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Abstract

The manufacturing industry largely contributes to the global economy. How-
ever, with the growing complexity of customer demands, stringent environmen-
tal norms, and requirements for shorter product development lead times, the
industry continues to seek alternatives to address these challenges. Laser based
manufacturing techniques are among the popular alternatives to address the
challenges, mainly for their precision focusing abilities. Specifically, two laser
assisted manufacturing techniques, namely the selective laser heat treatment of
sheet metals and the selective laser melting of metal powders, have garnered
attention for their ability to produce complex, and near net-shaped products
that caters to the needs of industries such as the automotive and the aerospace
industry.

While great progress has been made in understanding their process capabil-
ities, shortfalls remain in the area of geometric quality. Specifically, addressing
the effect of local heating and local melting on geometric variation is scarce due
to the novelty of the aforementioned manufacturing processes. As a result, the
methods and tools in practice today may not be readily applicable to analysing
and minimizing the effect of local heating and local melting on geometric vari-
ation. Thus, this thesis aims at developing knowledge to provide insights into
the effect of the aforementioned manufacturing processes on geometric varia-
tion and, thereby, assist in establishing methods and tools for the geometry
assurance process.

To this end, literature studies were performed to map the significant factors
influencing geometric variation and a robust design framework was established
as the first step. The focus was then directed towards analysing a set of factors
that could be optimized in the early design stages. Specific to the selective laser
heat treatment of boron steels, the effect of factors such as the laser heat treat-
ment grid pattern dimension, laser heat treatment grid pattern position, and
laser heat treatment scanning path sequence on geometric variation were anal-
ysed. Meanwhile, in the selective laser melting of 316L stainless steel powder,
the effect of factors such as particle size distribution and powder layer thickness
on geometric variation were analysed.

The results highlight the significance of considering the effect of the specified
set of factors on geometric variation in the early product development stages
and offer solutions to minimize the effect on geometric variation. Moreover,
simulation techniques are presented that enable accurate decision making and
demonstrate integration into the virtual product development setup. In sum-
mary, this thesis demonstrates the application of a robust design approach and
the significance of considering geometry assurance in the product development
process of laser processed metal components.

Keywords: Geometry assurance, geometric variation, robust design, selec-
tive laser heat treatment, selective laser melting
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CHAPTER 1

Introduction

This chapter provides an overview of the research topic. Moreover, the research
goal and research questions are presented.

1.1 General introduction

The impact of global warming has prompted environmental policy makers to
push for stricter regulations to curb carbon dioxide (COg2) emissions. The
manufacturing sector pertaining to the automotive and aerospace industries,
which is one of the largest contributors to the global economy faces an uphill
task as it is responsible for about one-fifth of the current global CO2 emis-
sions [OWID, 2020]. Furthermore, increase in transportation demands due to
population growth and rise in per-capita income needs to be addressed while
fulfilling the stringent emission targets. Thus, providing solutions that adhere
to economic, social and environmental aspects of sustainability has become a
strategic priority for the transportation industry.

As of today, improving engine efficiency to meet the emission targets is
the main focus. A complete shift to electric powertrains is seen as a long-
term solution to reduce vehicle emissions. However, a complete transition is
estimated to take several decades. Therefore, adapting to lightweight materials,
design optimization, and novel manufacturing techniques are seen crucial to
reaching the set emission targets.

Among the novel manufacturing technique alternatives available, laser based
manufacturing techniques such as the selective laser heat treatment of sheet
metals and laser assisted additive manufacturing of metals have piqued the
interest of the automotive and aerospace industries to fulfil their needs. These
techniques have displayed great potential in producing light weight components
and offer the designers more freedom. However, what remains less explored and
of critical importance is the effect on geometric variation and its consequences.
Geometric variation affects the functionality and aesthetics of the end product
[Soderberg et al., 2016]. To utilize the aforementioned manufacturing techniques
to their fullest potential, it is important to identify the influencing factors and
minimize their effect on geometric variation. Doing so will enable a unique range
of solutions without compromising on the geometric quality and cost of the end
product.



Therefore, in this thesis, robust design methodology is employed to identify
the influencing factors and propose solutions to minimize their effect on geomet-
ric variation. In the following sections, an overview of the laser-based manufac-
turing techniques considered in this study is given to provide the background
on the basis of which the research gap and research questions are identified and
positioned.

1.2 Laser based manufacturing techniques

Laser-based manufacturing techniques have played a significant role in shaping
the automotive and aerospace industries. According to Ion [Ion, 2005], lasers
have undergone a phase of technology push and industrial pull where the laser
as a technology, was a solution looking for a problem at the same time that the
industry was looking for solutions to its problems.

Lasers are capable of producing high-energy concentration due to their mono-
chromatic, coherent and low-divergence characteristics. Such characteristics
have allowed lasers to be used in applications requiring local heating, melting
and vaporizing the materials. While laser based welding, cutting and drilling
techniques have been well established, extending its application to novel pro-
cesses such as the selective laser heat treatment of sheet metals and selective
laser melting of metal powders has taken the potential of laser applications
within the manufacturing industry to new heights. Figure 1.1 summarizes the
requirements for various laser manufacturing techniques as a function of laser
power density and interaction time.
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Figure 1.1: Power density and interaction time spectrum for laser material
processing. Redrawn from [Santhanakrishnan and Dahotre, 2013]



1.2.1 Laser-based surface modification — Selective laser
heat treatment of sheet metals

Selective laser heat treatment (SLHT) is a laser-based surface modification pro-
cess capable of enhancing the forming behaviour of sheet metals and functional-
ity of the final parts, specifically for lightweight materials such as high or ultra
high strength steels or aluminium alloys [Merklein et al., 2014]. Commonly
known as tailored heat treated blanks (THTB), they are processed by selec-
tively heat treating pre-determined areas of the sheet metal blank that require
modification by using laser as heat source (Figure 1.2). As a vehicle body con-
sists of large number of sheet metal parts, this process is deemed most suited
for the automotive industry.

1.2.2 Laser-based additive manufacturing — Selective laser
melting of metal powders

Selective laser melting (SLM) also known as the laser powder bed fusion process
(L-PBF), is an additive manufacturing (AM) process that uses a laser beam to
selectively melt the metal powder, added layer by layer spread on a build plat-
form. As opposed to traditional manufacturing techniques, it enables fabrication
of complex geometry parts, provides more design freedom, and enables weight
and cost savings for the automotive and aerospace industry.

Selectively heat treatead

Selectively melted area
areas

Metal powder

Build platform

Figure 1.2: Concept of selective laser heat treatment (left) and selective laser
melting (right) processes

As is evident in Figure 1.1, the SLHT and SLM processes lie under different
spectrums of heating and melting, respectively. However, common among these
two processes and what draw interest in this research are the similarities in
terms of process design, i.e., the process parameters that influence the outcome.
The processes are flexible enough to locally adjust the process parameters in ac-
cordance with the design and functionality requirements and produce products
with tailored material properties.

1.3 Effect on geometric quality

In every manufacturing process, the part being manufactured varies from the in-
tended nominal geometry. The nature of geometric variation, even if minimal at



the part level, can have adverse effects when assembled to other sub-assemblies
or parts. It affects the functionality and aesthetics of the final assembled prod-
uct. Physical verification often carried out in the later stages of the product
development process involves rework and repair and sometimes leads to scrap-
ping, thereby affecting the overall product development time and cost. It is
therefore necessary that the concerns related to geometric variation are dealt
with in the early phases of the product development process.

In the product development process, the concept phase is considered cru-
cial as different design concepts can be virtually evaluated instead of expensive
physical prototypes. The ability to virtually evaluate the design concepts, how-
ever, depends on 1) awareness of phenomena relevant to the manufacturing
techniques and the final product’s operating environment, and 2) capability of
the simulation tools to correctly depict the relevant phenomena.

Due to the novelty of the SLHT of sheet metals and SLM of metal powders,
not all aspects that affect the geometric quality of the product have been ex-
plored to date. Thus, more research is needed to understand the various aspects
of these processes that affect the product’s geometric quality to enable accurate
decision making in the early design stages.

1.4 Geometry assurance and robust design

Geometry assurance is a framework aimed at reducing the effect of geometric
variation through a set of activities performed in different phases of the product
development process, namely the concept phase, the verification phase, and
the production phase [Soderberg et al., 2016]. Figure 1.3 depicts the activities
performed in the geometry assurance framework with respect to the product
development process. The work presented in this thesis is aimed at contributing
to the activities in the concept phase of the product development loop.
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Figure 1.3: Geometry assurance activities [Soderberg et al., 2016]
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The sources influencing geometric variation could be, for example, the manu-
facturing process, fixture design or a sensitive design concept. Variation sources,
when discovered, are expensive to either eliminate or reduce. Instead, an alter-



native would be to make the design concept robust. Here, robustness can be
defined as the ability of the product or process to function consistently as the
surrounding uncontrollable factors vary [Chowdhury and Taguchi, 2016]. This
can be achieved through robust design methodology. The fundamental principle
of the methodology is to minimize the effect of the variation sources without
eliminating them [Phadke, 1989], as discussed in detail in Section 2.2.

1.5 Research purpose

The research purpose has evolved during the course of this thesis. The purpose
of this research was initially limited to geometry assurance of selective laser heat
treatment of sheet metals as presented in appended papers A, B and C. Given
the uniqueness of this manufacturing technique, the goal here was to understand
how the laser heat treatment of selected areas impacted the geometric quality of
the produced component. However, with similarities between the SLHT of sheet
metals and SLM of metal powders, specifically in terms of process design, the
purpose evolved into implementing the concept of robust design and laying the
foundation for geometry assurance practices in the concept phase of developing
laser-processed metal components.

Previous research efforts within geometry assurance have worked towards
considering the effects of heating and melting on geometric variation. In addi-
tion, simulation techniques to virtually evaluate robustness by considering the
effect of heating and melting have been proposed [Lorin, 2014]. However, these
evaluations have mainly been limited to the assembly level. With novel pro-
cesses such as the SLHT and SLM coming into foray, evaluating robustness at
the part level has become imperative. While extensive research has been con-
ducted on understanding the nuances of these manufacturing techniques and
design for manufacturing (DFM) frameworks have been proposed in a broader
sense, they have largely been based on the process constraints or their capa-
bilities. Knowledge gaps remain concerning optimizing the product design and
process design that accounts for the process variability effects.

Therefore, the purpose of this thesis is to develop knowledge, methods and
tools to enable robustness evaluation and establish geometry assurance practices
in the concept phase of developing laser-processed metal components, pertaining
to the manufacturing processes considered in this research work.

1.6 Scientific goal

The scientific goal is to develop knowledge in regard to the challenges related to
geometric quality when considering selective laser material processing by means
of heat treatment and melting. The generated knowledge can then be used to
develop methods and tools that enable robustness evaluation of selective laser-
processed products produced by means of heat treatment and melting.

1.7 Industrial goal

The likes of the SLHT process and SLM process have garnered immense in-
dustrial interest and have been implemented to produce products for specific



applications. However, the current industrial geometry assurance practices ei-
ther do not account for or are not equipped with sufficient knowledge of the
effects of SLHT or SLM on geometric quality. Thus, the industrial goal is to
identify the issues related to geometric quality when implementing SLHT and
SLM processes and consequently, to equip the industry with the means, through
tools and methods, to address geometric quality issues in the early concept de-
sign stages of the product development process.

1.8 Research questions

Based on the research purpose and the previously described scientific and in-
dustrial goal, the following research questions have been formulated to govern
this research.

RQ1: What are the sources of geometric variation stemming from the selec-
tive laser heat treatment process and the selective laser melting process?

The goal of this question is to identify and understand various sources that
influence geometric variation. Here, the focus is on the sources that could be
accounted for or controlled in the early design stages.

RQ2: How can the geometric variation from the selective laser heat treat-
ment process and selective laser melting process be controlled?

Once sufficient knowledge on the sources that influence geometric variation
is accumulated, the next step is to analyse how these identified sources can be
adjusted to minimize their effects on geometric variation.

RQ3: How can simulation in product development be employed to predict
geometric variation in the selective laser melting process?

In the concept phase of the product development process, simulation meth-
ods and tools aid in evaluating various design concepts. This question is thus
formulated to examine and, thereby, demonstrate how the simulation tools and
methods can be employed to evaluate robustness of design concepts in the early
product development stages.

1.9 Delimitations

As this thesis has evolved during the course of the research, a set of delimitations
are applicable. As can be observed from the research questions, the research
was conducted considering two manufacturing processes, namely the SLHT of
sheet metals and SLM of metal powders. The research project involving the
SLHT process was conducted as a collaborative project between the Depart-
ment of Industrial and Materials Science at Chalmers University of Technology
and a components supplier in the automotive industry. Thus, vehicle body
components made of sheet metals, specifically of boron steels were of interest.



The research project involving SLM of metal powders was conducted as
a collaborative project between the Department of Industrial and Materials
Science and the Centre for Additive Manufacture - Metal (CAM?) based in
Chalmers University of Technology. Here, 316L stainless steel was the material
of choice in the simulation studies.

Though the research results are specific to the manufacturing processes and
materials chosen, some aspects of the research outcomes could be made appli-
cable to other laser-assisted manufacturing processes that are similar in nature.
However, the nature and level of applicability are subject to similarities exhib-
ited specifically in terms of process design.

Nevertheless, the main contribution is the application of robust design and
establishing geometric assurance practices for laser-assisted selective heat treat-
ment and selective melting of materials. Though the work touches upon other
disciplines, such as the discrete element method, finite element method and
computational fluid dynamics, the application of these disciplines within this
research is only to support its contribution to the field of robust design and
geometry assurance.

