed with deposition to avoid misalignment defects.
To minimize material waste, the diameter of the substrate should be as close to final
geometry as possible. Nonetheless, too large overhangs or projection in deposition lay-
ers could have led to dropping/pouring the melted metal. Thus, to ensure structural in-
tegrity substrate diameter was set to be same as the supposed outer wall of the deposi-
tion. For the height of the substrate there were fewer guidelines. Maximum feature dis-
tance was 14 mm, and adding 1 mm of machine allowance per surface, would result in
minimum of 16 mm substrate height. However, Gupta et al. remark that with increased
substrate size, the exhibited deformation decreases. They add that with thicker substrate
plate, the internal ability to resist thermal residual stresses increases, which decreases
the deformation. Therefore, by increasing the substrate size we can create a more stable
base and improve geometrical accuracy. [68] Nevertheless, added material increases
post-processing material waste, resulting in reduced efficiency and lesser sustainability.
To determine acceptable tradeoff between geometrical accuracy and material waste, va-
riety of different height substrates were examined. First substrate had 100 mm diameter
and 14 mm of height, second 100 mm diameter and 40 mm of height. Last had a sub-

strate with 96 mm diameter and 14 mm of height.

3.3.2 Case study 2 geometry

The objective for case study 2 was to investigate a more complex 2,5D geometry. A
demonstrative geometry was designed following design features from existing WAAM
component studies [33], [40], and typical features of engine housings. Basic design rules
for WAAM disclosed by Lockett et al. [5] were followed. The model was designed using

Siemens NX CAD software. Figure 22 illustrate the designed geometry.

The model contained a thin contour wall with round corners, supporting wedge features,
intersections, raised platform and two different size cylinder objects. Addison et al. de-
scribed similar features as challenging for additive manufacturing, nonetheless their
team was successful with their deposition [40]. Furthermore, case study 2 geometry con-
tains demonstrative fastening hole features alongside the center cylinder and rib fea-

tures.
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Figure 22. Case 2 final designed geometry.

Similarly to the first case study, four primary assessment criteria of Lockett et al. [5] were
used here to evaluate produced geometry. By assigning material to the 3D model, we
got an estimation of 1,36 kg for the mass of the component. Therefore, the first criteria
(mass > 0,5 kg) were met. The second and third criteria were connected to bounding box
dimensions. From Siemens NX we got the following bounding box dimensions 126 mm
X 166 mm x 29 mm. Since all dimensions were over 20 mm and under 10 m, the second
and third criteria were met. The last criteria stated that the estimated buy-to-fly ratio
should have been over 4. By calculating case 2 buy-to-fly ratio, we got the following
value: 6,65 kg / 1,36 kg = 3,4. Fourth criteria was not therefore met, indicating that this
geometry could be more effective to manufacture by other methods. However, buy-to-fly
value of case study 2 geometry was only slightly below criteria value, and for example,

with different material could reach this limit value.

Next the geometry was adjusted for WAAM + machining manufacturing method. First,
we determined the utilization of substrate and build-up direction. Since we worked with
a demo component and had a strong desire to minimize manufacturing time and used
material we decided upon embedded substrate. When determining embedded wall, both
advisable build-up direction for the features and efficient use of material was considered.
The bottom of the geometry was the largest continuous area, and furthermore perpen-
dicular to 2,5D geometry planes. Utilizing it as a substrate led to material and time sav-

ings and allowed deposition of every feature without any support structures.

The design was reworked to fit the manufacturing method. The structure of case study 2

geometry was quite simple 2,5D geometry, and therefore fairly accurate near-net-shape
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deposition might have been possible to fabricate. However, further rework and program-
ming for the deposition path would have been challenging and time consuming. Complex
geometric features could have caused accumulation of material in turn points and create
unpredictable geometries. Furthermore, WAAM’s low geometric accuracy and poor sur-
face finish could not have produced functional surfaces and would have required post-
processing to form desired components. Therefore, we leaned on the strengths of WAAM
as manufacturing method, high material utilization and deposition rate, and simplification
of production process. Instead of trying to form complex feature structures, simple prim-
itive geometries (such as cylinders and cubes) were used as the intricate features. The
objective in determining primitive geometries was to simplify the rework and program-
ming, reduce time needed in design and preparations and to form a solid base for post-
processing. Primitive geometries were intended to be as near-net-shape possible to save

time and reduce the use of extra material.

Thus, geometry was simplified, machining allowances added, and primitive geometries
were used to prepare geometry for deposition. Small holes and chamfers were extracted.
Machining allowance of 1,5 mm per surface was added to single bead wall structures.
Rib structure was combined to form a solid platform. Centre cylinder was replaced with
primitive shape cylinder. The platform combined with tube feature was reworked to a

cubic shape. See redesigned geometry from Figure 23.

Figure 23. Case 2 redesigned geometry.

