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Abstract

The objective of this study is to define an optimum additive manufacturing process which
incorporates not only low volume production and short delivery time but also missing, or
defective documentation of the industrial components. This inevitably requires the inte-
gration of digitization through reverse engineering and state of the art direct and indirect
additive manufacturing methods as these are built upon the fundamentals of lead time
and cost efficiency which complement business potentials.

The work was commissioned by Outotec (Finland) Oy and Aalto University. The data of
exemplary components was provided by Outotec (Finland) Oy. The digitization measures
and the ISO/ASTM standard additive manufacturing methods were explored and an in-
tegrated screening and design process was developed. Cost and lead time analyses were
performed in correspondence to exemplary components and their relative business ad-
vantages against conventional manufacturing methods were discovered. In addition, per-
formance of two exemplary components was evaluated via additive manufacturing ena-
bled optimization studies. In order to validate and verify the suitability of the manufac-
tured materials according to the predefined standards of Outotec (Finland) Oy, corrosion
tests and tensile tests were performed.

As a result of this thesis, an additive manufacturing integrated screening algorithm and
design process is developed through which costs and lead times of 15 industrial compo-
nents are evaluated and are utilized for good advantage. In addition, design for additive
manufacturing is used to enhance the performance of two industrial components and pro-
totypes are manufactured in order to provide proof of concept. Finally, it is discovered
that additively manufactured Stainless Steel 316L is not as corrosion resistant compared
to wrought alloys of EN 1.4404 and EN 1.4432 in very aggressive corrosion environments
and it has an ultimate tensile strength of approximately 595 MPa with 13% anisotropy in
favour of horizontal print orientation. Whereas, additively manufactured Titanium Ti64
is corrosion resistant with respect to its bulk material with an ultimate tensile strength of
approximately 1100 MPa containing 5% anisotropy in favour of horizontal print orienta-
tion. Overall, this study provided a fundamental workflow for implementation of indus-
trial additive manufacturing for higher production efficiency.

Keywords Direct and indirect additive manufacturing, 3D printing, 3D modelling, re-
verse engineering, design for additive manufacturing, screening algorithm, topology op-
timization, cost analysis, lead time analysis, corrosion testing, tensile testing
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The objective of this study is to define an optimum additive manufacturing process which
incorporates not only low volume production and short delivery time but also missing, or
defective documentation of the industrial components. This inevitably requires the inte-
gration of digitization through reverse engineering and state of the art direct and indirect
additive manufacturing methods as these are built upon the fundamentals of lead time
and cost efficiency which complement business potentials.

The work was commissioned by Outotec (Finland) Oy and Aalto University. The data of
exemplary components was provided by Outotec (Finland) Oy. The digitization measures
and the ISO/ASTM standard additive manufacturing methods were explored and an in-
tegrated screening and design process was developed. Cost and lead time analyses were
performed in correspondence to exemplary components and their relative business ad-
vantages against conventional manufacturing methods were discovered. In addition, per-
formance of two exemplary components was evaluated via additive manufacturing ena-
bled optimization studies. In order to validate and verify the suitability of the manufac-
tured materials according to the predefined standards of Outotec (Finland) Oy, corrosion
tests and tensile tests were performed.

As a result of this thesis, an additive manufacturing integrated screening algorithm and
design process is developed through which costs and lead times of 15 industrial compo-
nents are evaluated and are utilized for good advantage. In addition, design for additive
manufacturing is used to enhance the performance of two industrial components and pro-
totypes are manufactured in order to provide proof of concept. Finally, it is discovered
that additively manufactured Stainless Steel 316L is not as corrosion resistant compared
to wrought alloys of EN 1.4404 and EN 1.4432 in very aggressive corrosion environments
and it has an ultimate tensile strength of approximately 595 MPa with 13% anisotropy in
favour of horizontal print orientation. Whereas, additively manufactured Titanium Ti64
is corrosion resistant with respect to its bulk material with an ultimate tensile strength of
approximately 1100 MPa containing 5% anisotropy in favour of horizontal print orienta-
tion. Overall, this study provided a fundamental workflow for implementation of indus-
trial additive manufacturing for higher production efficiency.

Avainsanat Direct and indirect additive manufacturing, 3D printing, 3D modelling, re-
verse engineering, design for additive manufacturing, screening algorithm, topology op-
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1 Introduction

Manufacturing has evolved throughout the centuries starting from craftsmanship, to in-
dustrialization, to mass production, to mass customization and finally to the era of eMan-
ufacturing which consists of the most challenging market demands including variable
volume, consistent quality, statistical process control, compatibility and complete cus-
tomization incorporating lean manufacturing and agile manufacturing. Consequently, the
development of new technologies pushes existing technologies to adapt to such demands
to keep up with the dynamics of growing competition. The aim of this study is to define
digital unique component manufacturing through direct and indirect additive manufactur-
ing to meet such challenging demands.

1.1 Background

The topic of this study is formed on the basis of creating solutions and manufacturing
process for service components of old installation bases of Outotec (Finland) Oy. These
installations are located globally and their documentation can be missing, defective or in
a format which is not supported for modern digital engineering tools. The system resem-
bles to an outdated spare part service leading to low volume production, short delivery
time and unreliable information regarding the components. Hence, reverse engineering
methods capable of digitization and modern digital manufacturing methods capable of
unique, lean and agile manufacturing are taken into consideration. Since there are numer-
ous new digital manufacturing methods each representing different costs, lead time and
technical properties, this study focuses on additive manufacturing including both direct
and indirect methods. The decisive factors defining the optimum manufacturing process
are cost and relative business advantages achieved by it. The additive manufacturing ca-
pable optimization methods are discovered with an emphasis on shape optimization and
topology optimization where determination of shape profile and distribution of materials
are explored for minimizing mass and volume, respectively thus, promoting lean and agile
manufacturing. The working environment, under which the service components are to be
operated is evaluated with respect to the standards of Outotec (Finland) Oy and verifica-
tion experiments are conducted. Ultimately, an integrated workflow design process is de-
veloped with selected data tools for unique component manufacturing.

1.2 Research Problem

The research problem concerning this study is digitization of components due to lack of
sufficient documentations and defining a suitable manufacturing process which promotes
low volume production and short delivery time by overcoming logistics constraints while
still being cost effective and offering various business advantages such as effective lead
time. Additionally, the suitability and the constraints of the selected approach with state
of the art technologies is taken into consideration including its development in the future.
The research question for this research problem is formulated as following:

When is additive manufacturing cost effective with convenient lead time for unique com-
ponents of spare parts with, without or limited digital data?

1.3 Objective

The main objective of this study is to discover cost effectiveness of additive manufactur-
ing of exemplary components provided by Outotec (Finland) Oy which overcomes the



current constraints concerning speed in terms of the whole process, logistics, low volume
production and limited documentation. Other objectives include verifying the selected
manufacturing process through verification methods for manufactured material proper-
ties in context with Outotec (Finland) Oy’s standards.

1.4 Scope

The scope of'this thesis is delimited to direct and indirect additive manufacturing methods
of metals and polymers since there are various new digital manufacturing methods with
different costs, lead time and technical properties. At this point, it is well understood be-
yond doubt that additive manufacturing offers a state of the art method for fulfilling the
defined research problem however, it requires the need of depth research and analysis to
define the most cost effective and suitable AM process. The exemplary components to be
manufactured are restricted to mainly metals and few polymers as per requirement of
Outotec (Finland) Oy. Hence, the selection process is looked upon from a perspective of
direct and indirect AM methods of metals and polymers. The direct method is defined as
a primary process which manufactures end use product(s) fulfilling its fundamental phys-
ical properties. Whereas, the indirect method involves additional process(s) to primary
process in order to comply with the end use product’s fundamental physical properties.
Furthermore, AM can act as an accelerator or a catalyst for producing the end use rapid
tooling directly such as dies, patterns and moulds through which an end use product(s)
can be manufactured via conventional manufacturing. Verification methods are delimited
to additively manufactured samples of Stainless Steel and Titanium. The corrosion re-
sistance is verified via uniform corrosion and localized corrosion testing. Finally, the me-
chanical verification is delimited to tensile testing for measuring the ultimate tensile
strength of the printed materials.



2 Theory and State of the Art

2.1 Additive Manufacturing

AM is a process which involves adding and joining of materials to make parts using dig-
ital data of a 3D model, typically layer by layer, contrary to subtractive manufacturing
and formative manufacturing methodologies (ISO/TC 261, 2015). The concept was orig-
inated in the early 1980s (Gibson, et al., 2015) and it is widely used in broad range of
industries including military, aerospace, automotive, biomedical and energy fields (Guo
& Leu, 2013). The thickness of the layers and tessellation of geometry in AM is inversely
proportional to the resolution, detail of the part in terms of how close it is to the original
3D model. Hence, higher resolution leads to longer build time. According to ISO/ASTM
52900:2015(en) standard, it contains seven process categories which include binder jet-
ting, directed energy deposition, material extrusion, material jetting, powder bed fusion,
sheet lamination and vat photopolymerization. These processes mainly differ in the tech-
niques that they use in terms of their compatibility of the materials followed by creating
and joining of the layers. These are explained in the subsequent text.

2.1.1 Direct VS Indirect

A vast amount of literature exists classifying metallic additive manufacturing in terms of
material (Gu, 2015), material feed stock (Frazier, 2014), energy source (Herzog, 2016),
bonding mechanism (Vayre, et al., 2012) and manufacturer (Herderick, 2011). A brief
classification is adopted from a combination of these sources to present a basic under-
standing of direct and indirect metallic additive manufacturing classification as shown in
Figure 1. The direct method is defined as a primary process which manufactures end use
product(s) fulfilling its fundamental physical properties. Whereas, the indirect method
involves additional process(s) to primary process in order to comply with the end use
product’s fundamental physical properties. The indirect metal ME and SL methods are
mainly used for research and development purposes (Gibson, et al., 2015) and indirect
PBF method has become obsolete since the introduction of direct PBF method.



b1}
=2 o
§'9 D o0 =
—_ g5 x = =
A= H:EsSH sH=2H =
= < o
=& = > =
8 a
T
=
B <
o = S o
= ® S S
H =z HEEH = H =
B = o 5=
2 2
]
™)
<
k] 2 i =3
4 2 Hl w < 238 S5
= L4 s H3 2 H =
E = &= &%
= = & eg
© 5
=
-3 = I
kY] r=4 S <
-— ] a® A (=]
H s H2=EHHSszsHH ¢ HH 8
] L = e
e = < =
oo 5
= o T Lo
> [ 5 o £ £
8 H o HHEE2HH=sH &
] o s® To =
] a v
1= £
© -
=
@ =
>
= <
= - =4
=] oo =
< = s s ll== %
PY o HaosH = = 13
= = = a 2 85w S =
= = 5 = W T o
= kS
Y -
=
o
4 =
o
<
® 3 S w
& £ oo s
e o E c E & =
s IS5 = sSS S
= o o a o <
= ) = S& 8
2 b} ss8C82 g
o 5 Z=858 %
HSo=S38
-
b p—
4 2 H = o o
a 2 B s 3
— S @ =2
L L4 = H 5§ HH 2 HH =
< @ 2 £ a
b 4
& 3 o =
S =
>
= s »
] S - e
@ ] 14 8. L2325
[T — o E S o= -]
4 o 4 © HH s = -
o k=] woa @ S EE..OB<
E go = £554d4g8%
2 Sqiis 3
& = 2353538
~ o
- % £ et
o o = =
[ A= ey @ = (%)
o i e e < <
=] = o = = S
© o = @ =3 © =
o < @ n =
e h = >‘un =
%] = (%) oo = oo =
© <C ey [ = v
O — [ = B} 2
o © s o S
w o= o o
(=] =
o

Figure 1. Classification of Metallic Additive Manufacturing.

2.1.2 Binder Jetting

Binder jetting, BJ originally known as Three-Dimensional Printing (3DP), invented at
MIT (Gibson, et al., 2015), is an AM process in which powder materials are joined by
selectively depositing a liquid bonding agent (ISO/TC 261, 2015). A schematic of the
process can be seen in Figure 2. It offers scalable colour printer nozzles, leading to high
deposition rate at comparatively low cost due to the fact that it doesn’t require relatively



high power source for bonding. On the other hand, direct BJ manufactured parts typically
have weaker material properties which are dependent on the bonding agent compared to
other AM processes. The process doesn’t require support structures for the parts since
these are supported by the powder bed.

Liquid adhesive supply Inkjet print head

Leveling roller N

-
£y ’ 2 — SN Built parts
Powder supply
~ N/
\ L =
L —_— g /

/ \Z
‘. &/ Build platform
—

N

Powder bed
N 1l e
—

© additively.com

Figure 2: Schematic of Binder Jetting Process (Additively Ltd. , 2017)

BJ offers both direct and indirect printing of parts with various range of materials includ-
ing but not limited to polymers, metals and ceramics. Since the material properties of BJ
manufactured parts are relatively poor, the directly printed parts are mainly used for pro-
totyping purposes other than moulds and cores for sand casting which are categorized as
rapid tooling. Material properties can be improved by infiltration leading to indirect print-
ing methods. These include patterns for investment and sand casting where polymer pow-
ders and wax-based infiltrates are used (Gibson, et al., 2015). Metals and composites can
be manufactured using polymer binders leading to formation of ‘green’ part after binding
process. This is followed by debinding, sintering and reimpregnation/infiltration to man-
ufacture a reasonably dense part (K.P. Karunakaran, 2012). Companies such as 3D sys-
tems (3D Systems Inc., 2017), Voxeljet (Voxeljet AG, 2017) and ExOne (ExOne Gmbh,
2017) offer on demand manufacturing and supply commercially available machines as
well as materials.

2.1.3 Directed Energy Deposition

Directed energy deposition, DED often referred to as “metal deposition” technology
(Gibson, et al., 2015), is an AM process in which materials are fused together by melting
via focused thermal energy as they are being deposited (ISO/TC 261, 2015). A schematic
ofthe process can be seen in Figure 3. The energy source is typically a laser or an electron
beam. Since the process involves melting, the microstructure of the built part can be se-
lectively controlled by varying the cooling rates and material complexity. On the other
hand, its limitations include poor resolution, poor surface finish and in case of powder
fed system a low deposition rate leading to slow build speed. The process requires support
structures in case of complex three dimensional geometry unless it’s equipped with a
multi-axis deposition head (Gibson, et al., 2015).
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Figure 3: Schematic of DED process with a laser energy source (Gibson, et al., 2015)

DED offers direct additive manufacturing of parts with materials in form of powder or
wire consisting of mainly metals however, these can also include but are not limited to
polymers, ceramics and metal composites. This process can be used to add additional
features directly to the existing parts including coating to enhance performance and/or it
can be used for repairing purposes. This can result in prolonged life of die casting and
injection moulding dies by deposition of wear-resistance alloys in critical locations
(Gibson, et al., 2015). Companies such as Optomec (Optomec Inc., 2017) and DM3D
Technology (DM3D Technology LLC, 2017) offer DED services as well as supply com-
mercially available machines and materials.

2.1.4 Material Extrusion

Material Extrusion, ME currently the most popular on the market (Gibson, et al., 2015),
is an AM process in which material is selectively extruded through a nozzle or orifice
(ISO/TC 261, 2015). A schematic of the process can be seen in Figure 4. Typically, a
thermal process controls the state of the material while extrusion although it can also be
a chemical process. It offers one of the most effective mechanical properties of the parts
built by polymer based AM process starting from low to high costs (Gibson, et al., 2015).
It’s limited in terms of build speed, accuracy, and material density as these are dependent
on acceleration and deceleration of the plotting head, nozzle and viscoelasticity of the
material respectively. The process requires supports for complex geometry that can be
removed mechanically which is viable for similar and/or secondary material and chemi-
cally which is viable only for dissolvable secondary material.
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Figure 4: Schematic of ME process (Additively Ltd., 2017)

ME offers direct printing of the parts with a wide range of polymers preferably amor-
phous. These have reasonable mechanical properties at low costs which increase with
higher-end machines. The process is also used for direct bio-extrusion of gels and bio-
compatible polymers for cell growth and tissue engineering (Gibson, et al., 2015). To
widen its approach, it can be used for manufacturing polymer based patterns for sand
casting of metals as well. Furthermore, it offers indirect manufacturing of parts made up
of ceramics and/or ceramic composites. Companies such as Stratasys (Stratasys Ltd.,
2017) and 3D Systems (3D Systems Inc., 2017) offer ME services on demand as well as
supply commercially available machines and materials.

2.1.5 Material Jetting

Material Jetting, MJ first demonstrated in 1980s as Ballistic Particle Manufacturing
(Gibson, et al., 2015) is an AM process which selectively deposits droplets of build ma-
terials (ISO/TC 261, 2015). A schematic of the process can be seen in Figure 5. The pro-
cess can be categorized into two droplet formation technologies controlling the frequency
of the formation of drops including continuous stream and drop on demand. The contin-
uous stream includes binary deflection, multiple deflection, hertz and microdot tech-
niques whereas drop on demand includes thermal, piezoelectric, electrostatic and acoustic
droplet actuating designs (Hue, 1998). In terms of scalability, the process offers scalable
colour print heads up to thousands of nozzles at relatively low costs compared to other
processes that use high power sources. This can lead to high speed and ease of material
integrated manufacturing. It requires supports for complex geometries which can be inte-
grated into print nozzle(s) of different material that can easily be removed by hand, water
and/or solution bath (Stratasys Ltd., 2017).
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Figure 5. Schematic of MJ process (Additively Ltd., 2017)

MJ process is capable of manufacturing part(s) directly with materials including waxes,
polymers, ceramics and metals. The process can be used for manufacturing wax based
investment casting patterns for various industries including jewellery, dentistry and metal.
Until the year 2016, only waxes and polymers were commercially available while ceram-
ics and metals were mainly printed on a research and development basis with a preference
of materials with low melting point. Recently, XJET (XJET Ltd., 2016) changed the dy-
namics of MJ and made a break through by introducing NanoParticle Jetting, NPJ of ce-
ramic and metal to the world. NPJ additively manufactures parts indirectly through heat
treatment. The machines and materials of XJET are expected to be commercially availa-
ble by the last quarter of 2017. Companies such as Stratasys (Stratasys Ltd., 2017) and
3D Systems (3D Systems Inc., 2017) supply commercially available machines and mate-
rials including services on demand.

2.1.6 Powder Bed Fusion

Powder Bed Fusion, PBF is one of the first commercialized and widely used AM process
(Gibson, et al., 2015) in which powder bed regions are selectively fused using thermal
energy (ISO/TC 261, 2015). The source of thermal energy is typically a laser such as CO»
or fiber laser or it is an electron beam which is limited to metals due to the need of electron
conductivity. Powder fusion mechanisms include solid state sintering, chemically in-
duced binding, liquid phase sintering and full melting. A schematic of the process can be
seen in Figure 6. Since the powder material is vulnerable to oxidation and degradation
from the ambient atmosphere, the process occurs in a controlled, nitrogen, argon or a
shielding gas filled enclosed chamber. It uses infrared and/or resistive heaters to minimize
the required laser power and to avoid curling distortion caused by large thermal gradients.
Material properties of PBF manufactured part(s) are comparable to those of the engineer-
ing grade materials, competing with injection moulding and other polymer manufacturing
methods (Gibson, et al., 2015). The process offers the ability to increase productivity via
nesting multiple parts in one build as the powder bed eliminates the need for support
structures for polymers. For metals and alloys, the supports attached to a substrate plate
are mandatory in order to assist heat conduction and prevent curling distortion.
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Figure 6. Schematic of PBF: Selective laser melting Process (Additively Ltd., 2017)

PBF process offers the ability to manufacture parts directly as well as indirectly using a
wide range of materials in contrast to other AM processes. PBF compatible materials
include polymers preferably semi-crystalline, metals preferably weldable, waxes, ceram-
ics and composites of the aforementioned materials. Even though there is a growing num-
ber of terminologies marketed by many AM companies, Selective Laser Sintering (SLS)
is typically used for direct manufacturing of polymers as well as waxes. SLS was also
used for indirect manufacturing of metals and ceramics through formation of ‘green’ part
followed by debinding, sintering and reimpregnation/infiltration methods which has be-
come obsolete due to the introduction of direct methods. Selective Laser Melting (SLM)
is typically used for direct manufacturing of polymers and metals. The process can be
used to directly manufacture polystyrene and wax based patterns for investment casting
and thermosetting binder based moulds, cores and inserts for sand casting (Gibson, et al.,
2015). Companies such as 3D systems (3D Systems Inc., 2017) and EOS (EOS GmbH,
2017) provide commercially available machines and materials along with services on de-
mand.

2.1.7 Sheet Lamination

Sheet Lamination, SL is one of the first commercialized AM process known as Laminated
Object Manufacturing, LOM (Gibson, et al., 2015) in which a part is formed by bonding
sheets of material (ISO/TC 261, 2015). The formation of the part is assisted with a laser
or a mechanical cutter which cuts the outer contours of the sheets on layer by layer basis.
The bonding mechanisms of the sheets can include adhesion, heating, clamping and/or
ultrasonic welding. A schematic of the process can be seen in Figure 7. The order of
forming and bonding mechanisms plays a critical role in defining the capabilities of the
process. For instance, internal features or channels are difficult or impossible to manu-
facture with bond-then-form order due to inability of material removal from the internal
features of the part (Gibson, et al., 2015). However, the opposite order, form-then-bond
can overcome this constraint but at the cost of external supports which are not needed in
bond-then-form order. The process allows colour printing and exhibits faster build rates
for certain machines than other AM processes since only the outer contours of the layers
forming the part are cut. The unused material of the part layer is sliced into a cross hatched
pattern to assist support removal called decubing (Liao, 2001).
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Figure 7. Schematic of SL: Laminated Object Manufacturing (CustomPartNet., 2017)

SL consists of the ability to manufacture parts directly with a wide range of materials
including but not limited to paper, polymers and metals. Ceramics can be manufactured
indirectly via thermal post processing. This process can assist sand casting by manufac-
turing paper and/or polymer based patterns. SL variant, Ultrasonic Additive Manufactur-
ing can be used to create parts with complex internal features, multifunctionality, multiple
materials and integrated components such as wiring, fiber optics, sensors and instruments
(Gibson, et al., 2015). Companies such as Mcor Technologies (Mcor Technologies Ltd.,
2015) and Wuhan Binhu (Wuhan Binhu Mechanical & Electrical Co. Ltd., 2014) provide
machines as well as provide services on demand.

2.1.8 Vat Photopolymerization

Vat Photopolymerization, VP, discovered by Charles W. Hull in the mid-1980s (Gibson,
et al., 2015) is an AM process in which light-activated polymerization is used to selec-
tively cure liquid photopolymers in a vat (ISO/TC 261, 2015). The activation medium
can simply be visible light or it can be UV rays, X-rays, gamma rays or electron beams.
When VP is equipped with one or more lasers for curing process, the general term is then
referred to Stereolithography, SLA (ASTM International, 2013). A schematic of SLA,
VP process is shown in Figure 8. The process configurations may include vector scan in
which point wise approach is used, mask projection in which layer wise approach is used,
two-photon in which point by point approach is used at nano-scale or another configura-
tion in which a line-wise approach is used (Gibson, et al., 2015). The magnitude of curing,
hence, printing in terms of speed increases in a subsequent order from two-photon, to
vector scan, line-wise approach and mask projection for obvious reasons. The process
offers relatively better accuracy and surface finish of the printed parts with respect to
other AM processes, however, at the cost of lower mechanical properties. It requires sup-
port structures to hold the part onto build platform as it is built (Gibson, et al., 2015).
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Figure 8. Schematic of VP: Stereolithography (Additively Ltd., 2017)

VP process offers the ability to directly print the parts with photopolymer materials in-
cluding acrylate, epoxy, vinylether and/or a combination of these depending on the de-
sired mechanical and metallurgical properties. Due to the limited mechanical properties
offered by the process, the printed parts are mainly used as functional prototypes or in
some cases end use products due to their high finishing properties. The process can also
assist sand casting and investment casting by directly manufacturing relative patterns.
The mechanical properties of the parts can be enhanced by post curing or post heat treat-
ment leading to indirect methods. Companies such as 3D Systems (3D Systems Inc.,
2017), Envisiontec (EnvisionTEC, 2017) and Formlabs (Formlabs, 2017) supply ma-
chines and materials whereas, 3D Systems also provides services on demand.

2.2 Design for Additive Manufacturing

As opposed to design for manufacturing which involves a vast range of expertise in lim-
ited potentialities of conventional processes of joining, shaping and finishing in quest of
lean and agile manufacturing, the design for additive manufacturing offers optimization
of this quest by synthesis of very broad shape complexity, hierarchical complexity, ma-
terial complexity and functional complexity. These unique AM capabilities are described
in the subsequent text.

2.2.1 Shape Complexity

AM offers shape complexity for free, it is possible to build virtually any shape possible
even if it is impossible to manufacture through conventional machining processes which
are limited by tool movement such as under drafts, over hangs, undercuts and internal
features. Hence, parts that have complex shape form and are cumbersome as well as la-
borious to make through conventional machining processes take advantage of AM. How-
ever, there are limitations of AM such as part size, production duration, surface finish,
resolution and accuracy.

The size of the part is directly dependent on the build chamber of the machine. Relatively
large sizes of build chambers for three different metal additive manufacturing feed stocks
are 400mm x 400mm x 400mm (EOS: M 400-4), 900mm x 1500mm x 900mm (Optomec:
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LENS 850-R) and 610mm x 610mm x 5182mm (MER: plasma transferred arc) for pow-
der bed, powder feed and wire feed respectively. Larger build chambers are also available
for instance 4000mm x 2000mm x 1000mm of VX4000 which to date, Voxeljet claims

to be the world’s biggest industrial 3D printing system for sand casting to create metal
parts (Voxeljet AG, 2017).

Production duration of the part is influenced by the deposition rate, which in fact depends
on multiple factors according to the technology under consideration such as laser/electron
beam spot size, nozzle size and scan speed. Lower laser/electron beam spot size, nozzle
size and scan speed lead to longer production duration. The deposition rate can range
from 25g/h to 9kg/h for different technologies (Nycz, et al., 2016; Gibson, et al., 2015).
Furthermore, as per Salmi, et al. (2016), the production duration per part depends criti-
cally on geometry, orientation, printing process and number of parts manufactured per
build cycle.