1.10 Structure of the thesis

This thesis is structured as follows:

e Chapter 1 titled 'Introduction’ provides the background on the
research topic.

e Chapter 2 titled 'Frame of Reference’ discusses research areas per-
taining to the research topic.

e Chapter 3 titled 'Research Methodology’ discusses the research ap-
proach and methods followed in this research.

e Chapter 4 titled 'Results’ presents and summarizes the results achieved
in this research.

e Chapter 5 titled 'Discussion’ discusses the results from the scientific
publications with respect to the formulated research questions.

e Chapter 6 titled ’'Conclusion’ summarizes and concludes the research,
and briefly discusses the future work.






CHAPTER 2

Frame of Reference

Breakthroughs in research transpire when interactions of different disciplines
occur through the transfer of knowledge, ideas and methods [Blessing and
Chakrabarti, 2009]. Therefore, when conducting research, it is vital to con-
sider all the possible areas that could be relevant to the topic of interest. As
mentioned in the introduction, the aim is to develop knowledge, methods and
tools to effectively produce geometrically assured laser-processed metal com-
ponents. Thus, this work can be positioned within the framework of geometry
assurance. This chapter presents various topics that are relevant to this research
and lays the theoretical foundation (Figure 2.1).
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Figure 2.1: Frame of reference highlighting the areas of relevance in this thesis



2.1 Quality and its significance

The definition of the term 'Quality’ varies based on the context. According
to Garvin [Garvin, 1984], quality can be defined based on five different ap-
proaches, namely the transcendent approach of philosophy, the product-based
approach, the user-based approach, the manufacturing-based approach, and
value-based approach. In the product-based approach, quality is defined as
a precise and measurable variable in which the difference in quality is mea-
sured by the difference in quantity of the product’s attribute. According to the
manufacturing-based approach, quality is defined based on meeting the estab-
lished specifications, i.e., any deviation from the specifications characterises the
quality outcome. Garvin further identified eight dimensions of quality: per-
formance, features, reliability, conformance, durability, serviceability, aesthetics
and perceived quality. Performance is regarded as the primary operating char-
acteristics of a product. According to Garvin, the connection between perfor-
mance and quality depends on the customer’s perspective, where differences in
performance can correspond to differences in product quality. Genichi Taguchi,
who is considered one of the pioneers in the field of quality engineering, de-
scribed quality based on the effect of the product on the end users. According
to Taguchi, quality loss is the loss imparted to society from the time a product
is shipped [Taguchi and Wu, 1980]. The desirability of the product increases
when the loss imparted is lower. Thus, when the performance of the product is
lower due to poor quality, it leads to societal loss. However, the total loss not
only involves societal loss incurred after the product is sold but also involves loss
that occurs during manufacturing of the product. Performance characteristics,
which are the primary operating characteristics of the product, may vary due
to the working environment that the product operates in, the wearing out of
the product over time, and poor manufacturing. Taguchi related the deviation
of the performance characteristic and its effect on the cost due to quality loss
and represented it in the form of a quadratic approximation.

WY)=k(Y —-T)? (2.1)

where Y is the performance characteristic and the target value of Y set
as T, 1(Y) is loss in terms of cost due to deviation of Y from target value T,
and k is considered to be an unknown constant. Representing the quality loss
in the form of quadratic loss asserts the significance of continuously reducing
performance variation. Here, the quadratic loss function considers that the
performance characteristic is non-zero and displays the 'nominal the best’ type
characteristic. The quality loss is symmetrical as seen in Figure 2.2. Phadke
[Phadke, 1989] presented more variations of this quadratic loss function, namely
the ’smaller the better’ type characteristic, "larger the better’ type characteristic,
and asymmetric.

2.2 Robust design

The final quality and cost of a product is driven by its design and the manu-
facturing process used to produce it. Phadke demonstrated through the robust
design concept how the quality loss and the total cost could be minimized. In

10



Cost

Target

»

Tlower Nominal Tupper
Performance characteristic

Figure 2.2: Quality loss [Phadke, 1989

the concept of robust design, a product or process can be considered as a system,
illustrated in Figure 2.3. Taking product as the example here, the response or
output of the product is a certain performance characteristic and is denoted as v.
The output of the product depends on the input signal factor (M) which could
be influenced by some other factors, classified as noise factors (z) and control
factors (z). The signal factor is the input and is based on the desired response
from the product. Noise factors are uncontrollable parameters that cause devi-
ations in the product’s response and result in quality loss. Control factors are
the parameters that could be adjusted to minimize the influence of noise factors
and achieve the desired outcome. Noise factors affecting the response could be
1) some external factors, such as operating environment conditions or the load
conditions that the product is subjected to; 2) wearing out of the product upon
usage; or 3) inconsistency in the product’s manufacturing process, which causes
response variation between products. This inconsistency could be a result of
inhomogeneity in the manufacturing environment conditions, variation in the
raw materials, or operator errors among other things. Therefore, a product’s
engineering design and manufacturing process govern the final quality and cost
associated with the product.

XlNoise factors
Signal factor Response
T» Product 7’

z TControl factors

Figure 2.3: P-diagram [Phadke, 1989]

The fundamental principle of robust design is to improve the quality of the
product by minimizing the effects of the causes of variation without eliminating
those causes [Phadke, 1989]. A three-step approach to achieve robust design is
proposed:

e Concept design: Also known as system design, this is the first step.
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It consists of applying scientific and engineering knowledge to scrutinize
available alternatives. The best concepts out of the available alternatives
are chosen, and a basic functional prototype design is made, which serves
as the initial parameter settings for the product. Here, understanding of
the customer’s needs and the manufacturing environment is necessary.

e Parameter design: This second step consists of optimizing the product
parameter settings such that the product’s performance is least sensitive
to variation sources. As illustrated in Figure 2.4, moving the nominal
value of the input (from sensitive design to robust design) results in an
output that is less sensitive to variation. Parameter design is considered
to be a highly cost-effective method of improving engineering design, as
it reduces the influence of variation on performance instead of eliminating
the variation sources altogether.

e Tolerance design: Once the nominal product parameter values are set
during the parameter design, tolerances can then be allocated, which forms
the third step in this approach. Tight tolerance can affect the manufac-
turing cost or wide tolerance can increase performance variation. Thus, it
involves a trade-off between the quality loss due to performance variation
and the increase in manufacturing costs.

A
H
jom
o
Sensitive Robust
design design
>
Input

Figure 2.4: Parameter design to minimize sensitivity [Phadke, 1989]

In the product development process, product design is deemed the most
ideal way to deal with all types of noise factors, as early evaluation of various
design concepts can be made. However, when it comes to manufacturing pro-
cess design, dealing with all types of noise factors is not possible. Since the
manufacturing process design mainly deals with noise factors that affect the
manufacturing process, only the product-to-product (unit-unit) variation can
be reduced. Phadke [Phadke, 1989] summarizes the role of robust design during
the product development stages in dealing with various noise factors, as shown
in Table 2.1.

A modern perspective of robust design methodology is presented in [Hasen-
kamp et al. 2009], where the whys, the whats and the hows of robust design
are decomposed as principles, practices and tools, respectively. Here, the main
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Table 2.1: Role of robust design in product development stages

Product development stages Activity Can reduce effect of

External noise Wear Unit-Unit

Product design Concept design
Parameter design
Tolerance design

Manufacturing process design  Concept design
Parameter design
Tolerance design

R SENENEN
R SENENEN
ENRNENENENEN

principle considered is insensitivity to noise factors, implemented through prac-
tice of exploiting the nonlinearities and interactions, with the help of experience
and prior knowledge or by generating the requisite knowledge through, for ex-
ample, design of experiments (DoE). Later, Goéhler and Howard [Gohler and
Howard, 2014] reviewed the robust design tools and methods and identified four
facets, namely robust design guidance and principles, robustness evaluation,
robustness optimization and robustness visualization, to classify the reviewed
tools and methods. Furthermore, on the basis of reviewed tools, methods and
identified facets, a robust design process was proposed to guide designers in the
application of robust design methodology [Gohler et al., 2018]. A summary on
the importance of implementing robust design in the industry can be found in
[Krogstie et al., 2015, Eifler and Howard, 2018].

The robust design methodology has been extended to minimize the effect of
variation and assure the product’s geometry. The factors affecting geometric
variation were expressed by means of an Ishikawa diagram that enabled cat-
egorizing the control and noise factors [Soderberg, 1998]. This work laid the
foundation for developing the robustness evaluation toolbox and framework for
virtual geometry assurance [Soderberg et al., 2016]. A framework for analysing
geometrical robustness of plastic assemblies was proposed in [Lorin et al., 2010].
It was based on the notion proposed by Smith [Smith and Johan Clarkson,
2005], where robustness is regarded as the ability to break the connections be-
tween contextual, formal and functional variety. Moreover, Schleich [Schleich
et al., 2015] presented a framework for sensitivity analysis in geometric variation
management to support decision making during integrated product and process
design. Thus, the concept of robust design continues to prevail and assist in
geometry assurance to achieve the desired product quality.

2.3 Geometry assurance

The product being manufactured is prone to noise factors, and the intended
response from the product may be affected. The sources of geometric variation
can be classified with respect to part variation, assembly variation, and design
concept (see Figure 2.5). Variation in the manufacturing process causes the
shape and size of the part to vary and is classified under part variation. This
variation could further aggravate during the assembly process due to variations
in assembly techniques or in the equipment, or due to the application of external
force through clamps and fixtures. The likelihood of the effect of these stated
sources is higher if the design concept is sensitive to it.
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As previously explained in robust design, the effect of noise factors can be
minimized during the early design stages to assure the geometry is consistent
with the functional and aesthetical requirements. Geometry assurance can be
defined as a set of activities aimed at minimizing the effect of geometric variation
on the final product. The set of activities can be found in all stages of the
product development process (Figure 1.3).

| Assembly variation

Process Process
variation variation
Manufacturing Assembly \
process f g process /
i Assembl, -
Machine oLy Final
precision precision .
»| geometric
variation

Robustness

Design concept

Figure 2.5: Geometric variation sources [Soderberg et al., 2006b]

In the concept phase, product and production concepts are analysed and
optimized to resist the effect of manufacturing variation. The highlight of this
phase is that the concept evaluation can be conducted virtually with respect
to the available production data or the assumed production system. In the
verification phase, the product and the production system are verified and ad-
justments made to prepare for full production. This phase assists in inspection
planning. In the production phase, inspection data is monitored to detect errors
and control the production.

In a robust geometry design, positioning of the locators, i.e., the locating
scheme, is a way to suppress the effects from the variation sources. Simply put, a
locating scheme can be seen as the transfer function between input and output
variation and is considered the most important activity within the geometry
assurance process [Soderberg et al., 2016].

2.3.1 Locating schemes and tolerances

The purpose of a locating scheme is to lock the part during the manufacturing,
assembly or inspection process. With a robust locating scheme, the effect of
variation sources can be minimized. A locating scheme is chosen to lock the
parts based on required degrees of freedom (DoF). Typically, for rigid parts, a
3-2-1 locating scheme of orthogonal type is employed to lock the position (see
Figure 2.6). Three locator points, Al, A2 and A3, lock three DoF; in other
words, they lock translation along the z-axis and rotation along the x-axis and
y-axis. Locator points B1 and B2 lock two DoF, i.e., translation along the x-axis
and rotation along the z-axis, while the locating point C1 locks the remaining
one DoF, i.e., translation along the y-axis. In the case of non-rigid parts or
assemblies with irregular geometry, a six direction locating scheme could be used
instead. Additional support points could be used wherever necessary. Having a
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robust design allows for wider tolerances on the part geometry features, which,
in turn, results in lower manufacturing costs.

Figure 2.6: A three direction (left) locating scheme and a six (right) direction
locating scheme [Soderberg et al., 2006a]

As geometric variation exists due to variation during the manufacturing
and assembly process, it is equally important to consider how much variation
is acceptable and does not affect the performance of the part. This is done
by assigning tolerance limits. Tolerancing can be categorized into two types,
parametric and geometric [Hong and Chang, 2002]. In parametric tolerancing,
a critical set of parameters is identified. An upper and lower limit is assigned
to it as a conventional plus/minus tolerancing type. Geometrical tolerancing
consists of assigning values to certain attributes of a feature, such as form,
orientation, location and runout. Tolerance allocation can be done through
either a top-down approach or a bottom-up approach. In top-down approach,
a tolerance requirement for the final assembled product is specified [S6derberg,
1994, Soéderberg, 1995, Loof and Séderberg, 2007]. It is then broken down to
individual parts of the product. Contrary to this, in the bottom-up approach,
a tolerance is specified for every individual part within the product. They then
define the tolerance of the final assembled product.

2.4 Introduction to laser material processing

Laser material processing has gained popularity over traditional manufactur-
ing processes for its ability to precisely deposit a large amount of energy into
the material over a short time in a spatially confined region [Amuda and Akin-
labi, 2016]. Laser material processing techniques can be classified based on the
occurrence or absence of phase change (Figure 2.7). Laser surface hardening,
laser bending and shock peening are some of the no phase change processing
techniques, while processing techniques such as joining, surface cladding, rapid
prototyping and machining involve phase change. The main difference between
the two types is the amount of energy density required, as previously highlighted
in Figure 1.1.

