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Abstract

Additive Manufacturing (AM) refers to the physical modelling of prototypes, components
and products from their CAD designs using digitally driven layer-wise material additive
processes. A common characteristic of these technologies is the additive approach used
on the parts manufacturing, enabling the fabrication of very complex geometries without
the necessity of specific tooling and without increasing the cost of the part. From the AM
technologies available, Selective Laser Sintering (SLS) ranks among the most successful
due to its the ability to generate complex parts without the need of a support structure. In
theory, any material in powder form can be processed by SLS, however the complex laser
material interaction and consolidation mechanism occurring in SLS limits the range of
materials available to date. Therefore, the research on laser material interaction is important
to improve the knowledge on material consolidation mechanisms at different laser sintering
parameter combinations and for process optimization. To this aim, this work provides an
in-depth investigation on the influence of laser sintering parameters on mechanical, surface
and dimensional properties of PA12 and carbon fiber reinforced PA12 parts manufactured
by selective laser sintering (SLS). A space filling DOE was used to conduct the experimental
trials in order to cover a wide range of laser sintering parameters. Consolidation mechanism
was evaluated by microstructural and crystallization evolution of the samples produced at
different energy densities, supported by mechanical testing, scanning electron microscopy
(SEM), X-ray diffraction (XRD), differential scanning calorimeter (DSC) and infrared
spectroscopy (FTIR). For the first time in SLS applications Gaussian process (GP)
supervised learning was used to model the interaction between laser sintering parameters
and important quality criteria. Stochastic optimization via Evolutionary algorithm (EA)
was employed to obtain trade-off solutions for several optimization tasks. Laser energy
density had major influence on physical and mechanical properties, exhibiting a complex
and non-linear behavior for both polymer and polymer composite materials evaluated.
Fracture mechanism occurred at interlayer region or interface between carbon fiber and
PA12 or between unmolten PA12 particles, depending on the energy density applied. XRD
and DSC analysis revealed a decrease in crystal fraction with increasing energy density,
whereas FTIR measurement suggested that polymer degradation at high energy densities
could be present by both polymer chain scission (for PA12 and PA12-CF) and oxygen
functional group decomposition and gas release upon laser heating of carbon fiber (for
PA12-CF), resulting in lower mechanical properties. Gaussian process (GP) modelling of
the laser sintering parameters could be successfully applied for both materials, presenting
very good model quality for the majority of quality variables evaluated. Multi-objective
optimization with EA could be deployed for several optimization tasks, showing a wide

range of optimized laser sintering parameters depending on the trade-off objective desired.
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Resumo

A Manufatura aditiva (AM) refere-se a modelagem fisica de protdtipos, componentes e
produtos a partir de seus desenhos digitais obtidos por modelagem em CAD, utilizando
processos de adicao de material em camadas. Uma caracteristica comum a estas tecnologias
é a abordagem aditiva usada na fabricacdo de pecas, que possibilita a fabricagdo de
geometrias extremamente complexas sem a necessidade de ferramental especifico e sem
aumentar o custo da pega. Das tecnologias AM disponiveis, a Sinterizacao seletiva a laser
(SLS) esté entre as mais bem-sucedidas devido & capacidade de gerar pegas complexas
sem a necessidade de uma estrutura de suporte. Em teoria, qualquer material na forma
de p6 pode ser processado pela SLS, no entanto, o complexo mecanismo de interacao e
consolidagao do material a laser que ocorre durante a sinterizacao a laser limita a variedade
de materiais disponiveis. Neste contexto, a pesquisa sobre a interacao do laser material é
importante para melhorar o conhecimento dos mecanismos de consolidacao do material em
diferentes combinacoes de pardmetros de sinterizacao a laser e otimizacgao do processo. Para
contribuir com este objetivo, este trabalho fornece uma investigacao aprofundada sobre a
influéncia dos parametros de sinterizagao a laser nas propriedades mecanicas, superficiais
e dimensionais das pecas PA12 e PA12 reforcadas com fibra de carbono fabricadas por
sinterizagao seletiva a laser (SLS). Uma abordagem de DOE foi utilizada para conduzir
os ensaios experimentais, a fim de cobrir uma ampla gama de parametros de sinterizacao
a laser. O mecanismo de consolidacao foi avaliado pela evolucao microestrutural e de
cristalizagdo das amostras produzidas em diferentes densidades de energia, suportadas
por ensaios mecanicos, microscopia eletronica de varredura (MEV), difragao de raios X
(DRX), calorimetro diferencial de varredura (DSC) e espectroscopia no infravermelho
(FTIR). Pela primeira vez em aplicagoes SLS, o aprendizado supervisionado via processo
Gaussiano foi usado para modelar a interacao entre os parametros de sinterizacao a laser
e importantes critérios de qualidade. A otimizacao estocastica via algoritmo evolutivo
(EA) foi empregada para obter solugdes para varias tarefas de otimizagdo. A densidade de
energia do laser teve grande influéncia nas propriedades fisicas e mecanicas, exibindo um
comportamento complexo e nao linear para os materiais polimeros e compésitos poliméricos
avaliados. O mecanismo de fratura ocorreu na regiao entre camadas ou na interface entre
a fibra de carbono e o PA12 ou entre as particulas de PA12 nao fundidas, dependendo
da densidade de energia aplicada. A anélise por e DRX e DSC revelou uma diminuicao
na fracao de cristal com o aumento da densidade de energia, enquanto a medi¢ao por
FTIR mostrou que a degradacao de polimeros em altas densidades de energia pode estar
presente tanto pela cisdo da cadeia do polimero (para PA12 e PA12-CF) quanto pela
decomposicao do grupo funcional de oxigénio e liberagao de géas pelo aquecimento da
fibra de carbono (para PA12-CF), resultando em propriedades mecénicas mais baixas.

A modelagem dos parametros de sinterizacdo a laser via processo gaussiano pode ser



aplicadacom sucesso a ambos os materiais, apresentando alta qualidade do modelo para a
maioria das variaveis analisadas. A otimizacao estocdstica com multiplos objetivos pode ser
implementada para varios critérios, apresentando um amplo espectro de solucoes 6timas

dependendo do objetivo desejado.

Palavras-chave: Manufatura Aditiva, Sinterizacao a Laser, Polimeros, Compésitos poli-

méricos.
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1 Introduction

Additive manufacturing (AM) encompasses a group of layer based technologies
which have the potential to overcome the limitations from traditional manufacturing
methods. AM technologies provide the possibility of the direct fabrication of complex
shaped objects from three-dimensional CAD models, reducing the lead time and processing
costs (GIBSON; ROSEN; STUCKER, 2010). The key feature of AM is the additive
approach, where a CAD design of the parts is first sliced by software into many thin layers.
These layers are then used as templates to build a solid model, layer-by-layer until the
object is built. The main benefit from this approach is the ability to produce parts of
virtually any geometric complexity without the need for tooling, reducing dramatically

the process planning.

From the wide variety of AM techniques available, Selective Laser Sintering (SLS)
emerges as one of the most successful additive manufacturing technologies. SLS is a powder
bed fusion technique that creates parts layer-by-layer by consolidating successive layers of
loose powder (GU et al., 2006). Consolidation is obtained by selectively fusing or sintering
each layer using the thermal energy supplied by a focused laser beam (KRUTH et al.,
2003) which scans the layers according to the sliced CAD model.

SLS ranks among the most successful additive manufacturing techniques, due to its
ability to generate complex parts using powdered materials, which can be accomplished
most times without the need of a support structure. A wide range of materials can be
processed by LS compared to other AM processes (AGARWALA et al., 1995). Also, the
process is very fast when compared to other AM techniques, because the powder is bonded
together in a thermal process and there is no need of a secondary curing (DAS et al.,
1998). At last, it offers great potential to expand its application scope to the production
of tools and functional parts (KIMBLE, 1992).

Polymers were the first and are still the most applied materials in SLS. Interestingly,
only a few powder materials are available on the market, and most of these materials are
based on polyamide 12 (PA12), which is a typical nylon grade easily processable by SLS
(Goodridge et al., 2012; Kruth et al., 2008). The high success of using PA12 in SLS is
generally ascribed to a complex combination of materials properties and material-laser-
interaction properties that are fulfilled in order to turn a polymer into an SLS processable

polymer powder.

