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Abstract: Laser based powder bed fusion (L-PBF) is used to manufacture parts layer by layer with
the energy of laser beam. The use of L-PBF for building functional parts originates from the design
freedom, flexibility, customizability, and energy efficiency of products applied in dynamic application
fields such as aerospace and automotive. There are challenges and drawbacks that need to be
defined and overcome before its adaptation next to rivaling traditional manufacturing methods.
Factors such as high cost of L-PBF machines, metal powder, post-preprocessing, and low productivity
may deter its acceptance as a mainstream manufacturing technique. Understanding the key cost
drivers of L-PBF that influence productivity throughout the whole lifespan of products will facilitate
the decision-making process. Functional and operational decisions can yield profitability and increase
competitiveness among advanced manufacturing sectors. Identifying the relationships between the
phases of the life cycle of products influences cost-effectiveness. The aim of the study is to investigate
the life cycle cost (LCC) and the impact of design to it in additive manufacturing (AM) with L-PBF.
The article provides a review of simulation driven design for additive manufacturing (simulation
driven DfAM) and LCC for metallic L-PBF processes and examines the state of the art to outline the
merits, demerits, design rules, and life cycle models of L-PBF. Practical case studies of L-PBF are
discussed and analysis of the interrelating factors of the different life phases are presented. This study
shows that simulation driven DfAM in the design phase increases the productivity throughout the
whole production and life span of L-PBF parts. The LCC model covers the whole holistic lifecycle
engineering of products and offers guidelines for decision making.

Keywords: design for additive manufacturing; life cycle cost; metal; laser powder bed
fusion; productivity

1. Introduction

Additive manufacturing (AM), known also as 3D printing, is “a process of joining materials to
produce parts based on three-dimensional (3D) modelling, usually layer upon layer, as opposed to
subtractive manufacturing and formative manufacturing methodologies” [1]. Aerospace, medical,
automotive, and service bureaus are key sectors where AM continues to evolve with automotive leading
in developments towards full-scale production of AM for benefits such as improved strength and
weight functionality [2-5]. There has not been much precedence in assisting companies in integrating
L-PBF to business portfolio, except for a few published studies concerning computer simulation
software such as Autodesk, nTopology, SolidWorks, CATIA, E-Stage, and Magics [6-9]. The scarcity of
available literature on the cost-efficiency and lacking reports from industrial scientific sectors currently
limit AM industrial full implementation [10-12] as published data are often highly case-specific.
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These challenges are possible to overcome once the key players involved in this modern technological
milestone unveil the formation of costs and elaborate the scientific knowhow [13,14]. This paper aims
to show how simulation driven design for additive manufacturing (simulation driven DfAM) rules
may be utilized with attention to the effect on part quality and accompanying life cycle cost (LCC)
to offer better understanding and aid in its adoption. The optimization possibilities for improved
profitability and new research areas also are discussed. No study to our knowledge has considered
an integrated study of simulation driven DfAM and LCC for cost efficiency.

The basis of this study is the role of simulation driven DfAM in metal L-PBF. This study intends
to identify the influence of key cost drivers and processes that can be optimized to control LCC. In the
current paper, simulation driven DfAM and LCC will be considered together with the life cycle phases
that are susceptible to economic inefficiency of implementation of L-PBF. In addition, other advantages
of L-PBF are addressed based on earlier industrial application. The integrated LCC method to L-PBF is
presented to highlight the means to optimize energy and raw material consumption, generated waste
volume, time, and overall cost throughout the life span of products.

1.1. Laser-Based Powder Bed Fusion

AM methods, including powder bed fusion (PBF) processes, start with the transformation of
a 3D model file to STL-format to readable sliced layers for the machine system to machine setup [15].
These files are then exported for necessary modifications and selection of suitable process parameters
using special software designed for that specific machine. After actual printing, the platform and built
parts are removed from the building chamber and undergo detachment from building platform and
subsequent post-processing, which typically involves polishing, coating, machining, or heat treatment
according to requirements of the application [2,10,15-17]. PBF is an AM technique in which “thermal
energy selectively fuses regions of a powder bed” [1]. PBF methods can be categorized into two
sub-methods, all following the same layer-wise steps [18-20] to create parts as shown in Figure 1 [1,20].
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Figure 1. Schematic representation of powder bed fusion (PBF) systems and steps of manufacturing [1,20].

Figure 1 shows the hierarchy of the steps employed to build parts using PBF machine systems.
The different can be difference in ways to achieve specific step for each of the building phase.
For instance, L-PBF employs a powder reservoir whereas electron beam-based powder bed fusion
(EM-PBF) a hopper to feed powder to the building platform. Different techniques of PBF offer
advantages that are unattainable with comparable traditional manufacturing methods [6,16,18-21].
Some of these benefits include the creation of conformal flow channels, reduced manufacturing steps,
lattice structures for improved weight, and stiffness. Laser-based powder bed fusion (L-PBF) is one
of the subtypes of PBF used to produce structures from powder raw material with the energy of
one or more laser beams that selectively melt and fuse the particles at the surface, layer upon layer,
in an enclosed process chamber [22].
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1.2. Merits and Demerits of L-PBF

L-PBF offers benefits such as manufacturing on-demand, shorter lead times, design flexibility,
and ease of design modifications. The application of L-PBF and other AM methods has the potential
to improve the existing inefficacies in manufacturing, especially regarding minimizing the amount
of source material needed and produced waste [6,10,23]. L-PBF processes eliminate the auxiliary
operational and the investment needs such as several manufacturing and assembly steps in different
locations [24] and number of essentially needed molds and tools subject to traditional methods [25].