2.4.1 Selective laser heat treatment of sheet metal com-
ponents

Laser heat treatment is a surface modification process that allows for modifying
the microstructure of metals by means of controlled heating and cooling. Since
the laser as a heat source enables heat treatment of discrete surface regions
instead of the entire material, the process is commonly known as selective or
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Figure 2.7: Laser material processing classification [Majumdar and Manna,
2003]

local laser heat treatment. The term ’surface modification’ may suggest only
modifying the characteristics of the surface; however, the material beneath the
surface is also altered to a certain depth in the process.

The selective laser heat treatment (SLHT') process can be used for hardening-
or softening of the material. A typical process setup is illustrated in Figure 2.8.
The laser beam moves across the areas which require modification and heats up
the area to the temperature in accordance with the end requirements, i.e., based
on hardening or softening. In the case of laser hardening, when the temperature
of the irradiated area crosses the transformation start temperature (Acy), trans-
formation of the initial microstructure to austenite begins. It is completed when
the temperature crosses the transformation of the microstructure, referred to as
the Acs temperature. The surrounding material which remains untreated acts
as a heat sink, resulting in rapid cooling of the heat-treated area. This rapid
cooling causes the heat-treated area to transform to martensite and results in
hardening of the area. In the case of softening, the cooling process is rather
controlled or slow, which softens the heat-treated area. However, the exact
nature of hardening or softening, the respective final surface and the resulting
mechanical properties depend on the initial microstructure, process parameters
and thermophysical properties of the material.

The SLHT process has most commonly been used in the industry for appli-
cations requiring surface hardening. Surface hardening is mainly performed to
increase wear resistance and to improve the fatigue life of the laser heat-treated
part. Common examples of this process in the automotive industry include
laser-hardened wear tracks for power steering housing, cam shafts, gear teeth,
diesel cylinder liner bores and hardening the edges on press tools [Dutta Ma-
jumdar and Manna, 2011].

Selective laser heat treatment for sheet metals has largely been investi-
gated to enhance the formability or crashworthiness of sheet metal components
[Merklein et al., 2014]. Enhancing the formability or crashworthiness can mostly
be done at the blank level prior to cold forming of the components. Known as
tailored heat treated blanks (THTB), this approach is seen as a substitute to
the hot forming process. The critical areas in the sheet metal blank that are
required to be tailored to improve formability or for enhanced crash perfor-
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Laser Beam

Figure 2.8: Laser heat treatment process setup. V is the laser beam traverse
speed, T is the sheet metal thickness, W is the laser beam diameter or width,
and d is the depth of the laser-hardened area. Redrawn from [Mazumder, 1983]

mance can be identified either through simulations or through historical data
of similar components. The critical areas are selectively laser heat treated, and
the heat-treated metal blank is then cold formed to the desired shape (Figure
2.9a). When the formed part is subjected to a crash, the softer areas crumble
first in a controlled manner (Figure 2.9b) [Bambach et al., 2016, Conrads et al.,
2017]. Selective laser heat treatment can also be conducted after the part is cold
formed to facilitate subsequent joining operations such as riveting or hemming
[Synergy, 2020] or to impart strength [Asnafi et al., 2016] for controlled crash
behaviour.

(a) Forming requirements| | (b) Crash requirements

Metal blank

Load
direction

Heat treated areas Untreated areas

Heat treated areas

Controlled deformation
during crash

Figure 2.9: Selective laser heat treatment based on (a) forming requirements
and (b) crash requirements

Based on the literature studies, an overview of the SLHT of sheet metal
blanks is presented in Figure 2.10. The first step involves determining the form-
ing requirements and crash requirements of the component to be manufactured.
This provides an understanding of the critical areas that require local modifi-
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cation and aids in planning the next step. It serves as the input to decide on
the SLHT process-based alternatives, such as the pattern type, pattern dimen-
sion and pattern position. A pattern is preferred when there are multiple areas
in the metal blank that require local modification. Grid-based pattern and
honeycomb-based (hexagon) pattern are some examples. They also add aes-
thetic characteristics to the component. Once the pattern-related aspects are
chosen, various laser path sequence strategies can be simulated (Figure 2.10,
step 2). The laser path sequence governs the stress distribution in the sheet
metal blank, as well as the overall processing time. Therefore, it is beneficial to
plan it in the early design stages. Simulation tools and methods play a crucial
role as different alternatives can also be evaluated and optimized with respect
to geometric variation. Information on the chosen pattern type, pattern size
and sequence strategy serves as the input for the robot coupled laser equipment
(Figure 2.10, step 3). After the laser heat treatment of sheet metal blanks,
they are formed into the desired shape. The local heat treated and formed
components can then be assembled with other components.

While the SLHT process seems highly promising, several gaps must be filled
for the process to be fully mature and be ready for full-scale implementation in
the manufacturing industry. Currently, the focus within research and industry
is mainly on establishing material specific laser heat treatment process windows
and their consequence on stamping. One of the gaps which must be concurrently
addressed and is of concern in this thesis is the effect of the SLHT technique on
the geometric quality of the produced component. There is a lack of sufficient
knowledge on the effect of SLHT process parameters on geometric variation.
Increased understanding will enable planning the SLHT process that accounts
for geometric variation and will enable setting up simulation support for virtual
evaluation in the early product development stages.

2.4.2 Introduction to boron steels - Heat treatment per-
spective

High-strength and ultra-high-strength steels are lightweight materials widely
used in the automotive industry for vehicle body applications. They offer eco-
nomical and weight-saving possibilities and are used for improving the impact
energy-absorbing capacity (crashworthiness) of the vehicle body components.
Among ultra-high-strength steels, boron steels are preferred.. Boron steels up
to 40% of the total vehicle weight have been used to improve crashworthiness
and to achieve substantial weight reduction [ArcelorMittal, 2015]. The presence
of boron as an alloying element improves hardenability of steels. Boron content
in the range of 0.001% weight to 0.003% weight provides maximum hardenability
[Deva and Jha, 2014]. Due to this high hardness, boron steels have good wear re-
sistance properties. The presence of boron delays transformation to other phases
such as bainite, ferrite, and pearlite microstructures, which are softer. Hence,
the microstructure transforms into martensite as a result of rapid quenching,
thereby increasing the hardness of the material. The as-received yield strength
in the range of 300-550 MPa can be increased to 1000-1300 MPa from the heat
treatment process.
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2.4.3 Introduction to metal additive manufacturing

Additive manufacturing (AM) is defined as a process of joining materials to
make parts from 3D model data, usually layer upon layer, as opposed to subtrac-
tive manufacturing and formative manufacturing methodologies [ASTM Inter-
national, 2015b]. The first AM technique was demonstrated in 1986 by [Deckard,
1986], and the technology has undergone tremendous development ever since.
Various types of materials, such as metals, polymers, ceramics and composites
can be processed. The process enables the production of complex parts and
provides increased design freedom. There are various types of metal AM pro-
cesses which could be classified in terms of heat source or the physical state of
material. Figure 2.11 depicts a classification of some of the notable metal AM
processes. Of the many listed processes, powder bed fusion (PBF) and directed
energy deposition (DED) are two techniques that have received the greatest
attention. In this thesis, the laser-powder bed fusion (L-PBF) technique is of
particular interest.

Infiltration Consolidation
Binder
Gluing jetting Laser
Thermal E-beam
bonding Sheet Directed
— .. |4— Metal AM —»| engery
- lamination deposition ~ -
Clamping Wire fed
Ultrasonic Powder bed
welding fusion Powder fed
Laser E-beam

Figure 2.11: Classification of metal AM processes [ASTM International, 2015a]

2.4.3.1 Selective laser melting

Selective laser melting is an L-PBF type AM process. As the name suggests, the
raw material is in the powder form and is spread over the build platform to form
a powder bed layer. A laser is scanned over the powder bed in a pre-determined
pattern and fuses the powder particles together. The build plate moves along
the vertical axis as per the required layer thickness, and the recoater applies
a new layer of powder material. The process is repeated layer upon layer to
fabricate the 3D object. Figure 2.12 illustrates an overview of the SLM process.

The sequence of steps in producing a typical SLM part is explained in Figure
2.13. The first step involves designing and modelling the part that adheres to
the process capabilities. Once the model is fixed, the next step is to tessellate
the 3D model by converting it to STL file format, a de facto file format, and
slicing the model into layers. The sliced STL file is then transferred to the
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Figure 2.12: Selective laser melting process setup

AM machine through a customized machine software where factors such as
the build orientation, position and scanning patterns are looked at. The part
is built in the next step, which is mostly an automated process. Once the
build is complete, the part is prepared for removal from the machine. Prior to
that, the surrounding unused powder is to be removed, and the part should be
brushed. Post-removal, the part is processed further to, for example, remove
support structures, for heat treatment and surface finishing before it is ready
for application.

Part removal  Inspection
and
Build post processing I
Build process
preparation

STL file
creation
Model
Design ‘ ‘

Figure 2.13: Sequence of steps in the AM process, from model design to inspec-
tion [Ian Gibson, 2015]

2.4.3.2 Design considerations

Additive manufacturing techniques in general offer unique flexibility in design-
ing and fabricating complex shaped products. A design that is insensitive to the
effect of process variation and fulfils the functionality of the end product is desir-
able. To achieve this, understanding of the process capabilities and constraints
is necessary.

Some of the design considerations related to geometry that are critical in
AM are minimum feature size, minimum spacing between the features, maxi-
mum aspect ratio, and maximum part size that can be produced by the machine
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used [ASTM International, 2018]. An ideal scenario would be a design that is
least perturbed by the choice of process parameters used to fabricate the prod-
uct. Often, this is not the case as the size and shape of the features considered
in the design restrict the physical orientation of the part during manufactur-
ing. Therefore, based on the features considered in the design and the build
orientation of the part, the need for support structures may arise.

2.4.3.3 Powder material characteristics

The consistency of the powder material (feedstock) has a critical influence on
the build properties. Key powder material characteristics include the particle
shape, particle size distribution and chemical composition [Dawes et al., 2015].

Particle shape has a significant impact on the flow properties of powder.
Spherically shaped powder particles have good flowability compared to irreg-
ularly shaped particles and stack more closely during the powder spreading
process. Particle size distribution (PSD) can be a uni-modal, bi-modal or a
multi-modal type distribution and governs the flowability and packing density
of the powder bed on the build platform. The mean particle size and the distri-
bution type are chosen with the aim to maximize particle contact with the least
voids in the powder bed. Choice of particle size distribution affects particle-
particle contact and the powder bed density. It causes porosity and variation in
powder layer thickness, surface roughness and build geometry [Tan et al., 2017].
Typically, in a powder-based AM process, a large amount of powder material
that is spread during the process goes unused. From an economical perspec-
tive, the unused powder is processed by sieving for reuse [43]. However, as the
recycled powder is already exposed to a build cycle, it alters the particle size
distribution on reuse [Tang et al., 2015].

The chemical composition of the powder material governs the mechanical and
microstructural properties [Murgau, 2016]. Certain alloy elements are added to
the composition to achieve specific outcomes in mechanical properties. Alter-
ation of chemical composition alters the melt kinetics and, consequently, the
mechanical properties of the build.

2.4.3.4 Process parameters

Process parameters in SLM are vital in achieving the required build. Plenty
of research continues to investigate the role of process parameters and their
effect on the build. Here, some of the critical identified process parameters are
discussed.

e Beam characteristics: Laser spot size, or beam diameter, is an im-
portant parameter that influences the melt pool size and shape. Smaller
beam diameter is chosen when fine resolution and surface finish is pre-
ferred. Along with spot size, the final microstructure and the mechanical
properties of the build are governed by the beam modulation, whether
continuous wave or pulsed wave [Demir et al., 2017]. The pulsed wave
type has temperature variation and melt pool motion. However, it has
advantages over the continuous wave type in terms of surface quality and
refined microstructure.
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e Laser power and scan speed: The laser power and scan speed, along
with spot size, collectively determine the energy input to fuse the powder.
Based on the beam power, the scan speed needs to be adjusted. For a fixed
beam power, an increase in scan speed will cause irregular melting, leading
to a balling effect [Yadroitsev et al., 2010}, while slower scan speed can lead
to excessive melting or key holing. This alters the cooling rate, thermal
gradient, build time and residual stresses [Kruth et al., 2010]. Moreover,
variation in porosity can occur [Zhong et al., 2015]. Typically, the laser
power and speed are selected in a manner which allows a penetration depth
of about 3-5 layers.

e Powder layer thickness: Powder layer thickness is a critical parameter
as it governs the mechanical properties, productivity and surface quality
[Sufiiarov et al., 2017]. Typically, in SLM, the layer thickness ranges
from 20 -150 pm. Smaller layer thickness can result in better surface
roughness compared to greater layer thickness. However, the advantage
of using the latter is the faster build rate [Leicht et al., 2020a]. Powder
particle size, particle shape and particle size distribution (PSD) are some
of the important powder characteristics that influence the powder layer
thickness. Any inhomogeneity in the powder layer thickness for the chosen
beam power and beam speed can lead to non-uniform melting.

o Build direction: A part can be built in different directions (orientation),
such as horizontal, vertical or angled, with respect to the build platform
(Figure 2.14). Build direction is one of the most critical parameters, as
it affects the surface quality and mechanical properties [Alsalla et al.,
2018, Zhou and Ning, 2020]. Furthermore, the choice of build direction
dictates the requirement of support structures.