Laser sintering consolidation mechanism of PA12 has been studied considering
all aspects described before. Dupin et al. (2012) studied pore distribution and amount

of unmolten particles during laser sintering of PA12 at different energy densities and
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found a great influence of energy density on pore morphology and amount of nascent
particles. Stichel et al. (2017), Stichel et al. (2018) conducted a similar work but using a
Round Robin methodology. The authors observed a correlation of highest ductility of PA12
samples with low pore concentration, absence of coplanar pores and high degree of particle
melting. Schmid et al. (2017) studied different PA12 powder systems with pronounced
powder characteristics. The authors investigated powder differences based on particle
size distribution, thermal analysis, XRD, mechanical analysis and melt volume rate. It
was found a high influence of the powder characteristics such as particle shape, sintering
window, powder distribution and chain termination on mechanical properties and surface
roughness. A similar study was performed by Verbelen et al. (2016) with extended research
to PA11 and PAG6. Crystallization behavior of PA12 during SLS was studied in more
detail by other authors, who found that partial melting of PA12 is the main mechanism
occurring during SLS, with a full melting of the particles surfaces and unmolten particle
core. The authors observed a correlation of mechanical properties with crystal fraction,
where improved elongation at break was achieved with decreasing crystal fraction of PA12
(ZARRINGHALAM et al., 2006; MAJEWSKI; ZARRINGHALAM; HOPKINSON, 2008;
GRIESSBACH; LACH; GRELLMANN, 2010)

SLS parameters are generally related to the energy delivered to the powder bed
and influence important quality factors such as the geometrical, surface and mechanical
properties of parts produced. Work has been dedicated to study the influence of the energy
density on mechanical properties.Caulfield, McHugh & Lohfeld (2007) studied the influence
of energy density and build orientation on mechanical properties of PA12. The authors
and found a positive correlation of laser power with mechanical properties, although an
optimum energy input was found.Wegner & Witt (2012) used response surface modelling
to study the effect of laser speed, laser power, scan line spacing, pre-heating temperature
and layer thickness on density and tensile properties of PA12 parts. The authors also
observed an optimal energy input existing to result in best mechanical properties. Usher,
Gornet & Starr (2013) employed fractional factorial design and Weibull growth modelling
to study the influence of build orientation and laser sintering parameters on yield strength
and elongation at break of PA12 samples processed by SLS. Hofland, Baran & Wismeijer
(2017) also used a fractional factorial design to investigate the influence of individual laser
sintering parameters on density and tensile properties of PA12. Sensitivity analyses showed

that the most important process variables were scan spacing and layer thickness.

An interesting field of research concerns the improvement of polyamide 12 properties
to meet the requirements of more demanding applications. SLS of polymer matrix composite
materials is based on the rationale of combining two or more materials to improve properties
unachievable by the single materials (KUMAR; KRUTH, 2010). The most common method
to produce composites by LS is the combination of matrix and reinforcement powders.

Reinforcement powders are generally used in particulate form or in the form of small
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sized fibers. The combination of powders can be made by simply mixing the matrix and
reinforcing powder, using a single composite powder, or coating reinforcement material
with the polymer matrix, which helps overcome problems associated with non-uniform

mixing of powders, yielding a uniform spread of composite components.

Extensive research has been made to improve the mechanical properties of polymer
laser sintered parts by reinforcing them with micron-sized inorganic fillers (PARANDOUSH;
LIN, 2017; WANG et al., 2017; GOODRIDGE; TUCK; HAGUE, 2012), most of these works
focusing on reinforcing PA12 or PA11. Aluminum was added to PA12 by means of direct
mixing to produce composite parts resulted in accurate parts and with increased mechanical
strength compared to pure PA12 (MAZZOLI; MORICONI; PAURI, 2007). Silicon carbide
was mixed with PA12 to produced composite parts by SLS and an investigation on the
effect of sintering parameters was performed (HON; GILL, 2003). PA12 was also mixed
with limestone for laser sintering processing (GUO; JIANG; BOURELL, 2014). Glass
beads reinforced PA12 have been studied (NEGI; DHIMAN; SHARMA, 2015), showing
limited mechanical properties of parts manufactured with these systems. Nanomaterials

have also been combined to polymer for SLS processing.

The SLS of carbon fibers reinforced PA12 composites have recently received at-
tention by research community. Yan et al. (2011) prepared carbon fibers by surface
modification in order to improve interface adhesion with PA12 and further mixing CF with
PA12 by dissolution-precipitation method. Mechanical properties were greatly enhanced
by the preparation method when compared to pure PA12. More recently, carbon fiber
surface modification via H NOj3 treatment was performed to improve adhesion with PA12
via direct mixing (JING et al., 2017). Porosity of mechanically mixed PA12-CF samples
manufactured in different building directions was studied by means of computed tomogra-
phy (JANSSON; PEJRYD, 2016). Fracture mechanism of PA12-CF material processed by
SLS was recently studied (LIU et al., 2019).

SLS of PA12 is a well known topic to the scientific community and much research
has been conducted to investigate different aspects of PA12 consolidation during SLS and
influence of energy density on density and mechanical properties. Nevertheless, few studies
have been conducted so far on the modelling of individual laser sintering parameters
and important quality variables such as dimensional accuracy, surface and mechanical
properties. Also, the works previously conducted is based on fractional factorial design
space which gives poor space coverage for modelling purposes and does not give a complete
picture on the behavior of output parameters based on variation of laser sintering input
parameters. This is therefore the main contribution of this work for PA12, to perform an
in depth investigation on modelling of individual laser sintering parameters and the most
relevant quality criteria for laser sintering of PA12 and also perform optimization tasks

considering the frequently conflicting criteria that needs to be met when producing a SLS
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part.

From the literature review on SLS of polymer composites and more specifically on
SLS of PA12-CF, most of the research carried out so far in laser sintering of PA12-CF
materials is focused on material aspects, without taking into consideration the influence
of laser sintering parameters on quality properties. No research has been conducted to
investigate the effect of laser sintering parameters which influence the energy density
delivered to the powder bed. Therefore, the goal of this research study is to investigate
the influence of energy density on important quality criteria such as surface properties,
dimensional accuracy, density and mechanical properties. Additionally and consequently,
there is no modelling of the individual laser sintering parameters existing. Also the
modelling and optimization of individual laser sintering parameters is performed and a

multi-objective optimization is performed for the first time for PA12-CF.

The work is divided in the following chapters: chapter 2 details the Additive
Manufacturing and selective laser sintering (SLS) process, presenting the phenomena
behind the process, major process parameters and materials used. Furthermore, a review
on selective laser sintering of polymers and polymer composites is given; chapter 3 presents
the experimental methodology proposed whereas chapter 4 presents the results obtained
for PA12 and chapter 5 . At last chapter 6 presents the conclusions drawn from the present

work as well as further research directions.
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2 Additive Manufacturing

This chapter provides an overview of Additive Manufacturing (AM). The main
technologies are given and the manufacturing process chain is described. Furthermore, the
Selective Laser Sintering (SLS) process is introduced, detailing its main features, materials
used in the process and also a physical description of the process including a theoretical
discussion on the influence of the main SLS parameters. At last a review on the application

of SLS for processing of polymers and polymer composites is presented.

2.1 Overview

Additive Manufacturing (AM) is defined by ASTM Standard F2792-12a (2012)
as the “process of joining materials to make objects from three-dimensional (3D) model
data, usually layer upon layer, as opposed to subtractive manufacturing technologies” . It
refers to the physical modelling of a design using digitally driven additive processes. AM
systems quickly produce models and prototype parts, tools, patterns and functional parts
from 3D computer-aided design (CAD) data, computer tomography (CT) and magnetic
resonance imaging (MRI) scans, and data from 3D digitizing systems. Using an additive
approach, AM systems join liquid, powder, or sheet materials to form physical objects.
Layer by layer, AM machines process plastic, paper, ceramic, metal, and composites from
thin, horizontal cross sections of a computer model (WOHLERS, 2004).