The ability to reduce component weight by creating a customized lattice, net-, and web-like metal
structure [26] for L-PBF manufacturing makes the process suitable for dynamic application fields such
as aerospace and automotive sectors. This is because all weight reduction improves functionality and
thus improves fuel consumption efficiency during the whole service life of the parts [11,15,27-29].
Operational costs can be reduced through product design optimization for L-PBF with attention to
specific material and equipment that is used to print the parts [30-32]. Increasing the throughput
of a construction job with shorter lead times will increase productivity [33]. L-PBF costs are largely
dependent on the design and manufacturing, therefore, these phases must be optimized in terms of
part structural integrity and building process.

Most notably, L-PBF provides a cost-effective means to produce spare parts on time and demand
and is usually geographically closer to the user. This reduces inventory and storing costs and simplifies
the supply chains while improving the delivery times. Reducing the downtime by manufacturing or
repair on demand can also eliminate unwanted costs during the service life of products. Prime examples
can be found from the aerospace industry, where unexpected cancellation of planned flights leads
to major losses in revenue and accumulation of indirect expenses. Large companies have often
heavily invested in spare part acquisition and storage to eradicate or reduce such monetary losses
in the occurrence of sudden breakdowns [29]. A major part of L-PBF costs do not have to account
for the afore-mentioned aspects, as the price is largely dependent on processing time itself. Hence,
any reduction in manufacturing time reduces the overall production cost and results in higher
net profitability.

The most common factors discouraging the acceptance of L-PBF are the investment cost of metal
L-PBF machine, price of metal powder, lack of standardization, validation, and limitations on the part
size [10,34-36]. Lack of knowhow of potential of simulation driven DfAM has also a huge effect to
this. Several studies [11,12,30,37-41] have however shown that high initial machine costs of L-PBF are
justified and have a reasonable payback period. The profits depend on how efficiently machines are
utilized over their economic lifespan, the up-time of L-PBF equipment must remain high. Identifying
bottlenecks and increasing the yearly output of a machine can be approached with DfAM rules and
a simulation software tool, to improve the productivity.

Simulation tools can result in up to 75% productivity [9,29]. With the use of a simulation
software, such as nTopology, Fusion 360, e-Stage, and 3DXpert for part optimization during the design
phase, possible drawbacks may be identified and managed accordingly before actual production of
part. Early detection of potential production bottlenecks aids in the selection of appropriate process
parameters. These decrease in time spent on physical printing, scrap rate, and to achieve intended
functionality. Following the proposed approach leads to a shorter product development period and
enhances part performance [6,8,42]. For instance, redesigning of existing models that are intended
for conventional methods involving subtractive machining is the main gateway for unlocking the
full potential of L-PBF [43]. Benefits such as lighter weight, reduced lead time, energy, and higher
cost efficiency may only be realized through design optimization with simulation driven DfAM of
the parts [10,11,30,32,44]. Newest L-PBF machines have the capacity of simultaneous processing
with multiple high-power lasers and high-speed scanners enabling increased throughput by saving
energy, improved raw material utilization, and time use. The new L-PBF are also equipped with
on-line monitoring systems to follow the manufacturing during build of part. Full utilization of the
building platform work area is another straightforward way for increasing productivity. The use of
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skilled personnel enables little-to-no trial and errors, decreasing about 13% in part cost due to human
error [29].

Currently, international bodies such as ISO and ASTM are developing the standards and validation
methods for metal AM processes. Efforts to improve production volume and part size are ongoing.

1.3. Aim and Purpose of This Study

This study considers the impact of simulation driven DfAM on the LCC of L-PBF manufactured
products. The motivation of this study is to provide a deeper understanding of the costs structure of metal
L-PBF products and offer recommendations to support the decision-making towards the acceptance of the
process. The potential of PBF has been broadly discussed in the studies [11,12,20,30,35,37,38] with the
main focus on design and build phases, while the analysis of associated costs has been rarely considered,
with attention paid mainly to cost components of machine, materials, and production [16,27,29,45].
There is the need therefore for a systematic model to analyze the cost structure of products made with
L-PBF from the idea to end of lifespan. Understanding the cost structure will highlight the associated
fixed and variable cost of L-PBF and help assess the impacts of its adoption. The cost structure in L-PBF
is composed of the acquisition costs to get the system up and running and the operational costs to
keep the system effectively working. This paper is based on a literature survey and focuses on the
phases of LCC that characterize products. Understanding the fixed and variable cost of L-PBF allows
for efficient choices to be made, for example, through exploiting the full utilization rate of machines.
Phases of LCC included in this study are design, manufacturing, use (operation), and end of life
(EOL). This study intends to provide the background information of possible costs, design choices,
and highlight the means to reduce overall cost. The key cost elements of the different phases are
identified with an explanation of their effect to remove the complexities from the decision-making
process concerning the application of L-PBF.