Support
structures Build
Part Platform

v

AN

Figure 2.14: Examples of build direction and support structure strategies

e Support structures: When a part has overhang features, it is appro-
priate to consider support structures to support the overhang features.
Support structures also act as a heat sink to dissipate the heat away
from the processed layers. Some important aspects when considering sup-
port structures are the distance between support structures [Cloots et al.,
2013], contact area between support structures and the melted layer of the
build [Gan and Wong, 2016], strategies for removal of support structures,
the overall processing time and accessibility during removal [Jiang et al.,
2018].

e Scanning strategy: Scanning strategy is the path that the laser beam
follows during the melting process. It is responsible for the resulting me-
chanical properties, residual stresses, surface roughness and distortion [Ali
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et al., 2018, Leicht et al., 2020b]. Thus, careful choice of scanning strategy
is necessary. Scanning often occurs in two modes, the contour mode and
the fill mode (Figure 2.15). The outline is first scanned during the contour
mode and the inside of the contour is then filled in the form of a pattern
during the fill mode. Having the contour mode allows for superior surface
roughness and better build accuracy.
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Figure 2.15: Scanning strategy setup

Some of the commonly used strategies are illustrated in Figure 2.16 (a-c).
Uni-directional and bi-directional scanning are the mostly commonly used
fill mode pattern types. The filling area can also be divided in the form
of islands, and these islands are sequentially filled. The scanning strategy
can be adjusted layer by layer by rotating the hatch pattern, as depicted
in Figure 2.16 (d-f).

o Hatch distance: Hatch distance or hatch spacing is the distance between
the centers of two adjacent tracks or paths (Figure 2.15). The hatch
spacing is dependent on the laser spot size and the laser power, as a
certain degree of overlap of the two adjacent paths is preferred for complete
melting and fusion of the paths. The build rate could be enhanced by
increasing the hatch spacing; however, an increase in hatch spacing can
cause insufficient melting, porosity and surface quality issues [Xia et al.,
2016, Louw and Pistorius, 2019].

It is evident that the energy density required for successful melting and for
producing a useful build is dependent on various parameters. Determining the
value of the required energy density by considering all of these factors is rather
complex. Thus, a simple equation (Equation 2.2) is used to calculate the energy
density.

P

- V*H*T

where the VED is the volumetric energy density J/mm?3, P is the laser
power in watts (W), V is the scanning speed in mm/s, H is the hatch distance
in mm, and T is the layer thickness in mm. In another approach, the laser beam
diameter is used instead of hatch distance to calculate the VED. Even though
characteristics such as powder absorptivity, heat of fusion, bed temperature
and other important characteristics are not included, the above equation is
considered sufficient to calculate the minimum applied energy density necessary
to achieve adequate material fusion for the desired material properties.

VED (2.2)
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Figure 2.16: Scanning and hatch rotation strategies

2.4.4 316L stainless steel

316L is a low-carbon, austenitic steel preferred for its strength, toughness and
corrosion resistance properties. The presence of small amounts of molybdenum
enhances the corrosion resistance. Such properties of 316L makes it ideal for
manufacturing parts such as rear-view mirror mounts, windshield wiper arms,
fasteners, spacers and washers in the automotive industry [Samal and Newkirk,
2015]. Other popular areas of application include the oil and gas, marine and
medical industries. 316L is also a widely considered powder material in metal
AM research. Numerous physical and simulation based studies exist for this
material, mostly focusing on its microstructural and mechanical properties [Tran
and Lo, 2018, Cao, 2019, Leicht, 2020]. For these highlighted reasons, 316L was
the material of choice in this research study related to the SLM process.

2.5 Effect on the geometry

As the SLHT and SLM processes continue to mature, several challenges remain.
Thermal, metallurgical, and mechanical coupling effects (Figure 2.17) generate
residual stresses and distort the material. In SLHT, the nature of distortion and
magnitude of the residual stresses can vary from blank to blank, which may be
due to noise factors such as incoming stress from prior blank processing steps,
chemical composition variation and sheet thickness variation among the blanks
within the same batch. The residual stress state may influence spring back
after stamping and affect subsequent processing steps. In SLHT, the effects of
microstructural phase changes may have minimal influence at the blank level.
However, the final state of microstructure (hardness or softness) could influence
the geometric variation after stamping.

In AM, distortion can occur when processing every layer due to repeated
melting and cooling. Thermally induced residual stresses, as well as solidifi-
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cation shrinkage effects, are sufficiently large to distort the part. These may,
however, be influenced by noise factors such as the powder size, particle size dis-
tribution and chemical composition causing build-build variation. It is therefore
desirable to have a good understanding of the process parameters that are pos-
sible to control to mitigate the coupling effects on geometric variation.

C Temperature > Phase tmnsformalion M. Microstructure)

T Tatent heat

Figure 2.17: Coupling phenomena between temperature, microstructure, and
stress and strain. Redrawn from [Inoue and Wang, 1985]

2.6 Design for manufacturing

Design for manufacturing (DFM) is a practice in which input from manufac-
turing is used in the early stages of design so that the parts can be produced
economically and as consistent with the intended quality [Poli, 2001]. Use of
DFM was prevalent as early as the 1960s, when manufacturing handbooks were
maintained. It served the design engineers guidelines of available manufactur-
ing techniques to ensure that the product specifications were met. Later, the
concept to simultaneously consider the manufacturing constraints during design
was adapted [Stoll, 1986]. Design for manufacturing explores the relationship
between design and manufacturing and its impact on the design process and
practices. It addresses topics such as material and process selection and con-
current engineering [Thompson et al., 2016].

Some of the notable examples of DFM guidelines are for well-established
manufacturing processes such as injection moulding, casting, machining, and
sheet metal forming [Kuo et al., 2001, Thompson et al., 2016]. As the laser-
based manufacturing techniques such as SLHT of sheet metals and SLM of metal
powders introduce unique design and manufacturing flexibility, the traditional
DFM guidelines, tools and practices may not be directly applicable. It redefines
the role of designers, requiring enhanced understanding of the process-specific
capabilities to enable faster design decisions. Consequently, a new body of
knowledge is required.

In the case of design for AM (DfAM), the focus on a macroscopic level
has been - to identify opportunities and gaps [Thompson et al., 2016, Makes,
A. and Collaborative, A.A.M.S, 2018] and to establish technical considerations
[ASTM International, 2018, US Food and Drug Administration, 2018], frame-
works and methodologies [Kumke et al., 2016, Diegel et al., 2019, Bikas et al.,
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2019, Vaneker et al., 2020] to assist in the design and manufacturing of AM prod-
ucts. The focus on a microscopic level has been based on the knowledge gaps
identified regarding, for example, AM process characteristics, process capabil-
ities, key process variables and their settings and process impacts on material
properties. Process-specific and material- specific guidelines have been pro-
posed [Kranz et al., 2015, Emmelmann et al., 2017, ASTM International, 2019].
The geometry-based design considerations have included minimum feature size,
surface roughness, accuracy and precision, to name a few, while the process
considerations have consisted of key process variables, such as laser power, scan
speed, scan pattern, powder composition and powder size distribution. These
guidelines are a step towards increased understanding of the processes and their
capabilities. Work is under progress towards translating knowledge when de-
signing complex parts.

Similar advancements have been made in the case of design for SLHT of
sheet metals. The focus has been on identifying key process variables and their
settings, as well as defining material specific process windows. However, most of
these have been implemented on existing component designs. Though SLHT is
seen as a highly promising technique, examples of components designed taking
full advantage of the technique’s uniqueness is limited within both research and
industry. Much research effort is needed to establish comprehensive guidelines
and frameworks to guide the designers.

In summary, extensive literature is available with a focus on defining process
windows, guidelines, frameworks and methodologies which have augmented the
concept of design for SLHT and DfAM. However, the sensitivity of SLHT and
SLM components’ geometry to the process’s variability is an aspect that is unac-
counted for within the framework. A framework with a set of activities within
the broader design framework to optimize the geometric design and process
design accounting for the process variability effects is, therefore, desirable.

2.7 Variation simulation

To predict and suppress the effects of possible sources of geometric variation
in the early design stages, many methods have been developed over the years
for both rigid and non-rigid models, as presented in [Chase and Parkinson,
1991, Nigam and Turner, 1995, Cai et al., 1996, Hu et al., 2001]. These meth-
ods have laid the foundation for several simulation tools. A methodology and a
software tool called RD&T was developed for evaluating robustness and geomet-
ric stability and has evolved over the years [Soderberg et al., 2016]. This tool is
based on Monte Carlo (MC) simulation and has finite element analysis (FEA)
capability to enable non-rigid variation simulation. Monte Carlo simulation is
based on running multiple iterations of the model as in random sampling. For
each sample, random variates are generated on each input variable, and compu-
tations are run through the model, yielding random outcomes on each output
variable. Since each input is random, the outcomes are random [Thomopoulos,
2012]. RD&T was used in current research to analyse geometric variation to a
very brief extent. Therefore, before diving into a discussion considering the ef-
fect of heating and melting in variation simulation and the challenges associated
with it, the fundamentals of analysis in RD&T are explained.

Stability analysis is the first step, which concerns evaluating the geo-
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metrical robustness of the chosen concept with respect to its locating scheme
[Soderberg and Lindkvist, 1999]. A small variation is induced into the locator
point, and its effect on the critical areas of the part geometry can been deter-
mined. The root sum square of variation in the locator points can be calculated
and represented in colour-coded form. This colour coding provides information
that could be used to make necessary changes in the locator positioning. The
analysis can be re-run after the positioning changes to determine the differences
in effects.

Once the robust locating scheme is selected based on the aforementioned
analysis, tolerances can then be allocated. Variation analysis enables simu-
lation of the effect of allocated tolerances for those locator points on the critical
areas of the part geometry [Lindkvist and Séderberg, 1999]. Variation analysis
performed based on Monte Carlo simulation allows one to check whether the
effects of simulated variations are within the specified limits for the critical ar-
eas. If outside the limits, then contribution analysis can be performed to
determine which locator points contribute to variation and where the tolerances
could be tightened [Séderberg and Lindkvist, 1999].

2.7.1 Compliant variation simulation

Variation simulation has, thus far, been explained with the assumption that the
parts are rigid. In the case of non-rigid parts, such as the sheet metal parts,
the scenario is different. They may have to be constrained using extra locator
points due to the compliant nature of the sheet metal parts. In reality, this is
performed, for example, using clamps or weld joints, which could deform the
sheet metal part, the effect of which should be considered in the variation sim-
ulation environment. Moreover, mating of adjoining parts needs be accurately
replicated. Such considerations have been successfully demonstrated by com-
bining FEA with MC simulations and method of influence coefficients (MIC)
[Dahlstrom and Lindkvist, 2007, Wérmefjord et al., 2013, Lorin et al., 2014c].
Research has progressed further in optimizing the joining sequence [Lorin et al.,
2018, Sadeghi Tabar et al., 2019] and selective assembly to match individual
parts [Rezaei Aderiani et al., 2019], all towards mitigating the effect of incom-
ing part variation on the assembly.

2.7.2 Thermal effects in variation simulation

Limited work towards considering the effect of temperature and heat in variation
simulation has been conducted, mainly using the welding process as an example.
Variation simulations and welding simulations were combined to consider the
influence of heating and cooling processes on geometric variation in [Pahkamaa
et al., 2012]. Here, the significance of considering non-nominal conditions was
demonstrated, as the difference between deviation of nominal and non-nominal
parts due to the influence of welding was found to be quite large. The study,
however, had limited population of non-nominal parts, which would otherwise
be computationally heavy. A relatively faster variation simulation approach for
welded assemblies was demonstrated using a thermo-elastic finite element model
in [Lorin et al., 2014a, Lorin et al., 2014b]. The approaches were made more
robust by considering various factors [Lorin et al., 2014c, Lorin et al., 2015]. A
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summary of considering the effect of temperature with a focus on methods and
tools to enable variation simulation can be found in [Lorin, 2014].

Extending the same approach to variation simulation of SLHT and SLM,
however, is challenging. For example, most of the aforementioned studies have
been for a single continuous weld path. Both of these processes (SLHT and
SLM) have multiple heating and melting paths to be considered during varia-
tion simulation which would result in a large number of iterations and would be
extremely computationally heavy. There is growing interest in recent years to
create traceability of the effect of material-process-microstructure properties on
geometric variation. Such predictions, however, would require coupling of differ-
ent simulation environments. Thus, a clear need exists for simulation approaches
that are flexible enough to provide different levels of accuracy based on the level
of detailing required. Another significant challenge is knowledge of what fac-
tors to vary and how much to vary, to determine their influence on geometric
quality. The decision could be based on user experience or made through trial-
and-error practices. Having information on what unit disturbances to consider
when performing the sensitivity analysis will equip the designers with sufficient
knowledge to minimize the design’s sensitivity to process variation.

2.8 Introduction to discrete element method

The discrete element method (DEM) is a numerical method based on Newto-
nian interactions of a system of particles where constitutive relations including
contacts and collisions, heat transfer, inter-particle bonds and forces and re-
action to external fields are resolved. The DEM is used for simulating large
populations of particles such as powders, granules, and rock and ore particles,
among many other materials. The DEM was originally proposed by Cundall and
Strack [Cundall and Strack, 1979] in a series of publications and has since been
further developed by a wide range of contributors spanning many different fields
of engineering and science. The DEM has been applied to simulate AM powders
in the SLM process in several works such as [Lee and Zhang, 2015, Meier et al.,
2019]. In this thesis, the DEM simulation tool used is Demify™, developed at
Fraunhofer-Chalmers Research Centre (FCC) for industrial mathematics. More
information on the fundamentals of the DEM and the details of its applicability
in AM can be found in [Jing and Stephansson, 2007, Steuben et al., 2016, Parteli
and Poschel, 2016].