The development of the first AM process emerged in 1987 with Stereolithography
from 3D Systems, a process that solidifies thin layers of ultraviolet light-sensitive liquid
polymer using a laser (WOHLERS, 2007). As the technologies initially were used only
to produce prototypes, the term Rapid Prototyping (RP) was given to embrace all AM
technologies. Since then, many techniques have been developed and evolved in such way
that, recently, improvements in the quality of the output from these techniques made
possible to shift towards the use of RP processes for the manufacture of tools (Rapid
Tooling, RT) and end-use functional parts (Rapid Manufacturing, RM) (GIBSON; ROSEN;
STUCKER, 2010). As the term Rapid Prototyping was misleading and overlooked the
principle of these technologies, the term Additive Manufacturing (AM) was created to
embrace all these technologies. Synonymous of AM, besides the one cited above, are
additive fabrication, additive process, direct digital manufacturing, layer manufacturing

and freeform fabrication.

A common feature of all AM processes is the additive approach used to produce
parts. The main benefit gained from this is the ability to produce parts of virtually any

geometric complexity without the need for tooling, reducing significantly the process
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planning, production and lead times and costs (HOPKINSON; HAGUE; DICKENS, 2006).
Another interesting characteristic is the wide range of materials that can be used, from

polymers, metals and ceramics to composites.

As in Additive Manufacturing complex shapes are built with little/no form re-
striction, it increases the potential for different design methodologies focused on the
‘Manufacture for Design’ rather than ‘Design for Manufacture’ philosophy used by con-
ventional manufacturing processes, which represent one of the most restrictive factors for

product development (HOPKINSON; HAGUE; DICKENS, 2006).

For many years, the additive manufacturing industry lacked categories for grouping
AM technologies, which made it challenging educationally and when communicating
information in both technical and non-technical settings. The ASTM committee defined 7
additive manufacturing groups which enabled the discussion of a category of machines,
rather than needing to explain an extensive list of commercial variations of a process
methodology (ASTM Standard F2792-12a, 2012).An overview of the main processes
according to ASTM F2792-12a is given in Tab. 2.1 (ASTM Standard F2792-12a, 2012).

In Vat photopolymerization a liquid photopolymer in a vat is selectively cured by
light-activated polymerization. Examples of processes include Stereolithography (SLA),
which consolidate a liquid photocurable resin by selective exposure to a UV light, and
digital light processing (DLP), which is similar to SLA, except that instead of laser vector
scanning, it projects a bitmaps onto the photocurable resin using a projector and curing a

layer at once.

Example of material extrusion is Fused deposition modelling (FDM), where a

molten polymer filament is fed by a nozzle onto a substrate by means of a moving head.

In material jetting, material is selectively dispensed through a nozzle or orifice.
Examples include Material Jetting process, where photopolymer droplets are deposited on
a layer by means of a nozzle and cured with UV light. Drop on demand (DOD) process

uses a similar process but using molten wax which is deposited via a nozzle.

Binder jetting is an AM process in which a liquid bonding agent is selectively
deposited to join powder materials. Most common process example is Binder jetting or
Three-dimensional Printing (3DP), in which the part is built in a powder bed and an ink
jet printing head is used to spray a liquid binder in the powder layer, which solidifies to

form the solid layer.

Powder based AM processes are focused on the application of material in powder
form and the consolidation of the part is performed by a heat source to build each layer.
Examples include Laser Sintering (LS) or Selective Laser Sintering (SLS™), where the
powder is spread in a layer and selectively scanned by a laser. This process uses partial

melting or liquid phase sintering (LPS) as the consolidation method and is focused on
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Table 2.1 — Overview of the main additive manufacturing processes (ASTM Standard

F2792-12a, 2012)

Group Process Material Prepara- Layer Technique Materials
tion
SLA Liquid resin in vat ~ Laser scanning UV curable resin,

Vat photopolymerization

ceramic suspension

DLP Liquid resin in vat UV projector UV curable resin
CDLP Liquid resin in vat ~ Continuous UV pro- UV curable resin
jector
Material extrusion FDM Filament melted in  Continuous extru- Thermoplastics,
nozzle sion and deposition wax
MJ Liquid polymer in Droplet deposition UV curable resin
Material jetting jet and laser scanning
DOD Liquid wax in jet Droplet deposition =~ Wax
NPJ Liquid resin with Droplet deposition = Metals
metal nanoparticles
Binder jetting BJ Powder in bed Droplet deposition Sand, Metals
joined with bonding
agent
SLS™ /LS  Powder in bed Laser scanning Thermoplastics,
wax, composites
Powder bed fusion SLM Powder in bed Laser scanning Metals
EBM Powder in bed Electron Beam scan- Metals
ning
MJF Powder in bed Fused with agent Polymers
and energy
Direct energy depo- LENS Powder feed Laser scanning Metals
sition
Sheet lamination LOM Laser cutting Binding of sheets Paper, plastics, met-

with adhesive

als

processing polymers or more than one phase polymer composites. Selective Laser Melting

(SLM) was derived from SLS and developed to process metals by full melting instead of

partial melting. A similar technology is Electron Beam Melting (EBM), which uses the

same approach of SLM but uses an electron beam as a heat source, instead of a laser.

Direct energy deposition technologies include Laser Engineered Net Shaping (LENS),

which fully melt metal powders by means of a laser, similarly to SLM. The main difference

is that instead of using a powder bed, the powder is fed by a nozzle.

The main sheet lamination process available is Laminated Object Manufacturing

(LOM), where a solid sheet of material is attached to the previous one, and a hot roller
compresses the sheet and activates a heat-sensitive adhesive (GUO; LEU, 2013).
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All commercialized AM machines to date use a layer-based approach. The ways
they differ are in the materials that can be used, how the layers are created and how the
layers are consolidated. Such differences determine factors such as the time to produce a
part, the accuracy of the part and its material properties (GIBSON; ROSEN; STUCKER,
2010).

2.2 Additive Manufacturing Process Chain

Additive Manufacturing creates physical parts from their CAD data in a layerwise
fashion. Although there will be some variations depending on which technology is being
used, the general AM process chain is composed of a sequence of seven steps, described
below (GIBSON; ROSEN; STUCKER, 2010) and represented in Fig. 2.1.

Machine Set up

- F-i-lg;[ransfer to r;iachine

CAD Concept

Figure 2.1 — Additive Manufacturing process chain.

1. Conceptualization and CAD: A generic AM process must start with 3D CAD
information from the product. There is a variety of ways as how the 3D data can
be created, such as 3D sensors (laser, sonic or optical digitized). Most of 3D CAD
systems are solid modeling systems with surface modeling components. This step
is usually the most time consuming of the entire process chain, since many factors
contribute to the model quality, for example the software quality, orientation of the
part, need for supports, complexity of the part, use of thin walls, small holes and

slots.
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2. Conversion to STL: Nearly all AM processes uses the STL format, which is a simple
description of its CAD model in terms of its geometry alone. Aspects such as
construction data and historic modeling are neglected and the surfaces of the model
are approximated using triangles facets. The triangle size is calculated in terms of
the distance between the plane represented by the triangle and the surface it is
supposed to represent. Combined to this is a vector normal to the surface indicating
the direction of the triangle, inside vs. outside the part. This process of converting
to STL is automatic in most of the CAD software but errors might occur during this
transition and a STL repair software may be needed to correct problems with the
file generated by the CAD. Common software used is MAGICS from the Belgium

Company Materialise.

3. Transfer to AM machine and file manipulation: Once the STL file is created it can
be sent directly to the AM machine. At this step it is necessary to check if the part
is correct. Normally AM machines have software for visualization that allows the
user to view and manipulate the part. Here the user can reposition the part, change
the orientation direction to better allocate it, chose to build more than one part

when possible.

4. Machine setup: All AM machines have a setup of parameters that must be adjusted
and that are specific to that machine or process. For example, some machines may
process only one or two materials and have a fixed layer thickness, resulting in
setup changes. Others may be designed to run with a variety of materials and need
optimization of the parameters to best suit the part to be built, requiring a numerous
setup options. In such cases, it is normal to define default values to help speed up

the machine setup and to prevent mistakes being made.