Designed bottom area had 5 mm height. Substrate with this little material is at risk of

significant distortions, and furthermore the deposition time would be prolonged due to
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longer interlayer cooling times. Therefore, we desired to enlarge the substrate plate, but
kept in mind that added material increases post-processing machining, material waste
and environmental load. Thus, a minimal amount of material was added to reduce the
above-mentioned disadvantages but enough to ensure structural quality. The size of the

substrate was increased in length, height and width directions.

After completing the redesign of geometry, the preparation for deposition could begin.
The model was worked in UltiMaker Cura software. First the model was sliced parallel to
the substrate plate, with 2 mm distance between the plates. 2 mm layer height estimation

was based on overlapping cylindric primitive shape investigation results.

Once the deposition strategy was considered, printing process was divided into two
parts. The first part included contour wall, wedge feature, and platforms. The second
build up consisted of cylindric feature in the center. This build up strategy had the fol-
lowing advantages: by distributing each layer evenly to wide area, distortion in the sub-
strate could be minimized. Furthermore, broad deposition area during each layer re-
duced the time needed in interlayer cooling. Cylindric feature was deposited separately
since it was fabricated with different deposition methods. Thus, for example, the layer
height differed from the overlapping layer height. Furthermore, by fabricating the cylinder
last, robot arm had more room to depositing material for other features and the risk of

collision during build up was reduced.

The contour wall was fabricated with single bead parameters, as well as the intersecting
wedge features. Rib feature platform was deposited with raster fill path strategy, and with
35 % overlapping beads. After filling path, the feature structure was bordered with a
contour round. This aided in keeping the structure steady. Raised platforms with tube
features were similarly deposited with a raster filling path strategy with 35 % overlapping
beads and contour run. The orientation of filling path alternated in every layer. The start-
ing point of contour wall was set at random on each round. Figure 24 illustrated the
planned paths of first build up, these figures were taken in UltiMaker Cura software.
White squares illustrate the arc-on points of each layer. Each layer’s construction starts
with rib feature platform, then other two platforms followed by the built of three wedge

features. This is followed by deposition of contour wall and the last wedge feature.
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Figure 24. Planned path for first build up (left) and for the whole first build-up.

The cylindric feature was fabricated with weaving deposition strategy. Since the deposi-
tion method changed from overlapping to weaving deposition method, the slicing plane
distance was changed to 2,5 based on previous weaving deposition investigations. The

weave path was circle with 26 mm radius.
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4. RESULTS AND THEIR REVIEW

4.1 Manufacturing case study 1

WAAM + machining manufacturing method was investigated by manufacturing case
study 1 geometry. Multiple example parts were fabricated and analysed. Typical chal-
lenges for WAAM manufacturing, such as rough and wavy surface, geometric imperfec-
tions and distortions were studied by performing form fault measurements and examining
scanned geometry. Furthermore, two physical components were post-processed by ma-
chining. Finally, manufacturing method was evaluated based on success of part produc-

tion, and by comparison to existing literature.

4.1.1 Deposition of case study 1

Three components were produced, two with exact designed geometry (see 3.3.1) with
outer diameter of 100mm, and one smaller component with outer diameter of 96 mm. All
components had different substrate dimension. Parts were deposited one-by-one with

same printing procedure and same process parameters.

First deposited part had a 100 mm diameter cylinder as substrate. It underwent face
milling to even the deposition surface, after milling the height of the substrate was 14
mm. Furthermore, a small pin 4x5 mm was left in the middle to assist in the alignment of
the coordinates. Previously best qualified process parameters were used: wire-feed rate
was 4 m/min, welding speed 8 mm/s, shielding gas contained 18% CO2 and 82 % Ar.
10 layers were deposited, and starting point of each layer changed counterclockwise V4
of the perimeter between layers. Five second delay was set between outer and inner
layer depositions. Interlayer temperatures were controlled be below 200 °C between

each layer, and forced-convection cooling was enhanced with a small fan.

Before deposition, robot arm was calibrated by tracing the elevated pin and outer wall of
the substrate with a calibration spike. Produced circular wall had with width of 10,5-11
mm and height of 17-18 mm, depending on the measurement point due to as-built sur-
face waviness. Figure 25 displays the calibration with calibration spike and result of dep-

osition.
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Figure 25. Calibration and result of deposited component.

Following values were measured during manufacturing, and substrate was weighted be-
fore and after deposition, to determine the mass of used material. The use of time was
measured, both times spent to the entire process step (including idle, moving, deposition
and cooling times) and the deposition time also known as arc-on time. Average shielding
gas usage was measured as well as used current and voltage, from which used energy

was calculated. See values from the Table 5.

Table 5. WAAM deposition values for case study 1.