The surface finish of AM depends on the orientation of the part, top surface parallel to
the energy source exhibits approximately 2 to 3 times better surface roughness than side
surface perpendicular to the energy source for DMLS and EBM (Frazier, 2014). Further-
more, top surface perpendicular to the energy source exhibits approximately 5% rougher
surface than the parallel one and the side surface perpendicular to the energy source ex-
hibits approximately 3% larger surface roughness than the parallel one for DMD (Koch
& Mazumder, 2000). Other factors which effect the surface roughness include a compro-
mise of power source, scan speed, deposition rate and/or fusion mechanisms with respect
to material properties, bed temperature and type of AM technology. The average surface
roughness, R, of 9um can be achieved by selective laser melting of metal parts (Gu, et
al., 2012; Stratasys Direct, Inc., 2017) and less than 1.7um can be achieved by micro
selective laser melting using low scan speeds (Eberhard & Kniepkamp, 2015). It can
range from poor to excellent depending on the technology under consideration. Salmi, et
al. (2017) recorded R, value of 5.66pum for direct metal AM of EOS Cobalt Chrome SP2
powder which as a result of post processing was decreased to 0.18um via ultrasonic bur-
nishing while the performance of the component was increased by approximately 47% in
terms of hardness.

Accuracy of AM is typically dependent on the bonding energy source in terms of melt
pool or droplet size, material properties in terms of granular size, viscosity, shrinkage and
residual stress induced distortion, thermodynamics of the build chamber in terms of curl-
ing distortion and the speed of the scan or build. According to Hofmeister, et al. (2001),
AM featured parts via DED of LENS technology, contain anisotropic properties with mi-
crostructural scale being the most sensitive to variation in z-axis in terms of layer height
than fluctuations in laser power and scan speed due to the fact that heat conduction is
predominant on cooling rate and resultant structure. According to the data sheet of Stain-
less Steel 316L of Stratasys Direct, Inc. (2017), the nature of anisotropy of its metal PBF
process exhibits 19.15% less yield strength in the Z axis. Generally, large melt pool or
droplet size, large build volumes, large thermal gradients and fast build/scan speeds lead
to lower accuracies. The accuracy can range from submicron to 1000s of microns toler-
ances depending on aforementioned parameters and type of technology. According to
Stratasys Direct, Inc. (2017), the metal printed parts have a general tolerance of
+0.127mm for the first 25.4mm and here onwards a tolerance of £0.051mm per 25.4mm
which is approximately (+0.2%). The resolution of AM depends on build mechanisms
such as galvanometers in case of laser source and gearboxes as well as motors for other
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build mechanisms. Both, accuracy and resolution increase with higher end machines.
(Gibson, et al., 2015; Horn & Harrysson, 2012)

In conclusion, even though AM offers the freedom of shape of the part, it is delimited by
geometric finishing parameters. High surface finish, accuracy, resolution and low pro-
duction duration can be achieved by AM at the cost of trade-offs of lower deposition rate
or melt pool, lower scan speed, relatively smaller size and volume of the part as well as
the use of high-end machines. However, in order to meet the finishing standards of CNC
machining in terms of the aforementioned parameters, the design for AM can be equipped
so that it can subsequently be followed by conventional subtractive finishing methods
including but not limited to hand finishing, tumbling, vibratory finishing, abrasive flow
machining, shot peening, milling, honing and/or lapping. This approach can also be ap-
plied to additively manufactured polymer parts of consumer or professional grades to
improve the dimensional stability of the parts as explained by Ituarte, et al. (2015).

2.2.2 Hierarchical Complexity

AM possesses the capability of selectively managing the hierarchical complexity of a part
leading to variability in its lattice structure scaling from macrostructure, to mesostructure,
to microstructure and even to the scale of nanostructure. It can provide a revolutionizing
approach to create new materials such as nanophase, amorphous, functionally gradient
and porous materials for specific applications by changing process parameters (Gu, et al.,
2012). This tailorability is achievable in AM processes such as ME, MJ, VP, SL and
especially in DED which also consists of the capability of developing equiaxed, colum-
nar, directionally solidified and single crystal grain structures (Gibson, et al., 2015). Ac-
cording to Wohlers Associates Inc. (2017), the scanning pattern of energy beam can cre-
ate customizable microstructures that have never been seen before leading to metallic AM
parts having material properties approaching those of forged parts and exceeding those
of cast parts due to rapid solidification and microstructure relative uniformity. However,
due to complex mutual interactions of materials and process parameters including the
non-equilibrium conditions of power sources, the uncontrollability and/or unpredictabil-
ity of the phase and lattice formation, AM is still quite ambiguous and requires further
research in physical and chemical metallurgical phenomena on a case by case basis (Gu,
et al., 2012).

2.2.3 Material Complexity

As AM involves the addition of material(s) on a layer-by-layer basis or material incre-
mental manufacturing, it offers the possibility of depositing different materials at different
locations of the part leading to formation of location specific properties throughout the
part. The unique integration of homogenous materials and heterogeneous materials
changing material composition, abruptly or gradually can offer a ground-breaking meth-
odology in creating parts with properties and functions that are currently non-existence
(Gu, et al., 2012). This unique capability of AM can be used via several AM processes
preferably DED, MJ, ME and/or hybrid systems (Vaezi, et al., 2013). However, manu-
facturing suitable parts considering the compatibility of different materials can be chal-
lenging and requires intensive research on case specific scenarios. In addition, different
AM methods require unique properties of materials for their processability for instance,
polymer based methods require amorphous characteristics and powder based methods
require high flowability hence, leading to limited availability of materials.
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2.2.4 Functional Complexity

The fundamentals of AM enable functional complexity within the part, which can lead to
static and/or dynamic part consolidation involving operational mechanisms. These mech-
anisms can consist of several kinematic joints such as revolute, cylindrical, spherical,
universal, vertical and/or horizontal joints in one build (Gibson, et al., 2015). In addition,
AM offers the possibility of manufacturing in situ assemblies which involve the fabrica-
tion of assemblies around already made component(s). This level of functional complex-
ity can reduce or even eliminate the amount of parts to be assembled, amount of handling
time and tooling of part(s) and/or assemblies (Atzeni & Salmi, 2012). AM processes in-
volving powder based systems can easily take advantage of this capability as powder can
easily be removed from the provided clearance between assemblies. In addition, it is also
practised for ME based systems where solvable support structures are used.

2.2.5 Optimization Methods

The unique aforementioned capabilities of AM give rise to optimization methods that
cross the limitations of conventional manufacturing constraints. These can include size
optimization where stresses and/or strains are maximized for certain loading and bound-
ary conditions by minimizing dimension(s) of the part, shape optimization where stresses
and/or strains are maximized for certain loading and boundary conditions by fluctuating
the surface profile(s) of the part, and topology optimization where the stresses and/or
strains for certain loading and boundary conditions are maximized by distributing the
material of the part in terms of either truss based design and/or volume based design.
Several Computer Aided Engineering softwares such as Abaqus, Ansys and Solidthinking
are commercially available for such optimizations where finite element analysis can be
performed in terms of displacement analysis, vibrational analysis, stability analysis, non-
linear analysis and/or thermos-elastic analysis.

2.3 Business Aspects and Potentials

The final part production or end use part production through direct and indirect additive
manufacturing is also known as direct digital manufacturing (DDM) (Gibson, et al.,
2015). Its predecessor rapid prototyping is an application of AM intended for reduction
of lead times of prototypes (ISO/TC 261, 2015). The end use part production has grown
to 60.6% with an estimated 3.66 billion USD of the total product and service revenue of
AM worldwide which is estimated to be 6.063 billion USD according to the recent
Wohlers report (Wohlers Associates Inc., 2017). The same report emphasizes high gains
in metal AM dedicated to end use production of ideally high value, low volume and com-
plex parts in industries such as aerospace, medical and automotive. By observing the
growth rate since 2003, presented in the report, this type of production can easily be an-
ticipated to grow at an exponential rate over the next several years. The cause of such
growth becomes apparent when key drivers of AM convince manufacturers to adapt to
such technological gains as cost effectiveness and faster lead times with mass customiza-
tion. These key drivers can be categorized in terms of agile and lean manufacturing which
are presented in the subsequent text.

2.3.1 Agile Manufacturing

Agile manufacturing is responsiveness to customer needs and market fluctuations whilst
still having a control of costs and quality (Wang & Koh, 2010). AM serves as a responsive
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manufacturing tool to fulfil these criteria as it offers economical mass customization of
parts. It can virtually build each digital part with different geometries in one build cycle
leading to supply of parts on a variable demand including lot sizes of one since no tooling
is required. This enables major cost reductions since no CNC machine programmer or
operator is needed and in terms of tool related setbacks such as tool maintenance, repair,
storage and eventual production delays. In addition, it promotes faster innovation time
followed by faster lead times of spare parts and fast turnaround of the designs which
might even fail validation and/or verification tests. Medical applications of AM including
manufacturing of preoperative anatomical models can provide a vast range of possibilities
and can effectively be used in surgery and dentistry since each patient has a unique geo-
metrical profile (Salmi, 2013; Salmi, 2016). Moulds from Align Technology (Align
Technology Inc., 2017) and hearing aids from Siemens AG (Siemens AG, 2017) provide
an excellent example where patient specific geometries are produced via AM. Salmi, et
al. (2013) provide a proof of concept of additively manufactured occlusal splints via a
clinical pilot study which might reduce costs and working time in future.

2.3.2 Lean Manufacturing

Lean manufacturing is about doing more with less by eliminating waste in terms of re-
ducing inventories, lot sizes, supplier base and elimination of paperwork (Wang & Koh,
2010). As opposed to conventional subtractive methodologies which involve design lim-
itations and scrap, AM consists of the ability to manufacture digital parts with complex
geometries using precisely the material that is needed leading to digital decentralized
manufacturing, part consolidation, higher performance, long term sustainability, elimina-
tion of paperwork and physical inventories by giving birth to digital record and electronic
(e) inventories.

Digital decentralized manufacturing can provide a physical replica of the digital model
through a single AM machine hence, eliminating the need of large centralized factories
and promoting localized manufacturing around the globe. Part consolidation reduces the
number of parts in assemblies leading to reduced documentation, quality control, process
management, assembly lines and labour. GE Aviation managed to reduce the number of
parts for its Advanced Turboprop engine from 855 parts to 12 parts and the number of
parts for its bearing support and sump from 80 parts to a single part with AM enabled
design and manufacturing (Wohlers Associates Inc., 2017). Higher performance may in-
clude designs proven to be more efficient in terms of weight, deformation, fluid dynamics,
thermodynamics and/or stress distribution. Kuhn-Stoff in collaboration with EOS reduced
the weight of a mechanical gripper by 86% and consolidated the number of parts from 21
to two while surpassing verification tests leading to reduction in manufacturing costs up
to 50% and reduction in lead time up to 75% (EOS GmbH, 2017). Sustainability includes
lower CO2 foot print. Digital records and e-inventories enable local manufacturing at a
global level and reduce paperwork, logistic constraints, on/off site storages and the costs
related to these. Holmstrom, et al. (2009) propose conceptual designs for deploying AM
in the spare parts supply chain in terms of improved service and reduced inventories.
According to Autodesk Inc. (2017), Airbus in collaboration with Autodesk Inc. reduced
the weight of a bionic partition of Airbus A320 by 45 % using AM leading to 3180 kg of
fuel savings per year. This reduction would in turn cut down 166 metric tons of CO2
emissions per aircraft annually and when applied to thousands of new orders of the plane,
it could literally save up to hundreds of thousands of metric tons of CO2 emissions per
year. Furthermore, Caterpillar, a heavy equipment manufacturer generally associated with
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construction and mining equipment opened their additive manufacturing factory in De-
cember 2015 (Caterpillar, 2017) through which they have been taking advantage of de-
sign for additive manufacturing by redesigning their diesel engine fuel chambers for
higher performance (Zelinksi, 2017). Caterpillar is also taking advantage of AM via pro-
duction of parts for its dozers, excavators and other equipment in addition to gages, dis-
play and scale models, assembly fixtures, hand tools, moulds, and functional models lead-
ing up to hundreds of thousands of savings in cost (Gardner Business Media, Inc., 2015).

2.3.3 Implementation

In order for AM to be introduced and eventually implemented in an organization as a
suitable manufacturing method, it requires the need of evaluating the supply chain in
terms of cost; how effective it is compared to status quo, lead time; how fast is the product
produced, and verification; do the product’s properties comply with certain standards and
specifications. Table 1, Table 2 and Table 3 present the cost parameters of injection
moulding (IM), subtractive manufacturing (SM) and additive manufacturing (AM) re-
spectively. Subtractive manufacturing refers to the conventional manufacturing where the
material is removed from stock profile(s) to manufacture the component. In brief, main
cost parameters of each manufacturing process consists of material cost, labour cost and
machine cost however, due to the differences in each manufacturing method these main
parameters are subdivided into further categories as seen from the presented tables. It
should also be taken into account that injection moulding and subtractive manufacturing
also include cost per part of mould and tooling respectively, in addition to the aforemen-
tioned main parameters. AM, on the other hand, does not require tooling for different
geometries or parts.

Table 1. Injection Moulding Cost Parameters adapted from (Atzeni, et al., 2010).

Injection Moulding Cost Parameters
Parameter Unit
Production Volume [pcs]
Machine Cost per hour [EUR/h]
Cycle time [h]
Number of Cavities [-]
Machine cost per part [EUR]
Machine operator cost per hour | [EUR/h]
Percentage of operator time [%]
Machine operator cost per part [EUR]
Material cost per kg [EUR/kg]
Part weight [ke]
Material cost per part [EUR]
Mould cost [EUR]
Mould cost per part [EUR]
Total Cost per part [EUR]




Table 2. Subtractive Manufacturing Cost Parameters.

Subtractive Manufacturing Cost Parameters
Parameter Unit
Production Volume [pcs]
Machine Cost per hour [EUR/h]
Energy [EUR/N]
Cycle time [h]
Machine cost per part [EUR]
NC programmer cost per hour [EUR/N]
Percentage of programmer time [%]
Machine operator cost per hour [EUR/h]
Percentage of operator time [%]
Labour cost per part [EUR]
Material cost per kg [EUR/kg]
Part weight [kg]
Material cost per part [EUR]
Tooling cost [EUR]
Tooling cost per part [EUR]
Total Cost per part [EUR]

Table 3. Additive Manufacturing Cost Parameters adapted from (Atzeni & Salmi, 2012).

Additive Manufacturing Cost Parameters
Parameter Unit
Number of parts produced per job [-]
Material cost per kg [EUR/kg]
Part volume [mm?3]
Density of the sintered material [g/mm?3]
Mass of material per part kel
Material cost per part [EUR]
Machine operator cost per hour [EUR/h]
Set-up time per build [h]
Pre-processing cost per part [EUR]
Depreciation cost per year [EUR/year]
Hours per year [h/year]
Machine cost per hour [EUR/N]
Build time [h]
Machine cost per build [EUR]
Machine Processing cost per part [EUR]
Machine operator cost per hour [EUR/h]
Post-processing time per build [h]
Heat treatment cost per build [EUR]
Post-processing cost per part [EUR]
Total Cost per part [EUR]
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These parameters can be used to calculate the cost per part of any component manufac-
tured through these methods with respect to its production volume. Hence, it can provide
a very clear scientific approach of comparing the cost effectiveness of each method. For
instance, the following Equation 1 can be used to evaluate the number of breakeven parts
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of IM with respect to AM according to the fundamentals of economics. Breakeven points
serve as crossovers between two or more manufacturing methods, before which either
one is economical than the other and after which it is vice versa. The same equation can
also be used to calculate the number of breakeven parts for SM and AM.

Cr
Costyy = Costyy + mn (1)
"~ Costyy — Costoy (2)
Where: Cost,y = Additive Manufacturing cost per part [EUR]

Costy = Injection Moulding cost per part[EUR]
Cy = Cost of Tooling [EUR]
N = Number of Breakeven parts [—]

In addition, the duration of manufacturing the part, lead time can also be calculated ac-
cording to these parameters which plays a crucial role in defining the responsiveness to
market demand. Finally, the manufactured product should be verified in terms of require-
ments testing in order to evaluate whether or not it complies with the standards, regula-
tions, requirements, specifications and/or imposed conditions. Furthermore, it should also
be validated in terms of field testing to assure it meets the needs of the customers and/or
involved stakeholders.

Senvol (Senvol LLC, 2017) has outlined seven AM cost effective supply chain scenarios
based on their history of quantitative AM analyses. It claims that if a component falls
under one or more of the categorized scenarios, then it maybe be cost effective through
AM. Table 4 lists and describes these scenarios.
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ply Chain Scenarios which may be cost effective (Senvol LLC, 2017).

Supply Chain
Scenario

Description

Expensive to

Do you have parts that are high cost because they have complex
geometries, high fixed costs (e.g. tooling), or are produced in low

Manufacture O
volumes? AM may be more cost-efficient.

Long Lead- Does it take too long to obtain certain parts? Are your downtime

Timges costs extremely high? Do you want to increase speed-to-market?

Through AM, you can often get parts more quickly.

High Inventory
Costs

Do you overstock or understock? Do you struggle with long-tail or
obsolete parts? AM can allow for on-demand production, thus re-
ducing the need for inventory.

Sole-Sourced
from Suppliers

Are any of your critical parts sole-sourced? This poses a supply
chain risk. By qualifying a part for AM, you will no longer be com-
pletely reliant on your current supplier.

Remote Loca-
tions

Do you operate in remote locations where it is difficult, time con-
suming, or expensive to ship parts to? AM may allow you to manu-
facture certain parts on-site.

High Import /
Export Costs

Do you pay substantial import/export costs on parts simply because
of the location of your business unit and/or your supplier? On-site
production via AM can eliminate these costs.

Improved
Functionality

AM can enable a part to be redesigned such that its performance is
improved beyond what was previously possible.

Senvol also provides a free to access database (Senvol LLC, 2017) of over 1400 machines
and materials which it claims to be the first and most comprehensive database.
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3 Spare Parts

3.1 Screening Process Algorithm

A process for differentiating the suitability of AM methods to that of conventional sub-
tractive manufacturing methods is developed in context of a logical flowchart to evaluate
and to screen the provided spare parts as shown in Figure 9. Table 5 presents a summary
of the provided spare parts consisting of either 2-dimensional or 3-dimensional data for-
mat which are analysed as part of this study. In principle, this flowchart can be used as
an algorithm to evaluate any desired number of spare parts.

Table 5. Summary of provided spare parts.

Summary of Provided Spare Parts
Entity No.
Individual Parts 16
Assemblies 7
Total Parts 36

The starting point and ending points are presented by a rounded rectangular shape and a
circular shape respectively. The diamond shape is used to illustrate a decision block with
an output of yes or no. A rectangular shape is used to show a process. The direction of
flow from one decision or process to the next one is represented by an arrow headed line
segment. The wavy clouds next to the decision block outputs explain the properties asso-
ciated with that decision. Most decision blocks are labelled with a level of priority. Level
1 represents the highest priority as a part cannot be built through AM if it doesn’t satisfy
this condition. The availability of desired material for AM, the availability of build space
for desired size and availability of AM compatible 3D data are given first priority. Quality
indicators such as tolerance and surface roughness of the final part are given second pri-
ority since the part can be printed and the desired level of tolerance and surface roughness
may be achieved with post processing. The third priority is given to the optional optimi-
zation capabilities of AM which can be used to increase the performance of the part.

The post processing for direct and indirect metal AM are represented by conventional
machining since direct metal AM requires the need of machining for separating the built
part from the support structures connected to the substrate plate and indirect metal AM
requires heat treatment and infiltration methods to the green part in order to build the end
use product.

The final decision block leading to AM process evaluates the level of design complexity
of the part to that of manufacturability of AM. Even though AM possess the capability of
virtually manufacturing any level of complex geometry, there are few anomalies concern-
ing the design. For instance, certain overhang geometries require support structures in
order to overcome creep caused by gravitational forces and curling distortion caused by
large thermal gradients during bonding of layers. In case this geometry is placed inside
another completely enclosed geometry, the support structures are impossible to remove
whether these are created or whether the part is supported by the powder bed. In addition,
thin holes beyond a minimum value are also restricted depending on the dimensions of
the part, shrinkage of material and the AM method. One must take these anomalies into
consideration before designing complex geometries within the part such as conformal
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channels, gating systems and/or runners to make sure that there is a possibility of remov-

ing supports and that the part is able to maintain its functional loads after the part has
been manufactured through AM.

Spare Part(s)
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Figure 9. Spare Parts Additive and Subtractive Manufacturing Flowchart Algorithm.



3.2 Results of Screening Process

The algorithm presented in Figure 9 shows whether a specific spare part can be manufac-
tured using AM however, just because it can be manufactured through AM, it doesn’t
inevitably mean that it should be. For the purpose of this study, spare parts which can be
produced through AM are analysed with a generic point of view with regards to the cost
effectiveness, lead time and the possibility of eventual increase in performance. An AM
manufactured part always effects these factors in either a positive or a negative manner.
The selected components are then further analysed by means of quantitative methods.
Table 6 shows the list of attributes that are extracted from the provided spare parts data

to conduct this screening analysis.

Table 6. Spare parts screening attributes.

Spare parts Screening Attributes

Part Number

Preview

Year Designed

Format

Purpose

Material

Dimensions (L x W x H) [mm]

Tightest Tolerance [mm]

Overall tolerance [mm]

Surface Roughness (Smoothest) [um]

Parallelism [mm]

Perpendicularity [mm]

Possible Conventional Primary:

Manufacturing Methods

Machining:

Eligibility [Included or Excluded]

Reasoning

Appendix 1 shows the results of this screening process and the Table 7 illustrates the

summary of the inclusion and exclusion of the spare parts for further analysis.

Table 7. Results of spare parts screening summary.

Spare Parts Screening Summary

Entity Included [No.] | Excluded [No.] | Total [No.]
Individual Parts 9 7 16
Assemblies 6 1 7
Total Parts 26 10 36

The reasons for exclusion for further analysis of 10 parts out of 36 parts are presented in
the following Table 8.
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Table 8. Reasoning of exclusion of spare parts for further analysis.

Reasons for Exclusion

Exclusion | Reasoning
Scenario
Cheap to The part consists of a simple geometric design which is easy to manufac-
Manufac- | ture through readily available stock material at a low cost.
ture
Short Lead | The part would require workshop finishing even after AM which would
Time increase lead time.
The length of the part is too long for direct and indirect AM. A high level
Too Long .
and of straightness and flatness can be hard to manufacture through AM as-
sisted casting (rapid tooling) due to high level of narrowness in the de-
Narrow .
sign.
The part size is too big to be manufactured through direct and indirect
Too big AM. In addition, straightness and flatness can be hard to manufacture

through AM assisted casting (rapid tooling) due to high level of narrow-
ness in the design.
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4 Computer Aided Design

A prerequisite of AM is 3-dimensional (3D) data of a part to be manufactured in a format
that is compatible to it. While there are several CAD data exchange formats such as IGES,
Initial Graphics Exchange Specification and STEP, Standard for the Exchange of Product
model data, AM compatible formats are AMF, Additive Manufacturing File format and
STL, occasionally referred as Stereolithography or Standard Tessellation Language. Ac-
cording to ISO/TC 261 (2015), STL format describes the surface geometry of a part as a
tessellation of triangles used to communicate 3D geometries to AM machines in order to
manufacture the physical parts whereas AMF describes the native support for materials,
colours, lattices, textures, constellations and metadata in addition to the 3D geometry rep-
resented by a triangular mesh that may even be curved. In order to fulfil this prerequisite,
the available data format of the selected models is analysed and eventually converted to
STL format. STL is selected over AMF since it consists of a relatively smaller file size.
Hence, it can provide a denser mesh with the same amount of file size.

Appendix 1 presents the data format associated with each spare part and Table 9 illustrates
the summary of the spare parts data format. In total, 2D data of 11 parts is modelled into
3D data using Creo Parametric, however, 3D data from 2 of these parts was eventually
also received. In addition, a parametric model of DOP Turbine is also programmed with
8 parameters to provide ease of user interface. Lastly, seven moulds of the selected com-
ponents are also modelled using Creo Parametric in order to evaluate the production of
AM rapid tooling. This selection was based on spare parts which had a relatively bigger
size leading to very high costs for direct or indirect AM of the part itself.

Table 9. Spare parts data format summary.

Spare Parts Data Format Summary

Entity 2D Data [No.] | 3D Data [No.] | Total [No.]
Individual Parts 5 4 9
Assemblies 4 2 6
Total Parts 16 10 26

Once the 3D data of all the spare parts was finalised, STL formats were created using the
native CAD program of the models that are Creo Parametric or Solidworks. In addition,
the STL files were validated for printability using the 3D Print tool of Creo Parametric.
Table 10 presents an overview of the models with an isometric view.
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Table 10. An Overview of CAD 3-dimensional spare parts.
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*Parametric Model

The following Table 11 illustrates the moulds that are modelled for rapid tooling, in this
case, AM sand moulds. Each mould contains a top mould, bottom mould and a core that
are presented in an isometric view. The top and bottom moulds are illustrated by a wire
frame and these incorporate sprue, gates, runners, risers and guides which have been mod-
elled by taking advantage of the design freedom of AM. The feeding height of the sprue
is modelled to be at least 75Smm from the part cavity because it cancels the effect of ther-
mal expansion, inwards for convex and outwards for concave surfaces of the sand mould
according to Campbell (2001). The core and the part cavity are represented by a transpar-
ent view in green for the aid of visualization.
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Overview of 3-Dimensional Moulds of Spare Parts for Rapid Tooling
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Table 11. An overview of modelled moulds of spare parts for rapid tooling.
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5 Cost and Lead Time Analysis

In this chapter, the cost effectiveness and lead time of the selected spare parts is evaluated
with respect to additive manufacturing and subtractive manufacturing by means of qual-
itative methods. Further information was requested and acquired regarding the current
state of subtractive manufacturing. Table 12 lists the additional attributes which were
requested for further analysis. Appendix 2 describes these attributes with respect to each
spare part.

Table 12. List of additional attributes acquired for selected spare parts.
Additional Attributes of Spare Parts
Equipment/Machinery [-]

Subtractive Method [-]

Downtime [Yes/No]

Type of Loading [Static/Variable/Shock]
Lead time [Weeks]

Cost [€]

For the purpose of this study, a total of 7 major service providers were selected and con-
tacted in order to evaluate the cost and lead time of additively manufactured spare parts
and/or rapid tooling such as investment casting patterns and sand moulds. Consequently,
the quotations including the costs and lead time were received. In addition, a metal based
PBF AM algorithm from Aalto University was also used to evaluate the cost and lead
time of the selected components. In this case, the properties of SLM Solutions 500 HL
with quad lasers of 700W each are used to print Maraging Steel 1.2709. Table 13 presents
these service providers in alphabetical format with respect to direct AM, indirect AM and
AM rapid tooling that were used for this study.

Table 13. List of AM Service Providers for Additive Manufacturing Cost and Lead Time Analysis.