5. Build: Once these steps are completed, the process switches to the computer-
automated building phase, taking place the layer-based manufacturing concept.
Generally the AM machines will have a similar sequence of layer control, using an
adjustable platform, material deposition and layer cross-section formation. This
process will be repeated until either the build is completed or there is no feeding

material remaining.

6. Removal and cleaning: At this stage, it is expected that the parts will require
additional effort for removal and cleaning, since the parts must be either separated
from a building platform on which the part was produced or removed from excess
build material surrounding it. This is specially the case for processes where a
support structure is used, to prevent the part from collapsing or warping during its

manufacturing. Different AM processes will require different clean-up requirements.
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7. Post-Process: The final step in the AM process chain is the post-processing which
refers to the stage of finishing (usually manual) the parts for application purposes.
It may involve polishing and sandpapering to improve surface finish and aesthetic
appearance, coating application, binder removals, post curing for liquid based AM
process (CHUA; LEONG; LIM, 2010).

2.3 Selective Laser Sintering

Selective Laser Sintering (SLS) is a powder-based layer-additive manufacturing
process that allows the manufacturing of three-dimensional (3D) complex parts directly
from their CAD models (DAS et al., 1998; KRUTH, 1991). The LS technique creates
parts layer-by-layer by consolidating successive layers of loose powder (GU; SHEN, 2006).
Consolidation is obtained by selectively fusing or sintering each layer using the thermal
energy supplied by a focused laser beam (KRUTH et al., 2003; KRUTH et al., 2005) which,
by means of a mirror deflection system (SCHUEREN; KRUTH, 1995), scans the layers
according to the cross section of the object’s mathematically sliced CAD model. Figure

2.2 gives a representation of the machine.

CO2 Laser

/ Optics
/ Scanning
/ Mirrors

(TN

Unsintered
Powder

Workpiece

| Part Cylinder
and Powder Bed

Powder Cartridge Feedding/Collecting System

Figure 2.2 — Schematic representation of an SLS machine (DOLENC, 1994).

SLS ranks among the most successful additive manufacturing techniques, due to
its unique characteristics: the ability to generate very complex parts using powdered

materials, which can be accomplished most times without the need of a support structure
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since the powder acts as a natural support structure during the process; wide range of
materials can be processed by LS compared to other AM processes; the process is very
fast when compared to other AM techniques, because the powder is bonded together in a
thermal process and there is no need of a secondary curing; great potential to expand its

application scope to the production of tools and functional parts (KIMBLE, 1992).

Initially, SLS was developed as manufacturing process for single use functional
prototypes (DECKARD, 1989). Recent developments in SLS machines and process made
possible a shift to the direct manufacturing of tools (Rapid Tooling) (RADSTOK, 1999)
and end-use functional parts (Rapid Manufacturing) (KARAPATIS et al., 1998).

The additive manufacturing steps in the SLS process can be described in the

following way (Figure 2.3):

e Initially the dosing platform is raised to add new material on the building platform
(Fig. 2.3a);

e next, a blade or roller is moved across the process chamber and new powder is spread
and leveled on the building platform (Fig. 2.3b);

e after this the laser beam (Nd:YAG or COs;) scans the powder layer according to
the cross-section of the part’s mathematically sliced CAD model, resulting in the
consolidation of the particles (Fig. 2.3c). The underlying layer provides support to
the subsequent layers of material while the surrounding powder that did not interact
with the laser acts as a support structure for the consolidated layer, eliminating,

occasionally the need to model and build a support structure;

e in the last step, the building platform is moved one layer size down, while the dosing
platform moves down a certain distance to prevent the blade/roller from carrying

powder when it moves to the other end of the process chamber (Fig. 2.3d);

e the cycle is repeated again until all layers are processed and the whole part is finished.

2.3.1 Laser Sintering Processing Parameters

Several parameters influence the SLS manufacturing of adequate parts, with the
desired physical and geometrical properties. Understanding how these parameters affect
the process is therefore important not only for the process control and automation but
also for selecting appropriate parameters prior to processing. The parts quality is directly
related to the densification behaviour of the material, whose response is influenced by
many processing parameters and material characteristics. The first are addressed in this

section whereas materials characteristics are addressed in section 2.3.2.
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Figure 2.3 — Description of the SLS process.

Processing parameters are defined variables that influence and control the SLS
process. These parameters are generally related to the energy delivered to the powder bed
and influence the response parameters such as the geometrical and mechanical properties of
the parts produced. The amount of energy delivered to the surface during the laser-material
interaction period is dependent on the laser intensity of the laser irradiation, the period
of a single exposure, the number of total exposures and the time between each exposure
(WILLIAMS; DECKARD, 1998).

The parameters that are most influential on the energy delivered to the powder bed
surface with a layer thickness (w) are the laser power (P), laser beam spot size (d), laser
scan speed (v), scan line spacing or hatch distance (h) and the scanning strategy applied,
including the laser line length (/) and the method of irradiation between successive layers.

The laser irradiation is related to the laser power and the laser beam spot size:

pP= /0 12 dr (2.1)

where I(r) is the radial intensity distribution, r the radial distance from the center
of the laser spot and R the laser beam radius. The exposure time 7 is related to the laser

beam spot size and the laser scan speed through the following:
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Lower laser scan speed values lead to higher exposure times, increasing the amount
of heat delivered to the powder bed and resulting in a deeper and wider melting pool and
a better consolidation of the powders. Regarding the laser beam spot size, its increase
results in a larger exposure area, increasing the number of exposures and the exposure
period. Consequently it has a significant effect on the densification behavior of the part.
On the other side the higher spot size decreases the temperature of the powder bed surface,
for a given laser power. If, despite this temperature decrease, the temperature achieved is
still enough for consolidation, it is preferred to use higher laser spot sizes. The number of
total exposures is defined as the ratio between the laser beam spot size and the scan line

spacing:

N, = (2.3)

d
h
This definition comes from the overlapping scanning pattern during SLS, where the

same region is exposed to the laser irradiation several times. This pattern can be expressed
by (WILLIAMS; DECKARD, 1998):

O=1- (2.4)

d
h

Where O represents the degree of overlap occurring. Overlap is achieved whenever
the distance between scan lines is less than the laser spot diameter (h<d). This parameter
has a significant effect on the densification of the part, as it measures the degree at which
adjacent scan lines superpose and are reprocessed. The amount of energy stored at the
surface is related to the time between exposures. The longer this time, the longer period
in which the molten pool loses heat by conduction to the powder bed and by radiation
and convection at its surface. This delay period depends on the scan line length and the

laser scan speed:

t= (2.5)

l
v

Increase in the scan line length results in longer delay periods which may increase
the cooling time and probably decrease the maximum temperature reached. Consequently,
it is expected a worse powder consolidation and densification of the part. Scan line length
also influences the development of thermal stresses and the higher this parameter the
higher tendency to develop these stresses (POHL et al., 2001) and to cause parts curling,
loss of edge tolerances and even parts delamination. Therefore short scan line length are
always preferable (SIMCHI; PETZOLDT; POHL, 2003). Directly related to the scan line
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vector is the scanning strategy applied, which affects the inter-layer bonding (LI; SHI;
LIU, 2009).

Another important parameter is the layer thickness w. Although not related to the
energy delivered to the powder bed surface, it affects the volumetric amount of energy
absorbed. Smaller layer thickness generally yields higher densities, as the heat provided
by the laser is better absorbed by the underlying layers, resulting in a better inter-layer
bonding. On the other hand there is a minimum value for the layer thickness which is
dependent on the particle size distribution of the material. Below this value, the process
might become unstable since the blade or roller mechanism will tend to scratch the
previously processed layers, leading to part damage. It should be noted also that higher
layer thicknesses speed up the SLS process, so that there is always a compromise between

these factors.