This study was executed at LUT University with help of project Metal 3D Innovations
(Me3DI) funded by the European Regional Development Fund (grant number, A74131), and project
Manufacturing 4.0 (MFG4.0) funded by the Strategic Research Council at the Academy of Finland (grant
number, 335992). The Me3DI project (duration 1.9.2018-31.12.2020) aims to establish a knowhow cluster
of metal AM to South Karelia (Finland) and is executed by industrial partners and research groups
of Steel Structures and Laser Materials Processing and Additive Manufacturing of LUT University.
The MFG4.0 project (duration 1.1.2018 to 31.12.2023) aims to investigate how digital manufacturing will
change fabrication in Finland and is carried out by the University of Turku, University of Jyvaskyld,
University of Helsinki, and LUT University.

1.4. Expected Results

This study will highlight the industrial benefits of L-PBF to improve efficiency and
cost-effectiveness. As companies continue to adopt to L-PBF, presented case studies will offer exemplary
application and assist in making effective and feasible choices for metal based products. The integrated
simulation driven DFAM/LCC model will aid in the recognition of an appropriate decision rule for
economic evaluations in decision-making. This study will also serve as a guide for analyzing whether
investing in the L-PBF process is worthwhile or not to the business portfolio.

2. Materials and Methods

A search in the Web of Science database was conducted within the scope of this review. The phrases
used to track the appropriate literature include:

e  Design for additive manufacturing.

e Life cycle cost in powder bed fusion.

e  Life cycle cost metal additive manufacturing.

e  Design for additive manufacturing in powder bed fusion.
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e  Life cycle cost and DfAM in powder bed fusion.

The review data were obtained from four databases, Google Scholar, SpringerLink, Science Direct,
ProQuest, and IEEE to validate results. These web bases were chosen as they cover wide and diverse
reviews for specific research studies. The review was limited to 15 years (2005-2020) in agreement
with the evolution era of AM. LCC studies include definitions outside of this time frame. Figure 2
depicts the outcome of web search with key phrases.
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Figure 2. Representation of the web data base and number of literature hits between 2005-2020 related
to this review.

Figure 2 shows that there are gaps in the level of studies relating to LCC and L-PBF. One may
argue that the earlier terminologies of this methods could be the reason. Never the less the difference
in literature is vast.

2.1. Simulation Driven DfAM in L-PBF

Design for manufacturing and assembly (DFMA) is a conventional systematic method to design
and optimize parts, which is produced with traditional methods, such as CNC machining and casting,
which aims to increase the manufacturability, quality, performance of products, and to reduce time
and cost [18,45-47]. DFMA considers traditionally design goals and the constraints set by the applied
manufacturing methods to ease manufacturing and assembly.

AM methods differ a lot from the conventional manufacturing processes as the constraints set by
tooling and fixtures in conventional processes are non-existing with AM. However, there are specified
guidelines and rules to the application of each of the AM methods for effective and successful use
in industrial applications. Conventional DFMA can be described as the practice of designing and
optimizing a product together with its production system to reduce development time and cost,
and increase performance, quality, and profitability [46]. simulation driven DfAM rules substitute the
methodological guidelines of DFMA in conventional manufacturing as these production technologies
vary in principal level from each others [46-48].

Mechanical properties and microstructure of metallic L-PBF parts depend on process parameters
(e.g., scan strategies, spot size, layer thickness, amount of energy used, etc.), raw material properties,
part geometry, support structures, and environmental factors [2,18,29,49-51]. Process optimization
approaches are applied to assess the impact of above-mentioned factors on the attainability of
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desired objectives such as functionality, aesthetics, and efficiency [16,42]. Several studies have
highlighted the benefits of using simulation driven DfAM to achieve desired requirements and
function [6-8,18,42,52-55]. The scan strategy refers to the type of scan pattern, the number of scan
count, and the orientation of scanning paths in respect to each other in specific areas within the single
layer. The scan strategy has the potential to impact characteristics such as porosity, microstructure,
and formation of support structures and surface roughness of built parts. The selection of processing
parameters such as the scan strategy must be done to avoid any defects that might result in undesirable
features [2,20,49,56-58]. For instance, warping as a common defect in L-PBF [20] is minimized when
the randomized scanning pattern is applied, as it prevents the buildup of residual stresses during
processing. Another way to avoid warping is by providing sufficient adhesion surface contact between
the part and build platform [19]. Rotating the scan pattern is a third way to alter the stress anisotropy
resulting from the area localized power distribution within a single deposited layer [49,59].

Studies have shown that material properties can be tailored to achieve process optimization [49,56].
The localized variation of material stiffness can be used to achieve design goals. The material factors
affecting the quality of print are: Phase, magnetic functional grading, and grain distribution as
controlling parameters to achieve set goals of products. These findings are especially valuable in the
context of multi-material AM products development [49,56].