Description Additive Manufacturing

List of AM Service Providers Direct Indirect Rapid Tooling
3D Systems: Quickparts v x v
ExOne: Karlebo x x v
iMaterialise v v x

Own Printer v x x
Protolabs v x x
Shapeways v v v
Stratasys v x v
Voxeljet: Hetitec x x v

According to the current manufacturing methods, the spare parts were categorized as in-
jection moulding parts and subtractive manufacturing parts. Injection moulding parts are
manufactured with a lot size of 1s in case of Positioning Cone and 100s in case of Hangbar
during one setup. On the other hand, the subtractive manufacturing parts are produced
with a lot size of 1. The aforementioned lot sizes typically refer to the execution of one
customer order. According to the current demand, the injection moulding parts were an-
alysed by means of cost per part of the selected AM method with respect to variable
production volume defined as small series production from several AM service providers
and their breakeven points were calculated with respect to injection moulding. Consider-
ing the fact that these IM spare parts are made up of polymers such as Polypropylene
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(PP), ISO/ASTM approved AM method of PBF and its variant, SLS of Polyamide (PA)
is selected to conduct these analyses. According to Granta Design Limited (2017), PA
can exhibit approximately 75% higher tensile strength than that of PP. In this case, the
tensile strength of additively manufactured PA is calculated to be approximately 43%
higher than that of injection moulding PP. In order to compliment the cost effectiveness
of AM, an additional AM method, ME of PLA is also selected and presented in the IM
parts analyses. In this case, the additively manufactured PLA exhibits 48% higher tensile
strength than injection moulded PP however, it may be subjected to long term creep de-
pending on the level of plasticizers in its composition. Subsequently, according to the
current demand, the subtractive manufacturing parts were evaluated by means of cost per
part with respect to different AM methods and materials to compensate those of the orig-
inal model. Taxation and shipping costs are omitted from the cost analyses due to indus-
trial usage of services and the fact that most selected AM service providers operate glob-
ally from several locations. All cost analyses were followed by a lead time investigation
to evaluate and compare how fast the product is manufactured. The lead times are meas-
ured in business days including 2 business days for international delivery and excluding
weekends and public holidays.

5.1 Results of Injection Moulding Parts
5.1.1 Anode Hangbar

Figure 10. Injection Moulded Anode Hangbar containing a bounding box of 210mm x 200mm x
66mm.

As described in Appendix 2, Anode Hangbar is a component of anode top insulator. It is
manufactured via injection moulding and consists of a polymer. The component experi-
ences variable loading and it doesn’t necessarily effect downtime of the equipment in case
it is damaged. A CAD model is shown in the following Figure 10.

5.1.1.1 Cost per Part by means of Production Volume

The behaviour of cost per part with respect to the production volume of this spare part
can be seen in the following graphs. Graph 1 illustrates an overview of the cost analysis.
As it can be seen, the cost per part of IM represented by the dashed red line starts just
above the 20000€ threshold, which is the cost of the mould and it decreases with an ex-
ponential decay towards a steady state value. The cost per part including the parameters
of IM presented in Table 1 is described in following Equation 3.

N

200€ + 1.5€(N) + 20000€
IM Cost per Part(N) = 3)

Where N is number of spare parts [No. ]
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Graph 1. An overview of Anode Hangbar cost analysis comparing injection moulding and additive
manufacturing.
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Graph 2. Breakeven cost analysis of Anode Hangbar.

The cost per part of AM seems to be constant according to the overview presented in
Graph 1. However, Graph 2 illustrates a clearer, zoomed-in version of Graph 1 in which
the cost per part of AM varies to some extent. The breakeven points or the crossover
points between the two manufacturing methods are also presented with labels including
the number of breakeven parts, cost per part, ISO/ASTM standardised AM method and
the material of the part. It can be observed that each service provider follows a unique
methodological algorithm for its quotations.

The cost per part, in a decreasing order of SP4, SP1 and SP3 decreases with a slight
logarithmic decay. This is due to the fact that small series production through AM de-
creases costs per part as confirmed by (Piili, et al., 2015; Salmi, et al., 2016). It is also
observed that the intensity of the decay decreases as the cost per part decreases. On the
other hand, the cost per part of SP2 is constant since this price was negotiated to be valid
for all lot sizes which was approximately 40% cheaper than the price that was originally
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received from their parts on demand service with a lot size/production volume of 1. Fur-
thermore, cost per part of SP5 decreases dramatically after the first build by approxi-
mately 24% and stays constant for the rest of the production volume. A basic analysis
draws the fact that the prices quoted by these service providers are quite negotiable to an
extent and as the cost per part is decreased, the number of breakeven parts increase. SP3
supplies the highest number of breakeven parts with a value of 125 psc for this analysis,
confirming the most economical manufacturing method and service provider whereas,
SP4 markets the lowest breakeven point of 57 pieces, yet still economical than IM.

The following Graph 3 illustrates another alternative AM method, ME and material, PLA
with one of the most effective mechanical properties that pushes the number of breakeven
parts even further to 250 pieces from SP1 however, at the cost of lower accuracy, higher
levels of anisotropy and higher surface roughness. This method with specific material is
marketed with relatively higher cost per part with respect to PBF of PA according to other
service providers used in this analysis other than SP1.

Anode Hangbar: Cost Analysis of Additive Manufacturing (AM) and Injection
Moulding (IM) [Additional Alternative]
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Graph 3. Breakeven cost analysis of Anode Hangbar illustrating an additional alternative.
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Another case scenario, in which tooling cost is omitted is presented in Graph 4. As tooling
incorporates a major amount of total cost per part which is amortized over the number of
produced parts, cost per part of IM starts from a reasonable value of 202 € and rapidly
drops well below the cost per part of AM. In this case, manufacturing up to 2 parts via
AM is still economical than IM according to the number of breakeven parts of 2 pieces
which is recorded for ME from SP1. In addition, 1 part can be manufactured economically
via SLS of PA from SP2 and SP3 as seen from the breakeven points illustrated in Graph
4.

5.1.1.2 Lead Times by means of Production Volume

A third dimension of the previously presented cost per part with respect to production
volume can be seen in the following graphs that is the lead time which is measured in
business days excluding weekends and public holidays. The lead times also include 2
business days for expedited international delivery since the selected AM service providers
operate globally from several locations. The behaviour of estimated lead times with re-
spect to production volume of 500 psc and 100 psc can be seen in Graph 5 and Graph 6
respectively. The green data points representing lead time of IM are used as a reference
for comparing the lead times of AM from listed service providers in Table 13. According
to the source, a lot size of 100 psc to 200 psc can be produced in 3 weeks’ time at the
latest with the ready-made mould and in 8 weeks’ time without the mould. Hence, a
benchmark of 15 business days is used since the mould already exists. A line of best fit,
trendline is drawn to estimate the lead time behaviour for each service provider according
to the acquired data. As it can be seen from the graphs, the lead times increase linearly
and polynomially.
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Graph 5. An overview of lead times of Anode Hangbar with respect to production volume.
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Anode Hangbar Small Series Production Lead Times
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Graph 6. A closer view of Anode Hangbar lead times by means of production volume.

The trendlines for each service provider are plotted in Graph 6 in order to evaluate the
breakeven points with respect to IM benchmark. As a result, a maximum production vol-
ume of approximately 51 psc can be manufactured through AM supplied by SP1 in 15
business days. Correspondingly, a minimum production volume of approximately 25 psc
can be manufactured via AM according to SP2 in 15 business days. Furthermore, the
highest breakeven point of 250 psc from Graph 3 would be manufactured in approxi-
mately 45 working days. The estimated lead times provided for the alternative method of
ME of PLA were equal to those that are presented for SLS of PA from SP1. It should be
noted that these lead times are estimations provided by the listed AM suppliers which
depend on several factors such as number of pending orders, number of operational ma-
chines and the part geometry and volume leading to the ability of the part to nest in the
build chamber. In addition, the presented lead times provided by SP2 are according to the
3D Systems UK capacity only and hence, these can be decreased when considering their
other global locations especially in Holland, Italy and France. Finally, according to the
discussions held with the listed service providers, it is fair to state that the level of expe-
dition of lead times is quite negotiable to an extent.
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5.1.2 Positioning Cone

Figure 11. Injection Moulded Positioning Cone containing a bounding box of 200mm x 115mm x
141mm.

Positioning Cone is a component of Anode Cathode Crane and Grab that is used for align-
ment purposes. It is manufactured through injection moulding and it is composed of Pol-
ypropylene. The component undergoes shock and variable loading and it doesn’t neces-
sarily cause downtime of the equipment in case it malfunctions. A CAD model of the
component can be seen in following Figure 11.

5.1.2.1 Cost per Part by means of Production Volume

In order to compliment the results of IM spare part of Anode Hangbar presented in Sec-
tion 5.1.1, another cost effectiveness and lead time analysis is conducted for Positioning
Cone. The behaviour of cost per part with respect to the production volume of this spare
part can be seen in the following graphs. In this case, the cost per part of IM starts just
above the 15000€ threshold contrary to the 20000€ presented in Graph 1, which is the
cost of the mould and it decreases with an exponential decay towards a steady state value
similarly to Graph 1. The cost per part including the parameters of IM presented in Table
1 is described in following Equation 4.

200€ + 3.4€(N) + 15000€
IM Cost per Part(N) =

N (4)

Where N is number of spare parts [No. ]

As seen in Graph 7, the behaviour of trends of the cost per part with respect to production
volume from each service provider is quite similar to that of Anode Hangbar shown in
Graph 2 however, the cost per part of this part is higher than the Anode Hangbar in all
cases. This increase is caused by a larger bounding box as well as 40% higher volume of
Positioning Cone. Similarly, in this case, SP3 supplies the highest number of breakeven
parts however, with a value of 78 psc for this analysis, confirming the most economical
manufacturing method and service provider whereas, SP4 markets the lowest breakeven
point of 38 pieces, yet still economical than IM. When considering the additional alterna-
tive AM method of ME of PLA from SP1, it is observed that it consists of the same
number of breakeven parts as that of PBF through SLS of PA with a value of 78 psc as
seen from the same Graph 7. Similarly, this alternative method is observed to be more
expensive than SLS of PA according to quotations of both methods from each service
provider except SP1.
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Positioning Cone: Cost Analysis of Additive Manufacturing (AM) and Injection
Moulding (IM)
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Graph 7. Breakeven cost analysis of Positioning Cone.
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Graph 8. Breakeven cost analysis of Positioning Cone excluding cost of tooling.

When omitting the cost of tooling, no breakeven points are observed according to Graph
8 nevertheless, the cost of 1 psc of SP3 is very close to that of the cost of 1 psc of IM with
a difference of approximately 1%.

5.1.2.2 Lead Times by means of Production Volume

A lead time analysis with similar parameters of those used in Section 5.1.1.2 is conducted
for this spare part as well. The behaviour of estimated lead times with respect to produc-
tion volume of 500 psc and 100 psc can be seen in Graph 9 and Graph 10 respectively.
According to the source, a lot size of 2 psc to 4 psc can be produced in 3 weeks times at
the latest with the mould and in 20 weeks without the mould. Hence, a similar benchmark
of 15 business days is used to that of Anode Hangbar due to existence of the mould. A
similar trend of that presented in Anode Hangbar can be seen from these graphs. The lead

times increase linearly and polynomially depending on the estimated data received from
each service provider.
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Graph 9. An overview of lead times of Positioning Cone with respect to production volume.
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Graph 10. A closer view of Positioning Cone lead times by means of production volume.

After plotting the trendlines calculated in Graph 9 to that of Graph 10, the range of break-
even points is observed. As a result, a maximum production volume of approximately 51
psc can be manufactured through AM supplied by SP1 in 15 business days. On the other
hand, a minimum production volume of approximately 20 psc can be manufactured via
AM according to SP2 in 15 business days. Furthermore, the highest breakeven point of
78 psc from Graph 7 would be manufactured in approximately 19 working days. The
estimated lead times provided for the alternative method of ME of PLA were equal to
those that are presented for SLS of PA from SP1. The same level of estimations presented
in Section 5.1.1.2 are used for this analysis as well and according to the discussions held
with the listed service providers, it is fair to state that the level of expedition of lead times
is quite negotiable to a fair extent.



42

5.1.3 Summary of Injection Moulding Parts

According to the above analyses, it can be deduced that AM can be beneficial in contrast
to IM for injection moulding components in terms of cost and lead time up to an extent.
The following Table 14 provides a summary of this extent.

Table 14. AM summary of benefits in contrast to IM.
AM Cost Effectiveness and Lead Time Summary

Anode Hangbar
Parts [psc]
Benefit Scenario Including IM Tooling Excluding IM Tooling
Cost Cost
Economical Up to 250 Upto2
Shorter Lead Time Upto51 Upto51
Economical and Shorter Lead Upto51 Upto2
Time
Positioning Cone
Parts [psc]
Benefit Scenario Including IM Tooling Excluding IM Tooling
Cost Cost
Economical Upto 78 0
Shorter Lead Time Upto51 Upto51
Economical and Shorter Lead Upto51 0
Time

5.2 Results of Subtractive Machining Parts

5.2.1 Turbine Blade Housing

As seen from Appendix 2, the DOP turbine consists of 5 main components that are blade,
top plate, bottom plate, shaft and flange with a composition of steel. The machining pro-
cess involves cutting, drilling and milling. The main joining method of these components
is welding. The turbine has a direct impact on downtime of the equipment, hence lead
times are of critical importance. Due to the fact that shaft is a simple round bar, it resem-
bles a typical base material that is readily available in the market at an economical cost.
The flange also consists of a basic geometry and requires the need of basic cutting, milling
and drilling. In case, the flange is manufactured via AM, it would still need to be sent to
a workshop for drilling purposes leading to increased lead times. The bottom and top
plates can be easily cut through sheets readily available in the market. On the other hand,
the blades of the turbine consist of relatively the most geometrically complex component
and are milled leading to excessive tooling and material removal. This enabled the oppor-
tunity to utilize the shape complexity features of design for AM. In addition, the top and
bottom plates can be manufactured in the same process as the blade leading to part con-
solidation and less assembly components. Since direct metal AM requires the need of
support structures which are eventually removed through machining, the feasibility of
this method is hindered. Subsequently, the functional environment of the component con-
sists of liquid immersion hence, the indirect metal AM is also omitted due to the level of
porosity accumulated in its parts. As a result of the aforementioned constraints and free-
doms, AM rapid tooling of sand mould is selected to assist casting in order to manufacture
the turbine blade housing consisting of top plate, bottom plate and the blade as seen in
Figure 12. The CAD model of the AM sand mould can be seen in Table 11.
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Figure 12. A render of Turbine Blade Housing with a size of 200 [mm] x 200 [mm] x 56 [mm].

5.2.1.1 Cost and Lead Time Analysis

The following graphs present the cost effectiveness and lead time analysis of this compo-
nent from Karlebo which represents ExOne and Hetitec which represents Voxeljet in the
Nordic region. ExOne and Voxeljet are the two main global key players when it comes
to AM of sand moulds. The current cost of subtractively manufacturing the Turbine Blade
Housing presented in Figure 12 and Appendix 2 including its associated lead time, are
also presented in the following analyses. The cost per part of the flange, the shaft and
their assembly onto Turbine Blade Housing is approximately thousand euros. Graph 11
presents the cost analysis and Graph 12 illustrates the lead time analysis. Both graphs
consist of labels which include the ISO/ASTM approved method, material and lead time
or cost per part depending on the graph for ease of evaluation. SP2 has provided three
quotations in which the cost per part of the sand mould increases which shorter lead times
as seen in Graph 11 or Graph 12. Comparatively, only one quotation was received from
SP1 which economically supersedes the one from SP2 with the same lead time. In order
to approximate the total cost of AM assisted casting and its associated lead time, a quo-
tation was received from a casting foundry leading to a value of 365€ with a lead time of
2 weeks. This value included a setup cost of 200€ which can be combined for producing
other components as well leading to multiple castings within the same setup cost.
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Graph 12. Turbine blade housing lead time analysis.

5.2.1.2 Summary
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According to the above analyses, it can be deduced that AM can be beneficial in contrast
to SM for this component in terms of cost and lead time up to an extent. The following
Table 15 provides a summary of this extent.
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Table 15. Turbine Blade Housing AM summary of benefits in contrast to Subtractive Manufacturing.

Turbine Blade Housing: AM Cost Effectiveness and Lead Time Summary
Benefit Validity I
D
Scenario [Yes/No] escription
Considering cost per part of AM rapid tooling of 250€
Economical Yes from SP 2 and cost per part of 365€ for casting totals
to approximately 615€ with a lead time of approxi-
mately 6 weeks.
Considering the lead time per part of 1 week for AM
Shorter Lead Yes rapid tooling from SP 2 and the lead time of 2 weeks
Time for casting totals to approximately 3 weeks with a
cost of approximately 865€.
. Considering cost per part of AM rapid tooling of 500€
Economical .
from SP 2 and cost per part of 365€ for casting totals
and Shorter Yes . . . .
. to approximately 865€ with a lead time of approxi-
Lead Time
mately 3 weeks.

5.2.2 Upper Shank

Figure 13. A CAD model of Upper Shank (Left) and its sand mould (Right) containing a bounding box of
455mm x 125mm x 77mm and 566.4mm x 316.1mm x 263.5mm, respectively.

As described in Appendix 2, Upper Shank is part of a lifter assembly and it involves
several machining processes such as flame cutting, milling, drilling, broaching and grind-
ing in order to be manufactured through stainless steel. A CAD of the model can be seen
in Figure 13. The component has a direct impact on the downtime of the lifter equipment
hence, its lead time is of dire importance. Due to the relatively long length of the part and
geometric features, its cost effectiveness and lead times are analysed for AM rapid tooling
to assist casting as well on top of the analysis for direct and indirect AM. Consequently,
the sand mould of the component is modelled and it’s presented in Table 11.

5.2.2.1 Cost and Lead Time Analysis

The following Graph 13 illustrates the cost per part of the component with respect to
indirect AM, direct AM and AM rapid tooling. The lead times of the part are also labelled
according to the material, method and service provider under consideration. The cost per
part of the current SM is also presented for comparison. As expected, the cost per part of
the direct and indirect AM are steeply high however, the lead times of these methods are
incredibly fast. In general, as the lead time decreases, the cost per part increases. In case
of direct AM through own printer, the cost per part is approximately 13700€ with a lead
time of less than one week. The geometrical dimensions of the component are too large
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for direct metal AM according to 4 service providers as shown in Graph 13. On the other
hand, the cost per part of AM rapid tooling of sand mould are quite reasonable. Three
quotations from SP 2 exhibit the similar phenomena where the cost per part of the sand
mould is increased with faster lead times. The cost of casting the component is approxi-
mated to couple of hundred euros with a lead time of approximately 2 weeks which has
been added to the presented values. In addition, the cost of finishing process such as drill-
ing or surface treatment of the part is approximated to hundred euros which has been also
added on top of the existing values.

Upper Shank Cost and Lead Time Analysis
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Graph 13. Cost and lead time analysis of Upper Shank.

5.2.2.2 Conclusion

According to the above analyses, it can be deduced that AM can be beneficial in contrast
to SM for this component in terms of cost and lead time up to an extent. The following
Table 16 provides a summary of this extent.
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Table 16. Upper Shank AM summary of benefits in contrast to Subtractive Manufacturing.
Upper Shank: AM Cost Effectiveness and Lead Time Summary

Benefit Validity

Descrioti
Scenario [Yes/No] escription

Considering cost per part of AM rapid tooling of 300€
from SP 7 and cost per part of couple of hundred euros
Yes for casting and finishing processes totals to approxi-
mately 700-800€ with a lead time of approximately 6-8
weeks.

The cost per part of direct metal AM and indirect metal
No AM exceeds those of the SM method currently under
operation.

Considering the lead time per part of less than 1 week
for direct AM and finishing processes with a cost of ap-
Shorter Lead Yes proximately 14000€.

Time Considering lead time per part of 1 week for AM rapid
tooling of sand mould and 2 weeks of casting and fin-
ishing totalling to approximately 3 weeks.

The lead time of economical AM assisted casting ex-
Economical ceeds that of the current subtractive manufacturing
and Shorter No method.

Lead Time The cost per part of shorter lead times exceeds that of
the current subtractive manufacturing method.

Economical

5.2.3 Chain Wheel

Figure 14. A CAD model of Chainwheel (Left) and its sand mould (Right) containing a bounding box of
345mm x 345mm x 20mm and 483.5mm x 541.8mm x 200.0mm, respectively.

As described in Appendix 2, Chainwheel represents a chain sprocket mechanism such as
lift transfer device or a conveyor system. The material of the component is stainless steel.
A CAD of'the part can be seen in Figure 14. The component experiences static as well as
shock loads and it has a direct impact on the downtime of the equipment in case it mal-
functions. Hence, lead time is of crucial importance. Due to the large size of the compo-
nent, AM rapid tooling is taken into consideration for manufacturing. The sand mould of
the part is shown in Figure 14. The cost of manufacturing this component via direct and/or
indirect AM would be in thousands of euros indeed, very expensive compared to the cur-
rent SM method.
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5.2.3.1 Cost and Lead Time Analysis

The following Graph 14 illustrates the costs, lead times and the ISO/ASTM approved AM
method in comparison to the current subtractive manufacturing method. Three quotations
of AM sand mould from SP 2 exhibit the similar phenomena where the cost per part of
the sand mould is increased with faster lead times. The cost of casting and finishing is
approximated to couple of hundred euros with a lead time of approximately 2 weeks.

Chain Wheel Cost and Lead Time Analysis
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Graph 14. Cost and Lead Time Analysis of Chainwheel.

5.2.3.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
17 provides a summary of this analysis.
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Table 17. Chainwheel AM summary of benefits in contrast to Subtractive Manufacturing.

Chainwheel: AM Cost Effectiveness and Lead Time Summary
Benefit Validity ..
Scenario [Yes/No] Description
Considering cost per part of AM rapid tooling of 250€
from SP 2 and cost per part of couple of hundred euros
Economical No for casting and finishing processes totals to approxi-
mately 550-750€ with a lead time of approximately 6-8
weeks.
Considering the lead time per part of 1 week for AM
Shorter Lead Yes rapid tooling from SP 2 and the lead time of 2 weeks for
Time casting and finishing processes totals to approximately
3 weeks with a cost of approximately 800-900€.
Economical The cost per part of shorter lead times exceeds that of
and Shorter No
. the current SM method.
Lead Time

5.2.4 Cutting Blade

Figure 15. A CAD model of Cutting Blade containing a bounding box of 183mm x 183mm x 16mm.

Cutting blade is a component of lug strip cutting machine as described in Appendix 2. Its
purpose is to cut sheets of metal. A CAD model of the component can be seen in Figure
15. The manufacturing method of the component involves cutting, facing, grinding and
surface hardening. The component undergoes variable and shock loads and it has a direct
impact on the downtime of the equipment in case it is damaged. Hence, shorter lead time
is of critical importance. The component is analysed for indirect AM, direct AM and AM
rapid tooling.

5.2.4.1 Cost and Lead Time Analysis

The following Graph 15 presents the costs per part of the Cutting Blade with respect to
each service provider and with respect to the category of AM in terms of direct, indirect
and rapid tooling. The bars of the graph are also labelled with the type of AM method,
material as well as the exact value of the cost per part. The current cost per part of SM is
also presented in contrast. Likewise, Graph 16 illustrates the lead times associated with
each of the cost per part presented in the Graph 15 according to the service provider and
the AM method.

According to the results of the analyses, the lead time can be decreased up to 1 week
which is approximately 75% faster in case of additively manufacturing the part with own
printer at the cost per part of approximately twice as much compared to the current SM
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process. When considering the service provider for direct metal AM, the lead time can be
approximately 65% faster according to SP4 at the cost per part of approximately 4 times
as much as the current SM process. In case of indirect metal AM, the lead time can be
approximately 40% faster according to SP1 at the cost per part of approximately 22%
higher than that of the current SM process. The cost per part of AM rapid tooling of
investment casting patterns is quite lower than that of the current SM process, however,
when the cost of casting is added on top of these values, it exceeds the cost per part of the
current subtractive manufacturing.

Cutting Blade Cost Analysis
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Graph 15. Cost analysis of Cutting Blade.

Cutting Blade Lead Time Analysis

CM: Stainless
Steel KW80

1 — . ¥ /2.5 0% 1000
Castable Plastic + Casting

SP 3 555z, B Steel wiith Bronze Infiltrate

Company | —

P2 I PBF: SLM 316L Stainless Steel
SP 2 I EEEEEEEEE=——————————m vatP: SLA Castable Plastic + Casting

SP 1 | muuumuummuuuuuumuummmmmmmnGmm———m————RR Bl 60% stainless Steel with 40 % Bronze Infiltrate

Service Provider

SP4 I PBF: DMILS Stainless Steel 316L Media Blasting Finish
Own Printer NI PBF: SLM Maraging Steel 1.2709
SP5 Part too large for direct metal AM

0 05 1 15 2 25 3 35 4 45

Lead Time [Weeks]

Graph 16. Lead analysis of Cutting Blade.

5.2.4.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
18 provides a summary of this extent.
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Table 18. Cutting Blade AM summary of benefits in contrast to Subtractive Manufacturing.
Cutting Blade: AM Cost Effectiveness and Lead Time Summary

Benefit Validity Description

Scenario [Yes/No]
Considering cost per part of AM rapid tooling of 165€
from SP2 and cost per part of couple of hundred euros

Economical No for casting and finishing processes totals to approxi-
mately 565-665€ with a lead time of approximately 3-4
weeks.

Considering the lead time per part of 1 week for direct

metal AM in case of own printer, the lead time per part
Shorter Lead P perp

Time Yes of 1.4 week for direct metal AM from SP4 and the lead
time per part of 2.4 weeks for indirect metal AM from
SP1.

Economical

! The cost per part of shorter lead times exceeds that of
and Shorter No
. the current SM method.
Lead Time

5.2.5 Guide Frame

Figure 16. A CAD model of Guide Frame containing a bounding box of 210mm x 100mm x 40mm.

As described in Appendix 2, Guide Frame is component of Bale assembly. Its purpose is
to support a moving polymer shaft. The component is manufactured out of stainless steel
and the process involves flame cutting, milling and drilling. Since it doesn’t affect the
downtime of the equipment, the lead time is not as crucial. The part experiences mild
static loading hence, it may be produced with a polymer. In addition, due to its reasonable
size of geometric dimensions, the component is analysed for direct AM, indirect AM and
AM rapid tooling. A CAD model of the component is shown in Figure 16.

5.2.5.1 Cost and Lead Time Analysis

The following Graph 17 presents the costs per part of the Guide Frame with respect to
each service provider and with respect to the category of AM in terms of direct, indirect
and rapid tooling. The bars of the graph are also labelled with the type of AM method,
material as well as the exact value of the cost per part. The current cost per part of SM is
also presented in contrast. Likewise, Graph 18 illustrates the lead times associated with
each of the cost per part presented in the Graph 17 according to the service provider and
the AM method.