Substrate | Mass after | Shileding gas | Set up | Enitre Arc on - | Consu-
mass deposition | consumed time deposition | time med
(0) (0) (iter) (min) | M (min) | ®"e"%Y
(min) (kJ)
860,7 1233,9 182,25 15 65 12,15 1521,79

Two additional equivalent geometries were produced with same process parameters.
Fabricated components were named accordingly P1 had 100 mm diameter substrate
with 40 mm height, P2 had 100 mm substrate with 14 mm height and P3 had smallest

substrate with 96 mm diameter.

4.1.2 Form fault measurement

As mentioned in the theory section, WAAM as manufacturing process is prone to geo-
metric distortions due to hight heat impact. Geometrical form faults of two planar surfaces
were studied comparing three deposited parts and one machined substrate. Studied sur-

faces and four measured components can be seen in Figure 26. From four examined
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parts, three were deposited components with 10 deposition layers and one had under-
gone a face milling. Additional fourth component P4 demonstrated machined substrate
before deposition, therefore it was only machined to use as a baseline for form fault

values.

c
-

Figure 26. Defined measurement points, (a) 28 points for plane 1 and (b) 18
points for plane 2 and (c) measured components.

To define the measurement planes, a total of 28 points were randomly determined to
surface 1 and 18 randomly selected points were determined to surface 2. Smaller
amount of measurement points might have sufficed on this small and symmetrically de-
posited surface, however more points were defined to ensure avoiding any possible
measurement errors. Roughly same point locations were used in all four parts measure-
ments, and they were defined manually to avoid measurement errors caused by deposi-

tion spatters.

Parts were secured into a 3-jaw chuck, which allowed both a repeatable positioning as
well as ample working space for measuring probe. When plane 1 was measured, the 3-
jaw chuck held the inner cylinder of the deposited cylinder and plane 2 was measured
with 3-jaw chuck holding the outside of the cylinder. A SIP coordinate measurement ma-
chine was used to measure the points. Table 6 below displays the outcome of form fault

measures for plane 1 and plane 2 for all four parts.
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Table 6. Results of form fault measurements.

Component ID | Diameter of | Height of raw | Form fault of Form fault of
raw stock | stock Plane 1 Plane 2
(mm) (mm)

P1 100 40 0,033 0,023

P2 100 14 0,238 0,084

P3 96 14 0,251 0,104

P4 96 40 0,031 0,013

Across the table, form fault (distortion of the flat surface) for plane 1 is systematically
larger compared to form fault in plane 2. Since Plane 1 is in direct contact with the heat
impact of the deposition the effects are more significant which results in larger distortion.
Furthermore, these results show initial form fault for machined face to be 0,031 for plane
1 and 0,014 for plane 2. Comparing the form fault of different deposited indicates that
larger stock led to lower form fault errors and therefore to lesser distortions. Smallest raw
stock cylinder led to over 700 % increase in form fault for plane 1 and over 450 % in-

crease in plane 2, compared to largest stock cylinder.

Thus, one can deduct that to ensure minimum amount of distortion, increasing raw stock
size should be considered. This is in line with remarks made by Gupta et al. [68]. This,
however, clearly contradicts the geometrical and sustainability requirement for decreas-
ing the size of the substrate to minimize post-processing machining. Therefore, addi-
tional optimization for substrate size needs to be carried out, to find acceptable trade-off
between increased distortion and minimizing post-process machining and material

waste.

4.1.3 Component scan and machining simulation

A 3D scan of deposited P1 was conducted with Hexagon AS1 Laser Scanner, attached
to a Roamer Absolute Arm. Scanned model was first worked in PolyWorks Inspector and
later in Siemens NX CAD software to produce a solid CAD art from point cloud. Figure

29 represents the scanned component.

Assessing the geometry from deposited part can be challenging. For example, measur-

ing wall thickness from deposited part is difficult due to uneven surface. Measurements
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with vernier calliper may vary by over one millimetre. From scanned 3D model, it is pos-
sible to examine the deposited geometry more clearly. Different print layers, starting and
finishing points and high surface roughness can be observed. Furthermore, we were able
to analyse wall thickness accurately. The results are illustrated in Figure 27. The red
colour highlights the sections of the components with wall thickness below the specified
value. Analysed wall thicknesses were 10 mm, 9,5 and 9 mm and 8,5. Machine allow-
ances per surface of these sections result in 3 mm, 2,75 mm, 2,5 mm and 1,75 mm. The

coordination alignment pin in the middle is excluded from review.

Limit value: 9,5 mm

Limit value: 10 mm

Limit value: 9 mm Limit value: 8,5 mm

Figure 27. Wall thickness assessment, in which red colour indicates the areas
below limit value.

Most of the wall thickness are in the range of 9,5 mm to 10 mm. With 9,5 mm limit value,
we can observe a dimple in the structure of the wall. Concluding from dimples size, this
is a systematic form error of several layers. This might be caused by robotic arm swing
or wire deflection. Nonetheless, few small areas are below 9 mm limit value and merely

little specks go below 8,5 mm.