The support structures for metal parts must fulfil the main functions of offering support for initial
layers, prevent warping by the anchoring part to the building plate and conducting heat away from
the part [19]. This improves the heat exchange capacity to avert reduction of mechanical properties.
The use of support structures must be incorporated based on need. The support structures must be
designed to have minimal need for material and ease of removal. For instance, initial simulation-based
analysis of the support structures performance will reduce the numbers and complexity, being favorable
for the physical separation of ready built parts from the base. The amount of work in removing the
support structures after the building process can either be simple or complicated, depending whether
the overhangs are present and their location on the finished part. Structural supports are mandatory
in designs with overhangs regardless of increasing the overall manufacturing complexity. The idea
has been formulated to be more specific: “Locating the scan pattern is a third way to alter the stress
anisotropy resulting from area localized power distribution within single deposited layer” [49,59].
The chosen method reduces time usage and cost, thus, the designing of parts with the recommended
45° and even 10° overhang angle for self-support structures must be used to eliminate the need
for structural supports. Commonly acceptable design rules are shown in Table 1. An exemplary
application of these rules is applied to the design part in Figure 3.

Table 1. Design rules based on geometrical features suitable for metallic laser PBF (L-PBF). Adapted from

[34,60].
Feature DfAM Aspect Recommended Minimium Dimension
1.Supports The maximum angle a wall can be printed without requiring support Always required
2.Supported walls Connected to other structures on at least two sides 0.4 mm
3.Unsupported wall Connected to the rest of the part on only one side 0.5 mm
4.Holes The minimum diameter of hole printable @ 1.5 mm
5.Pin diameter The minimum diameter of a pin can be printed at 1 mm
6.Minimum features The recommender minimum size of' a feature to ensure it will not fail 0.6 mm
to print
7 Wall thickness The minimum wall thickness to ensure a successful print for 0.4-0.5 mm
most materials
8.Escape holes The minimum diameter of escape hole for removal of build material 3-5mm
9.Gap size Acceptable gap widths 0.4 mm

(dependent on laser spot)
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1 mm pin diameter
1.5 mm hole diameter
0.4 mum thickness for wall connected at 2 points

0.5 mm thickness for wall connected at 1 point

0.4 mm minimum wall thickness

0.4 mm between each set of gaps

3 mm hole to remove unmelted powder

Figure 3. Example of applying DfAM geometrical recommendations in the part design.

The L-PBF process is heavily influenced by case-specific equipment and material, thus a general
recommendation such as the given list in Table 1 and Figure 3 may not apply to every L-PBF system [34].
Existing DfAM rules concentrate on promotion or suppressing of a specific geometric shape such
as minimum and maximum values of size, inclination angle, allowable bridging distance, etc. [60].
The application of DfAM rules offers an effective and efficient method to design suitable parts for
L-PBF manufacturing.

2.2. LCC in Industrial Manufacturing

LCC is comprising associated costs of any process, product, or service in a period between idea
generation to the end of life of the part [29]. With LCC, a company is able to carry out an economic
evaluation to assess the feasibility of the upcoming project. Part design in ways that consumption of
resources and cost-effectiveness of production are accounted for forms a basis for decisions. For instance,
reducing the weight of the component is usually one of the main targets that influences the guidelines
of design, thereby affecting the decision whether L-PBF is suitable for a specific manufacturing task.
The outcome of these evaluations can help companies make decisions to achieve cost-effectiveness
utilizing L-PBF [49].

LCC is defined as “the total cost of ownership of machinery and equipment, including its cost of
acquisition, operation, maintenance, conversion, and/or decommission” [61]. LCC is also described as
“cradle to grave costs summarized as an economics model of evaluating alternatives for equipment
and projects” [62]. The life cycle of any system is characterized by cash flow, sales, and profit.
Any company aims to identify the possible loopholes in operations and targets them to reduce future
risks. The inclusion of operational and EOL associated costs during the designing phase in an LCC
analysis will help identify ways of averting future compliance fees or fines. Operational and EOL costs
are incurred within the use phase and EOL phase, respectively. It is possible to manufacture lightweight
components with L-PBF, thereby reducing fuel consumption while the part is in service. As a result,
less emissions are produced when the original design is replaced with lightweight components
consequently reducing the fuel consumption in the use phase [29]. Companies are able to save on
purchasing environmental quotas and emission certificates as less CO, is being produced.

2.3. Benefits of LCC Analysis for L-PBF

The design of the product and its performance and life cycle must be carefully planned out
already in the beginning of the project [63]. A comprehensive assessment of the various work stages
allows maximizing of profitability. The costs structure can be managed within a specific phase and
to the entire life cycle [29,49,64]. The inclusion of all associated costs to the LCC helps reduce the
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single unit price and achieve a fair target cost. The target cost is the final cost of a product or service
to achieve to generate the desired level of sales revenue and profit [65]. The designing phase must
consider functional and environmental factors. This can lower some future costs such as, operating,
maintenance repairs, and environmental clean-up costs at the EOL phase. Different models have been
proposed to study LCC [29,46,64,66]. The classification of LCC phases in this study follows the idea
of four main phases [64], as shown in Table 2. The costs associated with metal powder acquisition is
excluded from this review.

Table 2. Representation of life cycle cost (LCC) phases of L-PBF manufacturing.