According to the results presented in the graphs, it can be deduced that if the part is made
from PA polymer directly via AM, it can be up to 63% cheaper than the current price of
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SM at a 65% faster lead time. In addition, the cost per part of direct metal AM is very
high at the benefit of shortest lead time of approximately one week if manufactured by
own printer. It is also observed that the geometric elements of the part do not fulfil the
AM manufacturing criteria according to some service providers for certain AM methods.
AM assisted casting represents the costs per part of the investment casting pattern and
casting. The cost of casting and finishing is approximated to couple of hundred euros with
a lead time of approximately 2 weeks.

Guide Frame Cost Analysis
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Graph 17. Cost analysis of Guide Frame.
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Graph 18. Lead time analysis of Guide Frame.

5.2.5.2 Conclusion

According to the above analyses, it can be deduced that AM can be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
19 provides a summary of this analysis.
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Table 19. Guide Frame AM summary of benefits in contrast to Subtractive Manufacturing.
Guide Frame: AM Cost Effectiveness and Lead Time Summary

Benefit Validity Descrition
Scenario [Yes/No] P
Considering the cost per part of 100.00€ for direct poly-
Yes mer AM from SP3 with a lead time of approximately 1.4
weeks.
Economical Considering the cost per part of AM rapid tooling of in-

vestment casting pattern of 177.00€ and cost per part of
No casting and finishing of couple of hundred euros totals to
approximately 477-577€ with approximately 3.4 weeks.
In addition, the cost per part of metal AM is very high.
Considering the lead time per part of 1 week for direct
metal AM in case of own printer, the lead time per part

ftra]:(;t'(l?irme Yes of 1.4 week for direct polymer AM from SP3 and the lead
time per part of 3.6 weeks for indirect metal AM from
SP3.

Economical Considering the cost per part of 100.00€ for direct poly-

and Shorter Yes mer AM from SP3 with a lead time of approximately 1.4

Lead Time weeks.

5.2.6 Roll Support

Figure 17. A CAD model of Roll Support containing a bounding box of 420mm x 110mm x 40mm.

As explained in Appendix 2, Roll Support is a component of Anode Holder and it’s made
of stainless steel. Its current manufacturing methods involve flame cutting, welding, drill-
ing and milling. A CAD model of the component can be seen in Figure 17. The compo-
nent does impact downtime however, it can be repaired on site through welding in few
days depending on the severity of damage. In addition, being a roll support, it does expe-
rience shock loading. Even though the component has a relatively long geometric length,
the component is analysed for manufacturing through direct AM and indirect AM in ad-
dition to AM rapid tooling to produce a metallic part.

5.2.6.1 Cost and Lead Time Analysis

Graph 19 and Graph 20 present the cost analysis and lead time analysis of Roll Support,
respectively. As expected, the geometric length of the part is too large for direct metal
AM as per four service providers however, the cost per part is calculated for this method
via own printer leading to shortest possible lead time of one week with the highest cost
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per part compared to other methods. The indirect metal AM from SP1 and SP3 also pro-
vides faster lead times at the cost of expensive parts. In addition, it is observed that the
investment casting patterns for AM assisted casting cost more than the cost per part of
the current SM method.

Roll Support Cost Analysis
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Graph 19. Cost analysis of Roll Support.
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Graph 20. Lead time analysis of Roll Support.

5.2.6.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
20 provides a summary of this analysis.
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Table 20. Roll Support AM summary of benefits in contrast to Subtractive Manufacturing.
Roll Support: AM Cost Effectiveness and Lead Time Summary

Benefit Validity

. D H .
Scenario [Yes/No] escription

The cost per part of direct AM, indirect AM and AM
Economical No rapid tooling exceeds those of the SM method cur-
rently under operation.

Considering the lead time per part of 1 week of direct
metal AM in case of own printer and the lead time
per part of 2.4 week for indirect metal AM from SP1.
Yes Considering the lead time per part of AM rapid tool-

Shorter Lead

Time ing of 1.4 weeks from SP2 and lead time of 2 weeks
for casting and finishing processes totals to approxi-
mately 3.4 weeks.

Economical The cost per part of direct AM, indirect AM and AM

and Shorter No rapid tooling exceeds those of the SM method cur-

Lead Time rently under operation.

5.2.7 Sliding Bush

Figure 18. A CAD model of Sliding Bush containing a bounding box of 70mm x 70mm x 100mm.

As described in Appendix 2, the Sliding Bush is a component of the Bale assembly. It is
composed of either brass or bronze. Its manufacturing methods involve casting and mill-
ing. A CAD model of the component can be seen in Figure 18. It experiences variable
loading with relatively low stresses and it doesn’t impact downtime of the equipment.
Hence, an engineering approach is considered by analysing the direct polymer AM in
addition to the direct and indirect metal AM.

5.2.7.1 Cost and Lead Time Analysis

Graph 21 and Graph 22 represent the cost analysis and lead time analysis of Sliding Bush,
respectively. The cost analysis describes the cost per part from the listed service providers
with respect to direct AM, indirect AM and SM. The data is also labelled by means of
ISO/ASTM standardised AM method, its variant, material and the value of the cost per
part. Lead time analysis is presented from highest to lowest. As seen from Graph 22, all
AM lead times are faster than the SM lead time. According to the results of Graph 21, the
cost per part of direct AM via PBF of SLS using PA from SP3 can be up to approximately
37% cheaper than that of the current SM with a 35% faster lead time. The cost of metal
AM remains high at the benefit of shorter lead times. The shortest lead time of 1 week
can be achieved when considering manufacturing by own printer at the expense of ap-
proximately 10 times higher cost per part compared to the current SM method.
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Sliding Bush Cost Analysis
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Graph 21. Cost analysis of Sliding Bush.
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Graph 22. Lead time analysis of Sliding Bush.

5.2.7.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
21 provides a summary of this analysis.
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Table 21. Guide Frame AM summary of benefits in contrast to Subtractive Manufacturing.
Guide Frame: AM Cost Effectiveness and Lead Time Summary

Benefit Validity Description
Scenario [Yes/No]
Considering the cost per part of 67.58 € for direct poly-
Yes mer AM from SP3 with a lead time of approximately 2.6
Economical weeks.
Considering the cost per part of direct and indirect metal
No AM of 1013.16 € via own printer and 649.48 € via SP3

with a lead time of 1 week and 3.6 weeks, respectively.
Considering the lead time per part of 1 week of direct
metal AM in case of own printer, the lead time per part

Shorter Lead

Time Yes of 2.4 weeks of indirect metal AM from SP1 and the lead
time per part of 1.4 weeks of direct polymer AM from
SP1/SP2/SP4.

Economical Considering the cost per part of 67.58 € for direct poly-

and Shorter Yes mer AM from SP3 with a lead time of approximately 2.6

Lead Time weeks.

5.2.8 Rail Fastener

Figure 19. A CAD model of Rail Fastener (Left) and its sand mould (Right) containing a bounding box of
100mm x 60mm x 20mm and 160.0mm x 117.0mm x 200.0mm, respectively.

As explained in Appendix 2, Rail Fastener is part of an Anode Storage Beam. The part
consists of iron and its manufacturing processes involve flame cutting, milling and drill-
ing. A CAD model of the component can be seen in Figure 19. It undergoes static loading
and it doesn’t affect downtown of the equipment. In order to compete with the current
SM method, this component is analysed with respect to direct AM, indirect AM and AM
rapid tooling. In case of direct AM, metal and polymer are considered. However, due to
the high levels of stresses involved in loading and boundary conditions of this part, only
metal is recommended. An isometric view of the CAD model of the sand mould of this
component can be seen in Figure 19.

5.2.8.1 Cost and Lead Time Analysis

The following Graph 23 and Graph 24 represent the cost analysis and lead time analysis
of Rail Fastener, respectively. The data is labelled by means of ISO/ASTM standardised
AM method, its variant, material and the value of the cost per part. The cost per part for
each category of AM is presented from lowest to highest and the lead time analysis is
presented from lowest to highest. As seen from the cost and lead time analysis, the cost
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per part of direct and indirect metal AM is quite high in contrast to the current SM method
at the benefit of faster lead times. In addition, when considering the cost of casting and
finishing processes over the cost of AM rapid tooling, the cost per part grows beyond that
of SM however, at the benefit of shorter lead time. In case, the component is to be made
of polymer, the cost per part can be decreased up to approximately 79% that of the SM
of metal with approximately 50% faster lead time.
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Graph 23. Cost analysis of Rail Fastener.

Rail Fastener Lead Time Analysis
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Graph 24. Lead time analysis of Rail Fastener.

5.2.8.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
22 provides a summary of this extent.
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Table 22. Rail Fastener AM summary of benefits in contrast to Subtractive Manufacturing.
Rail Fastener: AM Cost Effectiveness and Lead Time Summary

Benefit Validity Description
Scenario [Yes/No]
Considering the cost per part of 20.10 € for direct poly-
Yes mer AM from SP3 with a lead time of approximately 2.6
weeks.
. Considering the cost per part of direct and indirect metal
Economical

AM of 459.25 € via own printer and 245.88 € via SP3

No with a lead time of 1 week and 3.4 weeks, respectively.
In addition, the cost per part of AM rapid tooling ex-
ceeds that of SM process.

Considering the lead time per part of 1 week of direct
metal AM in case of own printer, the lead time per part
of 2.8 weeks of indirect metal AM from SP1 and the lead
time per part of 1.4 weeks of direct polymer AM from
Yes SP1/SP2/SP4.

Shorter Lead

Time In addition, considering the lead time of 1 week for AM
rapid tooling of sand mould and the lead time of 2
weeks for casting and finishing processes totals to ap-
proximately 3 weeks.

Economical Considering the cost per part of 20.10 € for direct poly-

and Shorter Yes mer AM from SP3 with a lead time of approximately 2.6

Lead Time weeks.

5.2.9 Fork Bar

Figure 20. A CAD model of Fork Bar containing a bounding box of 50mm x 50mm x 325mm.

As described in Appendix 2, Fork Bar is a component of aligning comb assembly. Fork
Bar consists of three parts that are hollow section, steel plate and a square bar which are
composed of stainless steel. Its manufacturing processes involve flame cutting, cutting,
milling, facing, drilling, and welding. A CAD model of the component can be seen in
Figure 20. It doesn’t affect the downtime of the equipment and it’s loaded under variable

loading. The current SM of the component is analysed against direct and indirect metal
AM.

5.2.9.1 Cost and Lead Time Analysis

The following Graph 25 and Graph 26 represent the cost analysis and lead time analysis
of Fork Bar, respectively. The data is labelled by means of ISO/ASTM standardised AM
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method, its variant and material. The value of the cost per part is also identified in case
of the cost analysis. The cost per part for each category of AM is presented from lowest
to highest and the lead time is also presented from lowest to highest in the lead time
analysis. As seen from the cost and lead time analysis, the cost per part of direct and
indirect metal AM is quite high in contrast to the current SM method at the benefit of
faster lead times. In addition, the geometrical length of the part is too long to be manu-
factured via direct metal AM according to 4 service providers.

Fork Bar Cost Analysis
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Graph 25. Cost analysis of Fork Bar.
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Graph 26. Lead time analysis of Fork Bar.

5.2.9.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table
23 provides a summary of this extent.
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Table 23. Fork Bar AM summary of benefits in contrast to Subtractive Manufacturing.

Fork Bar: AM Cost Effectiveness and Lead Time Summary
Benefit Validity Description
Scenario [Yes/No]
The cost per part of direct AM and indirect metal AM
Economical No exceeds those of the SM method currently under op-
eration.
Considering the lead time per part of 1 week of di-
Shorter Lead Yes rect metal AM in case of own printer and the lead
Time time per part of 2.8 week for indirect metal AM from
SP1.
Economical The cost per part of direct AM and indirect AM ex-
and Shorter No ceeds those of the SM method currently under oper-
Lead Time ation.

5.2.10 Stopper Flange Assembly

Figure 21. A CAD model of Stopper Flange Assembly containing a bounding box of 236mm x
236mm x 9Smm.

Stopper Flange Assembly is part of an Anti-Sway Frame Assembly as described in Ap-
pendix 2. The Stopper Flange Assembly consists of three main components including
stopper flange, flange and the sliding ring. The stopper flange and the flange are com-
posed of stainless steel whereas, the sliding rind is made up of Polyethylene polymer. The
manufacturing methods of this component include cutting, milling and drilling. A CAD
model of the component can be seen in Figure 21. The downtime of the equipment is not
affected by this component. Since the part experiences variable and shock loading of low
stress intensity, the part is analysed considering direct polymer AM.

5.2.10.1 Cost and Lead Time Analysis

The following Graph 27 and Graph 28 represent the cost analysis and lead time analysis
of Stopper Flange Assembly, respectively. The data is labelled by means of ISO/ASTM
standardised AM method, its variant and material. The value of the cost per part is also
identified in case of the cost analysis. The cost per part for AM is presented from lowest
to highest and compared to that of the SM. The lead time is also presented from lowest to
highest. As a result of this analyses, it can be deduced that direct AM of PBF via SLS of
PA can be up to approximately 25% economical from SP3 than the current SM methods.
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Stopper Flange Assembly Cost Analysis
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Graph 27. Cost analysis of Stopper Flange Assembly.
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Graph 28. Lead time analysis of Stopper Flange Assembly.
5.2.10.2 Conclusion

According to the above analyses, it can be deduced that AM may be beneficial in contrast
to SM for this component in terms of cost and lead time to an extent. The following Table

24 provides a summary of this extent.
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Table 24. Stopper Flange Assembly AM summary of benefits in contrast to Subtractive Manufactur-
ing.

Stopper Flange Assembly: AM Cost Effectiveness and Lead Time Summary
Benefit Validity Description
Scenario [Yes/No]
Considering the cost per part of 340.06 € of direct
Economical Yes polymer AM of PBF via SLS of PA with a lead time of
approximately 2.6 weeks.
Shorter Lead Yes Considering the lead time per part of 1.4 weeks of
Time direct polymer AM from SP1/SP2/SP4.
Economical and Considering the cost per part of 340.06 € of direct
Shorter Lead Yes polymer AM of PBF via SLS of PA with a lead time of
Time approximately 2.6 weeks.

5.2.11 Adjustable Mounting Plate

Figure 22. A CAD model of Adjustable Mounting Plate (Left) and its sand mould (Right) containing a
bounding box of 476mm x 424mm x 103mm and 576.0mm x 683.0mm x 278.0mm, respectively.

Adjustable Mounting Plate is a component of a lifting device as explained in Appendix
2. It consists of two parts that are adjustable mounting plate and a relatively smaller part
called plate. Both parts of Adjustable Mounting Plate are composed of stainless steel. Its
manufacturing methods include flame cutting, milling, facing and welding. A CAD model
of the component can be seen in Figure 22. The component is subjected to variable load-
ing and it has a direct impact on the downtime of the equipment in case it is damaged.
Due to a large geometrical size of the component, it is analysed for AM rapid tooling. An
isometric view of the modelled sand mould for this component can be seen in Figure 22.

5.2.11.1 Cost and Lead Time Analysis

The following Graph 29 presents the cost and lead time analysis of Adjustable Mounting
Plate. The data is labelled by means of ISO/ASTM standardised AM method, material,
lead time and the value of cost per part. Three quotations were received from SP 2 in
which the cost per part of AM sand mould increases as the lead time decreases. The cost
of casting per part is approximated to couple of hundred euros with a lead time of approx-
imately 2 weeks.
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5.2.11.2 Conclusion
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Graph 29. Cost and lead time analysis of Adjustable Mounting Plate.

According to the above analyses, it can be deduced that AM can be beneficial in contrast
to SM for this component in terms of cost and lead time up to an extent. The following
Table 25 provides a summary of this extent.

Table 25. Adjustable Mounting Plate AM summary of benefits in contrast to Subtractive Manufac-

turing.

Adjustable Mounting Plate: AM Cost Effectiveness and Lead Time Summary

Lead Time

Benefit Validity Description
Scenario [Yes/No]
Considering cost per part of AM rapid tooling of 400€
Economical No from SP 2 and cost per part of couple of hundred euros
for casting and finishing totals to approximately 800-
900€ with a lead time of approximately 6 weeks.
Considering the lead time per part of 1 week for AM
Shorter Lead Yes rapid tooling from SP 2 and the lead time of 2 weeks
Time for casting totals to approximately 3 weeks with a cost
of approximately 1150-1250€.
Eﬁznsohrzlrizlr No The cost per part with shorter lead time exceeds that

of the cost per part of the SM process.
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5.2.12 Bush

Figure 23. A CAD model of Stopper Flange Assembly containing a bounding box of 90mm x 90mm
X 25mm.

Bush is a component of a Transfer Device as explained in Appendix 2. The material of
the component is stainless steel and its manufacturing methods include cutting, milling
and drilling. A CAD model of the component can be seen in Figure 23. The component
experiences static loading and it directly effects the downtime of the equipment in case it
is malfunctioning. The component is analysed for direct AM and indirect AM of metals
and polymers due to the compatibility of its geometrical size.

5.2.12.1 Cost and Lead Time Analysis

The following Graphs 30 and 31 illustrate the cost analysis and lead time analysis of the
Bush, respectively. The data is labelled by means of ISO/ASTM standardised AM
method, its variant and material. The value of the cost per part is also identified in case
of the cost analysis. The cost per part for each category of AM is presented from lowest
to highest and the lead time is also presented from lowest to highest. As observed from
these analyses and the previous analyses, the cost per part of direct and indirect metal AM
remains relatively quite high at the benefit of achieving shorter lead times. The direct
polymer AM of ME via FDM of PLA offers approximately 69% economical cost per part
at a 65% faster lead time from SP1 in contrast to SM method. In addition, direct polymer
AM of PBF via SLS of PA can be up to approximately 67% cheaper with a 65% faster
lead time from SP1 in comparison to the current SM method.
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Graph 30. Cost analysis of Bush.
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Bush Lead Time Analysis
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and EN 10029

SP 3 ——— B) Steel with Bronze Infiltrate

SP 2 E—T—————————————————————————————————————— ] DB SLM 3161 Stainless Steel

SP 4

SP 4 I PBF: DMILS Stainless Steel 3161 Media Blasting Finish
SP 3 I PBF: SLS PA

SP1 I B 60 % Stainless Steel with 40 % Bronze Infiltrate

SP5 I PBF: SLS Nylon 12 PA

Service Provider

PBF: SLS Nylon 12 PA

SP 2 I PBF: SLS Duraform PA

SP1 I PBF: SLS PA

SP1 I ME: FDM PLA

Own Printer I—

0

5.2.12.2 Conclusion

0.5

1

PBF: SLM Maraging Steel 1.2709

1.5 2 25 3 3.5 4 4.5
Lead Time [Weeks]

Graph 31. Lead time analysis of Bush.

According to the above analyses, it can be deduced that AM can be beneficial in contrast
to SM for this component in terms of cost and lead time up to an extent. The following
Table 26 provides a summary of this extent.

Table 26. Bush AM summary of benefits in contrast to Subtractive Manufacturing.

Bush: AM Cost Effectiveness and Lead Time Summary

Benefit Validity Description
Scenario [Yes/No]
Considering the cost per part of 15.10 € for direct AM
Yes via ME of PLA and 15.78 € for direct AM of PBF via SLS of
PA from SP1 with a lead time of approximately 1.4
Economical weeks.
Considering the cost per part of direct metal AM of
No 216.89 € via own printer and indirect metal AM of
118.21 € via SP1 with a lead time of 1 week and 2.4
weeks, respectively.
Considering the lead time per part of 1 week of direct
metal AM in case of own printer, the lead time per part
_?_ihn:);ter Lead Yes of 2.4 weeks of indirect metal AM from SP1 and the lead
time per part of 1.4 weeks of direct polymer AM from
SP4 and/or SP2 and/or SP1.
Economical Considering the cost per part of 15.10 € and 17.26 € for
and Shorter Yes direct polymer AM from SP1 and SP3 with a lead time of
Lead Time approximately 1.4 weeks and 2.6 weeks, respectively.
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5.2.13 Brake Flange

Figure 24. A CAD model of Brake Flange (Left) and its sand mould (Right) containing a bounding box of
1580mm x 1580mm x 35mm and 1630.0mm x 1630.0mm x 210.0mm, respectively.

Brake flange is a component of Casting Table as explained in Appendix 2. The material
of the component is either stainless steel or cast iron. Its manufacturing methods involve
flame cutting, milling and drilling. The component contains variable loading and it has a
direct impact on downtime of the equipment in case it is damaged. It possesses the largest
geometrical dimension of the selected parts for further analysis with a diameter of 1.58
meters. A CAD model of the component can be seen in Figure 24. Due to the aforemen-
tioned reason, it is analysed against AM rapid tooling to assist casting of the component.
Since the geometrical size of the component is still large for additively manufacturing the
sand mould, the part and its corresponding mould are split into 5 partitions. The parti-
tioned moulds can be manufactured via existing technology and these can be eventually
joined together via adhesion to form a complete mould of the part. A CAD model of the
partitioned sand mould of the component can also be seen in Figure 24.

5.2.13.1 Cost and Lead Time Analysis

The following Graph 32 presents an approximation of the cost per part of AM rapid tool-
ing of sand mould with respect to the current SM method. The data is labelled by means
of ISO/ASTM standardised AM method, material, cost per part and the corresponding
lead time. As observed from the graph, the cost per part of the AM sand mould increases
as the lead time is shortened. Overall, the cost per part of the sand mould exceeds that of
the cost per part of the current SM method even before the cost of casting and finishing
processes is applied to it.
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Brake Flange Cost and Lead Time Analysis
9000.00 €
BJ: Sand Mould + Casting; Lead

time: 3 weeks; 7 750.00 €
8000.00 €

7000.00 € BJ: Sand Mould + Casting; Lead

: time: 4 weeks; 6 250.00 €
I3
= 6000.00¢ BJ: Sand Mould +
L ing; ime:
= scaS“”kg'_ :e;:;'(’;; SM: $355J2G3/
= 5000.00 € WETKS» ' VALU GGG 70 DIN
Q. 1693; Lead time: 4
E 4000.00€ weeks; 3 755.00 €
o
-
wv
O 3000.00€
(&)

2000.00€

1000.00€

Pending
0.00€

SP1 SP2 SP2

Company

AM Rapid Tooling + Casting Subtractive
Manufacturing
Service Provider

Graph 32. Cost and lead time analysis of Brake Flange.

5.2.13.2 Conclusion

According to the above analyses, it can be deduced that AM can be beneficial in contrast
to SM for this component in terms of cost and lead time up to an extent. The following
Table 27 provides a summary of this extent.

Table 27. Brake Flange AM summary of benefits in contrast to Subtractive Manufacturing.

Brake Flange: AM Cost Effectiveness and Lead Time Summary
Benefit Validity ..
Scenario [Yes/No] Description
. The cost of AM rapid tooling of sand mould exceeds
Economical No
that of the current SM process.
Considering the lead time per part of 1 week for AM
rapid tooling from SP 2 and the lead time of 2 weeks
Shorter Lead . S .
. Yes for casting and finishing processes totals to approxi-
Time . .
mately 3 weeks with a cost of approximately 7500-
8000 €.
E ical
conomica The cost per part with shorter lead time exceeds that
and Shorter No
. of the cost per part of the SM process.
Lead Time
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5.2.14 Summary of Subtractive Manufacturing Parts

According to the above 13 analyses, it can be deduced that AM can be beneficial in con-
trast to subtractive manufacturing of components in terms of cost and lead time on a case
by case scenario. The following Table 28 provides a summary of the conducted analyses.

Table 28. AM summary of benefits in contrast to subtractive manufacturing parts.

AM Cost Effectiveness and Lead Time Summary

Benefit
Scenario

Validity
[Yes/No]

Description

Economical

Yes

All 5 components, that were considered for direct
polymer AM proved to be economical in all cases.
Approximately 22% (2/9) of all components that
were considered for AM rapid tooling for casting
proved to be economical.

No

All 8 components that were considered for indi-
rect and direct metal AM proved to be expensive
to manufacture in all cases.

Indirect metal AM was cheaper to manufacture
than direct metal AM in all cases.

Shorter Lead
Time

Yes

Indirect AM, direct AM and AM rapid tooling
proved to be faster to manufacture for all of their
respective components.

Economical and
Shorter Lead
Time

Yes

Approximately 46% (6/13) of components proved
to be economical to manufacture at faster lead
time through AM.




70

6 Performance

This chapter of the study investigates the effect of shape optimization and topology opti-
mization on cost, lead time and performance of the selected components. Shape optimi-
zation is performed on Chainwheel and topology optimization is performed on Upper
Shank. Both optimization involve static analysis for maximizing Von Mises stress up to
a selected factor of safety according to the loading and boundary conditions. Displace-
ment or deformation of the components is also taken into consideration to fulfil a mini-
mum safety criterion.

6.1 Shape Optimization: Chain Wheel
6.1.1 Objective

The objective of this computer aided engineering through finite element method simula-
tions and possible optimizations is to reduce the weight of a Chainwheel also referred to
as a driving sprocket in order to enhance its manufacturability for additive manufacturing.
The sprocket was modelled using Creo Parametric M050 according to the provided CAD
drawing and CAE analysis was performed on Creo Simulate. The loads projected on the
sprocket were calculated according to the literature review and the given information. The
stress concentrations of the sprocket were analysed and an optimization approach was
taken into consideration with respect to the factor of safety.



71

6.1.2 Load Calculations

The loads projected on the sprocket were calculated according to the hydraulic motor and
planetary gears which were used to power the sprocket.

Figure 25. Hydraulic Motor: M+S Hydraulics B/MR250C.

Figure 26. Planetary Gear: Brevini ED — 2090-FE-25-00.

\ 4

Figure 27. A CAD model of the Chainwheel/Sprocket.