Deposited part could also be observed as raw stock model, as illustrated in Figure 28.
Final model was displayed as red, and transparency of grey scanned model was in-
creased. Greenish colour show the extra deposited material around final geometry mode
(including machine allowances). As can be seen in the left picture, the deposited part
completely covers the final geometry. On the right, a cross-section view was set to illus-
trate the dimple the wall structure. Small amount of material covers the final geometry,
however for the error from scanning and modelling alignment, we cannot be certain that

this pit does not show in the final machined component
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Wall thickness assessment concludes that wall thicknesses vary between 11 mm and
8,5 mm. This would result in average of 1,5 mm variation of surface height. Using pa-
rameter estimation from Fuchs et al. [57] would result in 1,875 mm machining allowance.
In the outer wall we had 2 mm machining allowance, which seems to be barely enough.
Therefore, based on scanned model and theoretical value (with our process parameters
and setup) material allowance be 2 mm or more. However, if regional indentation caused
by the dimple is excluded from the observation, our estimation would result in 1,25 mm

machine allowance.

Figure 28. Deposited part as stock model (red colour: final model, grey colour:
deposited model, greenish colour: extra deposited material including material al-
lowance).

Post-processing was studied with two machining simulations. Machining simulations
were conducted with Siemens NX CAM software. The first machining simulation was
developed on the scanned model was used as a raw stock model, and the second sim-
ulation was performed on the full cylindrical raw stock. Machining was primarily executed
by milling. Figure 29 illustrates different raw stock models, and the lost material percent-
age during post-processing. Material losses are calculated based on volume values es-
timated by NX.

Material loss: 58,7 % Material loss: 36,9 %

Figure 29. Comparison of material losses for two different inputs in machining
simulation (left: Cylindrical raw stock, right: WAAM deposited component).
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Simulations were run with equivalent values and same work operations were performed
on both models. The main differences in tool paths came from cavity and outside wall
millings. Based on the simulation both deposited raw stock and traditional raw stock can
be machined without problems. Different machining values given by simulation are pre-
sented below in Table 7.

Table 7. Post-processing values of deposited and traditional block raw stocks
in case study 1.

Time Material loss (%) Cutting length
(min) (mm)

Deposited raw stock 4:46 36,9 5145

Block raw stock 5:07 58,7 5134

Using deposited raw stock saves both time and material. However, cutting lengths are
close to each other, and with deposited raw stock during the path less material is re-
moved. Figure 28 shows that there is room for improvement in the deposited part. For
example, inner cylinder surface seems to have extra material, of which could be elimi-

nated. This would further improve deposited part as a raw stock part.

4.1.4 Machining post-processing

Two different parts were post-processed by machining. One of the parts was P3, had
substrate diameters 100 mm and height of 14 mm. P3 is the same part that was scanned
and used in geometry and simulation analyses. The other was smaller component P2,

with substrate diameters of 96 mm and height of 14 mm.

First step of milling post-processing was to determine suitable fixing and the place of the
origin in the work piece. Components fastening was challenging due to its shape. Since
wall was deposited to the edge of the substate and the whole wall (deposition + sub-
strate) was going to be machined, there was little fastening surface. Therefore, specific
soft jaws were fabricated for the 3-jaw chuck. This fastening system was used in deter-

mining the work origin in the middle of the component.

Same tools, machining parameters and much of the same program could be used in
machining deposited part as in machining from the entire raw stock block. The difference
came at the roughing state of the interior surface where milling the deposited part re-
quired less material removal due to its shape. If deposition geometry sufficient and there
was enough machine allowance material, difference in machining a deposition compared
to block was not noticed. In general, deposition component requires more setup and

examination before machining.



50

Post-process machining of cycloid drive housing with WAAM + machining was success-
ful. Among the two machined component, P3 (with larger diameter) exhibits a good re-
sult, shown in Figure 30. Final component did not leave any deposited surface visible,
so we can conclude that machine allowance was adequate. Furthermore, coordinate
alignment of two setups succeeded. In future we might improve our process by narrowing

the wall. This could result in time, material, time and energy savings.

Figure 30. WAAM + machining result of P3 case 1.

Result of P2 part can be seen in Figure 31. After post-process, this part has several
areas where deposition surface is visible. The entire inside as well as a large area on

the outside wall is follows the desired geometry.

Deposited sufrace Machined sufrace

Figure 31. WAAM + machining result of P2 component.

The result of machining P2 indicates that the machining allowance was not evenly
enough in the component. Even though there are some scatters places with enough
machining allowance, majority of the regions in the component exhibits lack of machining
allowance. The diameter of the substrate was same 96 mm as the outer wall of our final
geometry. Therefore, to ensure sufficient machining allowance, there should have been
minimum of 1,25 mm overhang, which might have resulted pouring/dropping the melted

metal. Therefore, increasing substrate size and diameter of deposited cylinder is more
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secure way of achieving desired results. Even if it leads to a greater amount of wasted

material.