The combination of laser power, laser scan speed, scan line spacing and layer

thickness gives an indication of the volumetric energy per unit of single processing track:

b= (26)

2.3.2 Physical aspects in Selective Laser Sintering of polymers and PMCs

The physical processes associated with laser sintering are of complex nature (DAS,
2003). As the laser scans the powder layer, a part of the light energy from the laser is
converted to thermal energy, heating the powder. This conversion is strongly dependent
on the interaction laser-material, as the material absorbs a certain quantity of energy
from the laser (WANG et al., 2002). Part of this generated heat will subsequently be
transferred along the powder bed, and the way this heat transfer occurs depends on the
thermophysical properties of the powder, such as thermal conductivity, specific heat and
thermal diffusivity. After the powder is heated by the laser, it undergoes densification
by different consolidation mechanisms such as partial melting and liquid phase sintering.
Aspects such as the wetting, capillary instability and thermocapillary effects such as
Marangoni flow must be kept in mind in order to promote an adequate densification. For
high input energies, phenomena such as evaporation of material, oxidation and polymer
degradation may take place. At last, due to the processing chamber being kept at near
the melting temperature of the polymer, the slow and localized cooling and solidification

of the material govern its final microstructural characteristics.

Figure 2.4 shows the different polymer properties which are important to achieve
SLS promising materials. They are divided in optical, thermal and rheological properties

and also in particle and powder properties.
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Figure 2.4 — Main variables affecting the SLS process.

2.3.2.1 Optical properties

Optical properties are related to the ability of the polymer to absorb the energy
delivered by the laser wave length. As COs lasers (wavelength of 10.6 um) are normally
used to process polymer powders, polymers present a good absorption of the radiation in
this spectrum. In powder beds the scatter of radiation is observable, which is a process
that does not remove energy from the radiation field, but redirect it, generating multiple
reflections in the powder bed and consequently higher absorptions values than bulk
materials (LAUMER et al., 2016).

2.3.2.2 Thermal properties

During SLS, polymer powders are heated up to high temperatures and are subject
to a change from a hard structure to a softer one and finally to a viscous flowing melt.
The way and the temperature at which this transformation will occur are dependent on
the polymer type and have a significant influence of the laser sinterability of the material.
Semi-crystalline polymers have glass transition temperatures 7, normally between room
temperature or below, and a melting temperature 7, normally above 100 °C. This class
of polymers rapidly changes from solid to viscous liquid when sufficient heat is applied.

On the other hand, these materials present a high degree of shrinkage during cooling from



40 Chapter 2. Additive Manufacturing

their T,,,. In contrast, amorphous polymers do not have a clear melting temperature range.
They have a T, normally around 100 °C above which the material will gradually change
to rubbery and liquid state without clear transitions (KRUTH et al., 2008).

In order to process these materials, specially semi-crystalline polymers, it is im-
perative to keep the powder bed with constant heating. For semi-crystalline the heating
temperature should be just below its melting point and for amorphous polymers just below
its T,. This temperature is important to minimize effects of part shrinkage and distortion

during and after laser processing.

Another thermal aspect related to the polymer properties is the so called “sintering
window” of the material, which is the temperature range between its melting and crys-
tallization temperature. This SLS temperature range for a specific polymer is normally
obtained by performing a Differential Scanning Calorimeter (DSC) of the material, as
shown in Fig. 2.5. Ideally a suitable polymer material for SLS processing should possess a
narrow melting peak in the heating curve of the DSC and also non-overlapping melting
and re-crystallization peaks. The first condition provides a fast melting of the material
without excess energy and the second condition gives the material more time in its liquid
state during the cooling phase, delaying crystallization during the build process. Polymers
whose DSC heating and cooling curves are superposed crystallize quickly during cooling,
provoking shrinkage and distortion of the part (GOODRIDGE; TUCK; HAGUE, 2012).
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Figure 2.5 — DSC showing the “sintering window” of SLS processing (GOODRIDGE;
TUCK; HAGUE, 2012)
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2.3.2.3 Rheological properties

Besides the thermal and optical properties, low viscosity and low surface tension of
the polymer melt are important for successful SLS processing. Low viscosity is important
to allow full spreading of the molten polymer within the process time scale. On the
other hand low viscosity also contributes to part shrinkage and lower accuracy (KRUTH
et al., 2003). Additionally, thermocapillary forces are generated in molten pools with
non-uniform temperature, such as the ones created during SLS. Due to this non-uniform
temperature distribution, surface tension gradients are formed, generating a convective
flow, called Marangoni flow, from regions of low to high surface tension. The strength
of thermocapillary flow is determined by the Marangoni number Ma, which depends on
properties such as the surface tension temperature gradient, viscosity and diffusivity of

the molten pool (TSOTRIDIS; ROTHER; HONDROS, 1989).

The consolidation phenomena during SLS plays a major role in processing polymers
and polymer composites. Two types of consolidation mechanisms are of main importance
in SLS: Liquid phase sintering and partial melting. Liquid phase sintering is a consolidation
mechanism where part of the powder material is melted (binder phase) while the other
remains solid (structural phase). The liquid phase flows between the solid particles very
quickly, driven by capillary forces, therefore no need of pressure is required, as the magnitude
of these forces are comparable to the external pressures used in pressure based sintering
processes (GERMAN;, 1985). Three overlapping stages can be identified during LPS. The
first is the rearrangement stage the liquid is formed and there is a rapid initial densification
due to the capillary forces exerted by the wetting liquid in the solid particles. Concurrently
to this there is dissolution and reprecipitation, controlled by diffusion processes. At last
solid state sintering occurs. It must be mentioned that the kinetics of the first step is so
fast that the other events may be overshadowed (GERMAN;, 1985). For SLS applications,
only a limited range of the rearrangement stage occurs, due to the very short interaction
times involved (ANESTIEV; FROYEN, 1999). The drawback of this is that the porosity
of SLS parts is higher than with normal LPS. The SLS through LPS is by far the most
used process and there are different ways for consolidating the structural and binder phase:
mixture of two-component powders; coating of the binder in the structural material; use
of composite powder particles and the use of materials where no distinction between

structural and binder phase can be done.

Partial melting occurs when no distinct binder and structural phase are used, as is
the case when processing single polymers only. During partial melting, only the shell of
the particle is melted, whereas the core of the grain remains solid. The molten shell of
the particle forms necking structures with neighbouring particles, acting as a binder of
non-molten particle cores (KRUTH et al., 2007).
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2.3.2.4 Powder and particle properties

The particle and powder properties are also of great importance for SLS processing.
Spherical particles are preferable for SLS, as this form induces a better flowing behavior
during the process and a better compacting of the powders during the roller or blade passage.
Most of today’s available SLS powders are not perfectly spherical, they rather have a
"potato" shape originated from the precipitation process. Particles obtained from cryogenic
milling are normally not adequate for SLS due to inferior flowability characteristics and

poor powder bed formation (SCHMID; AMADO; WEGENER, 2014).

Particle size distribution directly influences the SLS processability of polymers. For
instance, the mean particle size is generally used as a lower limit for the definition of the
layer thickness, since smaller layer thickness’s can provoke the interference between the
blade/roller and the part. For polymer processing, some researchers have concluded that
an adequate particle distribution is between 45 and 90 pm (GOODRIDGE; DALGARNO;
WOOD, 2006), whereas other found smaller values, between 20 and 80 pm (SCHMID;
AMADO; WEGENER, 2014). Smaller particles normally provide a better densification,
part accuracy and surface quality. However if the particles are too small the spreading of
the particles may be difficult and there is a higher probability of particle coalescence due

to the heating applied in the powder bed.

Another aspect that must be considered during SLS of polymers is the powder
degradation and reuse. As all the powder of the processing chamber is heated during
the process, the supporting powder undergoes a significant thermal cycle, which causes
thermal degradation of the polymer. The long exposure to heat leads to an increase in
the molecular weight of the polymer and a consequent increase in the viscosity, resulting
in problems in the densification of the powder, mechanical properties and part quality.
Normally it is not possible to re-use 100 % of the polymer powder, being necessary to mix

the used powder with new powder.