2.9 Introduction to computational fluid dynam-
ics

Computational fluid dynamics (CFD) can be defined as the analysis of sys-
tems involving fluid flow, heat transfer and associated phenomena by means
of computer-based simulations [Versteeg and Malalasekera, 2007]. The tech-
nique has been widely used for various applications such as aircraft and vehicle
aerodynamics analysis, turbomachinery flow analysis and chemical process en-
gineering, to name a few. Today, CFD is extensively employed in research to
study the melt pool dynamics in AM processes. The fundamentals of CFD lie in
the governing equations of fluid dynamics, i.e., the continuity, momentum and
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energy equations.

In this thesis, CFD software called IPS IBOFlow®, developed at FCC, is
used to simulate the melt pool dynamics of the SLM process. IBOFlow (Im-
mersed Boundary Octree Flow Solver) is a finite, volume-based, incompressible,
segregated Navier-Stokes solver based on unique immersed boundary methods
and a Cartesian octree grid that can be dynamically refined and coarsened. The
software has previously been used to simulate, for example, the additive man-
ufacturing in bio printing [Gohl et al., 2018b] and surface tension- driven flows
[Gohl et al., 2018a]. For more details on the theoretical aspects of the CFD,
such as the finite volume method, see [Versteeg and Malalasekera, 2007, Wendst,
2008].

2.10 Introduction to finite element method

The finite element method (FEM) is a numerical method commonly used for
solving complex engineering problems. The method was initially applied in the
field of structural mechanics to analyse aircraft structures and later extended to
problems related to heat conduction, fluid dynamics, and electric and magnetic
fields, to name a few.

In this method, as the term FEM suggests, the geometry of the matter (con-
tinuum), be it solid, liquid or gas, is discretized into many small, interconnected
regions called finite elements. The shape and size of elements during discretiza-
tion depend on the geometry of the matter, required level of accuracy, and
computation time. See Figure 2.18 for examples. The points of interconnection
between these finite elements are considered nodal points or nodes. A simple
function is used to approximate the variation of the field variables, such as the
displacements, stress or temperature inside the continuum. The function, how-
ever, is defined in terms of the field variables at the nodal points, since the field
variables inside the continuum are unknown. Thus, the field equations for the
entire continuum are represented by the nodal values of the field variable. By
solving the field equations, the nodal values of the field variable will be known.
From there, the approximating functions define the field variable throughout
the assemblage of elements. Further details on the application of FEM for a
variety of problems can be found in [Rao, 2017, Zienkiewicz et al., 2005].

In this thesis, FEM is used to simulate how the solidified material distorts
and to predict how the resulting strain and stress fields evolve as a result of
heating, melting and solidification. The FEM approach for thermo-mechanical
simulation of the AM process stems from welding simulation due to the many
similarities between welding and metal AM simulations [Gouge and Michaleris,
2017]. A structural mechanics simulation tool developed at FCC is used to
perform the thermo-mechanical simulations. The simulation tool includes a
wide variety of material models for metals and polymers and allows analysis
of beams, shells and volumes subject to large deformations and mechanical
contacts [FCC, 2021].
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Figure 2.18: Types of elements that could be used in the discretization process

[Rao, 2017]

2.11 Inspection

Inspection is the process of determining whether the manufactured product
is within the desired specification or deviates from it [Kennedy et al., 1987,
Newman and Jain, 1995]. Inspection techniques and procedures have played a
vital role in the quest towards achieving high-quality,low- cost products. The
coordinate measuring machine (CMM), a well-known contact-type inspection
technology, has led the manufacturing industry in the quality control process.
Due to its long history of usage in the industry, calibration processes and best
practices are well established today. Contact type inspection techniques, though
well-established, are disadvantageous due to high operating time when measur-
ing large sets of points. Moreover, they show difficulties in measuring free-form
surfaces. With growing complexity in the geometry of the products, as well as
shorter development times, industry is shifting focus towards faster available
inspection techniques.

Non-contact laser-based inspection techniques are extensively used in the
manufacturing industry and will play a pivotal role in the concept of digital
twin for real-time geometry assurance [Soderberg et al., 2017, Rezaei Aderiani,
2021]. Three dimensional laser scanning allows the acquisition of larger sets of
measurement points in a shorter duration. They offer a high degree of precision
and low cost in comparison to other non-contact measurement equipment. Most
of the 3D laser scanners are based on the laser triangulation principle by means
of a laser stripe [Ebrahim, 2015]. Typical laser-scanning equipment consists
of a robotic arm equipped with a laser-scanner probe at the end of the arm.
The laser probe consists of a projector that emits a laser beam on the surface.
The laser beam in the form of laser stripe is incident on the object’s surface
and reflects back to the laser probe system consisting of cameras. The data
from scanning is generated in the form of point cloud data consisting of X, Y
and Z coordinate values for each measured point through image processing and
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Figure 2.19: Sequence of steps in generating inspection data from 3D laser
scanning

This point cloud data can be processed further to reconstruct into a mesh
or a surface model using various commercially available reconstruction software
such as CATIA, Geomagic, MeshLLab and Rhino, to name a few. Hexagon
[Hexagon, 2021], ATOS [GOM, 2021] and Faro [Faro, 2021] are some of the
popular 3D laser scanners used in the industry. In this thesis, 3D laser scanning
was employed to capture the point cloud data of laser heat-treated sheet metal
blanks and components. Thus, the previous description is intended to provide
a brief understanding of the 3D laser scanning process. The sequence of steps
followed to capture the data is depticted in Figure 2.19.
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CHAPTER 3

Research Approach

This chapter briefly presents different approaches for a scientific study and dis-
cusses the research approach employed in this work.

3.1 Background

Design research can be defined as a systematic inquiry aimed at obtaining knowl-
edge of, or in, the embodiment of configuration, composition, structure, purpose,
value and meaning in man-made things and systems [Archer, 1981]. The relation
between design and research has evolved over the years. One of the main reasons
has been the complexity of requirements which challenge the traditional prac-
tices followed. Ekeles [Eekels and Roozenburg, 1991] compared the structures of
research and engineering design (Figure 3.1). The work stated that the outcome
of the research process was knowledge in the form of theories, which belonged
to realm of the mind in the factual world. While the outcome of the design
process was the final design, which belonged to the realm of material reality,
the interdependency between them was strongly acknowledged. In traditional
practices, the design process was not regarded as an opportunity to learn and
build knowledge. Hubka and Eder [Hubka and Eder, 1988] were instrumental
in changing this notion about design science. According to them, design science
consists of using scientific methods to analyse technical systems such as prod-
ucts and process, their relationship to other systems and the processes used in
designing them. Horvath defined design research as generating knowledge about
design and for design [Horvath, 2001]. Blessing and Chakrabarti [Blessing and
Chakrabarti, 2009] described design research as the integration of two aspects
of research: the development of understanding and the development of support.
Better understanding of existing design and development of means of support
can make design more effective and efficient.

The trigger for action in the form of research arises from either the current
state of the subject of interest or the expected future state of it. This research
work is no different. This work was carried out in Wingquist Laboratory ( Sec-
tion 3.4) where it began due to an industrial need as well as a research gap.
The work was conducted in close collaboration with an industrial partner. The
objective of this research work was to generate knowledge and develop support
that could aid in making better design decisions. The main contribution of this
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Figure 3.1: Research and Design process comparison redrawn from [Eekels and
Roozenburg, 1991]

research is to design science. The research topic is in the area of geometry assur-
ance and involves developing knowledge on managing manufacturing variation,
which otherwise affects the quality of the end product. Access to substan-
tial manufacturing process knowledge allows designers to reduce downstream
production costs to produce robust design concepts that are insensitive to man-
ufacturing variation. However, to develop knowledge and support which could
aid in mitigating geometric variation effects through robust design concepts,
understanding the manufacturing process and geometric variation contributors
is vital.

3.2 Research frameworks

A significant characteristic of research is that it is methodologically well ex-
ecuted. Addressing the research gap and industrial needs will involve multi-
ple stages. Thus, using a structured methodology becomes necessary. Design
methodology is a concrete course of action for the design of technical systems
that derives its knowledge from design science and cognitive psychology and
from practical experience in different domains [Pahl et al., 2007]. Many method-
ologies have been proposed thus far to perform design research: the Mitroff
model [Mitroff et al., 1974], theory of technical systems [Hubka and Eder, 1988],
axiomatic design [Suh, 1998], logic of design [Roozenburg and Eekels, 1995], and
framework for modeling of synthesis [Takeda et al., 2001]. However, most of the
approaches lack clarity on how they could be implemented based on the nature
of the problem at hand. This work employs the design research methodology
(DRM) presented in [Blessing and Chakrabarti, 2009] that follows a more rig-
orous approach to make design research more effective and efficient.
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3.3 Design research methodology

Design research methodology (DRM) is defined as an approach and a set of
supporting methods and guidelines to be used as a framework for conducting
design research. It is a generic methodology that links the research questions
together and provides support to address them in a systematic manner.

Basic means Stages Main outcomes
Literature _> —
Analysis “:> Research Clarification |]:> Godls
Emperical
Data _} Descriptive Study I .
Analysis “:> Understanding
Assumption l H
Experience “::> —} Prescriptive Study Support
Synthesis “:>
Empirical Data — .
Analysis |]:> —} Descriptive Study II |]:> Evaluation

Figure 3.2: DRM framework redrawn from [Blessing and Chakrabarti, 2009]

This methodology is divided into four stages: research clarification (RC),
descriptive study I (DS-I), prescriptive study (PS) and descriptive study II (DS-
IT) as shown in Figure 3.2. To obtain successful results from design research,
it is curcial to have information available from past research and to formulate
research goals [Edelson, 2002]. The first stage of research clarification involves
understanding the problem situation to gain more clarity with the objective to
establish the research goal and identify the preliminary success criteria. This
is often done by performing literature studies. Collecting available information
allows the researcher to describe the problem and the desired solution to an
extent. Quite often, not all information is readily available. More knowledge
must be acquired to gain more clarity and elaborate on the problem to be
addressed. This leads to the second stage of the methodology, DS-I. In DS-I,
the objective is to gain more information to form a detailed description and
highlight the factors that must be addressed to solve the problem situation.
More knowledge can be obtained through observation of the process associated
with the problem, experimental investigation and interviewing stakeholders such
as designers or manufacturing engineers. Based on the understanding gained in
this step, the success criteria can be clearly defined.

Concrete evidence may not be possible at DS-I but it provides sufficient in-
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formation on the factors that influence the nature of the problem, as well as the
final research goal. The third stage, PS, consists of developing support in the
form of methods and tools to address the research goal. Preliminary investiga-
tions are performed to demonstrate the nature the problem and explore possible
ways to solve the problem. The fourth stage, DS-II, consists of evaluating the
effect of support and the degree of its effect in achieving the desired goal. If
the effect of support is to be improved, the DRM process can be iterated. It is
not necessary to follow a particular sequence of steps in the process. Based on
the level of maturity of the problem at hand, the appropriate stage in the DRM
process could be chosen.

3.4 Wingquist Laboratory research and imple-
mentation process

As described in the introduction chapter, the research gap was identified from
an industrial need. The Wingquist Laboratory process follows a similar practice
as the DRM (Figure 3.3). The first step in the framework is to further under-
stand the research gap that arises from the industrial requirements and to define
the research goal. More clarity about the problem is gained, and the factors
influencing the goal are established. This is similar to the research clarification
and DS-I in the DRM process. The next step is to develop a prototype or a
working procedure that addresses the goal. This could be in the form of a soft-
ware demonstrator as well. Following this, the prototype undergoes evaluation
by the industry. This is similar to the PS and DS-II steps in the DRM process.

Research gap & Industrial need

z N
e Research goal Research Idea

® Research questions

e Prototype
o Working procedure
o Industrial evaluation

(9

o Implementation
4

Research » [nnovation

Figure 3.3: The Wingquist Laboratory research and implementation process

3.5 Research approach applied in this work

Planning of the research process requires holistic thinking and an end to end
perspective. For this reason, DRM was chosen to follow a systematic approach
in the planning of this research work. Implementation of each step from the
DRM process is explained in the following sections.
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3.5.1 Research clarification

Obtaining a thorough understanding of the existing situation is crucial. The
research process began with discussions among the stakeholders, i.e., the indus-
trial stakeholder, the research group and the researcher, to identify the most
important problems and questions and to clarify the boundaries of the research
topic. From the preliminary discussions, it was clear that due to the novelty
of the manufacturing processes considered in the study, the effect of SLHT and
SLM on the geometric quality needed to be well understood. Identifying the
relevant aspects and influencing factors would consequently enable the establish-
ment of strategies to perform geometry assurance of SLHT-and SLM-produced
products, specifically in the early design stages.

This enabled defining the success criterion and measurable success criterion
for the research. The success criterion was to have geometry assured laser-
processed metal components produced from the SLHT and SLM processes.
However, given the vastness of the subject at hand and considering the time
frame of the research project, it would not be possible to fully demonstrate the
success criterion. Instead, a measurable success criterion is presented, which is
linked to the success criterion and acts as a proxy to it. The measurable success
criterion in this thesis was to capture the effects of a set of identified influencing
factors on geometric quality and demonstrate how to account for their effects. A
reference model, in which the SLHT and SLM-based factors that influence geo-
metric quality are presented, was developed to understand the existing situation
(see Figure 3.4).
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criteria
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criteria
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Figure 3.4: Reference model

The figure can be interpreted as follows. The influencing factors, such as the
part design robustness and manufacturing process design robustness, are aspects
of the existing situation that affects the geometric quality of the SLHT-or SLM-
produced products. Each of the listed influencing factors is formulated as an
attribute of an element that is considered relevant and can be measured. For
example, the manufacturing process design is the element while the robustness
is its attribute. Each factor is linked to the success criterion and measurable
success criterion. The link defines the relation between them. The ‘+’ and ‘-’
signs at the ends of a link denote how the attribute’s value at one end relates
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to the attribute’s value at the other end. For example, a robust manufacturing
process design (+) has a positive effect on the geometric quality (+) of the
SLHT or SLM produced products. The arrows indicate causal links between
the influencing factors (cause) and the criteria (effect). When several links
towards a criterion have the same effect, then it is collectively represented by
an arc.