4.1.5 Evaluation of case 1

The focus of case 1 was to investigate WAAM + machining as an alternative manufac-
turing method to fabricate cycloid drive housings. In design phase, we predicted that
geometry is possible to manufacture this way, however machining might be more effec-
tive option. After finalizing the test, we can confirm that WAAM + machining can be used
as an alternative manufacturing method. Produced P2 cycloid drive housing is equivalent
to a purely machined part. Since the whole structure (deposited and substrate) was ma-
chined during post-processing, the part has same surface roughness, geometrical and

dimensional tolerances as general machined component.

From manufacturing point of view, experimentally measured manufacturing time for
WAAM + machined component is around 68 minutes (65 + 3) of which most is spent in
interlayer cooling, and setups. Arc-on time and machining time are combined only 15
minutes. In comparison, estimated time on purely machining the part around five
minutes. Machining this component is the most efficient choice for production cases
where batch sizes are relatively large. However, as a small-scale production component
(e.g. custom design components), the profitability of WAAM + machining manufacturing
method grows since futile arc-off time decreases since one part can be fabricated while
other cools down. It should be noted that the size of the component and level of com-

plexity are influencing factors for drawing this conclusion.

The deposition of each part takes 65 minutes, however arc-on time is only a little bit over
12 minutes. By depositing more pieces at the same time, WAAM setups utilization rate
is increased. Thus, multiple parts could be fabricated simultaneously, utilizing fully other
parts interlayer cooling time. Producing five components would take almost as little time
as producing one. Production time of WAAM + machining and pure machining in relation
to small-batch size is illustrated in Figure 32. In production times only arc-on time and
machining times are perceived, illustrating circumstances where both machine setups
would run on 100% utilization rate. Setup and preparation times are assumed to be sim-
ilar and therefore can be left out of scope. In the graph blue curve represents the WAAM
+ machining production and red line machined production. Since the curves can be ex-
pected to continue linearly, we can state that case 1 is more efficient to produce by ma-
chining regardless of batch size. From WAAM + machining, we can observe the change
in the curve in the 5-component batch size. This is when this geometry’s arc-on time is

fully utilized.
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Case 1 production efficiency
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Figure 32. A Graph of case 1 production efficiency of different manufacturing
methods.

An estimate of cost was calculated using Life Cycle Costing (LCC) method. Values for
significant cost element data was drawn from literature ([62], [63]) and cost structure of
case one was calculated using measured values from Table 5. The total cost of manu-

facturing case 1 part was estimated to be 44 €. More detailed description of cost distri-

bution is illustrated in Figure 33.

Cost structure of DED + machining

Machine cost M Substrate Wire material B Shileding gas

Electricity B Post-processing M Labourcost

Figure 33. Cost structure of case study 1, total cost: 44 €.

The labour cost is the biggest contributor for the cost. Second biggest factor is machine

cost, and material costs come only in third. As previously stated, cost analyses for WAAM
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contains a lot of variety. For example, Kokare et al. [64] produced similar cylindric geom-
etry. In their results most of cost was due to post-processing, then labour and third big-
gest factor was machine cost. Thus, labour and machine costs tend to be greater cost
contributors. However, further development of WAAM is most likely to bring production
costs down in the future, when for example, manual supervision of the whole process
can be eliminated [59]. Kokare et al. [64], also discussed the effect of batch size to pro-
duction cost in their study. They estimated costs to decrease significantly in small-scale
production. Figure 34 illustrates the graph they presented in their study. The cost of case
1 part is added in the figure with red dot. According to this study, by increasing the pro-
duction batch size, cost per unit would be reduced significantly. In batch sized over three,

hybrid WAAM would be more economical choice compared to machining.

60

—— WAAM

55 4

= ¢ =CNC milling

Cost/unit
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1 2 3 4 5 6 7 8 10 20 25 30 35 40 45 50
Production Volume

Figure 34. Cost per unit in relation to production volume [64].

Previously we stated that the sustainability of the component is affected by number of
different characteristics, such as material efficiency, geometry, material, size and so on.
Case 1 geometry is rather small in the scale of WAAM components and has a simple
geometry. These aspects might indicate in sustainability point of view, WAAM comes in
second to machining. By calculating manufacturing material efficiencies for WAAM +
machining and purely machining for case 1, we can study the sustainability aspect. Man-
ufacturing material efficiency is calculated by comparing the final mass of the product to
the mass of consumed raw material [59]. WAAM + machining had material efficiency of
55,3 % and machining had lower value of 41,3 %. According to Kokare et al. [62] alter-
nation in manufacturing material efficiency does not affect much WAAM, but it stays
steadily around 1000 mPts of environmental impact. Machining however has descending
linear curve, indicating decreasing environmental impact when material efficiency per-
centage grows. Breakeven point is around 25 %, of which both case 1 values are. This
would indicate that that both manufacturing methods have relatively low environmental

impact, but machining is ecologically better choice.
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Therefore, from a sustainability perspective in Case 1, the choice between hybrid WAAM
and machining has minimal impact. But from those two, machining is slightly better. By
changing the geometry to more complex, increasing solid-to-cavity ratio or by increasing
the size, relative sustainability of WAAM component would increase, and could made
hybrid WAAM more desirable option. Especially, considering that most of the emissions
come from material formation and WAAM can optimize material consumption. Neverthe-
less, since no in-depth LCA study has been conducted, and instead the results have

been compared to existing literature, no precise conclusion could be drawn in this regard.