2.3.3 Laser Sintering of Polymers

In theory, any material can be processed by SLS, provided that it is available as
powder and the particles tend to melt or sinter when heat is applied. However, practice
shows that consolidation problems occur on the processing of many powder materials,
influencing the part density, mechanical properties and final quality, therefore limiting the
materials processed by SLS. The materials processed by SLS can be waxes, polymers, metals
and composites. Since polymers and PMCs are the main focus of this work, a discussion
on the SLS processing of polymers, polymer matrix composites and nanocomposites is

given in the next sub-headings.
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2.3.3.1 Laser Sintering of PA12

Polymers were the first and are still the most applied materials in SLS. On the other
hand, only a few powder materials are available on the market, and most of these materials
(95 %) are based on polyamide 12 (PA12), i.e., a typical nylon grade is easy processable by
SLS (KRUTH et al., 2008). Research is being carried out in new materials and materials
such as PEEK and Polystyrene are appearing, but to date none of them has achieved the
success of PA12. This limited success of using other materials in SLS is generally ascribed
to a complex combination of materials properties and material-laser-interaction properties

that must be fulfilled in order to turn a polymer into an SLS processable polymer powder.

The requirements necessary for polymer powders processed by SLS are very stringent
and are a reason for the limited availability of commercial powders for SLS. As explained
above, PA12 is the most successfully applied powder in the SLS market and the reason for
this is a combination of historical reasons and because of important properties of PA12
that make this material suitable for SLS processing. One of these properties is related to
the sintering window of PA12 for SLS purposes. The PA12 developed for SLS presents a
wide gap between melting and crystallization. This is done intentionally for SLS, since
PA12 for injection molding purposes does not present such stretched gap. The shift of
the melting point to higher values and the crystallization point to lower values are also
provoked in order to diminish the effect of a second heating run of the material, very
common during SLS processing (KRUTH et al., 2008).

SLS of PA12 is also favoured by its particle shape and size distribution. LS PA12
presents a potato shape particles, which favours flowability of the powders and as a
consequence improves the densification during processing. The molecular structure of
SLS PA12 also plays an important role in the process. To obtain the PA12 powder the
chemical reaction ends up in the polymer chain forming well defined end-groups, usually
one carboxylic group (COOH) and one amide group (-NH2). This open structure with
unblocked chain ends combined with the nitrogen atmosphere of the chamber creates ideal
conditions for solid state condensation reaction, and the polymer chain ends have enough
time to meet reaction partner by molecular movement. This provokes an increase on the
molecular weight of the polymer chain, which results in increased mechanical properties
and interlayer bonding. Unfortunately this reaction also occurs in nonsintered particles on
the chamber, which increases their melt viscosity and can have effect on further processing,
compromising surface quality (SCHMID; AMADO; WEGENER, 2014).

Laser sintering consolidation mechanism of PA12 has been studied considering
all aspects described before. Dupin et al. (2012) studied pore distribution and amount
of unmolten particles during laser sintering of PA12 at different energy densities and
found a great influence of energy density on pore morphology and amount of nascent
particles. Stichel et al. (2017) and Stichel et al. (2018) conducted a similar work but using a
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Round Robin methodology. The authors observed a correlation of highest ductility of PA12
samples with low pore concentration, absence of coplanar pores and high degree of particle
melting. Schmid et al. (2017) studied different PA12 powder systems with pronounced
powder characteristics. The authors investigated powder differences based on particle
size distribution, thermal analysis, XRD, mechanical analysis and melt volume rate. It
was found a high influence of the powder characteristics such as particle shape, sintering
window, powder distribution and chain termination on mechanical properties and surface
roughness. A similar study was performed by Verbelen et al. (2016) with extended research
to PA11 and PAG6. Crystallization behavior of PA12 during SLS was studied in more
detail by other authors, who found that partial melting of PA12 is the main mechanism
occurring during SLS, with a full melting of the particles surfaces and unmolten particle
core. The authors observed a correlation of mechanical properties with crystal fraction,
where improved elongation at break was achieved with decreasing crystal fraction of PA12
(ZARRINGHALAM et al., 2006; MAJEWSKI; ZARRINGHALAM; HOPKINSON, 2008;
GRIESSBACH; LACH; GRELLMANN, 2010).

SLS parameters are generally related to the energy delivered to the powder bed
and influence important quality factors such as the geometrical, surface and mechanical
properties of parts produced. Work has been dedicated to study the influence of the
energy density on mechanical properties. Caulfield, McHugh & Lohfeld (2007) studied the
influence of energy density and build orientation on mechanical properties of PA12. The
authors used a DTM Sinterisation machine with increasingly laser power inputs and found
a positive correlation of laser power with mechanical properties, although an optimum

energy input was found.

In a more extensive study, Wegner & Witt (2012) used response surface modelling
to study the effect of laser speed, laser power, scan line spacing, pre-heating temperature
and layer thickness on density and tensile properties of PA12 parts. The authors also
observed an optimal energy input existing to result in best mechanical properties. Based
on sensitivity analysis, laser power was found to have lowest influence on mechanical

properties, whereas layer thickness and scan line spacing resulted in highest influence.

Usher, Gornet & Starr (2013) studied the influence of build orientation and laser
sintering parameters on yield streght and elongation at break of PA12 samples processed
by SLS. A fractional factorial design with 2 levels was employed and the results modelled
with a non-linear regression model based on Weibull-growth modelling to predict the
response variables based on energy density. The authors found very good model quality
for both output variables chosen and a high influence of part build orientation and energy

density on mechanical properties.

Hofland, Baran & Wismeijer (2017) used a fractional factorial design to investigate

the influence of individual laser sintering parameters on density and tensile properties



2.8. Selective Laser Sintering 45

of PA12. The authors used response surface modelling to study the effect of laser speed,
laser power, scan line spacing, pre-heating temperature and layer thickness. The fractional
factorial design used 5 variables with 2 levels each. Sensitivity analyses showed that the
most important process variables were scan spacing and layer thickness, followed by laser

speed, pre-heating temperature and laser power.

The previous studies provide interesting results for both influence of energy density
and individual laser sintering parameters. Nevertheless, previous works conducted were
approached based on response surface modelling using fractional factorial design space
coverage, which normally gives poor design space coverage for more in depth studied on
response surface modelling of individual laser sintering parameters. For instance, fractional
factorial design involves two or three levels variations for each input variable, which for
sensitivity purposes may be adequate but for modelling purposes may result in poor model

quality, specially at input points away from the ones defined in the design space.

2.3.3.2 Laser Sintering of other polymers

As described before, most of the polymers available for SLS process are based
on polyamides (PA12 and PA11). Nevertheless new materials are being launched as the
challenging requirements for the powders are met. Examples include polystyrene and
PEEK, recently released by Electro Optical System (EOS) and also a thermoplastic
elastomer released by Advanced Laser Materials (ALM).

Increasing research is being carried out to increase the range of polymer materials
available for SLS. Most of this research is focused on polyamide-based materials, blends or
reinforced with other materials or nanofillers. However, few works are being conducted in
new polymers. Polyoxymethylene (POM) powders were successfully produced by cryogeni-
cally milling, with mechanical properties and surface quality even superior to commercial
PA12 (PA2200 from EOS) (RIETZEL; WENDEL; FEULNER, 2008). Research on high
temperature laser sintering of PEK showed a good repeatability of manufacturing, low
porosity and good bonding between the layers (GHITA et al., 2014).

The SLS of amorphous polymers like polycarbonate and Bish-phenol-A polycar-
bonate (NELSON et al., 1993) produces parts with very good dimensional accuracy and
surface finish, although they cannot be used as functional parts due to the only partially
consolidation of the powder particles caused by their lower flow and sintering rate. Due
to their shrinkage characteristics during SLS, these materials have potential in the SLS
of patterns for producing molds. Interesting works on the SLS of polycarbonate are the

works of Berzins, Childs & Ryder (1996) and Ho, Cheung & Gibson (2002).

Leite et al. (2010) studied the SLS of amorphous polymers, polystyrene and
PMMA blends. The authors observed a high porosity of the samples, suggesting the tissue

engineering and drug delivery as potential applications for the material.
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An increasing field of application is the use of polymers in medical applications.
Goodridge, Hague & Tuck (2010) conducted a research on the SLS of ultra-high molecular
weight polyethylene (UHMWPE), evaluating the effect of various sintering parameters.
The authors claimed a successful production of parts with the material, however a very

small processing window for the material was observed, limiting the commercial use of it.