6.1.2.1 Specifications
Motor Specifications (M+S Hydraulics Plc., 2015):

Motor Displacement per rotation, V,.: 250.1 X 1076 [m3/rev]
Max. Change in Pressure, Ap,,q,: 175 bar
Max. Torque, Tppq,: 540 Nm

V
T = Ap <§) Nhm

Where T is torque [Nm]
Ap is pressure [Pa]
3
V. is motor displacement per rotation [%]
Nnm 18 motor mechanical efficiency [%]
Thax X 2

s
=0.775=77.5%

Given Pressure drop: Ap = 130 bar = 13 MPa =13 X 10° Pa

250.1x 107°

Trotor = 13 X 106 ( -

>0.775 =401.03 Nm

Gear Specifications (Brevini UK Ltd., 2017; Martikka, et al., 1985):

Gear ratio, i,y = 24.48 .
. sprockets
beff =~

Tmotor

Tsprockets = ieff X Tmotor =9817.21 Nm

Tsprockets 9817.21
T, = = = 4908.61 N
sprocket ™ No. of Sprockets 2 m
Tsp‘rockgt 490861
Frotar = = = 30335.64 N
Total = g . 161.81x 1073
Where Tsprockets is the torque applied on sprockets [Nm]

Tsprocket 18 the torque applied on one sprocket [Nm]
Frota 18 the total amount of force [N]
Rpitcn 1s the sprocket pitch radius [m]

Frotar _ 30335.64

= = 6741.25N
ZXq 5x%x0.9

FTeeth =

Where Firoove 18 the force on sprocket teeth [N]
Z is the number of teeth [Number]
q is the loading factor [-]
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(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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Figure 28. Chain roller and sprocket schematic. (Joh. Winklhofer Beteiligungs GmbH & Co. KG,

2016)
Where p is pitch of the chain [mm]
d; is roller maximum diameter [mm]
d is the sprocket pitch radius [mm]
dris root sprocket diameter [mm]
da is top sprocket diameter [mm]
r1 is tooth radius [mm)]
7 is angle of tooth [deg.]
x is roller contact angle [deg.]
12 is profile radius of the tooth [mm]
k is the tooth height above pitch polygon [mm]
z is the number of teeth [Number]

Xtotal = 124°

—_ J— o
Xdirectional = 2 =62

5.055
Xeffective = Xdirectional — Tan™* <m) = 62°—18.61° = 43.39°

Where Yrwotal 18 the total roller contact angle [°]
Ydirectional 18 the directional roller contact angle [°]
Yeftective 1S the effective roller contact angle [°]

(13)

(14)

(15)
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6.1.3 Mode of Failure
6.1.3.1 Factor of Safety

According to Jelaska (2012), from manufacturers and user experiences the factor of
safety of a gear, sprocket in this case ranges from 1.2 to 1.5.

O' .
yield _ 12t015

O-applied (16)

Factor of safety: FOS =

Where: Oyiela LS the yield stress of the material
Oapplica LS the applied stress of the material

6.1.3.2 Deformation

For this study, the maximum allowable deformation is taken as 1 mm according to the
chain sprocket mechanism.

Deformationallowable =1 [mm] (17)
6.1.4 Materials
6.1.4.1 Sprocket

The sprocket was assigned Structural steel properties as following:

Table 29. Material Properties of Sprocket.

Hot- rolled Structural Steel $235J2 EN 10025
Density 7850 [Kg/mA3]
Young’s Modulus 206000 [MPal
Poisson’s Ratio 0.3
Coefficient of Thermal Expansion | 1.5 x 1075 [/K]
Tensile Yield Stress 235 [MPa]
Tensile Ultimate Stress 360 [MPa|
Specific Heat Capacity 440 [J/kgK]
Thermal Conductivity 38 [W/mKk]

6.1.4.2 Weld Filler

The weld filler was assigned properties with an addition of 150 MPa to the yield stress
and 80 MPa to the Tensile Ultimate Stress in order to convey its dominance with respect
to the base material.
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6.1.4.3 Shaft

The shaft was assigned structural steel properties as following:

Table 30. Material Properties of Shaft.

Hot- rolled Structural Steel S355J2 EN 10025
Density 7850 [Kg/m~3]
Young’s Modulus 200000 [MPa]
Poisson’s Ratio 0.32
Coefficient of Thermal Expansion | 1.2 x 1075 [/K]
Tensile Yield Stress 345 [MPal]
Tensile Ultimate Stress 482.549 [MPa]
Specific Heat Capacity 500 [J/kgK]
Thermal Conductivity 30 [W/mK]

6.1.5 Static Analysis

A static analysis was performed on Creo Simulate using the loads and their projection
calculated above. The sprocket was constrained with a fillet weld onto a fixed shaft and
the corresponding loads were applied to the sprocket teeth. The details of loading and
boundary conditions, contact interfaces, mesh size and results are presented in this anal-

ysis.

6.1.5.1 Loading and Boundary Conditions
Loading Constraints

Figure 29. A force of 6741.25 N tangential to the pitch diameter is applied on effective contact angle
of 43.39° on 5 gear teeth.
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Boundary Constraints

Figure 30. The sprocket was constrained with two fillet welds onto the shaft which was fixed.

Contact Interfaces

Figure 31. Weld surface shown in Cyan and bonded surface shown in purple.
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Fgure 32. A mesh size of 2mm is created for the sproket, weld constraint and the s

6.1.5.2 Results

6.1.5.2.1 Von Mises Stress [MPa]

Figure 33. A maximum Von Mises stress of 152.1 MPa is observed close to the flank root.

235
Factor of safety: FOS = 1521° 1.55= 1.6

1.521e+02
1.368e+02
1.197e+02
1.026e+02
8.553e+01
6.842e+01
5.132e+01
3.421e+01
1.711e+01
0.000e+00
5.108e-07
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(18)

As observed from above Figure 33 and the factor of safety, the blue region occupies a
non-existence level of stress which can be used as an opportunity for weight optimization.
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6.1.5.2.2 Deformation [mm]

0.01163
0.01047
0.00931
0.00814
0.00698
0.00582
0.00465
0.00349
0.00233
0.00116
0.00000

Figure 34. A maximum deformation of 0.01163 mm is observed on the sprocket flank root.

0.01163 [mm] < Deformationgowapie ; Within Range

(19)
6.1.5.3 Model Properties
Table 31. Original Model Results.
Sprocket Properties

, . Max. Max. Factor
Ite[11~vaotl]on V[Onll :;l";]e A::;{:SZZ] AEII? ST We[:\_’q]ht Von Mises Displacement of

) g Stress [MPa] [um] Safety
Original 12646 1.68e + 05 9.73 95.45 152.1 11.63 1.6

6.1.6 Optimization Study

In order to reduce the weight and minimize mass of the sprocket, 10 circular cuts were
made with a consistent diameter. This diameter was used to perform a dimensional opti-
mization design study leading to evaluation of the behaviour of stresses and deformations
in the sprocket. The diameters of the circular cut pattern were 40mm, 45mm, 50 mm and
55 mm according to the 1%, 2% 3™ and 4 iteration. The results of the optimization can
be seen in the subsequent text.

6.1.6.1 1% Iteration Results
The results of a circular cut diameter of 40mm are as following.
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6.1.6.1.1 Von Mises Stress [MPa]

1.641e+02
1.477e+02
1.292e+02
1.107e+02
9.229e+01
7.383e+01
5.537e+01
3.691e+01
1.846e+01
0.000e+00
3.417e-07

Figure 35. A maximum Von Mises stress of 164.1MPa is observed close to the flank root of the
40mm circular cut pattern sprocket.

235
Factor of safety: FOS = 7= =143 ~ 1.4;Within Range (20)

6.1.6.1.2 Deformation [mm]

0.02149
0.01935
0.01720
0.01505
0.01290
0.01075
0.00860
0.00645
0.00430
0.00215
0.00000

Figure 36. A maximum deformation of 0.02149 mm is observed on the sprocket flank root of the
40mm circular cut pattern sprocket.

0.02149 [mm] < Deformationgowapie ; Within Range (21)
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6.1.6.2 Model Properties
Table 32. 1° Iteration Results with 40mm diameter cut pattern.

Sprocket Properties
X . Max. Max. Factor
Ite[rl‘vaotl]on V[:i :1"31]8 Af:;{;;iz] AEII? S‘; We[:\.’q]ht Von Mises Displacement of
) g Stress [MPa] [um] Safety
Original 120? 1.68e + 05 9.73 95.45 152.1 11.63 1.6
1 1%166 1.65e + 05 7.95 77.99 164.1 21.49 1.4

6.1.6.3 2"! Iteration Results
The results of a circular cut diameter of 45mm are as following.

6.1.6.3.1 Von Mises Stress [MPa]

1.615e+02
1.454e+02
1.272e+02
b 1.090e+02
9.086e+01
7.269e+01
b 5.451e+01
3.634e+01
1.817e+01
0.000e+00
2.57%e-07

Figure 37. A maximum Von Mises stress of 161.5SMPa is observed close to the flank root of the
45mm circular cut pattern sprocket.

235
Factor of safety: FOS = -—— =145 ~ 1.5;Within Range (22)




6.1.6.3.2 Deformation [mm]
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0.02690
0.02421
0.02152
0.01883
0.01614
0.01345
0.01076
0.00807
0.00538
0.00269
0.00000

Figure 38. A maximum deformation of 0.02690mm is observed on the sprocket flank root of the

45mm circular cut pattern sprocket.

0.02690 [mm] < Deformationgowapie ; Within Range (23)
6.1.6.4 Model Properties
Table 33. 2" Iteration Results with 4Smm diameter cut pattern.
Sprocket Properties
. . Max. Max. Factor
Ite[xl:l]on V[O"ll :;l";]e Af:;{::;;z] AEII? ST We[:\_’q]ht Von Mises Displacement of
) g Stress [MPa] [um] Safety
Original 120466 1.68e + 05 9.73 95.45 152.1 11.63 1.6
1 1%166 1.65e + 05 7.95 77.99 164.1 21.49 1.4
2 3_'%566 1.61e + 05 7.48 73.38 161.5 26.90 1.5
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6.1.6.5 3" Iteration Results
The results of a circular cut diameter of 50mm are as following.

6.1.6.5.1 Von Mises Stress [MPa]

1.598e+02
1.439e+02
1.259e+02
1.079e+02
8.991e+01
7.193e+01
5.395e+01
3.596e+01
1.798e+01
0.000e+00
5.660e-07

Figure 39. A maximum Von Mises stress of 159.8MPa is observed close to the flank root of the
50mm circular cut pattern sprocket.

235
Factor of safety: FOS = =52 =147 ~15;Within Range (24)

6.1.6.5.2 Deformation [mm]

0.03581
- 0.03223
0.02865
0.02507
0.021489

0.01791
0.01433

0.01074
0.00716
0.00358
0.00000

Figure 40. A maximum deformation of 0.03581mm is observed on the sprocket flank root of the
50mm circular cut pattern sprocket.

0.03581 [mm] < Deformationgowapie ; Within Range (25)



6.1.6.6 Model Properties

Table 34. 3" Iteration Results with S0mm diameter cut pattern.
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Sprocket Properties
, . Max. Max. Factor
Ite[rl‘vaotl]on V[Onll 1::31]8 Af:;{:;zz] AEII? S‘; We[:\.’q]ht Von Mises Displacement of
) g Stress [MPa] [um] Safety
Original 120466 1.68e + 05 9.73 95.45 152.1 11.63 1.6
1 1%166 1.65e + 05 7.95 77.99 164.1 21.49 1.4
2 3_'%566 1.61e + 05 7.48 73.38 161.5 26.90 1.5
3 0.89 1.57e + 05 6.95 68.18 159.8 35.81 1.5
+ 06
6.1.6.7 4" Iteration Results
The results of a circular cut diameter of 55mm are as following.
6.1.6.7.1 Von Mises Stress [MPa]

1.579e+02

1.421e+02

1.243e+02

1.066e+02

8.880e+01

7.104e+01

5.328e+01

3.552e+01

1.776e+01

0.000e+00

2.208e-07

Figure 41. A maximum Von Mises stress of 157.9MPa is observed close to the flank root of the
55mm circular cut pattern sprocket.

Factor of safety:FOS =

235

157.9

=149 = 1.5;Within Range

(26)
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6.1.6.7.2 Deformation [mm]

0.05165
- 0.04648
0.04132
0.03615
0.03099

0.02582
0.02066

0.01549
0.01033
0.00516
0.00000

Figure 42. A maximum deformation of 0.05165mm is observed on the sprocket flank root of the
55mm circular cut pattern sprocket.

0.05165 [mm] < Deformationgowapie ; Within Range (27)

6.1.6.8 Model Properties
Table 35. 4™ Iteration Results with 55Smm diameter cut pattern.

Sprocket Properties
X , Max. Max. Factor
Ite[}ajl]on V[Onll 1'1;1"31]3 Af:;{:::;z] AEII? S‘; We[:\.’q]ht Von Mises Displacement of
) g Stress [MPa] [um] Safety
Original 120? 1.68e + 05 9.73 95.45 152.1 11.63 1.6
1 1%166 1.65¢+05 | 7.95 | 77.99 164.1 21.49 1.4
2 3_'%566 1.61e + 05 7.48 73.38 161.5 26.90 1.5
3 3_'%966 1.57e + 05 6.95 68.18 159.8 35.81 1.5
a ‘1%166 1.51e+05 | 637 | 6249 157.9 51.65 15

6.1.7 Conclusion

According to the results of 4™ iteration of optimization shown in Table 35, the total mass
and weight of the sprocket has been decreased by 34.53 % compared to the original design
with a compromise of approximately 3.67% increase in Maximum Von Mises Stress with
a factor of safety still within the upper limit of the prescribed range. As the diameter of
the circular cut pattern of the sprocket was increased from 40mm to 55mm, the maximum
Von Mises stress decreased from 164.1MPa to 157.9MPa. This incremental reduction in
stress was due to the fact that energy was stored during deformation which increased by
a factor of 2.4 as shown in Table 35 and stress distribution was increased as seen by the
contours at the flank root and circular cuts in Figure 41 during the same transition. In
case, this component is considered for direct metal AM of PBF via own printer, the cost
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per part can be reduced up to approximately 34% for the optimized model and the perfor-
mance of the model can be increased due to higher yield of built material associated with
rapid melting and re-solidification in direct metal AM. In addition, the cost per part can
be reduced up to 34% in case indirect metal AM is considered from SP1. The performance
of the part can also be increased due to higher yield of built material associated with heat
treatments involving debinding, sintering and infiltration in indirect metal AM. The lead
times however, are not affected significantly and remain the same according to the service
providers. Furthermore, the cost per part and the lead time of AM rapid tooling of rede-
signed sand mould for the optimized model are not affected significantly since the volume
of'the mould is not fluctuated significantly either. The original and the redesigned moulds
of the model can be seen in Table 11. The cost per part and its associated lead time can
be seen in Graph 14. In addition, the cost of casting and finishing can be reduced to an
extent due to approximately 35% decrease in volume of the component even though setup
cost remains the same.
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6.2 Topology Optimization: Upper Shank
6.2.1 Objective

The objective of this computer aided engineering is to optimize the volume of an Upper
Shank, component of a lifter assembly through topology optimization in order to enhance
its performance, cost effectiveness and lead time using design for additive manufacturing.
The Upper Shank was modelled using Creo Parametric M050 according to the provided
CAD drawing. CAE static analysis and topology optimization were performed using In-
spire 2017.1 from Solidthinking. Evolve 2017.1 from Solidthinking was also used to en-
hance the geometry of the final models and to perform tessellation for additive manufac-
turing. The loads projected on the shank were calculated according to the literature review
and the given information. The stress concentrations and deformations of the shank were
analysed and an optimization approach was taken into consideration with respect to the
factor of safety through yield of the material as a mode of failure.

6.2.2 Load Calculations

According to the limited component and assembly drawings, forces and moments were
translated onto the shank and a schematic was created as seen in Figure 43.

Figure 43. Schematic of force translations where point 2 acts as a hinge and point 4 acts as a fixed
constraint of Upper Shank.

Assumption: Worst-case scenario by maximizing the distance between Point 3 and
Point 1 from the assembly drawing

Given: Total Mass: Mryeq; = 400 [Kg]
Gravity:g = 9.81 [:n—z]

P, = Mroeq X g =400 x 9.81 = 3924 [N] (28)
M; = P, x 625 = 3924 X 625 = 2452500 [Nmm] (29)
M, = F, x 600 = 2452500 [Nmm] (30)
2452500
F, 00 4087.5 [N] (31)
F, 40875
Fous === = 2043.75 [N] (32)

2
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Fus 204375

Fagp == =———= 1021.875 [N] (33)
P, 3924
E, = EZ =——= 1962 [N] (34)
E, 1962
Fous = EZ = 2 =981 [N] (35)

qus
qusp = T = 4905 [N] (36)

Assumption: Worst-case scenario assuming only point 2 takes the total vertical load
quspa = qusp X2 =981 [N] (37)

Where: P, is the applied load to the assembly [N]
M, is the moment at point 1 due to P, [Nmm)]
F, is the translated force in x axis acting on point 2 due to M;[N]
F,,s 1s the force in x axis acting on one Upper Shank [N]
Feyusp 1s the force in x axis acting on one pin hole of Upper Shank [N]
F, is the translated force in z axis acting on point 2 due to P,[N]
F,,s 1s the force in z axis acting on one Upper Shank [N]
Fysp 18 the force in z axis acting on one pin hole of Upper Shank [N]
Foyuspa 18 the force in z axis applied on one pin hole of Upper Shank [N]

6.2.3 Mode of Failure

6.2.3.1 Factor of Safety

For the purpose of this study, an allowable range of safety of factor is taken from 1.2 to
2.5 in accordance with the yield of the material.

O' .
Factor of safety: FOS = yield

=12to 2.5 (38)
O-applied

Where: Oyielq 18 the yield stress of the material

Oappliea 18 the applied stress of the material

6.2.3.2 Deformation

For this study, the maximum allowable deformation is taken as 1 mm according to the
shank mechanism.

Deformation,;owapie = 1 [mm] (39)
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6.2.4 Static Analysis: Preliminary Baseline

In order to take into account, the performance, cost effectiveness of different AM methods
and their associated lead times, a baseline static analysis was performed to evaluate the
stress concentrations and deformations of original design of upper shank.

6.2.4.1 Material Properties

According to the original design, upper shank was assigned structural steel properties of
Inspire as listed in the following table.

Table 36. Material Properties of Upper Shank.

Inspire: Structural Steel S355JR
Density 7850 [Kg/m~3]
Young’s Modulus 210000 [MPa]
Poisson’s Ratio 0.29
Coefficient of Thermal Expansion | 1.6 x 1075 [/K]
Tensile Yield Stress 355 [MPal]

6.2.4.2 Loading and Boundary Conditions

An axial and vertical force of 1025.875 N and 981 N respectively, are applied to each
pinhole of the shank represented by red arrows. The standard keyways of 8x62x68 DIN
5462 are removed and a cylindrical hole is created at a radius of 65mm, equivalent to the
mid-value of the outer and inner diameter of the keyways for simplicity and mass conser-
vation. A rigid cylindrical support is applied represented by a red cylindrical constraint
in Figure 44. A mesh size of 2mm is used for the analysis.

z

Figure 44. Loading and Boundary Conditions of the original design.
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Figure 45. Upper Shank with a mesh size of 2 mm.

6.2.4.3 Results

Von Mises Stress: von Mises Stress:
Max: 1.848e+002 MPa

— 1.848e+002 MPa
— 1.664e+002 MPa
— 1.479¢+002 MPa
— 1.294e+002 MPa
— 1.109¢+002 MPa
— 9.247e+001 MPa
— 7.400e+001 MPa
— 5.552e+001 MPa
— 3.705e+001 MPa
— 1.858¢+001 MPa
— 1.059¢-001 MPa
1.05%-001 MPa

Min:

Figure 46. A maximum Von Mises stress of 184.832 MPa is observed in the vicinity of the cylindri-
cal support with a mesh size of 2mm.

Factor of safety:FOS = ————==192=19 (40)

As observed from above Figure 46 and the factor of safety, the blue region occupies a
non-existence level of stress which can be used as an opportunity for topology optimiza-
tion.
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Deformation:
Displacement:

Max: 5.687e-001 mm
— 5.687e-001 mm
— 5.118e-001 mm
— 4.550e-001 mm
— 3.981e-001 mm
— 3.412e-001 mm
— 2.844e-001 mm
q — 2.275¢-001 mm
| — 1.706=-001 mm

Figure 47. A maximum deformation of 0.5687 mm is observed at the edge of the part near the loads.

0.5687 [mm] < Deformation g owapie ; Within Range

(41)
Table 37. Results of Original Model of Upper Shank.
Upper Shank Properties
, , Max. Max. Factor
Ite[rl'\;zotl]on V[‘;:l ?nn;]e A[JI?ST Wta[;}q]ht Von Mises Displacement of
) g Stress [MPa| [mm] Safety
Original 2.74e + 06 | 21.52 211.11 184.83 0.569 1.9

6.2.5 Topology Optimization Preliminary Iteration

In order to take into account, the performance, cost effectiveness of different AM methods
and their associated lead times, a preliminary iteration was performed which topologically
optimized the basic design space of the part.

6.2.5.1 Loading and Boundary Conditions

An axial and vertical force of 1025.87 N and 981 N respectively, are applied to each
pinhole of the shank represented by red arrows. The standard keyways of 8x62x68 DIN
5462 are removed and a cylindrical hole is created at a radius of 65mm, equivalent to the
mid-value of the outer and inner diameter of the keyways for simplicity and mass conser-
vation. A rigid cylindrical support is applied represented by a red cylindrical constraint
in Figure 48. The brown region illustrates the design space of the optimization. A mesh
size of 2mm is used for the analysis.



91

Figure 48. Loading and Boundary Conditions with design space illustrated by brown region.

W Bonded
M Contacting

W No Contact
Select 3 contact to change tstype. @

Figure 49. Upper Shank contact surfaces with respect to the design space.
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6.2.5.2 Results

6.2.5.2.1 Topology Optimization

Figure 50. The result of raw topology optimization.

Figure 51. The result of surface modelled topology optimization.
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6.2.5.2.2 Von Mises Stress

von Mises Stress:
Max: 2.452e+002 MPa
— 2.452e+002 MPa
— 2.207e+002 MPa
— 1.962e+002 MPa
— 1.717e+002 MPa
— 1.472e+002 MPa
— 1.226e+002 MPa
— 9.812e+001 MPa
— 7.361e+001 MPa
— 4.909e+001 MPa
— 2.457e+001 MPa
p — 5.037e-002 MPa
Min:  5.037e-002 MPa

Figure 52. A maximum Von Mises stress of 245.23 MPa is observed as highlighted.

355

Factor of safety:FOS = 24523

= 1.45 =~ 1.4 ; Within Range (42)

6.2.5.2.3 Deformation

Displacement:

Max: 7.060e-001 mm
— 7.060e-001 mm
— 6.354e-001 mm
— 5.648e-001 mm
— 4.942e-001 mm
— 4.236e-001 mm
— 3.530e-001 mm
H — 2.824e-001 mm

Figure 53. A maximum deformation of 0.7060mm is observed at right edge of the part.

0.7060 [mm] < Deformationgowapie ; Within Range (43)



Table 38. Upper Shank properties of preliminary iteration.
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Upper Shank Properties
Iteration Volume Mass | Weight Max'. , Max. Factor
[No.] [mm?] [Kg] [N] Von Mises Displacement of
Stress [MPa] [mm] Safety
Original 2.74e + 06 | 21.53 211.21 188.11 0.569 1.9
1 1.45e+06 | 11.39 111.74 245.23 0.706 1.4

According to Table 38, the mass of the iterated design for AM is reduced to approximately
47% with an increase in Von Mises stress of 23.29%. Since the material is experiencing
higher stress levels, the Max. Deformation is increased by approximately 19.40% and the
factor of safety is decreased by nearly 26% however, these parameters are still within the
defined range of stability.

6.2.6 Preliminary Cost and Lead Time Analysis

After inserting the standardized keyways of 8x62x68 DIN 5462 to the final model and
converting the final CAD data to the AM compatible STL format, the cost effectiveness
and its associated lead-time are evaluated based on comparison of quotations received
from AM service providers to that of the original model presented in Section 5.2.2. The
cost and lead time analyses of the original model are described in Section 5.2.2.1. Ac-
cording to Section 5.2.2.1 analyses, the lead time of direct and indirect AM is remarkably
fast and the price is ridiculously high since the part is made for design for assembly and
design for manufacturing rather than for design of AM. On the other hand, the topologi-
cally optimized model of this component presented in Section 6.2.5 is designed for AM.

Topologically Optimized Upper Shank Cost and Lead Time Analysis

14,000.00 € PBF: SLM Maraging Steel 1.2709;

12728.5; Lead time: < 1 Week

12,000.00€

10,000.00€

BJ 60 % Stainless

BJ: Steel with Steel with 40 %

Bronze Infiltrate ; Bronze Infiltrate ;

5,644.02€; Lead 5821.24€; Lead
Time: 3.2 Weeks  time: 3 Weeks

8,000.00€

6,000.00€

Cost per part [EUR]

4,000.00 €

Part too Large
for direct
metal AM

Part too Large
for direct
metal AM

Part too Large
for direct
metal AM

Part too Large
for direct
metal AM

2,000.00€

Part too Complex
0.00 €

SP2 SP 4 SP5 SP3 Own Printer SP3 SP1 Company

Direct Additive Manufacturing Subtractive

Manufacturing

Indirect Additive Manufacturing
Service Provider

Graph 33. Upper Shank AM quotations and lead times.

According to Graph 33, the optimized component size is too large for direct metal printing
from four major AM service providers and its design is too complex for conventional
subtractive manufacturing. The cost and lead time of own printer are evaluated using
Aalto University’s AM calculator using SLM Solutions 500 HL machine, consisting of 4
lasers with a power of 700W each. In this case, the cost per part is remarkably high how-
ever, the lead-time is remarkably fast since the component can be manufactured within
just few days. It is also noted that this optimized model is approximately 7% cheaper than
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the original model shown in Graph 13 with a relatively similar lead time when manufac-
tured through the same printer. This is because the percentage of support structures re-
quired for direct metal PBF is increased from approximately 3% to 11% due to the geo-
metric complexity even though the mass is reduced by approximately 47%. The indirect
method of the optimized component offers a better approach with respect to cost as it can
be up to approximately 56% cheaper in contrast to the direct metal PBF of the optimized
part and up to approximately 47% cheaper in contrast to indirect metal BJ of the original
part. Furthermore, the part can be delivered to its destination within 3.2 weeks according
to SP3 quotation and within 3 weeks in accordance with SP1 quotation.

6.2.6.1 Preliminary Prototype

Figure 54. Optimized Upper Shank with original dimensions of 442.6mm x 77mm x 118.3mm.

A scale of 40% was selected in order to evaluate the comparison of costs and lead times
between direct and indirect metal AM methods. Another reason for selecting this specific
scale was the fact that it fulfilled the selected budget for eventually printing a prototype
of the model. Figure 54 shows the dimensions of the original model. Graph 34 shows the
cost and lead time analysis of the rescaled model. It can be observed that Metal 3D Print-
ing from SP3 offers approximately the same cost per part as of the original fully scaled
model made from subtractive manufacturing method at the benefit of 55 % faster lead-
time. According to this analysis, it can be deduced that the indirect AM method from SP3
shows the most economic method in terms of cost with a lead time of 3.2 weeks repre-
sented by green colour in Graph 34.