4.2 Manufacturing case study 2

WAAM + machining in the scope of 2,5D components was studied by manufacturing
case study 2. Furthermore, known to be challenging features for overlapping deposition
method were fabricated as well as a weaving deposition method feature. A digital scan
model was built to study the geometrical accuracy, distortions and overall success of
case 2 manufacturing. Lastly, utilization of primitive geometry, fabrication of designed
part and ability form different features were evaluated. Based on results topics for further

research was proposed.

4.2.1 Deposition of case study 2

Steel (S355) plate with dimension of 280 x150 x11 mm was used as substrates. The
substrates were brushed with steel brush to ensure the grip of first layers. Similar process
parameters were used: wire-feed rate of 4 m/mm, welding travel speed of 8 mm/s, shield-
ing gas contained 18 % CO2 and 82 % Ar. First build up deposition had 13 layers and
fabricated contour wall, four wedge features, and all platform features. In addition to the
transition time of the robot arm, we had a 5-second wait time between each arc-extin-
guish and arc-ignite. Interlayer temperatures were maintained under 200 degrees Cel-
sius. The time of each round and of the entire deposition was measured and is shown in
Table 8.

Table 8. lllustration of different layer deposition times (deposition time de-
creases due to lessened feature deposition as layers increase).

Layer | 1 2 (3 |4 |5 |6 |7 |8 |9 10 |11 |12 |13 | Sum

Time (85(85|93|63(63(64/64(23|21|21(21|14|1,3|65,05

(min)
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After first build up deposition the cylindric feature was deposited using weaving deposi-
tion path. Used weaving shape was zig-zag pattern, where nozzle moves only in X, Y -
coordinate system and Z value remains as zero. Deposition was concluded with ade-
quate proven process parameters for weaving, wire-feed rate was 4 m/min, welding
speed 2,5 mm/s, weave length was 2 mm, amplitude 5 mm and used shielding gas con-
tained 18 % CO2 and 82 % Ar. Seven layers were printed, with 2,5 mm layer height.
Each weave layer took 65,5 seconds to print, and arc-on time of whole feature was 7
minutes and 34 seconds. Both depositions were deemed as successful, and results are
illustrated in Figure 35.

Figure 35. Result of deposition of case study 2.

Visually, all features were printed as planned, and no significant defects were detected

during built up, which might have remained inside structure causing its deterioration.
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However, a clear deflection can be observed in the substrate due to the heat input and

size of the substrate.

From this size part, we can clearly assess if deposited part has defect typical to used
material. According to Figure 4 steel as a WAAM material is prone to poor surface finish,
deformation and residual stresses and cracking. From these defects, poor surface finish
and deformation can be seen clearly from the deposited part. Additionally, some spatter

can be noted.

4.2.2 Component scan and machining simulation

For further analysis the produced geometry was scanned and reworked into a digital 3D
format. Point cloud was formed and worked in PolyWorks Inspector and revised into solid
3D part in Siemens NX CAD software. The scan of the component is illustrated in Figure
36 (left). Figure 36 also presents the deposited geometry and redesigned primitive shape
geometries on top of each other’s in right figure. Deposited and scanned geometry is

presented as a grey colour a primitive geometry model is displayed in red colour.

Figure 36. Scanned deposition geometry and comparison with primitive shape
geometry model.

If the deposited geometry had matched the redesigned model fully, we would only see
grey coloured areas. However, produced contour wall does not reach intended wall
height in any point, and intended wall width only in some areas. Interestingly, deposition
covers more area in the inside of the wall than outside. Three platform features are each
higher than intended, but lack in perimeter. Wedge features seem to come closest to the
design dimensions. Cylindric feature have adequate dimensions, both in height and width
directions. Successive models also display the deflection of the substrate, since the de-
posited substrate is visible elsewhere that in the middle, where is has bend of the sub-
strate is so notable that redesigned model is visible. Nonetheless, it was known that the
WAAM component would not fully match the designed geometry. Therefore, we also

compare the deposited component with final geometry model. From Figure 37 we can
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see final geometry model submerged in scanned deposition model. In the left side pic-
ture, the red colour is the final geometry model, and scanned deposition is grey coloured.
In the right-side picture, grey colour displays the deposition substrate, greenish colour
displays places without overlapping models and red colour illustrated the overlapping
models. Since we could detect the red colour of submerged final geometry model there

was not enough material to form the final component.