Phases Type of Cost
1. Design ! research, development, design
2. Manufacturing (Build) machines, material, labor, post-processing overheads, depreciation, test and validate
3. Operation (Use) fuel cost, warrant claims, maintenance, CO; charges/fines
4. EOL environmental clean-up, reuse, remanufacture, recycling, disposal, and decommissioning

1 Adapted from Lindemann et al. and Garrett [29,64].

Cost structure in L-PBF is formed on the expenses of equipment acquisition, functionality
maintenance, and depreciation costs [46]. The estimation of cost efficiency was performed in study
of [46] based on an analysis of the utilization rate of the build platform. This study compared the direct
production cost of printing single and multiple parts using L-PBE. The cost of part manufacturing
was including energy, raw material, and machine costs. The machine cost structure comprised of
purchase cost of machines, its maintenance, and expenses of consumables such as shielding gas.
A simultaneous build of similar or dissimilar parts to the fill platform was able to reduce time and
cost. It was concluded that energy consumption can be reduced by nearly 81% and production costs
by 6% when the platform is utilized at full capacity. It was demonstrated that costs of L-PBF can be
optimized, however, the work was limited only to phases of design and manufacturing. For assessing
the economic benefits of L-PBF production, entirely, other stages of the product life cycle must be
accounted for, including the evaluation of cost-efficacy of EOL.

The cost optimization based on process, material, and design structure for metal based AM has
also been studied [16]. The review done in study [16] focused on the crucial aspects (part design and
process parameters) concerning controlling the build time and cost. The benefits with the proposed
methodology produced a 21% improvement in build time and a 15% reduction of total estimated
production cost compared to addressing these themes separately. Processing factors such as beam
velocity, laser power, and part optimization effectively influenced energy, material, and time usage.
The result of the study showed the importance of integrating process design with topology design
to economic efficacy in AM. A summary of the process variables, material properties, and structural
design were defined based on the design compliance for cost minimization as Figure 4 shows [16].

Compliance — / Production \

1. AM Process variables cost Raw material J

* ZEZOCI ty Material based

. aser power cost

2. Materials - Scrap ]

. Properties

. Microstructure Production time ]

3. Structural design Time based cost

. Topology K / [ Energy used ]
Manual labour ]

Figure 4. Schematic of concurrent method to reduce cost in metal additive manufacturing (MAM).
Adapted from [16].
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The Figure 4 shows the a further categorizing of the production cost of the study [16] into material
based (raw materials, material lost during recovering, and recycling) or time-based (production time,
energy, and labor)

There are six phases of the product life cycle according to the German standard DIN 60300-3-3
“Dependability management Part 3-3: Application guide Life cycle costing”. The model developed
accounts for intrinsic LCC of a product in which cost incurred by both manufacturers and consumers
are considered from idea generation to the end of service life. This method is capable to identify cost
drivers characterized by each phase. The study [29] has served as a basis for numerous works on the
LCC analysis. The proposed method is expanded by assigning the impact factors to each phase and
accounts their influence on controlling time and cost of the whole cycle. Figure 5 presents a summary
of the LCC model discussed in detail in [29].

1 2 3 4
i. Idea generation ii.Design il.Part ii.Usage Envi
i . . ? nvironmental
requirements __iii.Development Production installation  iii. Maintenance

1 ! 1
1 ! 1
1 ! 1
1 : !
1 1
Design Sketches and ! ) ' . ! .
[ analygsis H CAD models ] : { Material costs i Transportation Running costs : Disassembly
1 1
1 ! 1
Tender Component ! . ! e ! Material
[ speciﬁcaﬁon [ design (FEM) : Machine costs : Assembly Storage costs : residual value
1 ! 1
1
Performance Machine : . 1 :
specification preparation ! Postprocessing ! Warranty costs !
1 ! 1
1
Quality management i Quality ] |
planning 1 assurance ) i

r

‘ Personnel costs Energy costs ‘

"Manufacture | ( )

Figure 5. Schematic of the LCC model in the study of Lindemann et al. (2013). Adapted from [29].

The LCC model shown in Figure 5 includes four main cost areas:

e Initial development and design cost.

e  Manufacturing costs, such as energy, material, etc.

e  Operating costs, such as energy, waste, maintenance, etc.

e Environmental costs and benefits, such as emissions and residual material.

2.4. Case Studies

The benefits of energy efficiency, improved productivity, and functionality provided by L-PBF
to automotive, aerospace, and other applications are explored in studies [20,23,24,26,44,67-71].
These studies highlight the benefits of designing web-like, lattice, conformal flow channels into
parts for improving productivity, functionality, aesthetic, etc. aspects and reduced manufacturing
steps and time. In studies [20,44,70,71], the benefits of complex internal flow channels, lightweight,
net-like structures, function, and part consolidations using various L-PBF methods are presented.
The results of such designs are improved stiffness, material efficiency, appearance, and better cost
efficiency throughout the life cycle of products [20,60,72]. Figures 6-8 show the example cases of using
L-PBF to make efficient (lighter, stronger, less assembly required), complex, and customized metal
parts with improved functionality and aesthetics.
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Products Part count
of traditional and Additional benefits
AM methods

(@)

* Lighter weight
Reduced part count * Approximately 70 % saving
from 163 parts to2  in total cost
parts

i/,

o - =
28-element Inconel® 625 fuel injector
by NASA

(b)

Number of part  * A 10 % weight reduction
counts reduced to  * Cheaper production cost
single part from 30  with PBF
parts

3D-printed coaxial injector for rocket engine
by German Aerospace Centre and 3D Systems

Figure 6. Example of metal aerospace designed liquid fuel injectors (a) by NASA, reproduced
from [20,70] and (b) three-dimensional (3D) systems reproduced from [70] with permission from
3D systems.