Topologically Optimized Upper Shank Cost and Lead Time Analysis [Scale: 40%]
3,000.00€
DMP: Stainless Steel

316L; Lead time: 3
2,500.00€ Weeks; 2,385.00€

DMP: Maraging Steel;
Lead time: 3 Weeks;
2,000.00€ 1,934.00€

DMLS: Stainless Steel
3161; Lead time: 1.8
1,500.00€ Weeks; 1,340.00€

PBF: Metal 3D

Printing; Lead time: <

1.8 Week; 941.28 €
1,000.00€ BJ 60 % Stainless Steel with 40 % Bronze
PBF: SLM Maraging Steel Infiltrate; ; Lead time: 3 Weeks; 509.84 €

1.2709; Lead time: < 1 BJ: Steel with Bronze Infiltrate; ; Lead
Week; 442.63 € time: 3.2 Weeks; 419.92 €
500.00 € cek;
. Barttoo lange . Part too Complex
0.00€

Own Printer SP2 SP2 SP4 SP1 SP3 Company

Cost per part [EUR]

Direct Additive Manufacturing Indirect Additive Manufacturing Subtractive
Manufacturing

Service Provider

Graph 34. Upper Shank quotations and lead times with a scale of 40%.
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6.2.7 Static Analysis: Final Baseline

As a result of the preliminary iteration process, indirect BJ process for metals from SP3
proved to be the most economical choice in terms of cost for manufacturing the 40%
rescaled model of the topologically optimized design. In order to go ahead with manufac-
turing a prototype of the rescaled model, an advanced topology optimization was per-
formed in which ASTM ES8 tested material properties of Stainless Steel infiltrated with
Bronze were used according to the published data sheet from SP3.

6.2.7.1 Material Properties
Upper Shank was assigned ASTM ES8 tested material properties of SP3 stainless steel as
shown in the following table. According to the data sheet, the material did not exhibit
anisotropic properties. This is due to the high intensity of heat treatment process through
which isotropic properties are achieved.

Table 39. Material Properties of SP3 Stainless Steel.

SP3 Stainless Steel infiltrated with Bronze
Density 7860 [Kg/m~3]
Young’s Modulus 147000 [MPa]
Poisson’s Ratio -
Coefficient of Thermal Expansion | 1.34 X 107° [ /K]
Tensile Yield Stress (0.2% offset) 455 [MPal]

6.2.7.2 Loading and Boundary Conditions

An axial and vertical force of 1025.875 N and 981 N respectively, are applied to each
pinhole of the shank represented by red arrows. The standard keyways of 8x62x68 DIN
5462 are removed and a cylindrical hole is created at a radius of 65mm, equivalent to the
mid-value of the outer and inner diameter of the keyways for simplicity and mass conser-
vation. A rigid support is applied represented by a red cylindrical constraint in Figure 55.

Figure 55. Loading and Boundary Conditions of the original design.
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Figure 56. Upper Shank with a mesh size of 2 mm.

6.2.7.3 Results

6.2.7.3.1 Von Mises Stress

von Mises Stress:

Max: 2.039%¢+002 MPa
— 2.03%+002 MPa
— 1.836e+002 MPa
— 1.632e+002 MPa
— 1.4282+002 MPa
— 1.224e+002 MPa
— 1.020e+002 MPa
— 8.164e+001 MPa
— 6.126e+001 MPa
— 4,0882+001 MPa
— 2.050e+001 MPa
— 1.142e-001 MPa
1.142e-001 MPa

r

Figure 57. A maximum Von Mises stress of 203.93 MPa is observed in the vicinity of the cylindrical
support.

4
Factor of safety: FOS = ———— = 2.23 ~ 2.2 (44)
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As observed from above Figure 57 and the factor of safety, the blue region occupies a
non-existence level of stress which can be used as an opportunity for enhancing the per-
formance of the part through topology optimization.

6.2.7.3.2 Deformation

Displacement:

Max: 8.930e-001 mm
— 8.930e-001 mm
— 8.037e-001 mm
— 7.144e-001 mm
— 6.251e-001 mm
— 5.358e-001 mm
— 4.465e-001 mm
| — 3.572e-001 mm

7

Figure 58. A maximum deformation of 0.8930 mm is observed at the edge of the part near the loads.

0.8930 [mm] < Deformation g owapie ; Within Range (45)
Table 40. Upper Shank Original Properties
Upper Shank Properties
Iteration | Material | Volume | Mass | Weight Max.. . I;Jax. Factor
[No.] [Prop.] [mm?] | [Kg] [N] Von Mises | Displacement| of
) ) Stress [MPa] [mm] Safety
. . Inspire 2.74¢
Original_0 Steel + 06 21.53 | 211.21 188.11 0.569 1.9
1 Inspire | 145¢ | 1139 | 11174 |  245.23 0.706 1.4
Steel + 06 ) ) ) ) )
. SP3 2.74e
Original_1 Steel 106 23.75 | 232.99 203.93 0.8930 2.2

6.2.8 Topology Optimization Final Iteration

In order to enhance the performance as well as cost effectiveness of upper shank for the
selected AM method, an advanced design space was determined for topology optimiza-
tion, which incorporated higher volume of the component. The optimization process and
its results are explained in the subsequent text.

6.2.8.1 Loading and Boundary Conditions

An axial and vertical force of 1025.875 N and 981 N respectively, are applied to each
pinhole of the shank represented by red arrows. The standard keyways of 8x62x68 DIN
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5462 are removed and a cylindrical hole is created at a radius of 65mm, equivalent to the
mid-value of the outer and inner diameter of the keyways for simplicity and mass conser-
vation. A rigid support is applied represented by a red cylindrical constraint in Figure 59.
The brown region illustrates the design space of the optimization presented in Figure 60.

W Bonded
M Contacting
M NoContact

Select a contact to change ts type. @

Figure 59. Upper Shank contact surfaces with respect to loading conditions, boundary conditions
and design space.

Figure 60. Upper Shank with a mesh size of 2mm and design space represented by brown region.
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6.2.8.2 Results

e
é N
X

Figure 61. The result of raw topology optimization.

<
é N
N

Figure 62. The result of surface modelled topology optimization.
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6.2.8.2.1 Von Mises Stress

von Mises Stress:
Max: 1.937e+002 MPa
— 1.937e+002 MPa
— 1.744+002 MPa
— 1.550e+002 MPa
— 1.356e+002 MPa
— 1.163e+002 MPa
— 9.690e+001 MPa
— 7.753¢+001 MPa
— 5.816e+001 MPa
— 3.879¢+001 MPa
— 1.942¢+001 MPa
P! — 4.682e-002 MPa
Min:  4.682e-002 MPa

Figure 63. Upper Shank illustrating a maximum Von Mises Stress of 193.75 MPa.

455

— = ~ : ithi 46
19375 2.35 =~ 2.3 ; Within Range (46)

Factor of safety:FOS =

6.2.8.2.2 Deformation

Displacement:

Max:  8.227e-001 mm
— 8.227e-001 mm
— 7.404e-001 mm
— 6.581e-001 mm
— 5.759¢-001 mm
— 4.936e-001 mm
— 4.113e-001 mm
— 3.291e-001 mm

Figure 64. Upper Shank illustrating a maximum deformation of 0.8227 mm.

0.8227 [mm] < Deformation owapie ; Within Range (47)



Table 41. Upper Shank Properties of Final Iteration
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Upper Shank Properties
Iteration | Material | Volume | Mass | Weight Max'. , Max. Factor
[No.] [Prop.] mm?] | [Kg] [N] Von Mises | Displacement| of
] ] Stress [MPal] [mm] Safety
. . Inspire 2.74e
Original_0 Steel 406 21.53 | 211.21 188.11 0.569 1.9
Inspire 1.45e
1 Steel 406 11.39 | 111.74 245.23 0.706 1.4
- SP3 2.74e
Original_1 Steel 406 23.75 | 232.99 203.93 0.8930 2.2
SP3 1.48e
2 Steel 406 12.81 | 125.67 193.75 0.8227 2.3

6.2.9 Conclusion

As seen from Upper Shank properties of the final iteration from Table 41, the performance
of the component has been enhanced with respect to the material, mass, weight, volume,
maximum stress, maximum displacement and factor of safety. The yield of the material
is increased by 21.98% with a value of 100 MPa. This is due to the fact that the metal AM
via BJ process undergoes excessive heat treatment during debinding, sintering and infil-
tration after the green-part has been additively manufactured. The mass and weight is
reduced by 40.50 % and the volume of the component is decreased by 45.99% compared
to the Original 0 model. The maximum Von Mises stress is decreased by approximately
5% compared to Original 1 model and increased by roughly 3 % compared to Original 0
model. The decrease in Von Mises stress of the final iterated model compared to Origi-
nal 1 can be explained due to the truss based design of the iterated model which has
greater tendency to be loaded in tension and compression throughout the truss members
rather than having pure bending at the constrained hinge. Finally, the factor of safety is
increased approximately 17.39 % in contrast to Original 0 model.

6.2.10 Final Cost and Lead Time Analysis

After re-inserting the standardized keyways of 8x62x68 DIN 5462 and converting the 3D
data of the final iterated model to STL, the cost per part and its associated lead time are
calculated for indirect and direct metal AM as shown in Graph 35. According to the re-
sults, the size of optimized component is still too large for direct metal printing from four
major AM service providers and its design is too complex for conventional subtractive
manufacturing.

In contrast to the direct metal AM of original design presented in Section 5.2.2, the cost
per part of direct metal AM of the optimized model is decreased by approximately 3%
with relatively similar lead time of less than 1 week. Even though there is a mass reduction
of approximately 41%, such a small percentage of cost reduction can be explained by the
fact that metal support structures are always required for direct metal AM and the per-
centage of supports is increased from approximately 3% for the original model to 12%
for the optimized model due to higher level of design complexity. Furthermore, the cost
per part of indirect AM is decreased up to 46% with relatively the same lead time of 3
weeks. This is because no support structures are required for indirect metal AM via BJ as
the part is supported by the powder bed. Since BJ method for metals requires a secondary
process involving debinding, sintering and infiltration, the difference in lead time is neg-
ligible.



103

Topologically Optimized Upper Shank Cost and Lead Time Analysis
PBF: SLM Maraging Steel

1.2709;13,319.80€; Lead time:
14,000.00€

<1 Week

12,000.00€
I
S 0008 BJ 60 % Stainless
= B steel with | Ste€! With 40%
+ 8,000.00€ B = tel.'eﬂth . Bronze Infiltrate ;
© ronze Infiltrate ;¢ 541 g3¢; | ead
=5 5347.06€ Lead o o\ e
& 6,000.00€ Time: 3.2 Weeks .
o
4
wv
O 4,000.00€
(&)

Part too Part too Part too Part too
2,000.00€ Large for Large for Large for Large for
direct metal direct metal direct direct metal
AM AM metal AM AM Part too Complex
0.00€
SP2 SP4 SP5 SP3 Own Printer SP3 SP1 Company
Direct Additive Manufacturing Indirect Additive Manufacturing Subtractive

Manufacturing
Service Provider

Graph 35. Cost and lead time analysis of topologically optimized Upper Shank.

6.2.10.1 Final Prototype

In accordance to the results of the preliminary prototype analysis explained in Section
6.2.6.1, indirect metal AM offers the most economical method for additively manufactur-
ing the topologically optimized Upper Shank. Hence, Graph 36 illustrates the cost and
lead time analysis of the original and scaled models for indirect metal AM through BJ.

Topologically Optimized Upper Shank Cost and Lead Time Analysis

BJ 60 % Stainless Steel with 40 %
Bronze Infiltrate; ; Lead time: 2
Weeks; 5,941.83 €

7,000.00 €

6,000.00€ py: steel with Bronze Infiltrate; Lead

time: 3.2 Weeks; 5,347.06 €
4,000.00€
3,000.00€
2,000.00€
BJ: Steel with Bronze BJ 60 % Stainless Steel with 40 %
1,000.00€ Infiltrate; ; Lead time: 3.2 Bronze Infiltrate; ; Lead time: 2
Weeks; 348.89 € Weeks; 395.29 €
I I e
0.00€

SP3 SP1 SP3 SP1

«w
=3
S
S
o
=3
o

Cost per part [EUR]

Company
Indirect Additive Manufacturing [Scale: 100%] Indirect Additive Manufacturing [Scale: 40%] Subtractive Manufacturing
Service Provider

Graph 36. Upper Shank quotations and lead times for the original and scaled model.

As a result of this analysis, a 40% scaled model is additively manufactured for prototyp-
ing purposes after geometrical preparation according to the design specifications of the
indirect metal AM through BJ from SP3. The model was slightly reconfigured to take
into account the minimum wall thickness of Imm in the vicinity of the rescaled M8 holes.

The final version of the rendered model and the metallic prototype can be seen in Figure
65.
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Figure 65. A Rendered Image of CAD model (Left) and metallic prototype (Right) of the final opti-
mized model of Upper Shank.
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7 Verification

The operational environment of the spare parts analysed in this study differentiates from
variable levels of mechanical stress and variable intensities of corrosion. Stress is gener-
ally defined as the force distributed over an area (Collins, 2003). While corrosion may
have multiple forms, it is generally defined as a process created by the interaction or
reaction between material such as a metal or an alloy and its environment that results in
deterioration or degradation of that material and its properties (S. Covino Jr. & Cramer,
2008).

For the purpose of verifying the ultimate tensile strength and corrosion resistance of the
additively manufactured metal spare parts, two metals that are Stainless Steel and Tita-
nium were selected and their specimens were printed in accordance to the tensile and
corrosion testing. Stainless Steel is the most common among spare parts and Titanium is
also typically used in the industry and offers relatively higher strength and corrosion prop-
erties. Since directly and additively manufactured metal parts through PBF consist of dif-
ferent material properties, surface roughness and possible build errors in different direc-
tions, the specimens were printed in horizontal orientation as well as vertical orientation.
Figure 66 and Figure 67 illustrate an example specimen of Stainless Steel 316L and Tita-
nium Ti64 with rounded dimensions, respectively. Table 42 presents a summary of the
printed specimens. In addition, corrosion test specimens of bulk material of Titanium and
Stainless Steel are also prepared in order to correlate the difference in corrosion behaviour
of printed and bulk materials. In case of Stainless Steel, two bulk materials are used with
European standard of 1.4404 and 1.4432 which mainly differ in their composition of Mo-
lybdenum content. The European standard of 1.4404 consists of 2.50% of molybdenum
whereas, EN 1.4432 contains 3.00% of Molybdenum. The reason for using two bulk ma-
terials was due to the fact that the printed stainless steel 316L had a variable composition
of Molybdenum ranging from 2.25% to 3.00%. The supports of the horizontally printed
specimens were removed using electron discharge machining and supports of the verti-
cally printed specimens were removed by means of grinding. The subsequent text pre-
sents the results accumulated according to the behaviour of the specimens from corrosion
tests conducted at Outotec Research Centre and tensile tests conducted at Aalto Univer-
sity.

Figure 66. A specimen of additively manufac- Figure 67. A specimen of additively manufac-
tured Stainless Steel 316L with dimensions of tured Titanium Ti64 with dimensions of
60mm x 10mm x 5mm. 60mm x 10mm x 3mm.
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Table 42. Summary of the printed specimens.

Summary of the Additively Manufactured Metal Specimens
Additive Manufacturing Orientation
Specimen Total [No.]
Horizontal Vertical
Stainless Steel 316L [No.] 18 18 36
Titanium Ti64 [No.] 18 18 36
Total [No.] 36 36 72

7.1 Corrosion Testing

While corrosion may have many forms, additively manufactured or printed specimens are
evaluated with respect to the resistance against typical uniform and localized corrosion.
According to Phull, (2008), uniform corrosion is defined as an attack on an exposed sur-
face of a metal that leads to homogenous loss of thickness and according to S. Covino Jr.
& Cramer (2008), localized corrosion is defined as corrosion that takes place at discrete
locations on a material. Table 43 presents the summary of the nomenclature for the labor-
atory testing in a controlled test environment. The variables of the environment include
dissolved gases, temperature, volume and flow of the solution and exposure time (Phull,
2008). The corrosion resistance of Titanium is evaluated through 3 independent test en-
vironments or solutions and the corrosion resistance of Stainless Steel is evaluated
through 4 independent test environments as illustrated in Table 43. The test environments
or solution types include acidified chloride, sulfuric acid, oxidizers and chlorides. The
acidity refers to the hydrogen ion concentration and oxidizers refer to the oxidizing power
or electrochemical potential which have an impact on oxidation of the surface of an alloy
leading to corrosion mechanism. Chlorides refer to chloride content which has been re-
ported to act as an accelerator for corrosion rate and to promote localized corrosion (S.
Covino Jr. & Cramer, 2008). The difference between solution number 2 and 3 for Tita-
nium and 4 to 6 for Stainless Steel is the concentration of oxidizers and chloride content,
respectively. The duration of 1 week refers to uniform corrosion testing and the duration
of 4 weeks refers to localized corrosion testing as listed in Table 43. The dependent var-
iables of the tests are mass loss and presence of localized corrosion. The mass loss is
evaluated by subtracting the mass of the tested/exposed specimen from the mass of that
original/unexposed specimen. The presence of localized corrosion is verified by visual
observation.
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Table 43. Corrosion test summary.

Corrosion Laboratory Test Nomenclature Summary
. Specimen Coupons . Solution .
Specimen [Code] Test Environment Number Duration
Material AM Orientation / Solution Type [No.] [Weeks]
H:Horizontal | V:Vertical
o Acidified
Titanium 1-4 1-4 Chloride 1 4
Sulfuric Acid
Titanium 5-8 5-8 + 2 1
oxidizers
Sulfuric Acid
Titanium 9-12 9-12 + 3 1
oxidizers
Sulfuric Acid
Stainless Steel 1-3 1-3 + 4 4
chlorides
Sulfuric Acid
Stainless Steel 4-6 4-6 + 5 4
chlorides
Sulfuric Acid
Stainless Steel 7-9 7-9 + 6 4
chlorides
. Sulfuric
Stainless Steel 10-12 10-12 . 7 1
Acid

7.1.1 Uniform Corrosion

Uniform corrosion, also known as general corrosion is measured as loss of metal thick-
ness per unit time in a controlled test environment. The uniformity of the mass loss is
observed visually and the corrosion rate is calculated according to Equation 48 as per
Phull, 2008.

. (K xW)
Corrosiongge = Axtxp) (48)
Where Corrosiong,e, is the corrosion rate [mm/y]

K is a unit conversion constant, in this case, it is 8.76 X 10*
W is mass loss [g]

A is the exposed specimen area [cm?]

t is time [hours]

p is the density of the material [g/cm’]

The results of the uniform corrosion of the test environment or solution number 2, 3 and
7 are presented in Figure 68 as a, b and c, respectively in accordance to the ranking of
corrosion rate presented in Table 44. A detailed analysis is presented in Appendix 3A.
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Table 44. Ranking criteria of uniform corrosion rate. (Outokumpu Stainless AB, 2009)

Legend

Rank Corrosion rate |Description
<0.1 mm/y Material is corrosion resistant.

0.1-1.0 mm/y |Materialis not corrosion resistant but useful in certain cases.
>1.0 mm/y [Serious corrosion: Material is not usable.

Titanium Corrosion Titanium Corrosion SS 316L Corrosion
Solution | Sample rate Solution | Sample rate Solution | Sample rate
nr. code [mm/y] nr. code [mmly] nr. code [mmly]
5v 2 41E-02 9V . 10V 427E-01
5 6V 231E-02 3 10V 201E-02 /4 1V 4.08E-01
v 211E-02 11V B 12v 1.60E-02
8V 231E-02 12v 161E-02 10H
5H 210E-02 9H 210E-02 4 11H
2 6H 1.91E-02 3 10H 1.63E-02 12H 7.82E-01
7H 1.91E-02 11H 201E-02 7 14404 | 399E-03
8H 1.82E-02 12H 1.72E-02 7 14432 | 1.36E-03
2 Bulk 223E-03 3 Bulk 326E-03
*Signifies mass gain due to deposition
a b. c.

Figure 68. Results of the uniform corrosion according to the material, test environment and speci-
men. (Results modified with permission: Courtesy of Outotec Research Centre)

According to the results, it can be deduced that Titanium specimens, additively manufac-
tured through PBF process are corrosion resistant regardless of their printing orientation
being horizontal or vertical since their corrosion rate is well below 0.1 mm per year
threshold for being uniformly corrosion resistant. In addition, the difference between the
printed specimens and bulk specimen is negligible. This can be due to the fact that the
test environments were not aggressive enough to deteriorate the material of the speci-
mens. The test environments of the Titanium specimens were devised based on the results
of Titanium Grade 2. A higher corrosion rate may be achieved if the Titanium specimen
are tested based on results of higher Titanium grade. For instance, direct metal AM via
PBF of Grade 5 Ti-6Al-4V exhibits inferior corrosion resistance compared to that of
rolled sample according to Yang, et al. (2017). No corrosion rate is calculated for two
specimens as seen in Figure 68b because the mass of the specimens was increased due to
deposition which cannot solely be removed by cleaning the specimens.

Furthermore, high levels of uniform corrosion are detected for printed Stainless Steel
316L specimens according to Figure 68c while both bulk materials have not been af-
fected. The orientation of the printed samples also has an impact on the rate of corrosion.
It is observed that horizontally printed specimens are more prone to corrosion than verti-
cally printed specimens. By recalling the principle of direct metal AM through PBF, the
cause of this behaviour can be interpreted. PBF process involves fusion of powder bed
region on a layer by layer basis by using thermal energy. The depth of this impinging
thermal energy exceeds that of the layer thickness in order to re-melt portion of the exist-
ing solidified layer to form a fully bonded solid structure. This leads to the notion that the
last layer of the top face of the specimen consists of the least heat treated region and the
first layer of the specimen other than the support structures consists of the second least
heat treated region. Now, when the specimen is printed vertically, it has the least amount
of bottom, back and top, face print surface area whereas, when the specimen is printed
horizontally, the bottom and top print surfaces contain the highest amount of surface area.
Since less heat treated region exhibits different morphology of the microstructure of the
material, this can lead to smaller microstructures and corrosion mechanism. Corrosion
rate is observed to decrease over increasing annealing time according to Fritz (2008). As
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a result, additively manufactured Stainless Steel 316L is not corrosion resistant as
wrought stainless steel EN 1.4404 and EN 1.4432 in very aggressive environments how-
ever, it can be useful in certain cases if the printing orientation of the specimen is vertical
leading to smaller surface area of the face and back print.

7.1.2 Localized Corrosion

Localized corrosion in this case is identified through visual examination for pitting cor-
rosion and the extent of pitting is measured through mass loss. The results of Titanium
specimens can be seen in Figure 69 and the results of stainless steel can be seen in Figure
70 according to the ranking criteria presented in Table 45. The detailed analysis including
the extent of pitting identified through mass loss is attached in Appendix 3B.

Table 45. Ranking criteria of localized corrosion based on visual inspection. (Outokumpu Stainless
AB, 2009)

Legend

Rank [Description
No localized corrosion

HLocalized corrosion with increasing intensity

Titanium
Solution | Sample
nr. code
1V
2v
3v
4V
H
2H
3H
4H
1 Bulk

Figure 69. Result of localized corrosion of Titanium with respect to test environment and specimen.
(Results: Courtesy of Outotec Research Centre)

Rank

SS 316L SS 316L SS 316L
Solution | Sample | . Solution | Sample | Solution | Sample |
nr. code nr. code nr. code
1V v [ v
4 2v 5V 6 8v
3V 5 6V 9V
1H 4H 7H
4 2H 5H 6 8H
3H 6H 9H
4 1.4404 I:‘ 5 1.4404 6 1.4404
4 1.4432 5 1.4432 6 1.4432
a. b. Cs

Figure 70. Result of localized corrosion of Stainless Steel with respect to test environment and speci-
men. (Results: Courtesy of Outotec Research Centre)

As per the results of Titanium specimens shown in Figure 69, no localized corrosion is
observed regardless of the orientation of the print direction. The causes of the results are
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in line to those presented for uniform corrosion of Titanium specimens explained in Sec-
tion 7.1.1.

According to the results of Stainless Steel, SS specimens, printed specimens regardless
of print orientation as well as EN 1.4404 Stainless Steel specimens with low Molybdenum
content are affected by localized corrosion in all test environments whereas, EN 1.4432
Stainless Steel specimens with higher Molybdenum content did not show signs of local-
ized corrosion in all test environments. The most severely affected specimens of localized
corrosion can be seen in Figure 71. The difference between the SS 1.4404 and printed SS
316L is the morphology of the localized damage. SS 1.4404 illustrated widespread pits
in terms of quantity and had a higher mass loss whereas, the printed SS 316L had sub-
stantially deeper corrosion pits. The occurrence of localized corrosion presented a scatter
that is inherent to it. According to the setup, the chloride content of the test environment
is increased from solution 4 to 6 presented in Figure 70 a to c, respectively. It can be
observed that the chloride content had an impact on initiation of localized corrosion be-
cause the intensity of localized corrosion is higher in Figure 70 b and c than a. The inten-
sity of localized corrosion in Figure 70 c is observed to be less than the one presented in
Figure 70 b. Since the intensity of localized corrosion is not directly proportional to the
higher chloride content, it can be deduced that the chloride content did not have an effect
on the propagation of localized corrosion. A similar conclusion can be reached by observ-
ing the extent of localized corrosion through mass loss presented in Appendix 3B because
the mass loss is not directly proportional to the increase in chloride content of the test
environments. As a result, additively manufactured Stainless Steel 316L and convention-
ally manufactured EN 1.4404 Stainless Steel are more prone to localized corrosion com-
pared to EN 1.4432 Stainless Steel.

H4 H5 V4 V5

Figure 71. Result of the most severe localized corrosion of additively manufactured Stainless Steel
316L obtained from test environment/solution number 5 as presented in Figure 70 b. (Results: Cour-
tesy of Outotec Research Centre)
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7.2 Tensile Testing

A uniaxial tensile testing is performed to evaluate the ultimate tensile strength of addi-
tively manufactured Titanium and Stainless Steel specimens including the specimens
which had undergone corrosion testing. As per Holt, 2000, a tensile test simply involves
gripping the opposite ends of a test specimen and applying tensile force within the load
frame of a test machine until gradual elongation fractures the test specimen. The test ma-
chine used for this analysis is MTS 858 Material Testing System. The independent vari-
able of the test is the speed of testing which is calculated to be 0.75 mm/min according to
the specimen geometry and the SFS EN ISO 6892 standard. The dependent variable of
the test is the axial force measured in kilonewtons required to maintain the speed of test-
ing until fracture of the specimen. Subsequently, the axial displacement and the axial
force for each specimen is recorded and the engineering stress and strain are calculated.
The averaged longitudinal engineering stress is measured by the following Equation 49
as per Dieter (2000).