Figure 37. Successive scanned deposition model and final geometry model (red
colour: final model, grey colour: deposited model, greenish colour: extra depos-
ited material including material allowance).

The focus of this second case study was to investigate the fabrication of different fea-
tures. Therefore, we next observe each deposited feature separately. The final geometry
contour wall is fully embedded into deposited model in width direction but is not in height.
By changing the wall geometry in NX we can observe that the deposited contour falls
short 1-3 mm. Highest points of the contour wall are in the wedge intersection, since
more material piles up on there. In some places there is little material for machining
allowance, nevertheless the whole wall is covered by deposited material. Therefore, we

can assume that post-process machining would be successful.

Wedge features and intersection appear to have formed properly. Intersections are chal-
lenging due to material pile up but based on Figure 37, every wedge feature have ade-
quate amount of material surrounding them. Furthermore, more detailed figures from
deposited features are collected in Figure 38. From there we can see a cross-section of
wedge features (c), which can be used to ensure enough deposition material in all sur-

faces to form this feature.

Rib feature platform has enough material in X, Y -directions, though barely in two cor-
ners. From the cross-section view we can observe the amount of material in Z -directions,

which is defined by layer height. In Z -direction there seems to be almost double the
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amount of material needed. This feature was formed with three layers but could have

probably been made with only two layers, to avoid unnecessary material waste.

Similar occurrence can be seen with other platform features (cube and cylinder). In X, Y
-directions, features are fully covered by deposition but here and there material allow-
ance might be too slim. However, in Z -direction there is a lot of extra material. This
feature could also have been formed with fewer number of layers. This also highlights
an importance of online monitoring system to evaluate the deposited geometry during

the print.

Figure 38. Three cross-section view of deposited features.

Cylinder feature, deposited with weaving strategy, has sufficient size in X, Y-directions.
Both inside and outside walls seem to have satisfactory machining allowances. However,
in Z -direction the height is not enough in couple of places, which has red colour shining
through. Unfortunately, the curved surface of the deposition layer enhances this issue.
Overall, all features were formed successfully with WAAM, even though there was un-
predictability and inaccuracies in the dimensions.

Post-processing was studied with NX Siemens CAM simulations. One simulation was
conducted with scanned model of case 2 as a raw stock model and the other with bound-
ing box extrusion raw stock. See illustration of input raw stacks and their material losses

from Figure 39. Machining was executed by milling. Simulations were run with equivalent
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values and same work operations were performed on both models. The main differences

in tool paths came from cavity and outside wall millings.

Material loss: 73,3 % Material loss: 62,1%

Figure 39. Comparing different material losses and different raw stocks in ma-
chining simulation (left: block raw stock, right: WAAM deposited raw stock).

Based on these simulations both traditional raw stock and deposited raw stock models
can be machined successfully. Though due to insufficient deposition height in some ar-
eas, final model could not be fully produced from deposited raw stock model. However,
these shortcomings did not affect the simulation. Different machining values given by
simulation are presented below in Table 9.

Table 9. Post-process machining values for deposited and traditional raw stock
models in case study 2.

Time Material loss | Cutting length
(min) (%) (mm)
Deposited raw stock | 10:46 62,1 21391
Block raw stock 13:21 73,3 32970

Deposited raw stock required less machining time and shorter cutting length. Further-
more, material loss in smaller even tough substrate was included in the calculations.
From Figure 38 illustrates the amount of extra deposition material in certain features. By
eliminating this extra material would further improve machining deposited raw stock part.

4.2.3 Evaluation of case study 2

The purpose of case study 2 was to investigate WAAM manufacturing by fabricating
different features in 2,5D component. Some features were common challenging features
for WAAM, and others were modelled after typical features found in engine housings.

Due to limitation in geometrical accuracy and surface finish, WAAM is combined with
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post-process machining to produce functioning surfaces. Deposition process was sim-
plified by using primitive geometries in redesigning phase. Machining post processing

was studied with Siemens NX CAM simulation in this case instead of actual machining.

Designed features and 2,5D geometry can be manufactured with WAAM with ease. Pro-
duction process was simple and relatively fast and fabricated part could be used as a
post-processing raw stock. Furthermore, significant material savings could be achieved
even when substrate was included in material loss calculations. However, some short-
comings could be observed from the deposition: contour wall and cylindric features were
not built up to height successfully. Additionally, platform features had plentiful of extra
material, which lead to unnecessary material waste. Therefore, room for improvement
was left in fabricating case study 2, and therefore subsequent deposition could be ad-

vantageous in further research.