(a) (b)

Figure 7. Representation of optimized (a) titanium spacecraft bracket, reproduced from [44] with
permission from nTolology and (b) aluminumy/silicon printed thermostat covers attached to the build
platform. Reproduced from [71] with permission from Daimler AG.

] | Flanges present, bolt
% and nuts required

(@)

Lo
3 pipes counts

Pipe after structural
optimization.
Improved strength-to-
weight ratio, fewer
mechanical
connections

1 pipe count

Figure 8. Case studies including. (a) classical assembly of pipes and (b) redesigned pipe assembly
as consolidated a pipe assembly with conformal ribbing. Reproduced from [44] with permission
from nTolology.
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The optimization solutions presented in Figures 6-8 show the usability of L-PBF to lessen the
number of parts needed, improve performance and aesthetics without compromising functionality,
durability, and service life. Examples presented in Figures 6 and 8 show how L-PBF is useful
for integrating multiple parts, thereby reducing the part count. The case shown in Figure 6a
resulted in a shorter manufacturing time and fewer steps, part count decreased while its performance
was improved by fluid flow optimization. The detail shown in Figure 6b received improvement
in a conformal flow channels design. Number of parts (structures shown in Figure 6a,b had 163 and
30 parts) was reduced after redesign to two and one. Manufacturing steps, time, and costs were
also reduced. The total time of manufacturing the part shown in Figure 6a was only four months,
which is almost one-third (1/3) less than the needed time with traditional methods. The production
cost was reduced by 70%, while performance properties were enhanced. Figure 7a illustrates how
part optimization may be exploited to improve stiffness in aerospace and automotive applications for
making effective and efficient lightweight components. High strength and temperature resistance
thermostat covers were economically produced with L-PBF methods for old truck models. Figure 7b
presents an example of making spare parts to replace old generation models with a reliably high original
equipment manufacturer (OEM) quality. Conformal ribbing is one of the ways to reduce component
weight, however this is not possible with classical methods. As shown in Figure 8, existing parts can be
redesigned for applying advantages of AM and simultaneously preserving functionality. Novel design
reduces the part count and manufacturing steps and time needed for design optimization. Removal of
the two mid flanges demonstrates superiority over traditional manufacturing methods, where the part
design is typically intended to suit specified manufacturing and assembly rules [44]. In addition to
fewer production steps, tools, materials, and shorter manufacturing time provided by L-PBF, functional
properties can be preserved or enhanced, and costs minimized.

Resources in L-PBF must be managed to reduce waste and inefficiencies to foster the shift from
linear to circular economy. An example of how the Materialise Magics (Materialise, Technologielaan
Leuven, Belgium) can help achieve such objectives with attention to reduction of time, raw material
usage, scrap, and overall cost in metal AM methods, is shown in Figure 9.

(a) Example case of simulation-driven DfAM metal part (b) Example case of simulation-driven DfAM design |
Data preparation time 5 hours < 0.5 hours
Average build time 30 hours
Machine set up 3 hours
Post processing 4 hours <2 hour
Number of build per year 186 (70 % utilization rate)

' . " imulati - :
Average material consumption 1.2kg without simulation driven design ‘

Build chamber 1 % (250 x 250 mm)

Material Titanium

Software Materialise Magics, (SG+ module)
Re-build ratio 15 % <0

Operational cost / build without simulation: $ 2,633

Figure 9. Example of (a) production cost reduction and (b) optimized design using a simulation-driven

preventive method. Data in (a) from [9].

The base of building chamber for the case shown in Figure 9a was 250 x 250 mm. With the
appropriate software and qualified personnel, only 10% of the time usually spent in the design stage
was used, which translates to savings in cost. Use of simulation software prevents about 75% of defects
and failures through virtual simulation before actual production. For instance, time saving of 2 h per



Metals 2020, 10, 1179 12 of 20

build during post-processing adds up to 372 h annually. The number of hours saved in data preparation
would equal to 837 h, assuming that each build has a different product design. The 15% re-build ratio,
which is a measure of how often the build is repeated during production due to design failures, can be
eliminated with the use of simulation. This halves the scrap rate during the manufacturing phase,
totalling up to 50% of overall production cost. One example of the detail shown in Figure 9a, is that the
efficient design of the parts takes only one-tenth (1/10th) of typically used time and doubles the speed
of manufacturing of build phases. One more outcome is a 20% reduction in material consumption
depending on defined parameters of each specific case. Figure 9b shows an optimised CAD model.
The optimization goal was to improve stiffness by 30% with 40% mass reduction. These goals were
effectively achieved using the part design and generative functional design apps of Dassault Systemes
3dexperience (Dassault Systemes, Vélizy-Villacoublay, France). The functions and requirements of the
design were either preserved or enhanced.

2.5. Integration of Simulation Driven DfAM and LCC of L-PBF

Productivity can be described as a measure of how well input resources are turned into profitable
useful outputs inaspecified time. Resources include but are not limited to machines, labor, raw materials,
investments, energy, etc. [33]. L-PBF offers several means to control outputs with optimized designs
which influence materials, energy, time usage, and whole costs. With L-PBF, costs of production
may also be altered with the simultaneous building of similar or dissimilar parts from the same
material [35,45]. The versatility of L-PBF has potential to increase the efficiency of energy and
material usage. Flexibility provided by L-PBF in design stage should reasonably be applied to avoid
overcomplicating the model. This will ensure that components fulfill demands set to complexity,
weight, functionality, and aesthetics while reducing the manufacturing time and cost.