Laser sintering focusing on non-load bearing medical applications such as tissue
engineering (TE) are gaining increasing attention. Particularly challenging is the choice of
adequate biomaterials that are capable of meet the TE requirements and also the geometry
complexity associated with the manufacturing of scaffolds (TAN et al., 2005). The last
aspect ranks AM and SLS as promising in the automated manufacturing of scaffolds. Water-
soluble and non-biodegradable biocompatible polymers are being researched. Water soluble
biopolymers include polyvinyl alcohol (PVA) (SHUAI et al., 2013), poly-e-caprolactone
(PCL) (YEONG et al., 2010), poly(L-lactide) (PLLA) (ZHOU et al., 2008) and poly(L-
lactide-co-glycolide) (PLGA) (SIMPSON et al., 2008). Non-biodegradable polymers include
PEEK (TAN et al., 2005) and polyethylene (HAO et al., 2006).

2.3.3.3 Laser Sintering of Polymer Matrix Composites and Nanocomposites

Laser sintering of polymer matrix composite materials is based on the rationale of
combining two or more materials to improve properties unachievable by the single materials.
The most common method to produce composites by SLS is the combination of matrix and
reinforcement powders. Since continuous fibers raise problems in SLS manufacturing due
to the formation of a non-smooth powder bed, reinforcement powders are generally used
in particulate form or in the form of small sized fibers. The combination of powders can
be made by simply mixing the matrix and reinforcing powder or using a single composite
powder, which helps overcome problems associated with non-uniform mixing of powders,

yielding a uniform spread of composite components.

The physical aspects involved during SLS of composites are similar to the ones
described for polymers. The consolidation mechanism associated is liquid phase sintering

(LPS), where the matrix phase is melted while the reinforcement phase remains solid
(KUMAR; KRUTH, 2010).

Commercial examples of composite materials used in SLS are glass-filled polyamide
12 (EOS PA 3200 GF and 3D Systems Duraform GF), aluminum-filled polyamide 12 (EOS
Alumide and 3D Systems Duraform AF) and short carbon fiber filled polyamide 12 (EOS
CarbonMide). These materials consist of single composite powders, with each particle

being composed of matrix and reinforcing material.

Many attempts have been made to improve the mechanical properties of polymer
laser sintered parts by reinforcing them with micron-sized inorganic fillers (GOODRIDGE;
TUCK; HAGUE, 2012), most of these works focusing on reinforcing PA12 or PA11. The
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work of Burning (1998), combined PA12 with copper particles by standard mixing to
produce composites via SLS. The author found interlayer segregation phenomena due to
differences in particle weight and size, creating mechanical defects on the samples and
compromising strength of the material. In contrast, the direct mixing of Al with PA12

to produce composite parts, resulted in accurate parts and with increased mechanical

strength compared to pure PA12 (MAZZOLI; MORICONI; PAURI, 2007).

Hon & Gill (2003) produced composite parts by SLS using a powder mixture of
SiC and PA12 and performed an investigation on the effect of sintering parameters. They
found a strong relation between sintering parameters and tensile strength, and also a

strong sensitivity of the system to the PA12 content.

Recently Guo, Jiang & Bourell (2014) developed a new type of composite material
based on PA12 and limestone for SLS processing. The authors mechanically mixed the
powders at different ratios of filler/matrix and studies the effect of sintering parameters
such as pre-heating and laser power. They observed an uniform dispersion of the limestone
material on the matrix and also an increase in the mechanical strength of the material in
comparison to pure PA12. Increased laser powder improved the mechanical properties and
part bed temperature had a significant influence on the processing, with lower temperatures

showing curling of the part and higher temperatures showing caking.

Also using direct mixing, Aldahsh (2011) combined PA12 and cement to fabricate
composite parts by SLS. The author found that the addition of cement, under right
SLS processing conditions, produced parts with increased mechanical properties than
pure PA12, although with reduced impact strength. Parts with good surface quality were

achieved for a ratio of 30 wt.% of cement.

Other matrix materials were used to fabricate PMCs by SLS. For instance, the
work of Fan, Cheung & Gibson (2008), used acrylic-styrene copolymer (TrueForm from
3D Systems) as matrix and silicon dioxide powder as filler to prepare composite powders
via dry mixing and melt extrusion processes. The authors studied different particle sizes of
SiOy powder and also surface treatment methods on the filler such as silane. The volume
fraction of SiOy used was 30 vol.%. The authors used an engraving laser machine instead
of a commercial SLS, therefore all experiments were conducted on ambient conditions.
The authors found that reducing the particle size of the filler had a negative effect on
the sintering behavior of the material, resulting in weaker parts. The surface treatment
used slightly improved the strength of the material. The blending methods applied had a
significant effect on the sintering behavior of the material, with the melt blending technique
generating a better contact between polymer and ceramic particles, but the increase in

viscosity of the blend resulted in poor densification.

Ho, Cheung & Gibson (2002) studied the effect of adding graphite on the laser
sintering behavior of polycarbonate. The authors blended the graphite and PC and
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evaluated the effect of the temperature distribution on the processing chamber. They
found that the surface temperature was greatly increased by the addition of small amounts

of graphite, addressing this behavior to the higher laser absorption of the graphite material.

Laser sintering is also a promising technology for the fabrication of scaffolds for tissue
engineering, as it promotes design flexibility, the customization of the pore structure of the
scaffold and reproducibility. The use of biocompatible composites in scaffold fabrication
is increasing and involves the use of biodegradable or bioinert materials. In particular
biodegradable materials present interesting properties in implant for tissue engineering as
they eliminate the need of second surgery for removing implants and improve the match of
the mechanical properties between bone and implants. Most composites fabricated by SLS
for tissue engineering applications uses hydroxyapatite (HA) as the filler as this material
has properties very similar to bone and improves the osteoconductivity of the biocomposite.
SLS of composites with HA include PEEK/HA (TAN et al., 2003), PVA/HA (CHUA
et al., 2004), PLLA/HA (ZHOU et al., 2008), PCL/HA (WIRIA et al., 2007), PLG/HA
(SIMPSON et al., 2008), PE/HA (ZHANG et al., 2008), PA/HA (SAVALANI, 2006) and
HDPE/HA (HAO et al., 2006).

The SLS of carbon fibers reinforced PA12 composites have recently received at-
tention by research community. Yan et al. (2011) prepared carbon fibers by surface
modification in order to improve interface adhesion with PA12 and further mixing CF with
PA12 by dissolution-precipitation method. Mechanical properties were greatly enhanced
by the preparation method when compared to pure PA12. More recently, carbon fiber
surface modification via HNO3 treatment was performed to improve adhesion with PA12
via direct mixing (JING et al., 2017). Improved mechanical properties were obtained after
surface modification of CFs but only when treated in nitrogen atmosphere. Porosity of
mechanically mixed PA12-CF samples manufactured in different building directions was
studied by means of computed tomography (JANSSON; PEJRYD, 2016). Highly porous
structures were observed, concentrated between the layers manufactured, leading to highly
anisotropic mechanical properties. Fracture mechanism of PA12-CF material processed by
SLS was recently studied (LIU et al., 2019). Crack growth was found to initiate at the

interface between carbon fiber and PA12.

2.3.3.4 Laser Sintering of Polymer Matrix Nanocomposites

The addition of nanomaterials in AM and SLS is a recent field of research which
has the potential for the creation of a new class of composite materials with unique
properties. Limited research has been carried out in combining SLS with nanomaterials,
but the literature published so far reports that the introduction of nanostructures such

as carbon nanotubes and ceramic nanoparticles can significantly improve the sintering
behavior and properties of parts manufactured (IVANOVA; WILLIAMS; CAMPBELL,
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2013). The main advantage of combining SLS and nanocomposites is that the addition of
very small amounts of nanofillers can have a significant improvement on the properties of

the composites, as nanofillers have a very high surface to volume ratio and also in some
cases the high aspect ratio (GOODRIDGE; TUCK; HAGUE, 2012).