The factors that are marked in discontinuous lines mean that they are outside
the scope of this research project; however, based on evidence found in the
literature studies, they are expected to influence the selected criteria. As shown
in the figure, fixture robustness and variation from other factors are beyond the
scope of this thesis. The links connecting the factors are labelled with the source
of information connected to it within brackets. If there are any literature studies
that discuss the link between factors to some extent, the literature references can
be cited in the brackets to provide the source of information. The links between
the factors and criteria in Figure 3.4 are mostly based on the literature evidence
that has already been highlighted and discussed in the previous chapter. Thus,
these links have been labelled as ‘L’ instead of citing the specific literature
references to maintain legibility and to avoid overcrowding of the figure.

On the basis of the reference model, an impact model was developed that
includes the desired outcome and as well as the supports that could help in
achieving the desired outcome. The supports are represented as hexagonal el-
ements as illustrated in Figure 3.5. These supports are connected by a causal
link with a positive effect (4) towards their respective ’key’ factors but without
any sign at the support end. This implies that the details of the support are
unknown at this stage, but it is assumed to have a positive effect on the out-
come. The label in brackets, ‘A’, means that the relation is assumed to exist.
The support elements in this thesis that are assumed to help in achieving the
measurable success criterion are shown in Figure 3.5. Based on the reference
model and the impact model, research questions presented in the introduction
chapter have been formulated.

It is worth mentioning again that this thesis had evolved from first being
limited to only the SLHT process and later being extended to the SLM process.
Regardless, due to the commonality between the two processes in some aspects
and the common measurable success criteria, the reference model and the impact
model continued to be applicable with minimal modifications.

Based on the reference model and the impact model, the research ques-
tions presented in the introduction chapter were formulated. The first research
question was formulated to clarify various sources related to the highlighted in-
fluencing factors that affect geometric quality, as pertains to SLHT and SLM.
The second research question was formulated to focus on how some of the most
relevant sources identified through the first research question can be adjusted
to minimize the effect on geometric quality. Since the intention within the ge-
ometry assurance framework is to assist in the early design stages where virtual
development is most favoured, the third research question was formulated to
illustrate how simulation support could be utilized in predicting the effect on
geometric quality and assist in the decision making. This question is however
limited to the SLM process.

In the DRM process, each of the four stages can be conducted in the form of
a review based study, a comprehensive study or an initial study. A review-based
study mainly consists of a literature review of the problem. A comprehensive
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Figure 3.5: Impact model

study is pursued when there is insufficient evidence from the review study. The
initial study is often chosen to close a project where the knowledge gained from
the comprehensive study is demonstrated to an extent. In this thesis, a review-
based study at the RC stage, a comprehensive study at the DS-I stage, and an
initial study at the PS stage to close the project were undertaken. No DS-II
study was undertaken in this thesis due to the nature of the research problem
and the time limitations of the project.

3.5.2 Descriptive study I

A comprehensive DS-I consists of performing a detailed literature review, iden-
tifying the research gaps, determining the research focus, planning and per-
forming empirical studies to address the gaps, and, finally, drawing necessary
conclusions. The literature study conducted in the RC stage to establish the
reference model and the impact model was also extended for a comprehensive
DS-I review study. The next step was to gain a better understanding of the
current situation by clarifying the significant factors that influence the success
criteria. This laid the foundation for the empirical studies. Empirical studies
were then performed to study the assumptions of the link between the supports
and the key factors presented in the impact model. Since the objective of the
research was to apply the concept of robust design and lay the foundation for
geometry assurance, the review study first focused on identifying the sources of
geometric variation, which included factors that are controllable and uncontrol-
lable or, rather, deemed expensive to control. The study resulted in identifying
a set of significant factors linked to the supports (hexagonal elements) of part
design, process design, and feedstock, as presented in Paper C and Paper D.
This helped in answering the first research question (RQ1). From here, some of
the controllable factors that have the potential to minimize the effect of SLHT
and SLM on geometric variation were considered for further empirical studies.
Papers A, B, E and F were all based on empirical studies that facilitated a
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deeper understanding of the considered significant factors and their effect on
geometric variation. This helped in answering RQ2.

3.5.3 Prescriptive study

Prescriptive study (PS) involves utilizing the information gained from the DS-I
stage to develop methods and tools that address the research gaps and the suc-
cess criteria. In the early stages of the product development process, simulation
support in the form of methods and tools that enable analysing various con-
cepts to assure the product’s geometry is desirable. This motivated the studies
in Papers E and F, where some of the existing simulation tools were utilized
and new methods were proposed to support the geometry assurance process.
This helped in answering RQ3. Thus, the thesis concluded with this initial PS
to demonstrate the consequences of the results and illustrate, to an extent, how
the understanding gained can be used towards the geometry assurance of SLHT-
and SLM-based products.

Publication of scientific papers was the outcome of the research conducted.
The summary of the publications, their affiliation to the research questions and
the level of contribution to different stages of the DRM process are summarized
in Table 3.1.

Table 3.1: Research results as per the DRM framework. Symbol used is 'laser
beam’.

Papers RQ RC

»)
0

PS DS II

Paper A RQ 1, RQ 2 *

Paper B RQ 1, RQ 2 *

R

Paper C RQ 1 *

Paper D RQ 1 *

Paper E. RQ 2, RQ 3 ¥— ¥

Paper F RQ 2, RQ 3 9*— 9*—

Low contribution: * High contribution: *

3.6 Methods employed

Each stage in the DRM process is propelled by different study methods. In this
thesis, literature studies and empirical studies were the two main study methods
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used to gather necessary knowledge and develop a deeper understanding of the
research topic.

3.6.1 Literature studies

Literature studies were mainly conducted to understand the existing knowledge
in the areas concerned with this research topic. These studies mostly involved
collecting information from scientific publications and experiences from the in-
dustrial stakeholder. The results of these literatures studies have been presented
in the previous chapter.

3.6.2 Empirical studies

In empirical studies, it is generally better to have a deep understanding of a
few factors than a shallow understanding of a large number of factors [Blessing
and Chakrabarti, 2009]. Physical and computer-based experiments were used
during the course of this thesis to study various factors and collect the data.
The data from the physical experiments were collected using the laser scanning
inspection techniques. The data collected in the form of point cloud were pro-
cessed further using point cloud processing software and analysed using RD&T
software. Design of experiments was used when analyzing factors in the studies
involving computer experiments (Paper E and Paper F). Here, simulation tools
based on DEM, CFD and FEM platforms were utilized to conduct the exper-
iments. Every step in the empirical studies was documented to continuously
reflect on the data collection process.
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CHAPTER 4

Results

The learnings from the research conducted thus far have resulted in six pub-
lications that are appended with this thesis. This section summarizes of the
appended publications. The sequence of the papers is based on the order of
their publication.

4.1 Paper A: Geometrical variation from selec-
tive laser heat treatment of boron steels

Background: Literature studies were performed in the early stages of the re-
search to understand the SLHT process and explore the possible sources of
geometric variation. Based on the available information from literature stud-
ies and inputs from the industrial stakeholder’s experiences, possible sources of
variation that influence the geometric quality of sheet metal components when
subjected to SLHT were identified and mapped. This is discussed in detail in
Paper C. The criterion when identifying the sources of variation was to consider
sources that could be optimized in the early design concept stage in accordance
with the geometry assurance process. In this paper, two such sources, namely
the laser heat treatment pattern dimension and the laser heating di-
rection sequence, were chosen to understand their influence on the geometric
variation outcome. The laser heat treatment pattern dimension is of particu-
lar interest as, based on the dimensions of the pattern, the percentage of heat
treatment on the blank varies. Laser heating direction sequence is of particular
interest as the chosen heat treatment pattern can be applied in many possible
laser heating direction sequence strategies. The heat treatment pattern when
planning for the application of SLHT of sheet metal blanks is decided based
on two criteria, namely 1) Forming requirements: The objective of locally
modifying the material properties is solely to aid in the cold forming process and
2) Structural requirements: The objective is to locally modify the material
properties to impart certain strength in the desired area, mainly to enhance the
crash performance. Sometimes, the objective could be to fulfil both require-
ments. The choice of local areas is either known through previous history of
the part or through information from forming simulations and crash simulations.

Method: Through a set of physical experiments, different strategies were
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tested by varying the laser heating direction sequence and heat treatment pat-
tern dimensions. Specifically, a square grid heat treatment pattern was chosen,
and two grid dimensions were considered. Three heating direction sequence
strategies (scanning paths) were applied, meaning three heating direction se-
quences for each grid dimension type were tested. The position of the heat
treatment pattern was fixed and was chosen based on the results from earlier
industrial and literature studies. In terms of robust design concept, the heat-
ing direction sequence strategy was the control factor for a given input pattern
dimension. The incoming variations in the sheet metal in the form of, for ex-
ample, chemical composition variation and initial stress state were considered
uncontrollable noise factors. The scanning strategy here was a process design
factor, while the pattern dimension wass a part design factor.

Outcome: The results showed that for a given heat treatment pattern di-
mension, altering the laser heat treatment sequence altered the geometric vari-
ation outcome at blank level (see Figure 4.1). The magnitude of the geometric
variation outcome differed among the two heat treatment pattern dimensions
chosen in the study. An explanation to the effect of altering the laser heat
treatment scanning sequence strategy on the geometric variation was pursued.
During the laser heat treatment process, superposition of microstructural trans-
formation stresses and thermal stresses occur due to a thermal gradient across
the sheet metal. As the stresses generated exceed the yield stress of the mate-
rial, plastic deformation occurs, which is further influenced by the application
of external forces such as fixtures and clamps. The resulting distortion varies
for example, when there is variation in chemical composition or residual stresses
from previous manufacturing process steps. The stress distribution varies from
blank to blank, as does the shape of the blank due to distortion.
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Figure 4.1: Geometric variation and springback results due to change in scan-
ning sequence strategy for heat treatment pattern A (left) and pattern B (right)

For a given heat treatment pattern dimension, the effect of laser heat treat-
ment sequence strategy of the blanks also affected the outcome from the sub-
sequent stamping process as illustrated in Figure 4.1. Laser heat treatment
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sequence is a vital parameter because based, on the choice of sequence, the
total processing time for performing SLHT varies. This will have cost implica-
tions on the end product. However, it should be noted that in this study, only
a single laser source was employed. If multiple laser sources are employed, then
the scanning sequence strategy can be optimized in a manner that negates the
issue of processing time. That will, however, bring in new set of complexities in
terms of robot path planning to avoid clash and still be able achieve the desired
material properties.

Some general conclusions from the results are that the laser heating direc-
tion sequence strategy that influences the final outcome could be adjusted to
minimize the effect on geometric variation. Moreover, the adjustment of laser
heating direction sequence depends on the heat treatment pattern, its dimen-
sions which are mainly decided on the manufacturing or functional aspects of
the product.

4.2 Paper B: Influence of selective laser heat
treatment pattern position on geometrical
variation

Background: Most of the research conducted concerning SLHT has been about
material specific process windows, mainly to demonstrate the formability and
strength enhancement possibilities. Therefore, another aspect from the litera-
ture studies that required investigation was the importance of heat treatment
pattern position and its effect on the geometric variation. As previously men-
tioned, heat treatment patterns and dimensions are decided based on the local
areas on the sheet metal blank that require modification either for ease of man-
ufacturing or for crash performance requirements. Various concepts could be
explored by adjusting the position of the heat treatment pattern on the sheet
metal blank. Heat treatment pattern dimension implies a certain percentage
of heat treatment applied on the metal blank. Thus, varying the pattern posi-
tion for the same percentage of heat treatment is of interest. The effect due to
change in pattern position could be further altered due to variations in fixture
locators or clamping tools. In addition, performing this study was of interest to
consider possible positioning errors of the sheet metal blank during the SLHT
setup that could trigger a change in originally intended pattern position to be
applied on the blank.

Method: Through physical experiments, square grid patterns with two dif-
ferent dimensions were considered. An initial nominal pattern position and the
adjusted pattern position were chosen based on the results from earlier indus-
trial and literature studies.

Outcome: The results showed that a change in pattern position unfavourably
affected the geometric variation, as well as the springback outcome (Table 4.1).
However, the results were based on the initial and offset positions considered in
this test case. The nominal position of heat treatment patterns A and B was
chosen such that the entire pattern was positioned at the centre of the blank.
It was positioned equidistant from all edges of the blank. After offsetting the
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pattern position, an increased effect on geometric variation was observed. How-
ever, if the offset position were initially considered to be the 'nominal position’
to begin with, the nominal position considered in this test case would then be-
come the new ’offset’ position. As a result, offsetting the pattern would, in fact,
minimize the effect on geometric variation and springback from the process.