Unsuccessful fabrication of overlap features was caused by faulty or incomplete under-
standing of material behaviour during build up. One contributing factor could also be too
high interlayer temperature, which affects the height of the bead geometry. In the design
phase, there was an assumption of general 2 mm step up height for each layer, of which
basis the design was sliced into deposition layers. However, contour layers were less
than and platform feature layers were over 2 mm, resulting in unpredicted heights for

some features. Different realized and estimated layer heights are elaborated in Table 10.

Table 10. Comparing true and estimated layer heights.

Designed Average layer | Number of de- | Optimized
layer height | height in reality | posited layers | number of lay-
(mm) (mm) (pcs) ers (pcs)

Rib feature 2 2,7 3 2

Wedge features 2 2 Lower 8, | Lower 8,

Higher 11 | Higher 11

Contour wall 2 1,7 13 16

Raised platform /| 2 2,7 7 5

tube features

Cylindric feature 2,5 2,4 7 8
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Thus, to make design processing for deposition and thereafter programming uncompli-
cated, material behaviour during deposition should be considered in primitive geometry
designing. Based on case study 2, single bead constructions should have at least 20%
added wall height and filled platform structures should have 35% decrease in in height.
Furthermore, the width and length of each platform feature should be increased slightly.
By improving the deposited part accuracy, we improve the utilization of WAAM. In addi-
tion, we can reduce material waste and build up time (~10%) which improve sustainabil-
ity. However, these values are based on one case study and one deposition, and to verify
these conclusions, additional investigations must be conducted. Different process pa-

rameters, material or size of the features might for example, might affect the results.

The motivation behind improving primitive shape redesign is intricate. By utilizing primi-
tive shapes in WAAM + machining manufacturing any complex structures can be pro-
duced with simple process steps. Furthermore, this simplification process improves
WAAM general usability, reduces the workload of redesign and accelerate the production
process. However, further investigation must be performed to form a functional primitive
geometry arsenal with certified and predictable geometries. In this study we used only
most basic primitive shape geometries, but employing more shapes or using combina-
tions could result in closer near-net-shape component. Another interesting further inves-
tigation is the possibility of automation in WAAM + machining processes when utilizing

primitive geometries.
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5. SUMMARY AND CONCLUSIONS

WAAM has great potential and therefore has garnered a lot of attention recently in man-
ufacturing large components. It is an appealing manufacturing method due to its ability
to fabricate components with high manufacturing efficiency and low production cost. Fur-
thermore, it is a serious competitor to traditional manufacturing methods since it can
produce valuable structural parts with fewer material losses and often in shorter times.
WAAM’s high deposition rate and high heat input is what makes its production fast. How-
ever, it also contributes to the WAAM’s greatest challenges and impediments, geomet-
rical distortions, large feature sizes, and high surface waviness/roughness. One solution
to this complication is to combine WAAM and machining. WAAM + machining manufac-
turing can be fast, ecological and achieve desirable surface roughness and geometrical
precision. Unfortunately, this can be a challenging task and there is still much to investi-
gate in combined WAAM + machining manufacturing method. Furthermore, a significant
information gap can be found between manufacturing investigations and fully utilizing
WAAM + machining opportunities in production. Primary objective of this thesis is to in-
vestigate WAAM + machining manufacturing method on the above-mentioned infor-

mation gap.

Two experimental studies have been conducted in this thesis. Key findings from case
study 1 investigation indicate that WAAM + machining is a feasible alternative manufac-
turing method for traditional manufacturing. Benefits of utilizing this hybrid manufacturing
method include reduced machining time, machining length and affordable production
cost when comparing to machined component. However, machining was better choice
ecologically and had better production efficiency regardless of batch size. Case study 2
indicated that through primitive geometries complex geometries can be fabricated. Fur-
thermore, WAAM + machining manufacturing can be simplified achieve efficient and un-
complicated production process. Implication of these findings are promising. Combina-
tion of WAAM + machining manufacturing methods provides a noteworthy option for tra-
ditional manufacturing. Although WAAM is not best production method for every existing
geometry, it should be kept in mind as a viable alternative, as it has variety of advantages
from freedom of design known in additive manufacturing design and precision and high

quality inherent in machining.

Some limitations should be acknowledged. Investigations were performed with one ma-
terial and one set of process parameters, and results might vary with of different values.

Furthermore, this thesis focused only on small 2,5D geometries and therefore results
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cannot be applied to all geometries. The sample size of the thesis was also small. Future
research should focus on advancing primitive shape geometry redesign to improve the
material efficiency of the component as well as to simplify the WAAM + machining man-
ufacturing process. This could advance the full utilization of this manufacturing method
in industrial production. Furthermore, extensive LCA analysis should be performed to
fully understand the ecological implications of this hybrid manufacturing method. In con-
clusion, hybrid WAAM + machining manufacturing can produce geometrically accurate
high value part fast and ecologically. Throughout different industries, WAAM + machining

deserves to be adapted as part of everyday design and manufacturing.
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