P is the applied load [kN]
Ay is the original cross-sectional area of the specimen [mm?]

Furthermore, the ultimate tensile strength is defined as follows according to Equation 50
(Dieter, 2000):

P max
= 50
S u A 0 ( )
Where su 1s the ultimate tensile strength [MPa]

Pmax 1s the maximum load that is applied [kN]
Ay is the original cross-sectional area of the specimen [mm?]

The average linear engineering strain is calculated by the following Equation 51 as per
Dieter (2000).

& AL L-L
Tl Lo Lo

(51)

Where e is the engineering strain [-]
6 is the elongation of the gauge length of the specimen [mm]
L is the final gauge length of the specimen [mm]
Lo is the original gauge length of the specimen [mm]

The acquired and processed data is eventually plotted by means of Stress-Strain curves
to evaluate the ultimate tensile stress of the specimens. The Stress-Strain curves for
printed Titanium specimens are shown in Graph 37 and the Stress-Strain curves for Stain-
less Steel are shown in Graph 38. The solid curves represent horizontally printed speci-
mens and the dashed lines represent the vertically printed specimens.
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Based on the data presented in Graph 37, it can be observed that the ultimate tensile
strength of additively and horizontally manufactured Titanium specimens is approxi-
mately 1100 MPa for all test environments including the reference specimens. This is due
to the fact that no signs of corrosion were observed in all test environments. On the other
hand, the ultimate tensile strength of additively and vertically manufactured Titanium
specimens is approximately 1050 MPa for the reference specimens and 1075 MPa for all
test environments. This slight increase of approximately 2 % in ultimate tensile strength
of the corrosion tested specimens can be explained by the fact that the specimens were
held at elevated temperature for considerably long corrosion test duration. As a result, the
anisotropy of Titanium printed specimen can be estimated to be 5% with higher strength
in horizontal build orientation.

Titanium Tensile Testing Stress-Strain Curve
1200
1000
800

600

Stress [MPa]

200

-0.05

0.2 0.25
-200 .
Strain [-]
Reference: Horizontal Print Orientaion Reference: Vertical Print Orientation
Test Environment 1: Horizontal Print Orientation Test Environment 1: Vertical Print Orientation
Test Environment 2: Horizontal Print Orientation Test Environment 2: Vertical Print Orientation
Test Environment 3: Horizontal Print Orientation Test Environment 3: Vertical Print Orientation

Graph 37. The Stress-Strain behaviour of additively manufactured Titanium specimens by means of
reference and corrosion test environments.
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Stainless Steel 316L Tensile Testing Stress-Strain Curve

500

300 |

Stress [MPa]

-0.2 0 0.2 04 06 0.8 1 1.2 14 16 18

-100
Strain [-]

Reference: Horizontal Print Orientaion Reference: Vertical Print Orientation
Test Environment 4: Horizontal Print Orientation Test Environment 4: Vertical Print Orientation

Test Environment 5: Horizontal Print Orientation Test Environment 5: Vertical Print Orientation
Test Environment 6: Horizontal Print Orientation Test Environment 6: Vertical Print Orientation

Test Environment 7: Horizontal Print Orientation Test Environment 7: Vertical Print Orientation

Graph 38. The Stress-Strain behaviour of additively manufactured Stainless Steel specimens by
means of reference and corrosion test environments.

Based on the data presented in Graph 38, it can be observed that the ultimate tensile
strength of additively and horizontally manufactured Stainless Steel specimens is approx-
imately 595 MPa for the reference specimens and the specimens which had undergone
corrosion testing. On the other hand, the ultimate tensile strength of additively and verti-
cally manufactured Stainless Steel specimens is approximately 520 MPa for the reference
specimens and the specimens which had relatively survived corrosion testing. The inten-
sity of corrosion is observed to be inversely proportional to the ultimate tensile strength
of the specimens. This is due to the fact that mass loss due to uniform or localized corro-
sion decreased the cross-sectional area of the specimen over which the force is distributed.
As a result, the anisotropy of the printed Stainless Steel is approximately 13% in favour
of the horizontal print orientation. The trailing values of some specimens are recorded
since the machine was unable to automatically detect fracture of the specimens. Only one
horizontally printed specimen, H5 was not tested due to extreme severity of localized
corrosion that it had sustained. Two vertically printed specimens, V5 and V7 did not frac-
ture within the gauge area due to localized corrosion on the fillet of the specimens. These
specimens are represented by the two smallest curves with lowest ultimate tensile strength
in Graph 38. In addition, vertically printed Stainless Steel specimens exhibited approxi-
mately 33% more strain than that of the horizontally printed specimens. This behaviour
can be explained by the layer by layer build nature of the AM process which is most
sensitive to variation in vertical direction as observed from lower ultimate tensile
strength. Hence, metallic bonds between the layers are more prone to stretching and dis-
locating than the metallic bonds of the layers.
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8 Discussion

8.1 Results

As the patented restrictions imposed by major key players of AM are coming to an end,
the technology in AM industry is developing on a continuous scale with introduction of
game-changing startups and services. This has induced considerable amount of competi-
tion that is changing the dynamics of AM industry. This master’s thesis has provided the
current affairs with respect to cost effective implementation of AM by means of an in-
dustrial spare part service. When delivering the product to the customer as soon as possi-
ble is of crucial importance due to exponential setbacks of costs originating from the
downtime of equipment, AM is the key because it has provided faster lead times for all
cases analysed in this study. Applications that are satisfied by polymer components
should be utilized for good advantage since AM has made moulds of IM obsolete and as
a result proved to be economical up to considerable amount in case of IM components
and SM components evaluated in this study. To date, Metal AM remains expensive to
manufacture according to all 8 metal AM spare parts that were analysed in this study.
Indirect metal AM was economical compared to direct metal AM in all cases. Spare parts
that are considerably larger for indirect (762mm x 393mm x 393mm) and direct (400mm
x 400mm x 400mm) metal AM should not be overlooked as 22% of the spare parts that
were considered for AM rapid tooling to assist casting proved to be economical to man-
ufacture when lead time was not as important. However, optimization methods can be
opted to decrease costs further and increase the performance of not only the spare part
itself but also the equipment that it operates. In this study, the cost of a lifting component,
Upper Shank was decreased by 46% in case of indirect metal AM and at the same time,
its performance was increased by 17% in terms of yielding of the material and by 40% in
terms of mass reduction. All in all, a considerable amount of 53% of all spare parts ana-
lysed in this study proved to be economical and faster to manufacture through AM. This
serves as a proof of concept that AM can be used to save costs when it comes to low
volume production, short lead time and higher performance. The verifications and vali-
dations conducted in this study prove that directly and additively manufactured Stainless
Steel spare parts can be used in mild corrosion environments in hydrometallurgical in-
dustry whereas directly and additively manufactured Titanium spare parts can be func-
tional in extreme corrosion environments in hydrometallurgical industry. The tensile tests
performed in this study compliment those of the published literature where anisotropic
nature of the direct metal AM is observed by horizontal and vertical print orientations.
The performance of these spare parts can be maximized by ensuring that the maximum
loads are projected onto the horizontal build orientation of the part.

8.2 Challenges

The accessibility of data was challenging with regards to receiving quotations from se-
lected service providers and with regards to receiving loading and boundary conditions
of industrial components. In case of polymer materials, the quotations including the lead
times were rather easily obtained through the online quotation algorithms of the service
providers up to an extent after which the algorithms failed to calculate the lead time and/or
cost of the component(s). Hence, small series production cost and lead time analyses were
performed by extensively contacting each service provider. The service providers also
faced difficulties in providing such data since their production capacity, current and pend-
ing orders effected the lead time as well as the cost especially in case of expedited sce-
nario. In case of metallic materials, the level of difficulty for obtaining the data varied by
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means of indirect metal AM and direct metal AM. Indirect metal AM quotations were
easily received from the online calculators of respective service providers whereas, the
quotation for direct metal AM could only be obtained by contacting the personnel of re-
spective service providers. The data of loading and boundary conditions of most industrial
components was non-existent hence, it had to be evaluated on a case by case scenario
with a varying level of engineering approximation due to complexity of the equipment
and time limitations. The size of the tensile test specimens was selected to keep corrosion
testing in mind and as a result it was relatively small compared to typical tensile testing
specimens. Hence, extra care and stoppers were needed to place each specimen into the
gripper of the Material Testing System. This relatively smaller size also restricted the use
of available extensometer because it was not within the operational range.

The evaluation of data was challenging with respect to limitations of software and hard-
ware that are used for this study. The iterations of shape optimization lasted up to 8 hours
per iteration. Furthermore, certain geometrical features of the Inspire Solidthinking soft-
ware that was used for topology optimization contained serious bugs through which the
software consistently crashed. These restrictions were overcome by performing the geo-
metrical tasks in another software and importing the geometry back to Inspire.

Last but not least, this study involved the analysis of industrial components hence, an
administrative process had to be iterated on a case by case scenario in order to release the
data to third parties.

8.3 Future Development

The additive manufacturing integrated screening and design process developed in this
study can fundamentally be applied to any finite number of parts. The AM screening
algorithm can be deployed using any programming language and specifications of any
number or type of AM machine(s) for a desired user interface. While contacting the se-
lected AM service providers for quotations including the lead times of the spare parts
analysed in this study, it was discovered that the cost and lead time parameters were ne-
gotiable to an extent. As dynamics of competition in AM industry are growing more than
ever before, the costs and lead times can be anticipated to decrease. Hence, these should
be re-evaluated over a certain interval of time. Furthermore, an additional service provider
to those that are analysed in this study was also considered for additively manufacturing
certain spare parts. Upon negotiations of possible long-term contracts, this undisclosed
service provider offered relatively lower costs at a reasonable lead time. The values of
this analysis however, are not disclosed in this study due to a non-disclosure agreement.

When considering CAD modelling, this study illustrates the power of parametric model-
ling with user guided interface of only one but the most complex spare part that is the
DOP Turbine. This programmable approach can be applied to the rest of the spare parts
as well for ease of use for modification purposes. The design intent of all 15 spare parts
which are received and analysed in this study is based on design for manufacturing and/or
design for assembly. Due to time limitations, only two of these spare parts are further
analysed in detail by evaluating the loading and boundary conditions in order to apply
and assess design for additive manufacturing. In case direct metal AM is selected to man-
ufacture the component(s), a redesign should be opted to minimize the required support
structures. A varying level of engineering approximation is used to analyse the rest of the
13 parts. For future development, the loading and boundary conditions of the rest of the
13 spare parts can also be analysed in detail for performance efficiency with respect to
design for additive manufacturing. Furthermore, measurement instruments can be used to
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evaluate the loading and boundary conditions with higher levels of accuracy. In addition
to the displacement and stress analyses, fatigue and modal analyses can also be performed
in the future to predict the behaviour of cyclic loading and vibrations induced in the struc-
tures.

In case of future developments of verification and validation methods used in this study,
corrosion testing of Titanium specimens can be performed in more aggressive test envi-
ronments to observe the behaviour of printed specimens in contrast to those of the bulk
material. Additionally, tensile testing can be performed using a specimen relative exten-
someter or strain gauges in order to calculate the yield or offset yield of the metal alloys
in addition to the ultimate tensile strength measured in this study. The percentage elon-
gation of the specimens can also be evaluated by measuring the gauge length before and
after the fracture of the specimens.
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9 Conclusion

As described earlier, the evolution of manufacturing has progressed throughout the cen-
turies starting from craftsmanship, to industrialization, to mass production, to mass cus-
tomization and finally to the era of eManufacturing. E-Manufacturing combines the most
challenging market demands including variable volume, consistent quality, statistical pro-
cess control, compatibility and complete customization incorporating lean manufacturing
and agile manufacturing. To this end, the development of new technologies pushes exist-
ing technologies to adapt to such demands to keep up with the dynamics of growing com-
petition. The purpose of this study was to define digital unique component manufacturing
through direct and indirect additive manufacturing to meet such challenging demands.

This study has systematically explained the working principles of ISO/ASTM approved
AM methods, their variants and their correlation with indirect and direct additive manu-
facturing including rapid tooling. A classification of metal AM is adopted for direct and
indirect AM from literature based on ISO/ASTM method, material feed stock, energy
source, bonding mechanism and manufacturer. The benefits of design for additive manu-
facturing are described in detail leading to various business potentials with ever-growing
economy of AM industry through agile and lean manufacturing. The implementation of
AM is also discussed and applied with various examples in contrast to formative and
subtractive manufacturing methodologies.

In order to conduct this study, a screening algorithm is developed to evaluate the eligibil-
ity of any finite number of spare parts. Consequently, 16 individual components and 7
assemblies were reduced to 9 individual components and 6 assemblies. The exclusion
scenarios included cheap to manufacture via SM, short lead time via SM, too long and
narrow for AM, and too big for AM with respect to technical specifications. Ultimately,
5 individual components and 6 assemblies are three dimensionally modelled including
one parametric model due to lack of 3D data. In addition, 7 moulds are three dimension-
ally modelled for the selected components to evaluate AM rapid tooling.

As a result of two formative or injection moulded parts of polymer, it is discovered that
direct polymer AM is beneficial in terms of cost and lead time of small series production
to an extent which needs to be calculated on a case by case scenario. Production volumes
of up to 51 pieces are recorded for economical and shorter lead times when considering
AM.

As aresult of thirteen subtractive manufacturing parts, it is discovered that indirect and/or
direct polymer and/or metal AM including rapid tooling has provided shorter lead times
for all spare parts analysed in this study. The results of direct polymer AM proved to be
economical in all cases. On the other hand, the results of indirect and direct metal AM
proved to be expensive to manufacture in all cases. Furthermore, indirect metal AM
proved to be economical compared to direct metal AM. However, in case AM rapid tool-
ing is considered to cast the metallic component, approximately 22% of considered com-
ponents proved to be economical at the cost of longer lead times. Since the cost of AM
rapid tooling depends on volume, complexity and lead time, the economical spare parts
define a probable range before and after which AM rapid tooling is defined expensive to
manufacture in case lead time is not crucial.

As a result of optimization studies through design for additive manufacturing, it can be
deduced that the performance of components can be increased by 17% when considering
the factor of safety even after reducing the mass or weight of the component by up to
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40%. Such mass reductions led to cost reductions of up to 46% in case of indirect metal
AM and up to 3% in case of direct metal AM due to nature of required support structures.
The difference in lead time is observed to be negligible due to the nature of AM processes.

Finally, as a result of verification and validation methods, it is deduced that directly and
additively manufactured Titanium is corrosion resistant with regards to its bulk material
with an ultimate tensile strength of approximately 1100 MPa containing 5% anisotropy
in favour of horizontal print orientation. Whereas, directly and additively manufactured
Stainless Steel 316L is not as corrosion resistant compared to stainless steel with Euro-
pean standards of EN 1.4404 and EN 1.4432 in highly aggressive environments and it has
an ultimate tensile strength of approximately 595 MPa with 13% anisotropy in favour of
horizontal print orientation.
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Appendix 1. Spare Parts Screening Process

Appendix 1 (1/11)

Spare parts Screening

Reasoning

through AM molds

pattern for
Investment casting

requires workshop
processing due to drilling
even after AM

for investment
casting

straightness and
flatness can be hard
to manufacture
through AM assisted
casting due to such
narrowness

of a polymer

Part No. Hitt Hit Hitt Hitt Hitt Hitt Hitt Hit
N\ =T | | =
Preview b “T;L 5 ) ’ ,} 1
X \\\ //a’/ ) . ) (
N\ N\ //’; / : ez o0 (
- Fep XL
Year Designed 1978 1976 1993 1997 1997 200 2006 2006 2010
Format 2D Drawing 2D Drawing 2D Drawing 2D Drawing 2D Drawing 2D Drawing 2D Drawing 2D Drawing 2D Drawing
Valupoydan Runko Tera . Rullatuki Kisko Kiinnike . .
Purpose Jarrulaippa Korvaliuskaleikkuri Tuki (Levy) (Assembly) Kiskoon Jaotintanko Upper Bar Bush Guide Frame
Stainless steel (50-
. 55 HRC) Steel EN 10025-2-
7?7
Material B5hler No Antinit Steel (SS1312/RSt37) 7?7 $355)2
KwW80
Dimensions (L x W x H) [mm] 1580 x 1580 x 35 183 x 183 x 16 126 x50 x 20 420x110x 40 100 x60 x 20 1308 x 30 x 25 455 x 125 x 77 90x90x 25 40x100x 210
Tolerance (tightest) [mm] -1 +0.035 +0.052 -0.2 +0.144 -0.2 +0.039 -0.1 +0.2
Machining: t1.2 | Machining: | 0.5 12.52 0.9 13.924
Overall tolerance [mm] i i *0.78 (According to (According to (According to +0.05 -0.2 *0.5
Without +6.0 Without +2.5 (*G-I—I- provided) ) g ) g ) g V. . (GTT provided)
Machining: =0 Machining: | ~* previous GTT) previous GTT) previous GTT)
Surface Roughness 16 0.8 i 6.3 i i 39 i 6.3
(Smoothest) [um]
Parallelism [mm)] - 0.005 - - - - 0.1 - -
Perpendicularity [mm] - - - - - - 0.1 - -
Primary: Rollin Castin Extrusion/castin Castin Extrusion/castin Rollin Castin Extrusion/ Castin
Possible ¥: 8 & 8 & & & g casting &
Conventional . Sawing + Sawing +
. Cutting (Plasma?) + . . . - . - . - . - . - . -
Manufacturing .. . . Sawing + Boring + Sawing + milling + Sawing + milling + | Sawing + milling + Sawing + milling + milling + drilling + Sawing + milling +
Machining: forming+ welding + o . o o o o o , o
Methods . - drilling grinding + drilling drilling drilling drilling grinding + boring + drilling
turning + drilling - .
drilling turning
Eligibility [Included for
further review or Excluded] Excluded Excluded
Too big for direct AM Direct printing via Consists of a relatively Part Consolidation | AM molds for Part is too long for AM molds for FDM if it can Direct AM (PBF)
but can be sand casted EBM and/or AM simple design and and AM patterns casting direct AM and such casting be made out and/or AM patterns

for Investment
casting

*GTT = General Tolerance Table
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Spare parts Screening

Part No. Hit# Hit# HitH Hith HitH HitH
=L
H Al
Preview e % Q i | g
et T3 = : :
=]
Year Designed 2010 2010 2010 2006 2008 2011
Format 2D Drawing 3D Model [Solidworks] 3D Model [Solidworks] 2D Drawing 2D Drawing 2D Drawing
Purpose Support Bar Crane Grab Plate Sliding Bush Crane Grab Cover Crane Grab Comb Plate Hollow Bar Roll
Steel EN 10025-2- Stainless Steel EN 10088-2 -
i -2- 7?7 i
Material $355)2 Steel EN 10025-2-5355J2 27" Stainless Steel EN 1.4432 1.4462
Dimensions (L x W x H) [mm] 45 x 50 x 1000 210x60x 10 70x 70 x 100 100x 100 x 8 870x80x5 90x 90 x 30
Tolerance (tightest) [mm] +0.2 +0.2 +0.2 0.1 0.1 +0.2
+0.5 +0.35
0.8 (According to previous GTT) (According to previous 0.3 0.8 0.3
Overall tolerance [mm] (GTT provided) GTT) (GTT provided) (GTT provided) (According to previous GTT)
Surface Roughness - -
6.3 - - 3.2
(Smoothest) [um]
Parallelism - - - - - -
Perpendicularity - - 6.3 - - -
Possible Primary: Extrusion /casting Rolling Extrusion/casting Rolling Rolling Extrusion/casting
Conventional . . Cutting (laser/water-Jet) Sawing + drilling + boring + . - .
. .. Sawing + milling + . . - - . - Sawing + drilling + boring +
Manufacturing Machining: - turning Cutting (laser) + milling + drilling Cutting (laser) + Drilling .
drilling turning
Methods
Eligibility [Included for further Excluded Excluded Excluded Excluded Excluded

review or Excluded]

Reasoning

Part is too long for
direct AM and such
straightness and
flatness can be
hard to
manufacture
through AM
assisted casting

Consists of a relatively simple
design which can easily be
manufactured with the above
mentioned conventional
machining process relatively fast
and through standard sheets
available in the market

Possible via Direct and
Indirect AM

Consists of a relatively simple design
which can easily be manufactured with
the above mentioned conventional
machining process relatively fast and
through standard sheets available in the
market. In addition, would require
workshop processing due to drilling even
after AM.

Part is too long for direct AM
and such straightness and
flatness can be hard to
manufacture through AM
assisted casting due to such
narrowness

Consists of a relatively simple
design which can easily be
manufactured with the above
mentioned conventional
machining process relatively
fast and through standard bars
available in the market




Spare parts Screening

DOP Turbine 200 CW

Part No. H#HitH
_®
\-//(-)
Preview

R (" "\
%mﬁ
0
Year Designed 2012
Format 2D Drawing
Purpose Blade (1) Top plate (2) Bottom Plate (3) Shaft Round Bar (4) Flange Steel (5)
Material Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404
Dimensions (L x W x H) [mm] 200 x 200 x 48 200x200x 4 200x200x 4 40 x40 x 881.5 115 x 155 x 26
Tolerance (tightest) [mm] +0.1 +0.1 +0.1 +0.2 +0.02
Overall tolerance [mm] +0.5 +0.5 +0.5 +0.8 +0.3
(GTT provided) (GTT provided) (GTT provided) (GTT provided) (GTT provided)

Surface Roughness (Smoothest) [um] - - - - 3.2
Parallelism - - - - -
Perpendicularity - - 0.5 - 0.2
Possible Conventional Primary: Casting Rolling Rolling Extrusion/casting Extrusion/casting
Manufacturing Methods Machining: Sawing + turning + milling Cutting (laser) Cutting (laser) Sawing + turning + milling | Sawing + turning + milling

Eligibility [Included for further review or Excluded]

Reasoning

AM Molds for sand casting can be used for part consolidation of top plate, bottom plate and blade.
Possible via Direct AM part consolidation of bottom plate and the turbine

Appendix 1 (3/11)



Spare parts Screening

Chain Wheel
Part No. H#HitH
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- \
o
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Preview Z 'RFERERE
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9 (9)
Year Designed 2005
Format 2D Drawing
Purpose Steel Plate (1) Round Bar (2)
Material Steel EN 10025 S235JRG2 Steel EN 10025 S355J2G3
Dimensions (L x W x H) [mm] 345 x345x 20 150 x 150x 120
Tolerance (tightest) [mm] +0.026 +0.05

+0.5 +0.5

Overall tolerance [mm]

(According to previous GTT)

(According to previous GTT)

Surface Roughness (Smoothest) [um] 3.2 -

Parallelism - -
Perpendicularity - -

Runout 0.2 -

Possible Conventional Primary: Casting Casting
Manufacturing Methods Machining: Sawing + turning + milling + drilling + boring + form cutting | Sawing + turning + drilling + boring

Eligibility [Included for further review or Excluded]

Reasoning

Part Consolidation
AM molds for sand casting
Possibility of Optimization

Appendix 1 (4/11)



Spare parts Screening
Fork Bar
Part No. HitH
/) 7 )
7/ o/ \o/
| 325) /
i / 50
e " {1 20)
75 \ 230 /1 20 5 40
& 50 14 x 45° \ Mé ; 2PCS
\
K [y 1
- 7\ _ ,
a {-B ¥ =H—+--t |-~ <+
N y, \-:—/ \ 4 . B
Preview =17 iZa/
<02
i_ 300 -0.2 _,l
o
2 ‘o 63 %7%

D35 +0.05

% 05
i,

260 05

Year Designed 2010
Format 2D Drawing
Purpose Hollow Section (1) Steel Plate (2) Square Bar (3)
Material Steel EN 10088-3 -1.4401 Steel EN 10088-2 -1.4436 Steel EN 10088-3 — 1.4436
Dimensions (L x W x H) [mm] 50 x 50 x 230 50 x 50 x 20 50 x50 x 75
Tolerance (tightest) [mm] 0.1 0.2 +0.025
Overall tolerance [mm] i0.5' i0.3' i0.3'

(GTT provided) (GTT provided) (GTT provided)
Surface Roughness (Smoothest) [um] - 6.3 3.2
Parallelism - - -
Perpendicularity - - -
Runout - - -
Possible Conventional Primary: Rolling Extrusion/Casting Extrusion/casting
Manufacturing Methods Machining: Cutting + forming + welding Sawing + Milling + drilling Sawing + milling + drilling

Eligibility [Included for further review or Excluded]

Reasoning

Possibility of using AM
Part Consolidation
Possibility of Topology Optim

ization
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Spare parts Screening

Adjustable Mounting Plate: Drawing No. ###

Part No. HitH HitH
Preview 1:‘5..-'_ _ : A\.Al.kl \
@

Year Designed 2012
Format 2D Drawing
Purpose Adjustable Mounting Plate Plate
Material Steel EN 10025 S235JRG2 Steel EN 10025 S235JRG2
Dimensions (L x W x H) [mm] 476 x 424 x 40 65 x 60 x 63
Tolerance (tightest) [mm] 0.2, £ 0°30' 0.1

+0.8 +0.3

Overall tolerance [mm]

(According to previous GTT)

(According to previous GTT)

Surface Roughness (Smoothest) [um] 6.3 -
Parallelism - _
Perpendicularity - -
Runout - -
Possible Conventional Primary: Rolling Casting/Extrusion
Manufacturing Methods Machining: | Cutting (flame or plasma?) Sawing + milling

Eligibility [Included for further review or
Excluded]

Reasoning

AM molds for casting
Part Consolidation
Possibility of Optimization
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Spare parts Screening

Stopper Flange Assembly: Drawing No. ###

Part No.

#i#

Hithh \

#i#

Preview

000

T \_/

Year Designed 2010
Format 2D Drawing
Purpose Stopper Flange (1) Flange (2) Sliding Ring (3)
Material Steel EN 10025 S235JRG2 Steel EN 10025 S235JRG2 EN 10029 Plastic — PE Rigid
Dimensions (L x W x H) [mm] 236 x 236 x 45 236x 236 x40 180 x 180 x 40
Tolerance (tightest) [mm] 0.2 0.2 +0.3
Overall tolerance [mm)] i0.5‘ 10.5‘ 10.5‘

(GTT provided) (GTT provided) (GTT provided)
Surface Roughness (Smoothest) [um] - - -
Parallelism - - _
Perpendicularity - - -
Runout - - -
Possible Conventional Primary: Casting/Extrusion Casting /Extrusion Rolling
Manufacturing Methods Machining: Sawing + drilling + boring + turning | Sawing + drilling + boring + turning | cutting + forming + welding + sawing + boring + turning

Eligibility [Included for further review or Excluded]

Reasoning

Part Consolidation

Possibility of the whole part being polymer through AM
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Spare parts Screening

VSF DOP-SPIROK SYSTEM, DOP Pump Adjustment Ring: Drawing No. ###

Part No.