Table 4.1: RMS deviation of laser heat-treated blanks and formed parts
RMS batch deviation -  RMS batch deviation -

Trials
nominal pattern position offset pattern position
Pattern A Pattern B Pattern A Pattern B
Laser heat-treated blanks 2.31 4.53 3.13 5.46
Formed parts 4.29 5.00 4.54 6.41

Some general conclusions from the results are that the positioning of the
entire pattern or a part of it (heat treatment areas of the pattern) influences
geometric variation. It can impact the assembly process and final product per-
formance. The magnitude of the influence on geometric variation is further
based on the percentage of laser heat treatment, which is based on the pattern
dimensions. Even if the entire pattern is not required to be moved, but only
some grid lines are to be moved, it could still be of interest to assess the effect
of such adjustments on the geometric variation.

4.3 Paper C: Effect of selective laser heat treat-
ment on geometrical variation in boron steel
components: An experimental investigation

Background: This paper could be considered a precursor to Papers A and B.
This is because this paper summarizes the outcomes from the literature studies
and the initial descriptive study performed that laid the foundation to assess
the specific set of factors discussed in Paper A and paper B. This paper gives
an account of the effect of the SLHT process and how it impacts the subsequent
forming and the assembly process. Unlike previous papers, the focus here was
to study the geometric variation outcome for a fixed set of parameters.
Method: First, a literature study was performed to gather necessary informa-
tion. Later, physical experiments were performed to demonstrate the effect at
the part level, i.e., up to the cold forming process. The scanned data of the
cold-formed parts were collected, and the propagation of incoming part vari-
ation at the assembly level was studied by performing spot welding computer
simulations.

Outcome: A step-by-step account of geometric variation from part level to
assembly level was outlined (Figure 4.2). Sources of variation that could be
considered in the design for the manufacturing of tailored laser heat-treated
blanks were presented (see Figure 4.3).
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Figure 4.2: (a) Propagation of distortion from blank to cold-formed part (b)
SLHT process effect propagation from part level to assembly level.

4.4 Paper D: A robust design perspective on
factors influencing geometric quality in metal
additive manufacturing

Background: The thesis and the research goal at this research stage evolved
with the inclusion of metal AM, specifically the SLM process. The literature re-
view revealed a clear need for a framework that accounts for geometric variation
at different fabrication levels of metal AM products. Based on the experiences
and learnings from the research conducted thus far on the SLHT process, and
having observed commonality in the area of process design between SLHT and
SLM, a more systematic approach was employed in performing the literature
studies and applying the robust design thinking in the case of metal AM. Al-
though the objective was to construct a framework considering the SLM process,
the intent was to have a framework that could be more generic in nature, be it
for SLM, SLHT or other similar selective laser processing techniques.

Method: A literature study was performed to collect necessary information
on the significant product and process design factors related to the SLM pro-
cess. The geometric variation contributors were classified into design concept,
part level and assembly level. They were further organized using the block
diagram (P-diagram) at each level (see Figure 4.4). Based on the sorting of
these contributors from a robust design perspective, a framework for geometric
robustness analysis of AM products was formulated by consolidating the block
diagram (P-diagram) of each level. The process of constructing this framework
was inspired and adapted from the framework of plastics design presented in
[Lorin et al., 2010].

Outcome: As mentioned, this study resulted in the framework presented
in Figure 4.5, which is adapted from the framework for geometric robustness in
plastics design presented in [Lorin et al., 2010]. The framework was constructed
from the block diagrams presented in Figure 4.4. In the presented framework,
geometric robustness analysis of metal AM products is divided into part ro-
bustness, assembly robustness and functional robustness. The interconnection
between different stages of robustness is presented together with the associated
design activities. This framework forms the basis for developing methods and
tools that could aid in geometric robustness analysis at the part level, assem-
bly level and functional level. In addition, several potential gaps in the area of
simulation support and lack of methods to utilize available simulation tools in
the early design stages were identified through the literature studies.
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Figure 4.4: P- diagram at part level (left) and P-diagram at assembly level
(right).

4.5 Paper E: A simulation study on the effect
of particle size distribution on the printed
geometry in selective laser melting

Background: From the literature studies for the papers published thus far, it
was discovered that there are several simulation tools that have the potential
to assist in making early design decisions. However, what seems lacking are the
relevant methods to do so. The existing methods used to assess the effect on
geometric quality for traditional manufacturing processes may not be directly
applicable for novel processes considered in this study, specifically the SLM
process. Given the complexity of this process due to the interaction of various
factors, the need to capture the multi-physics of the process to gauge their effect
on the geometric quality was evident. Hence, this study was directed towards
the aforementioned research gap.

The SLM process consists of melting the raw material in powder form. This
is unlike the sheet metal blanks, where the form of raw material differs and is
therefore challenging. The powder bed is generated by spreading the powder
on the build platform as per the pre-determined powder layer thickness. Here,
particle size distribution (PSD) is an important powder material characteris-
tic as the distribution of the powder on the build platform is dependent on it.
Therefore, the effect of the stochastic nature of PSD on the printed geometry
was studied in this paper.

Method: The design of experiments (DoE) approach was employed to inves-
tigate the effect of PSD on the build geometry. A full factorial design with four
parameters and two levels was considered, leading to a total of 16 runs. Three
in-house simulation tools built at FCC based on the discrete element method
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Figure 4.5: Framework for geometric robustness analysis of metal additive man-
ufactured products.

(DEM), computational fluid dynamics (CFD) and structural mechanics were
employed to generate the powder distribution, heat transfer and displacement,
respectively. Powder beds with a single layer consisting of two melt tracks were
simulated in this study. Packing density, powder layer thickness, melt pool layer
thickness, layer displacement and final layer thickness after displacement were
the responses measured from the simulations. See Figure 4.6 for the method
summary.

Outcome: The results suggest that the mean particle size in the PSD
greatly influenced the printed geometry. Specifically, smaller mean particle size
and smaller standard deviation produced final layer thickness closest to the pre-
set nominal layer thickness. This is an important observation because having
the knowledge of final layer thickness or the final build geometry can help in
compensating the 3D model or in model preparation when the slicing of the 3D
model takes place. Moreover, the choice of PSD can contribute to the nature of
residual stress, which, in-turn, could affect geometric variation. The learnings
from this study will serve in setting up modelling and simulation to investigate
multilayer-multitrack builds. The approach of combining three simulation tools
establishes a way to calculate the effect of various aspects of the SLM process
on the build geometry that could be used in scenarios that require detailed
simulation accuracy.
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Figure 4.6: Method to integrate the simulation tools considered in the study.
The responses measured at each stage are mentioned on the right.

4.6 Paper F: A simulation study on the effect
of layer thickness variation on the printed
geometry in selective laser melting

Background: This paper is set up based on the results achieved from the
previous paper (Paper E). The objective was to extend the previous study to
multiple layers and propose a faster simulation method that could assist in
predicting the effect of layer thickness variation on geometric quality in early
design stages.

From the previous study, it was observed that the PSD had an influence on
the resulting layer thickness, which deviates from the nominal layer thickness.
One general practice suggested in research to deal with this issue when fabricat-
ing SLM parts is to compensate for the deviation by adjusting the dimensions
of the part in the 3D model. The knowledge on compensation is acquired by
either running test builds or simulating the conditions. Running test builds is
both time consuming and has cost implications. Moreover, the majority of sim-
ulation support available today considers nominal layer thickness settings when
simulating the conditions. However, in reality, the layer thickness deviates from
the desired nominal layer thickness. In addition, the layer thickness varies in the
initial layers until it stabilizes at a certain layer thickness which, nevertheless,
deviates from the desired nominal layer thickness. The data from the previous
study revealed that for a fixed nominal layer thickness (67.4 um), the shrinkage
percentage varied due to the type of PSD. This observation triggered the cu-
riosity to study such effects when extended to multiple layers. In the context of
robust design, choosing a nominal layer thickness that is least sensitive to the
PSD (noise) would be an ideal solution. Another perspective for looking at the
problem is analysing what range of PSD would be optimal for a layer thickness
value.
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Method: From the results of the 16 runs in Paper E, runs that produced the
highest melt layer thickness, the lowest melt layer thickness and the mean melt
layer thickness were respectively considered as the upper limit case, lower limit
case and mean case in this study. Figure 4.7 illustrates the method employed.
The data on melt pool layer thickness of the 1%t layer produced in Paper E
served as the starting point. The percentage difference between the mean melt
pool layer thickness and the input nominal layer thickness was calculated. The
percentage difference between the mean melt pool layer thickness and the nom-
inal layer thickness calculated for the 15¢ layer was assumed to remain the same
for the subsequent layers, i.e., the percentage difference between melt pool layer
thickness and the powder layer thickness of the 2% layer, and so on.
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Figure 4.7: Proposed simulation method
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Figure 4.8 illustrates the procedure using the example of the upper limit
case. From Paper E, the melt layer thickness on the 1%¢ layer in % for upper
limit case was found to be 68.8% (46.38 pm) with respect to the nominal layer
thickness (67.4 ym). The displacement of this 15 layer was analysed using the
FEM solver. The mean layer thickness of the 1% layer after displacement served
as the input to estimate the melt pool thickness of the 2% layer as shown in
Figure 4.8, Step 3. The FEM solver then calculated the displacement of the 27¢
layer. The same process was repeated for the subsequent layers. From the 27¢
layer onwards, only the structural mechanics solver was used instead of going
through the iteration of detailed DEM and CFD based simulations, which is
a time-consuming process. Therefore, this method is to be considered as an
alternative to the method proposed in Paper E when considering simulation of
multiple layers.

For the purpose of comparison, another nominal layer thickness setting (20
pm) was considered, and the same procedure was repeated from the 15¢ layer
using the same percentage differences observed in the initial nominal layer thick-
ness settings (67.4 pum). For the initial nominal layer settings (67.4 pum), a 5-
layer simulation was performed, while the study was extended to 10 layers for
the 2% setting (20 um) as the computational time was more affordable due to
the layer thickness value used in the 2"¢ setting. The results were compared
with existing literature, which consisted of computer and physical experimental
results.
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Figure 4.8: Hlustration of the proposed layer thickness estimation method.

Outcome: The results of the three cases studied for both nominal layer
thickness settings (67.4 pum 20 pm) showed that the effect of PSD due to
the stochastic nature of the powder distribution caused variation in the build
height. From the results, it was observed that setting 2, with a lower layer
thickness value, would be an ideal layer thickness to achieve better geometric
quality and is least sensitive to the PSD. However, productivity rate could be
affected. A possible solution, then, could be to have hybrid layer thicknesses
among different regions of a part. That is, areas in the part that are sensitive
or have higher functional — aesthetic importance could be produced with lower
layer thickness. Moreover, the build orientation could be strategized such that
the support structures could be used in the areas where the geometry is expected
to be affected, as the support structures are removed after the build.

From the 10-layer simulation cases for setting 2, the simulations showed that
the layer thickness begin to homogenize around the 9*" layer. This observation
is in line with the literature studies backed by physical experimental data, where
the layer thickness homogenized approximately around 97-13t" layer.
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Figure 4.9: Simulation outcome of one of the cases studied

Even though other aspects of the build quality such as porosity may not
be possible to detect, the cross section of the simulation model can reveal the
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depth of fusion of melt tracks, which can provide some valuable inputs in the
early design stages. This, when coupled with microstructural simulations, can
provide more intricate details that may enable capturing the 'design-material-
microstructure-build quality’ chain digitally, even before physically printing a
part.

4.7 Unpublished results and attempts

Here, the author wishes to briefly mention some of the other works that have
been carried out or attempted and the reasons for not pursuing them further
during this thesis. Nevertheless, such experiences have enhanced the author’s
awareness of the subject and the challenges associated with it.

1. The laser heat-treated sheet metal blanks produced with different pattern
dimensions during the investigation of the SLHT process were subjected to
tensile tests by the industrial stakeholder in co-ordination with the author.
Though a large amount of data is available, the analyses have not been
conducted, as their outcome was not the primary objective in this the-
sis. Nevertheless, they could contribute substantially going forward when
considering connecting the mechanical properties-geometry-functionality
characteristics.

2. The laser heat-treated-cold stamped parts were subjected to 3- point bend-
ing tests, and the results were analysed by the industrial stakeholder. Due
to resource limitations and the stakeholder’s status, the results remain un-
processed in terms of connecting them to geometric quality.

3. Simulation studies concerning SLHT were made to combine MC simu-
lations and thermo-mechanical simulations. The specific objective was
to study the effect of scanning path (heat treatment pattern) position
variation on the geometry of laser heat-treated blanks. Variation in the
scanning path here means applying unit disturbance in the scanning path.
Similarly, another idea was related to analysing the effect of chemical
composition variation on the SLHT of blanks, and preliminary simulation
investigations were conducted as well. The idea here was to observe the
effect on residual stresses and, consequently, on the geometry. However,
due to these problems being computationally heavy, the outcome remained
inconclusive.
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CHAPTER D

Discussion

This section discusses the results presented in the previous section. The results
are discussed in relation to the research questions and the research method-
ology framed at the beginning of the research. The scientific and industrial
contributions and research quality criteria are discussed as well.

5.1 Answering the research questions

RQ1: What are the sources of geometric variation stemming from the
selective laser heat treatment process and the selective laser melting process?

To answer this question, the first step was to conduct literature studies to
gather information on the possible geometric variation contributors concerning
the SLHT and SLM processes.

In Paper C concerning SLHT, the study was extended to a comprehensive de-
scriptive study to gain further understanding on the geometric variation sources
at the part level and their effects at the assembly level. The hypothesis here
was that the geometric variation sources must indeed be addressed at the part
level, i.e., when the blanks are laser heat treated instead of handling them at the
assembly level. In Paper D concerning SLM, a large base of available literature
provided the necessary information on the possible geometric variation sources
that need further analysis.