The possibility to modify the part design for a functional requirement is the main benchmark
in L-PBF [11,16]. A model of LCC generated in this study is shown in Figure 10. The LCC model is
based on five assumptions:

e  The designed part is applicable in a multiple function.

e  Parts are made with stainless powder.

e  Metal powder is sieved and recycled to be re-used in production.
e  Parts are reusable after the initial usage.

e At EOL, parts are considered for repairs prior to being recycled.

_ /J'/ Geometry design \\

1. Design O /A | Support structures |
L \  Partoptimization |
3 \\frocsess simulation /
<]
£
_g‘ B I/\/[ N N\ - O Time
I . DA 5" [ Machine preparation .
g 2.Build  £OA % | Platform removal 8 # Source material (metal powder)
& g\ i ) 8 .
2 v i Testing » g A Vi Energy and fuel consumption
E _zEw /,/E:—\ -‘—; $ Cash flow
5 5 ] ] . B
) =] US? In service \ 5 + Represents accumulation of impact
—ég 3. Operation(3 /i o ( Maintenance )
a Repairs (3 Circularity of input and output
Q, ,f
o
5
o — —
o ‘
s | / Dismantling

4.EOL OA [ Sorting

\ Recycling, etc. /

Figure 10. Representation of the LCC model for products made with L-PBF showing interrelations
between phases based on time, energy, metal powder, and cash flow.
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As it can be seen from Figure 10, design and manufacturing phases are interrelated to the remaining
phases of the product life cycle. The literature review established that controlling parameters during
the lifespan of components are largely dependent on time, energy, and raw material consumption.
These parameters can be controlled during the design phase as denoted by the symbols in Figure 10.
The utilisation of simulation software to design optimized components can reduce the rate of failure
occurrences. While the physical controlling of material, time, and energy usage is realised during the
manufacture phase, they are set already during the design phase. Creating optimised designs and
proper support structures can prevent build failures such as distortion and lack of fusion voids. As it
can be observed from Figure 10, the consumption of fuel and energy can be controlled during the
use phase. The possibility to make effective or efficient design suitable for a specific application can
reduce the consumption of these utilities. Lifetime of components is also increased when optimized
parts are made. This corresponds to the increased service time for components. The use of L-PBF
reduces also downtime in the operational phase with an on-demand and on-time manufacturing
option. During EOL, time and energy usage can be reduced if the designing phase was planned to
consider the ease of disassembly and related EOL actions. The circularity connecting the different
phases denotes that cash continues to flow within the whole system. The design phase allocates for
approximately 20% of overall product cost, while around 75% of the manufacturing costs are fixed
(e.g., cost of equipment and raw materials). The observed change is obvious when compared to the
last decade, when the design cost was making up only 5% of the overall product cost [13].

The simulation driven DfAM in L-PBF primarily can be applied in the activities carried out during
the design and build phases, as shown in Figure 11. Actions of these phases need to be optimized to
achieve cost efficiency of the entire life span of metallic built components.

Jous

L

Slicing and

Research and )
; development transfer of file \ \ Fuel Resue
i CAD modelling Machine setup 4 Warranty Remanufacture
! Simulations runs Build, test and i claims Recycle
A Visualise results validate /! Maintenance Decommisioning
Optimise design Removal, clean CO2 fee/ fines fees

Selection of

Easy of

Less

build replacement dismanttling
parameters due to + € for metal
P]())st procesing optimized parts scrap
epreciation

Figure 11. Schematic of activity-based cost structure breakdown for L-PBF of metallic components.

The dotted lines in Figure 11 denote some of the characteristic activities which can be targeted to get
the needed cost-effectiveness in L-PBF. The designing of parts should be planned to manufacture efficient
products and to eliminate defects. The designing and building of optimized and effective structural
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designs [9,18,39,73] based on a computer driven-design must be preferred to avoid undesirable
operational costs. The selection of building parameters must also correlate to cost-effectiveness.
The dismantling and sorting of residual material must be considered during the part designing stages
as it can directly affect the time and personnel cost after their useful life. Design engineers must
understand the implications of part designs during the use and EOL phases in advance to be able
to create models that comply with all the phases of life cycle of the products. LCC analysis must be
applied to reduce the real and hidden cost. The real cost can be defined as a tangible expense to acquire
physical machines and equipment to produce a good or service [74]. The hidden costs can be described
as an intangible cost which are unavoidable to the successful running of a company. Examples of these
include software tools, training, maintenance, supplies, and upgrades [75].

3. Results and Discussion

A summary of the review scope used in this study (shown in Figure 2) determined that the highest
number of published articles are addressing the topic “design for additive manufacturing”, followed by
“LCC in metal additive manufacturing”, “metal powder bed fusion”, “design for powder bed fusion”,
and “Life cycle cost and simulation driven DfFAM in powder bed fusion”. Several of the results were
only vaguely related to L-PBF, rather discussing AM methods in general. Concerning LCC, it becomes
evident that the topic has gained measurable attention in the manufacturing sector, nevertheless the
number of publications addressing metal AM is limited. Several studies considered LCC as part
of sustainability or life cycle assessment studies. The majority of the literature involves non-metal
materials and AM methods in general. The web search of LCC in PBF or L-PBF costs gave only
167 results from all three databases used, without any findings on the IEEEXplore platform.