#i#

#i#

#i#

Preview

Year Designed 2003
Format 2D Drawing
Purpose Adjustment top plate Adjustment outer ring Adjustment inner ring
Material Stainless Steel AlSI 316L Stainless Steel AISI 316L Stainless Steel AISI 316L
Dimensions (L x W x H) [mm] 1674 x 1674 x 6 1680 x 1680 x 40 1118 x 1118 x 40
Tolerance (tightest) [mm] 0.1 0.1 0.1
Overall tolerance [mm)] 11.2‘ 11.2‘ 11.2‘

(GTT provided) (GTT provided) (GTT provided)
Surface Roughness (Smoothest) [um] 12.5 - -
Parallelism - - i
Perpendicularity - - -
Runout - - -
Flatness 0.5 - -
Possible Conventional Primary: Rolling Rolling Rolling
Manufacturing Methods Machining: Cutting (laser) Cutting + forming + welding + grinding Cutting + forming + welding + grinding

Eligibility [Included for further review or
Excluded]

Excluded

Reasoning

Parts are too big for direct AM and consist of a relatively simple design which can easily be manufactured with the above mentioned conventional machining process relatively fast and

through standard sheets available in the market.
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Spare parts Screening

DWG No. Hit#

SAP-Code Hitt

Preview

Year Designed 2011

Format 2D + 3D Drawing

Purpose Anode Hangerbar

Material Polymer: suitable for copper electrolysis
Equipment Anode Top Insulator
Dimensions (L x W x H) [mm] 210x 200 x 66

Tolerance (tightest) [mm] +2

Overall tolerance [mm] 0.5

Surface Roughness (Smoothest) [um] -

Parallelism [mm] -

Perpendicularity [mm)] -

. . . Primary: Polymerisation/Polycondensation
Possible Conventional Manufacturing Methods — — -
OT Machining: Injection Moulding Only
Eligibility [Included for further review or Excluded] Included

Reasoning Direct AM via PBF: SLS




Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed

2012

Format 2D + 3D Drawing
Purpose Positioning Cone
Material Polymer: PP
Equipment ANODE CATHODE CRANE & GRAB

Dimensions (L x W x H) [mm]

200x 115 x 141

Tolerance (tightest) [mm]

+0.2

Overall tolerance [mm]

0.5

Surface Roughness (Smoothest) [um]

Parallelism [mm]

Perpendicularity [mm)]

Primary:

Polymerisation/Polycondensation

Possible Conventional Manufacturing Methods

OT Machining:

Injection Moulding Only

Eligibility [Included for further review or Excluded]

Included

Reasoning

Direct AM via PBF: SLS
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Spare Parts Screening Summary 1% Iteration

Description Included | Excluded | Total
No. of Individual Parts 9 7 16
No. of Assemblies 6 1 7
No. of Total Parts 26 10 36
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Appendix 2. Spare Parts Further Analysis

Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed

2011

Format 2D + 3D Drawing

Purpose Anode Hangerbar

Material Polymer: suitable for copper electrolysis
Equipment Anode Top Insulator
Dimensions (L x W x H) [mm] 210 x 200 x 66

Tolerance (tightest) [mm] +2

Overall tolerance [mm] 0.5

Surface Roughness (Smoothest) [um]

Parallelism [mm]

Perpendicularity [mm)]

Primary: Polymerisation/Polycondensation
Possible Conventional Manufacturing Methods - y. Y —— /Poly -
Machining: Injection Moulding Only
Additive Manufacturing Eligibility e Direct printing PBF: SLS
Downtime No
FCA Lead Time [Weeks] 2-3 however, 4-8 for new configuration
Cost [€] Part. (200 euro + 1,5 euro/pc * x(pc)) : x(pc) =y euro
Tooling 20000

Loading Type

Variable loading
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Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed

2012

Format 2D + 3D Drawing
Purpose Positioning Cone
Material Polymer: PP
Equipment ANODE CATHODE CRANE & GRAB

Dimensions (L x W x H) [mm]

200x 115x 141

Tolerance (tightest) [mm]

+0.2

Overall tolerance [mm]

0.5

Surface Roughness (Smoothest) [um]

Parallelism [mm]

Perpendicularity [mm)]

Primary: Polymerisation/Polycondensation
Possible Conventional Manufacturing Methods - y. y — /Poly -
Machining: Injection Moulding Only
Additive Manufacturing Eligibility e Direct printing PBF: SLS
Downtime No
FCA Lead Time [Weeks] 2-3 however, 20 for new mould
Cost [€] Part. (200 euro + 3,4 euro/pc * x(pc)) : x(pc) =y euro
Tooling 15000

Loading Type

Shock and variable loading

Appendix 2 (2/15)



Spare parts Screening

DOP Turbine 200 CW

DWG No. Hit#
SAP-Code Hitt
_®
\_//(-)
Preview

G (" N
O— w
A
U/
Year Designed 2012

Format 2D Drawing + 3D Model
Purpose Blade (1) Top plate (2) ‘ Bottom Plate (3) ‘ Shaft Round Bar (4) ‘ Flange Steel (5)
Equipment MIXER
Material Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404 | Steel EN 10088-2- 1.4404
Dimensions (L x W x H) [mm] 200 x 200 x 48 200x200x 4 200x200x 4 40 x40 x 881.5 115 x 155 x 26
Tolerance (tightest) [mm] 0.1 0.1 0.1 +0.2 +0.02
Overall tolerance [mm)] i0.5‘ i0.5‘ i0.5‘ i0.8‘ i0'3.

(GTT provided) (GTT provided) (GTT provided) (GTT provided) (GTT provided)
Surface Roughness (Smoothest) [um] - - - - 3.2
Parallelism - - - - -
Perpendicularity - - 0.5 - 0.2
Possible Conventional Primary: Casting Rolling Rolling Extrusion/casting Extrusion/casting

Manufacturing Methods | Machining:

Cutting, drilling, milling, welding

Additive Manufacturing Eligibility

e AM Moulds for sand casting can be used for part consolidation of top plate, bottom plate and blade.

e Possible via Direct AM part consolidation of bottom plate and the turbine

Downtime Yes: Usually have one spare, can be welded in some cases when damaged
FCA Lead Time [Weeks] 4
Cost [€] 3000

Loading Type

Variable Load
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Spare parts Screening
DWG No. Hi#
SAP-Code HiH
Preview

Year Designed 2006

Format 2D Drawing

Purpose Upper Bar/Upper Shank
Equipment ( APM-LINE ) LIFTER ASSEMBLY
Material S355K2G3 EN 10025

Dimensions (L x W x H) [mm]

455 x 125 x 77

Tolerance (tightest) [mm] +0.039

Overall tolerance [mm] +0.05

Surface Roughness (Smoothest) [um] 3.2

Parallelism [mm)] 0.1

Perpendicularity [mm] 0.1
Primary: Castin

Possible Conventional Manufacturing Methods - y. - — — B —
Machining: Flame cutting, milling, drilling, pull groves, grinding, surface

Additive Manufacturing Eligibility

e  AM moulds for casting

Downtime Yes: takes months to get a new one, may not be repaired if grooves are damaged
FCA Lead Time [Weeks] 4
Cost [€] 910

Loading Type

Variable Loading (1milj. per/y)
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Spare parts Screening

Chain Wheel
DWG No.
SAP-Code
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Year Designed 2005
Format 2D Drawing
Purpose Steel Plate (1) Round Bar (2)
Equipment ( APM-LINE ) LIFT TRANSFER DEVICE / CONVEYOR
Material Steel EN 10025 S235JRG2 Steel EN 10025 S355J2G3
Dimensions (L x W x H) [mm] 345 x 345 x 20 150 x 150x 120
Tolerance (tightest) [mm] +0.026 +0.05

+0.5 +0.5

Overall tolerance [mm]

(According to previous GTT)

(According to previous GTT)

Surface Roughness (Smoothest) [um] 3.2 -
Parallelism - -
Perpendicularity - -
Runout 0.2 -
Possible Conventional Primary: Casting Casting
Manufacturing Methods | Machining: Flame cutting, cutting, milling, facing, drilling, pull grove, welding

Additive Manufacturing Eligibility

Part Consolidation
AM moulds for sand casting
Possibility of Optimization

Downtime Yes
FCA Lead Time [Weeks] 6
Cost [€] 445: Steel plate costs about 70-80% of the total price

Loading Type

Static, shock load
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Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed 1976
Format 2D Drawing
Purpose Tera Korvaliuskaleikkuri/Cutting Blade
Equipment LUG STRIP CUTTING MACHINE

. Stainless steel (50-55 HRC)
Material

Bohler No Antinit KW80

Dimensions (L x W x H) [mm]

183 x 183 x 16

Tolerance (tightest) [mm] +0.035
Machining: 0.5
Overall tolerance [mm]
Without Machining: 2.5
Surface Roughness (Smoothest) [um] 0.8
Parallelism [mm] 0.005
Perpendicularity [mm)] -
Primary: Castin
Possible Conventional Manufacturing Methods - y. - - - g‘
Machining: Cutting, facing, grinding, hardened

Additive Manufacturing Eligibility

Direct printing (EBM)
AM pattern for Investment casting

Downtime Yes: Cannot be repaired, customer has to have a spare
FCA Lead Time [Weeks] 4
Cost [€] 390

Loading Type

Variable load, shock load
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Spare parts Screening
DWG No. H#i#
SAP-Code HitH
Preview

Year Designed

2010

Format 2D Drawing + 3D Model
Purpose Guide Frame
Material Steel EN 10025-2-5355J2
Equipment ( ANODE CATHODE CRANE & GRAB ) BALE ASSEMBLY: supports a moving PP shaft
Dimensions (L x W x H) [mm] 40x100x 210
Tolerance (tightest) [mm] +0.2
Overall tolerance [mm] *0.5
(GTT provided)

Surface Roughness (Smoothest) [um] 6.3
Parallelism [mm)] -
Perpendicularity [mm)] -

Primary: Castin
Possible Conventional Manufacturing Methods - y. - 'g. —

Machining: Flame cutting, milling, drilling

Additive Manufacturing Eligibility

Direct AM (PBF)
AM patterns for Investment casting

Downtime No
FCA Lead Time [Weeks] 4
Cost [€] 272

Loading Type

Static Loading
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Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed 1997

Format 2D Drawing

Purpose Rullatuki (Assembly)/Roll Support
Equipment ( APM-LINE MILLING UNIT ) ANODE HOLDER
Material ST52-3 DIN / EN 10025

Dimensions (L x W x H) [mm]

420x110x 40

Tolerance (tightest) [mm] -0.2
+2.52
Overall tolerance [mm] (According to previous GTT)
Surface Roughness (Smoothest) [um] 6.3
Parallelism [mm] -
Perpendicularity [mm)] -
Primary: Castin
Possible Conventional Manufacturing Methods - y. - - g — —
Machining: Flame cutting, welding, drilling, milling

Additive Manufacturing Eligibility

e Part Consolidation
e AM patterns for investment casting

Yes: but can be repaired on site completely,

Downtime repairs take dew days and repaired by mainly welding
FCA Lead Time [Weeks] 4

Cost [€] 205

Loading Type Shock Load
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Spare parts Screening

DWG No. i
SAP-Code Hi#H
Preview /\

Year Designed 2010
Format 2D Drawing + 3D Model [Solidworks]
Purpose Sliding Bush
Equipment ( ANODE CATHODE CRANE & GRAB ) BALE ASSEMBLY
Material JM1-15 Cu85 Sn5 Pb5 Zn5 ( BRASS / BRONZE / RED METAL)
Dimensions (L x W x H) [mm] 70x70x 100
Tolerance (tightest) [mm] 10.2
+0.35

Overall tolerance [mm]

(According to previous GTT)

Surface Roughness (Smoothest) [um]

Parallelism

Perpendicularity

6.3

Possible Conventional Manufacturing Methods Prlma.ry.: Extru_'slon/cz'as'tmg
Machining: Casting, milling

Additive Manufacturing Eligibility e Possible via Direct and Indirect AM

Downtime No

FCA Lead Time [Weeks] 4

Cost [€] 108

Loading Type

Variable Load
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Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed 1997
Format 2D Drawing
Purpose Kisko Kiinnike Kiskoon/Rail Fastener
Material FE510C
Equipment ( APM-LINE ) ANODE STORAGE BEAM
Dimensions (L x W x H) [mm] 100 x 60 x 20
Tolerance (tightest) [mm] 10.144
+0.9

Overall tolerance [mm]

(According to previous GTT)

Surface Roughness (Smoothest) [um]

Parallelism [mm]

Perpendicularity [mm)]

Possible Conventional Manufacturing Methods Prlma.ry.: Extrtfsmn/(':a.stmg —
Machining: Flame cutting, milling, drilling

Additive Manufacturing Eligibility e AM moulds for casting

Downtime No

FCA Lead Time [Weeks] 4

Cost [€] 95

Loading Type Static Load
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Spare parts Screening

Fork Bar
DWG No. Drawing No. ###
SAP-Code Hitt
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Year Designed

2010

Format 2D Drawing + 3D Model
Purpose Hollow Section (1) ‘ Steel Plate (2) Square Bar (3)
Equipment ( ANODE CATHODE CRANE & GRAB ) ALIGNING COMB ASSEMBLY
Material Steel EN 10088-3 -1.4401 Steel EN 10088-2 -1.4436 Steel EN 10088-3 — 1.4436
Dimensions (L x W x H) [mm] 50 x 50 x 230 50 x 50 x 20 50 x50 x 75
Tolerance (tightest) [mm] 0.1 10.2 +0.025
Overall tolerance [mm)] 10.5‘ i0.3‘ i0.3‘

(GTT provided) (GTT provided) (GTT provided)
Surface Roughness (Smoothest) [um] - 6.3 3.2
Parallelism - - -
Perpendicularity - - -
Runout - - -
Possible Conventional Primary: Rolling Extrusion/Casting Extrusion/casting

Manufacturing Methods | Machining:

Flame cutting, cutting, milling, facing, drilling, welding

Additive Manufacturing Eligibility

Possibility of using AM
Part Consolidation
Possibility of Topology Optimization

Downtime No
FCA Lead Time [Weeks] 5
Cost [€] 223

Loading Type

Variable load
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Spare parts Screening

Stopper Flange Assembly: Drawing No. ###

DWG No. it \ it \ Hithh
SAP-Code HitH
0060 (2
prm— ~
e :~-.\w>é\3/
Preview

I \V

Year Designed 2010
Format 2D Drawing + 3D Model
Purpose Stopper Flange (1) ‘ Flange (2) Sliding Ring (3)
Equipment ( ANODE CATHODE CRANE & GRAB ) ANTI SWAY FRAME ASSEMBLY
Material Steel EN 10025 S235JRG2 | Steel EN 10025 S235JRG2 | EN 10029 Plastic — PE Rigid
Dimensions (L x W x H) [mm] 236 x 236 x 45 236 x 236 x40 180 x 180 x 40
Tolerance (tightest) [mm] 10.2 0.2 +0.3
Overall tolerance [mm)] iO'S. iO'S. iO'S.

(GTT provided) (GTT provided) (GTT provided)
Surface Roughness (Smoothest) [um] - - -
Parallelism - - -
Perpendicularity - - -
Runout - - -
Possible Conventional Primary: Casting/Extrusion Casting /Extrusion Casting /Extrusion

Manufacturing Methods | Machining:

Cutting, milling, drilling

Additive Manufacturing Eligibility

e Part Consolidation
e Possibility of the whole part being polymer

Downtime No
FCA Lead Time [Weeks] 5
Cost [€] 451

Loading Type

Variable load, shock load
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Spare parts Screening

Adjustable Mounting Plate: Drawing No. ###

DWG No.

#i# #i#

SAP-Code

Preview

Year Designed

2012

Appendix 2 (13/15)

Format 2D Drawing + 3D Model
Purpose Adjustable Mounting Plate
Plate
Equipment ( CASTING SHOP ) TAKE-OFF DEVICE / LIFTING DEVICE
Material Steel EN 10025 S235JRG2 Steel EN 10025 S235JRG2
Dimensions (L x W x H) [mm] 476 x 424 x 40 65 x 60 x 63
Tolerance (tightest) [mm] +0.2, £ 0°30' 0.1
+0.8
Overall tolerance [mm] (According to previous . +0.3 .
(According to previous GTT)
GTT)
Surface Roughness (Smoothest) [um] 6.3 -
Parallelism - -
Perpendicularity - -
Runout - -
Possible Conventional Primary: Rolling Casting/Extrusion
Manufacturing Methods Machining: Flame cutting, milling, facing, welding

Additive Manufacturing Eligibility

e AM moulds for casting
e Part Consolidation

e Possibility of Optimization

Downtime Yes

FCA Lead Time [Weeks] 5

Cost [€] 626
Loading Type Variable load




Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed 2006

Format 2D Drawing

Purpose Bush

Material S$355J2G3 EN 10025
Equipment ( APM-LINE LUG PRESS ) TRANSFER DEVICE
Dimensions (L x W x H) [mm] 90 x 90 x 25

Tolerance (tightest) [mm] -0.1

Overall tolerance [mm] -0.2

Surface Roughness (Smoothest) [um]

Parallelism [mm]

Perpendicularity [mm)]

Possible Conventional Manufacturing Methods Prlma.ry.: E)ftru5|o‘n( castlhg.
Machining: Cutting, milling, drilling
Additive Manufacturing Eligibility FDM if it can be made out of a polymer
Downtime Yes
FCA Lead Time [Weeks] 4
Cost [€] 48

Loading Type

Static Loading
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Spare parts Screening

DWG No. ittt
SAP-Code Hitt
Preview

Year Designed 1978

Format 2D Drawing

Purpose Valupdydan Runko Jarrulaippa/Brake Flange
Equipment ( CASTING SHOP ) CASTING WHEEL / CASTING TABLE
Material $355J2G3 ( TAI VALU GGG 70 DIN 1693 )

Dimensions (L x W x H) [mm]

1580 x 1580 x 35

Tolerance (tightest) [mm] -1
Machining: 1.2
Overall tolerance [mm]
Without Machining: 16.0
Surface Roughness (Smoothest) [um] 1.6
Parallelism [mm] -
Perpendicularity [mm)] -
Primary: Rollin
Conventional Manufacturing Methods - y. - g —
Machining: Flame cutting, milling, drilling

Additive Manufacturing Eligibility

Too big for direct AM
Can be sand casted through AM sand moulds

Downtime Impact Yes
FCA Lead Time [Weeks] 5
Cost [€] 3755

Loading Type

Variable Load
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(Results modified with permission: Courtesy of Outotec Research Centre)

Appendix 3A. Uniform Corrosion Testing Results

UNIFORM CORROSION

(Outokumpu Stainless AB, 2009)

Legend
Rank [Corrosionrate [Description
<0.1 mm/y Material is corrosion resistant.
0.1-1.0 mm/y |Material is not corrosion resistant but useful in certain cases.
>1.0 mm/y |Serious corrosion: Material is not usable.
Titanium Sample weight Corrosion
Solution| Sample | Before After Change | Surface area | Density | Test duration rate
nr. | code | [g] [g] [g] [em’] [g/cm’] [h] [mmly]
2 5V 5.0166 5.0142 -0.0024 12.9865 4.00 168 2.41E-02
6V 5.0046 5.0023 -0.0023 12.9865 4.00 168 2.31E-02
v 5.0052 5.0031 -0.0021 12.9865 4.00 168 2.11E-02
8Vv 4.9929 4.9906 -0.0023 12.9865 4.00 168 2.31E-02
2 5H 5.3988 5.3966 -0.0022 12.9865 4.20 168 2.10E-02
6H 5.3704 5.3684 -0.0020 12.9865 4.20 168 1.91E-02
7H 5.3741 5.3721 -0.0020 12.9865 4.20 168 1.91E-02
8H 5.4041 5.4022 -0.0019 12.9865 4.20 168 1.82E-02
2 Bulk 8.0753 8.0751 -0.0002 10.5475 443 168 2.23E-03
Titanium Sample weight Corrosion
Solution | Sample | Before After Change | Surface area | Density | Test duration rate
nr. code [a] [a] [a] [em?] [g/cm’] [h] [mmiy]
3 oV 4.9875 5.0128 0.0253 12.9865 4.00 168 *
10V 4.9944 4.9924 -0.0020 12.9865 4.00 168 2.01E-02
11V 4.9748 4.9863 0.0115 12.9865 4.00 168 *
12V 4.9765 4.9749 -0.0016 12.9865 4.00 168 1.61E-02
3 9H 5.4073 5.4051 -0.0022 12.9865 4.20 168 2.10E-02
10H 5.3552 5.3535 -0.0017 12.9865 4.20 168 1.63E-02
11H 5.3440 5.3419 -0.0021 12.9865 4.20 168 2.01E-02
12H 5.3203 5.3185 -0.0018 12.9865 4.20 168 1.72E-02
3 Bulk 8.5273 8.5276 0.0003 10.8156 4.43 168 3.26E-03

*Signifies mass increase due to deposition
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(Results modified with permission: Courtesy of Outotec Research Centre)

UNIFORM CORROSION

(Outokumpu Stainless AB, 2009)

Legend

Rank

Corrosion rate

Description

<0.1 mm/y

Material is corrosion resistant.

0.1-1.0 mm/y

Material is not corrosion resistant but useful in certain cases.

>1.0 mm/y

Serious corrosion: Material is not usable.

SS 316L Sample weight Corrosion
Solution| Sample | Before After Change | Surface area | Density | Test duration rate
nr. | code | [g] [g] [g] [em’] [g/cm’] [h] [mmly]
7 10V 16.7288 16.6276 -0.1012 15.8504 7.80 168 4.27E-01
11V 16.7890 16.6922 -0.0968 15.8504 7.80 168 4.08E-01
12V 16.7959 16.7921 -0.0038 15.8504 7.80 168 1.60E-02
7 10H 16.9785 16.6276 -0.3509 15.8504 7.50 168
11H 16.9848 16.6922 -0.2926 15.8504 7.50 168
12H 16.9703 16.7921 -0.1782 15.8504 7.50 168 7.82E-01
7 1.4404 | 15.4252 15.4242 -0.0010 16.5555 7.90 168 3.99E-03
7 1.4432 | 22.7156 22.7161 0.0005 23.9904 8.00 168 1.36E-03
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(Results modified with permission: Courtesy of Outotec Research Centre) Appendix 3B (1/3)

Appendix 3B. Localized Corrosion Testing Results

| LOCALIZED CORROSION |

The occurrence and intensity of localized corrosion based on visual observations

(Outokumpu Stainless AB, 2009)
Legend

Rank |Description
No localized corrosion

Localized corrosion with increasing intensity

Titanium
Solution| Sample Rank

nr. code

1 1V

2V

3V

4V

1 1H

2H

3H

4H

1 Bulk

SS 316L SS 316L SS 316L
Solution| Sample Rank Solution| Sample Rank Solution| Sample Rank

nr. code nr. code nr. code
4 1V 5 4V 6 v
2V 5V 8V
3V 6V Vv
4 H [ 5 4H 6 7H
2H 5H 8H
3H 6H 9H
4 1.4404 5 1.4404 6 1.4404
4 1.4432 5 1.4432 6 1.4432




(Results modified with permission: Courtesy of Outotec Research Centre)

LOCALIZED CORROSION

Mass Fluctuations

Titanium Sample weight
Solution | Sample | Before After Change
nr. code [a] [a] [9]
1 1V 5.0284 5.0224 -0.0060
2V 5.0144 4.9705 -0.0439
3V 5.0160 5.0109 -0.0051
4V 4.9596 4.9561 -0.0035
1 1H 5.3744 5.3696 -0.0048
2H 5.3762 5.3723 -0.0039
3H 5.3844 5.3831 -0.0013
4H 5.3990 5.3989 -0.0001
1 Bulk 8.4288 8.4295 0.0007

Mass Change [g]

0.0050
0.0000

-0.0050
-0.0100
-0.0150
-0.0200
-0.0250
-0.0300
-0.0350
-0.0400
-0.0450
-0.0500

1v

Titanium Mass Fluctuations

2V

Sample Code
3V v 1H 2H
A ¥ § =N

3H

4H

Bulk
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(Results modified with permission: Courtesy of Outotec Research Centre)

Appendix 3B (3/3)

LOCALIZED CORROSION

Mass Fluctuations

SS 316L Sample weight
Solution| Sample | Sample Before After | Change
nr. Serial nr.| code [a] [a] [a]
4 1 1V 16.6723 16.5981 | -0.0742
2 2V 16.6822 16.5994 | -0.0828
3 3V 16.7015 16.6845 | -0.0170
4 4 1H 17.0035 16.1089 | -0.8946
5 2H 16.9659 16.9598 | -0.0061
6 3H 16.9972 16.9880 | -0.0092
4 7 1.4404 13.4476 11.5360 | -1.9116
4 8 1.4432 22.8477 22.8659 [ 0.0182

SS 316L Sample weight
Solution| Sample | Sample | Before After | Change
nr. Serial nr.| code [a] [a] [a]
5 1 4v 16.7045 | 16.2667 | -0.4378
2 5V 16.6644 | 15.4070 | -1.2574
3 6V 16.7019 | 16.5750 | -0.1269
5 4 4H 16.9997 | 15.8838 | -1.1159
5 5H 16.9710 | 16.1019 | -0.8691
6 6H 16.9789 | 16.5536 | -0.4253
5 7 1.4404 | 12.9312 | 11.4340 | -1.4972
5 8 1.4432 | 22.8255 | 22.8230 | -0.0025

SS 316L Sample weight
Solution | Sample | Sample | Before After | Change
nr. Serial nr.| code [a] [a] [a]
6 1 v 16.7224 | 15.9718 | -0.7506
2 8V 16.7114 | 16.2234 | -0.4880
3 Vv 16.7457 | 16.3715 | -0.3742
6 4 7H 16.9839 | 16.4130 | -0.5709
5 8H 16.9901 | 16.4702 | -0.5199
6 9H 16.9438 | 16.3198 | -0.6240
6 7 1.4404 | 16.1473 | 14.7111 | -1.4362
6 8 1.4432 | 22.8188 | 22.7927 | -0.0261

0.5

-0.5

-1.5

Mass Difference [g]

-2.5

Mass changes of SS 316L in acidic, oxidizing solutions with increasing chloride content

Sample Serial Number

4 5

Solution 4

Solution 5

Solution 6