The information gathered were mapped in the form of a fish-bone diagram
and represented in the form of blocks of P-diagram. This was later shaped into
a framework. Paper C and Paper D answer this question for SLHT and SLM,
respectively. As the conclusion from the studies is to suppress the variation as
early as possible, sources that could be adjusted during the product design or
process design stages are pursued further in this thesis.

For dealing with geometric variation in SLHT, critical product and process
design factors that were identified were the laser heat treatment pattern di-
mension, laser heat treatment pattern position, and the laser heating direction
sequence (scanning sequence).

For dealing with geometric variation in SLM, one of the critical parameters
that needed to be pursued was the powder layer thickness. Given the complexity
of the SLM process, factors that influence the powder layer thickness required
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further probing. Hence, powder material characteristics such as the particle
size, particle size distribution, scanning strategy aspects such as the scanning
sequence, and the hatching spacing were identified for further analysis in this
study.

RQ2: How can the geometric variation from selective laser heat
treatment process and selective laser melting process be controlled?

As discussed in the previous question, the focus has been to consider the
sources that could be possible to optimize in the early stages of the product
development process.

Paper A and Paper B answer this question concerning SLHT, where the
effects of adjusting the considered sources are shown. Three sources have been
taken into account: laser heat treatment direction sequence, laser heat treat-
ment pattern dimensions and laser heat treatment pattern position. Here, the
laser heat treatment direction sequence (scanning strategy) is a process design
parameter, while the pattern dimension and pattern position is a produce design
parameter.

Based on the end requirements in terms of formability and strength, the
heat treatment layout/pattern are to be planned accordingly. Positioning of the
heat treatment pattern could affect geometric variation. The heat treatment
pattern, in turn, defines the heat treatment direction sequences that could be
of interest. In Paper A, it was shown that adjusting the laser heat treatment
sequence strategy for a given pattern type and dimensions could minimize the
effects. Paper B demonstrated that a robust pattern position on the metal
blank could minimize the effects on geometric variation. Such adjustments had
a consequential effect on the subsequent processes as well.

Paper E and Paper F answer this question concerning SLM. The studies re-
volved around layer thickness as a critical factor. Here, the influence of particle
size distribution, hatch spacing, sequence strategies on the resulting layer thick-
ness and residual stress was considered. The results revealed that opting for a
particle size distribution with smaller mean particle size and standard deviation
would help in achieving the layer thickness closest to the input nominal layer
thickness considered in the system settings. Another option would be to opt
for layer thickness which would be least sensitive to the nature of particle size
distribution. This was observed in Paper F, where a lower layer thickness value
was minimally affected by the nature of the particle size distribution. The third
option would be to estimate the shrinkage that could be expected with the help
of simulation support and compensate for the shrinkage in the 3D model.

RQ3: How can simulation in product development be employed to predict
ge-ometric variation in selective laser melting process?

From the literature studies, the need for simulation support in analysing the
effect on geometric variation in the early stages of product development was
evident. Thus, the study discussed in Paper E and Paper F focused on methods
that could support the virtual product development process. Through computer
experiments, critical factors identified in Paper D were studied.

In Paper E, a method of integrating three different simulation tools that
replicate the multi-physics aspects of the SLM process was considered. This
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method was employed to analyse the effect of particle size distribution on the
layer thickness at a detailed level, as discussed in the previous research question.

From the simulation results, it was determined that for a nominal power
layer thickness, the stochastic nature of the powder distribution on the build
platform and the particle size distribution can lead to variation in the solidified
layer thickness. This detailed study was, however, performed for a single layer.

Repeating this method for multiple layers, while possible, would be compu-
tationally heavy and time consuming. Thus, a method was proposed in Paper
F which utilizes the result from Paper E and builds upon it for relatively faster
prediction.

The results from Papers E and F using the proposed methods were in strong
agreement with computer and physical experimental data found in the available
literature, which boosts the confidence in the proposed methods.

5.2 Results in the context of DRM and geom-
etry assurance

In the context of DRM and geometry assurance, the results can be summarized
as follows:

e Descriptive results: The outcome of empirical studies led to findings that
contribute to the design practice.

e Prescriptive results: Formulation of methods and demonstrating the po-
tential of utilizing existing simulation tools that could assist in meeting
the success criteria.

e Knowledge of phenomenon connected to design: The descriptive and pre-
scriptive studies have led to several observations regarding the effect of
local laser heat treatment and local laser melting of metals. Such ob-
servations could assist in capturing the digital foot print of the 'product
design- material-microstructure-mechanical properties-geometric quality’
chain when combined with other relevant simulation tools.

With the assistance of the DRM process, the research results presented in
the previous chapter and the summary of the results discussed earlier in this
chapter have enabled in realization of the measurable success criteria defined in
Chapter 3 (Section 3.5.1).

5.3 Scientific and industrial contributions

The scientific contribution is in the form of addressing the research gaps iden-
tified in the initial stages of this research, while the industrial contribution is
based on how the addressed research gaps could benefit the industry.

5.3.1 Scientific contribution

e New knowledge on variation sources from laser heat treatment and laser
melting, specifically in the context of sheet metal and metal powders is
presented in Papers C and D, respectively.
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e A structured framework tailored for geometric robustness analysis of SLM
products, which could also be applicable to robustness analysis of SLHT
products, is presented in Paper D.

e A prescription of strategies to adjust a set of critical factors to minimize
their effect on geometric variation is presented in Papers A, B, E and F.

e A number of gaps identified in the area of simulation support which are

needed during the early product development stages are presented in Paper
D.

e A developed method to evaluate robustness that provides simulation sup-
port required in the early product development stages is presented in Pa-
pers E and F.

5.3.2 Industrial contribution

Many of the research results presented here have been performed in close col-
laboration with the industrial partners, specifically the SLHT process. Some of
the industrial contributions are highlighted below:

e A number of identified shortcomings and problems that could occur with
respect to geometric quality based on the current established practices

related to SLHT and SLM processes (Papers C and D).

e An increased understanding of the manufacturability aspects, i.e., about
laser heat treatment of sheet metals and their influence on the subsequent
forming process (Papers A and B).

e An increased understanding of the effect of local heat treatment and melt-
ing that can potentially assist in developing new product solutions while
achieving the required geometric quality (Papers A, B, E and F).

e A framework and method that could assist in early decision making, min-
imizing the product lead time and the cost incurred (Papers E and F).

5.4 Research quality: Verification and valida-
tion

Verification and validation are defined in various ways in different disciplines.
According to [Blessing and Chakrabarti, 2009], validation is about doing the
right thing, while verification is about doing the thing right. As per [Taylor,
2013, validation is about questioning the validity of the outcome, classified as
internal validity, external validity and construct validity. Internal validity con-
cerns whether the relationship between variables under investigation is causal,
i.e., whether they affect each other. External validity deals with generalizability
of the results beyond the study settings undertaken. Construct validity is about
generalizing the higher-order concepts or the constructs (theoretical concepts)
based on the results. It relates to the quality of the investigation or experimental
(construct) setup. Any unaccounted factor influencing the causal relationship
between the variables being investigated, researcher bias, or conditions under
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which the studies are conducted are threats to these validity types that should
be taken care of.

Verification involves making judgements about the credibility of the results.
Buur [Buur, 1990] proposed logical verification and verification by acceptance
as two means of verification. According to logical verification, there should not
be any conflict between the elements outlined in the research, and it should
demonstrate consistency. The research needs to be complete and should be able
to explain or reject the observations made. The research should be coherent,
and well-established approaches should be in agreement with the research. The
research results should be able to elucidate specific problems. In wverification
by acceptance, the established theory should be acceptable to experienced prac-
titioners in the relevant field. Furthermore, the models and methods that are
developed based on the established theory should be accepted by the experi-
enced practitioners within the field.

The research conducted in this thesis corresponds to the first three stages of
the design research methodology, i.e., the RC, DS-I and PS stages. While the
research has resulted in an increased understanding of the subject of interest,
as well as knowledge and method development, the research results and the
approach taken need to be evaluated. The described research quality measures
are discussed with respect to the research conducted.

e Internal validity : This relates to whether the findings or results of the
research relate to and are caused by the phenomena or the variables under
investigation [Winter, 2000]. Many factors can affect internal validity. In-
ternal validity was ensured by performing controlled experiments, and any
threats in the form of unaccounted variables were eliminated. Repetition
of the tests also helped in ensuring internal validity.

o External validity: This relates to whether the research results can be
generalized to conditions other than those studied. The results observed
when evaluating different factors are specific to the settings considered in
the study and are not directly generalizable. However, cues can be drawn
from the approach and results for similar processes and conditions.

e Construct validity: This refers to whether the research approach ac-
tually measures what it is intended to measure. Construct validity is
demonstrated by performing different strategies and repeating the strate-
gies for comsistency. For the results presented in Papers E and F, the
methods used in the study have constructs that are widely used in the
field of research and have broad industrial application; DEM, CFD, FEM
and DoE.

e Verification: The results presented in Chapter 4 are based on well-
established methods that are widely accepted in the field of research and
within the industry. Documentation was a regular activity at every stage
of the research process. Regular meetings were conducted with the stake-
holders to discuss and review the research progress to ensure the correct-
ness of the research approach. Through literature studies, discussion with
experienced practitioners, and experimental study of different cases, var-
ious aspects of logical verification were achieved. This research has been
discussed with the industrial partner and practitioners within the relevant
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field who are in agreement with the results. The appended papers have
been presented at conferences and journals, where they have undergone
peer reviews by experts within the field of research. The results have
also been presented and accepted at various forums consisting of many
participants from the industry.
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CHAPTER O

Conclusion

This section summarizes and concludes the research presented in this thesis.
The direction for future research is discussed under future work.

6.1 Conclusion

Focus on reducing the environmental impact has forced the manufacturing in-
dustry, including the automotive and aerospace industries, to adopt various
weight-reduction strategies. The strategy of using lightweight materials and
employing advanced material processing techniques is seen as the way forward.
As new processing techniques emerge, integrating them into the current product
development setup to enable efficient decision making is necessary. To this end,
a greater understanding of advanced processing techniques such as the SLHT
and SLM processes considered in this study is necessary.

The research objective has been to gain a better understanding of the afore-
mentioned said processes and their effects on geometric quality and to utilize
this knowledge to develop methods that could assist in the geometry assurance
process. Literature studies were performed, and research questions in line with
the research objective were formulated. In addition, descriptive and prescriptive
studies were conducted to gain a deeper understanding of the subject and pro-
pose methods to answer the framed research questions. Based on the outlined
results, it can be concluded that:

e The thermal, metallurgical and mechanical effects from the SLHT and
SLM processes influence geometric variation.

e In SLHT of sheet metal blanks:

— The heat treatment pattern dimension, the pattern position and the
laser scanning strategy are critical factors that influence geometric
quality and must be considered in the early product development
stages.

— The laser scanning strategy should be planned in accordance with
the pattern dimension to minimize the effect on geometric variation.
The significance of the laser scanning strategy increases with smaller
heat treatment pattern dimensions.
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— Adjusting the pattern position for functionality or formability re-
quirements influences geometric variation, regardless of the pattern
dimensions.

e In SLM of metals:

— The mean particle size and the particle size distribution of the metal
powder cause variation in layer thickness, consequently affecting the
build’s geometric quality. Thus, smaller mean particle size and parti-
cle size distribution is desirable to minimize variation in layer thick-
ness.

— A smaller layer thickness is suggested as it is least sensitive to vari-
ation in particle size distribution. However, productivity is compro-
mised as the build time increases.

— Simulation platforms based on the discrete element method, compu-
tational fluid dynamics and structural mechanics can be employed to
replicate the SLM process and capture the effect of variation sources
on the geometric quality.

— Faster simulation prediction can be achieved for multi-layer simula-
tion of SLM process. From the detailed DEM-CFD-FEM structural
mechanics simulations, the effect on single layer build can be pre-
dicted. This can be used as an input to make faster predictions for
the remaining multiple layers using the FEM structural mechanics
simulation technique.

6.2 Future work

The research conducted thus far has laid the foundation for geometry assurance
of laser-processed metal components, specifically pertaining to the SLHT and
SLM processes. In addition to some of the points highlighted in Section 4.7,
other potential areas that are worth pursuing are as follows:

e Scanning strategy optimization: Since every component to be produced
using SLHT is designed specific to the product design and the end re-
quirements, the scanning strategy will also be unique to it. Hence, op-
timization of scanning strategies could be pursued. In SLM processes,
most of the machines have a pre-fixed, limited set of scanning strategies
to choose from. However, optimization of other aspects of the scanning
strategy, such as the hatch spacing and layer rotation could be pursued.

o Variation simulation: Methods to combine thermo-mechanical and Monte-
Carlo simulation would enable faster predication with reasonable simula-
tion accuracy to enable early design decision making.

e Studies on other critical factors: In SLM, studies on other critical factors
such as support structure design and optimization and removal sequence
could be pursued. In SLHT, virtual simulations to predict geometric vari-
ation in laser heat treated metal blanks could be combined with forming
simulations and crash simulations to capture the complete chain effect for
non-nominal settings as well.
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e FEaxtension of results: Future research should explore the possibilities of ex-
tending the learnings to other advanced manufacturing processes involving
selective heating and selective melting.

e FEstablishment of design guidelines: Finally, future research should estab-
lish detailed design guidelines that assist in designing geometry assured
products produced by means of selective heating and selective melting.
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