The current trend in the state of the art of L-PBF is the prediction of part performance through
design improvements and process simulation. The development of L-PBF machines has led to higher
production capacity. Simultaneous processing with multiple high power lasers in the work area,
high-speed scanners, and an adjustable layer thickness increase the throughput [41,68,76,77]. Use of
the simulation driven DfAM software adds value to creation, optimization, and simulation analysis
of designs before actual manufacturing. Technical and software advances applied simultaneously
minimize defects, labor, material usage, scrap rate, and time needed for production. Support structures
and their design form a section of optimization studies and influence the cost of L-PBE. Support structures
are currently a highly significant topic for exploratory research.

The cost efficiency and productivity play an important role in the acceptance of L-PBF. The current
study highlights the need for costs related studies, as lack of information is hindering adaptation
of L-PBF. The initial machine and metal powder costs have been identified as a main deter to its
acceptance. Studies on cost-effectiveness in L-PBF are necessary to promote and increase knowledge
about the cost benefits that L-PBF presents. In addition to design freedom, the LCC model for L-PBF
provides designers, manufacturers, and end-users alike a new market opportunity in metal L-PBF.

The weight cost of raw materials (e.g., powders, filaments, etc.) of AM is up to eight times more
than the materials used in conventional methods (e.g., ingots, granulates, etc.). Use of the L-PBF is
however justified, as the process facilitates part consolidation [78], lightweight products [20], and has
an effective material utilization rate up to 99% [79]. The initial fixed cost of L-PBF system is earned
back by a low amount of stand-by time and possibility to produce unique designs. Part consolidation,
resulting gains in functionality, and planning out EOL activities decreases expenses as well. Cost-cutting
is possible in all of the product life phases through modifications in design, virtual simulation of
manufacturing prior to physical printing, and planning the actions for EOL. Monetary savings have so
far been most evident in automotive and aerospace sectors, where the weight of re-designed part was
reduced by 40% and 70%, respectively resulting in reduced fuel consumption and lower environmental
taxes during the exploitation [21,29,80].

The L-PBF process would benefit from studies involving simulation driven DfFAM and LCC to
highlight the production bottlenecks and methods for controlling the cost in industrial applications.
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Well informed decision-making in industrial L-PBF outweighs the high price of initial investment by
controlling the running costs. Compliance with environmental legislations becomes easier by making
sustainable decisions, in addition, possible fines during the use and EOL phases can be avoided.
Cost generating issues can be avoided with initial consideration of functional requirements already
in the design phase. An assessment of L-PBF with a life cycle engineering quantifies advantages
obtainable in energy consumption, maintenance, and environmental impact. The transportation carbon
footprint is less with localized manufacturing and reduced logistics needs. A shorter production
chain gives companies a competitional advantage by faster delivery times. Unlike traditional
manufacturing processes, L-PBF is a highly flexible process allowing swift modifications in design,
prior or during production.

4. Conclusions

The aim and purpose of this study is to provide a deeper understanding of life cycle costing (LCC)
accumulation in metal part production with laser based powder bed fusion (L-PBF) which is one of
most widely used additive manufacturing (AM) technology for metal production. The paper outlines
the factors involved in decision-making in choosing the manufacturing method. The geometrical
design of the part has a large influence on the overall cost of the product. The LCC analysis of L-PBF
equips companies with means needed for developing process models for tracking costs based on the
analysis of acquired data. part optimization with simulation driven design for additive manufacturing
(simulation driven DfAM) and simulation tools simplifies the choice of processing parameters and
results in enhanced functionality and efficiency. AM is known for its design freedom, L-PBF has
attracted interest from the industry as the technique allowing the design and manufacture of customized
and complex metal products. Current optimized designs suitable for metal L-PBF improve material
and energy efficiency utilizing existing L-PBF systems. The inherent problems such as porosity,
inhomogeneous microstructure, and deficient surface quality are rapidly improving as a result of
applying DfAM rules and IT simulation tools.

The industrial relevance of this article is to provide information for decision-makers to control
costs by integrating the design rules with consideration of whole life cycle of the product, not solely on
investment costs. This paper aims to contribute to the understanding of cost structure by a holistic
evaluation of costs within specific life cycle phases. The main conclusions of simulation driven DfAM
and LCC to L-PBF are:

e  Effective application of simulation driven DfAM is an efficient approach to improve design and
analysis components for L-PBF.

e Application of simulation driven DfAM in L-PBF for optimized and energy-efficient designs
usually results in an enhanced part functionality and cost-effectiveness.

e  With on-demand and on-time manufacturing, L-PBF reduces operational and inventory costs of
companies and gives them competitional advantage.

e LCC aids in the quantification of costs involved and evaluation of impact of energy, material,
infrastructure, personnel, and machine productivity related expenses.

The proposed LCC models shown in Figures 10 and 11 aim to be applicable for testing the
effectiveness of L-PBF in an industrial setting. Findings presented in this study offer a holistic method
to the LCC analysis in metal L-PBFE. For improving the statistical significance, more research on the
practical application of simulation driven DfAM to metal L-PBF is needed.
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