Kim & Creasy (2004) evaluated the thermal and rheological behavior of nanoclay
reinforced PA6 nanocomposites for use in SLS. The authors found that the addition of
nanoclay increases the melting point of the material as well as its viscosity. The authors
also observed that the addition of nanoclay reduces the crystallization peak width during
the DSC experiments. The authors concluded that the pre heating temperature during
SLS of nanoclay PA6 composites may require higher pre heating temperature and laser
power than pure PA6 powder for SLS processing. As a final remark the authors stated
that high nanoclay contents in the nanocomposite may not be applicable for SLS because

of its low final density.

Wang, Shi & Huang (2005) used organically modified rectorite (OREC, which is a
different kind of nanoclay) and PA12 to produce nanocomposites by SLS. The authors used
mechanical mixing to generate the powder systems (pure PA12; PA12-2.5 wt.% OREC
and PA12-5 wt.% OREC) and evaluated the thermal behavior of the powder using DSC
analysis and also measured mechanical properties such as tensile and flexural strength
and impact resistance. The authors found that the addition of rectorite increased the
crystallization temperature of PA12 and narrowed the width of the crystalline peak. Tensile
and flexural strength was improved by the addition of the nanofiller and less laser power

was required to achieve enhanced mechanical properties.

Jain, Pandey & Rao (2009) performed an experimental investigation on the laser
sintering of PA and nanoclay. The authors used surface modified nanoclay (montmorillonite)
as the nanofiller and PA12 as polymer matrix and mechanically mixed the powders. The
authors studied different powder blends without nanoclay, with 2 and 5 wt.% of nanoclay
and used Taguchi Orthogonal array analysis as DOE method to study the influence of the
SLS parameters with minimum experiments. The authors observed that the nanoclay was
not uniformly dispersed in the polymer matrix, forming agglomeration of particles and
hindering the formation of a nanocomposite. Mechanical properties were also deteriorated

at increasing filler content.

Athreya, Kalaitzidou & Das (2010) used nanosized carbon black powder and PA12
for SLS. The authors used zirconia grinding media to ball mill the carbon black pellets in
a rotary tumbler and sieved the ball-milled carbon black using a mesh of 106 ym opening.
The sieved carbon black was mixed with the PA12 in a rotary tumbler for 24h. The SLS
parameters varied were laser power and laser scan speed, with the remaining parameters
kept constant. The authors used characterization techniques such as SEM and XRD to
evaluate the morphology and crystallinity of the samples produced, DSC for thermal
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analysis and UTS machine to evaluate the mechanical properties. The nanocomposite
produced presented crystallization characteristics similar to the pure PA12. SEM analysis
showed segregation of the carbon black on the polymer matrix, which was credited to
decrease the mechanical properties of the nanocomposite in comparison to the pure PA12
processed by the same method. Electrical conductivity was improved by a factor of 5 with
the addition of carbon black.

Carbon nanofibers were also used as filler for PA12 (GOODRIDGE et al., 2011).
The authors used 3 wt.% of carbon nanofibers and prepared nanocomposite powders using
melt-mixing and cryogenic milling techniques. For comparison, the same melt mixing
technique was applied to produce PA12 powders and also as supplied PA12 was used as
reference. Mechanical analysis of the parts produced was carried out. The authors found
that the as supplied PA12 had the highest modulus and the addition of carbon nanofibers
in the matrix increased in 22 % the modulus when compared to melt-mixed PA12. The
authors observed that the decrease in the properties of the nanocomposite in comparison
to as supplied PA12 was due to the cryogenic milling process applied, which produced
powders with not suitable morphology for SLS processing. Therefore alternative processing
methods for powder manufacturing were considered as necessary to explore the potential

of these nanocomposites.

Nylon 11 (PA11) was reinforced with silica nanoparticles to produce functionally
graded materials with SLS (CHUNG; DAS, 2008). The powders were mixed in a rotary
tumbler at varying silica contents, ranging from 2 vol.% up to 10 vol.%. To optimize the
SLS parameter a two level factorial design of experiments (DOE) was adopted. The output
variable was density. Microstructure of the samples produced were evaluated by TEM and
tensile and compressive strength were measured. The optimization of the SLS variables
led to a part density of >90 % for different silica contents. Tensile modulus also increased

with increasing silica loads but the materials also became more brittle.

Wahab et al. (2010) used different approaches to produce nanocomposite powders
for SLS. In their study, solution blending followed by spray drying process were applied.
The matrix used was PA6. Two different reinforcements were used: Hectorite clay and
yttrium stabilized zirconia (YSZ). The spray drying process involved the atomization of
the solution containing the matrix and the nanofillers followed by drying with hot air in a
drying chamber. Different solution concentrations were applied to evaluate its effect on
the powder formation. The authors could procedure nearly spherical composite particles
by the method for both reinforcing materials used. TEM observations showed an evenly
distribution of the nanofiller on the matrix. SLS of the composite powder led to near full
dense parts, but the mechanical properties of the parts was reduced in comparison to pure
PA6 material. The authors ascribed this reduction to the spray drying process applied, as

the sintered materials contained voids probably generated from the trapped gases of the
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residual solvent.

Koo et al. (2005) conducted a research to improve PA11 for SLS purposes. Three
nanofiller were studied: chemically modified montmorillonite (MMT) clay, nanosilica
and carbon nanofibers. The nanofillers were added to the PA11 powder by means of a
melt blending process (extruder) and subsequently injection molded. Different contents of
nanofillers were tested. The most suitable injection molded materials were then cryogenically
ground into fine powders for SLS processing. TEM and SEM analysis were performed
to evaluate interfacial aspects and morphology. After SLS processing the most suitable
composite was PA11 filler with carbon nanofibers, whereas powder flow of the nylon 11 clay
nanocomposites was not adequate, which led to a poor powder deposition and processing

issues.

Bai et al. (2013) added multi walled carbon nanotubes on PA12 to manufacture
nanocomposites by SLS. The authors claimed a new method to manufacture near spherical
shape powders composed of PA12 and MWNCT. The effect of the addition of carbon
nanotubes on the thermal and mechanical properties of PA12 was evaluated. The authors
found that the CNT were uniformly dispersed on the polymer matrix. There was no
apparent increase on the powder bed temperature with the addition of CNT and the
processing of the nanocomposite powder by SLS occurred smoothly. Thermal conductivity
increased slightly with the addition of CNT, whereas significant improvements were
achieved in dimensional stability of the part. An increase in 44.5 % on tensile modulus
and 7 % in tensile strength was observed with the addition of CNT.

In more recent studies, Bai et al. (2014a), evaluated the nanostrucural characteristics
of SLS carbon nanotubes reinforced PA12 by 3D-TEM.The 3D imaged obtained by the
characterization technique revealed that the CN'Ts were agglomerate free in the PA-CNT
parts. In another study at the same year the authors studied the rheological properties of
CNTs reinforced polyamide manufactured by SLS (BAI et al., 2014b). The authors used
dynamic oscillatory shear tests to measure the rheology of the pure PA12 and CNT-PA12

powders.

Also using PA12 as matrix, Yang, Shi & Yan (2010) proposed a new method for
preparing PA12 reinforced with titanium potassium titanium whiskers (PTW) for SLS
processing. The method included a dissolution-precipitation process where the PA12 and
PTWs were added to a high pressure reactor together with a solvent and additives. The
mixture was stirred when the temperature was 150 °C and then cooled down until 105 °C,
until the PA12 started to precipitate. The resulting PTWs-filled PA12 powder was then
mechanically mixed with PA12 powder at different contents (10, 20 and 30 wt.% of PTWs
filled PA12).The powders were then processed in a SLS machine Morphological, mechanical
and thermal properties of the powders were evaluated. For comparison, glass filed PA12

were also processed by SLS and their mechanical properties were evaluated. Results showed
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that the particles had a spherical shape with an narrow particle distribution centered at
an average particle size of 36.7 pm (10 wt.% of PTWs). Higher amounts of PTWs led to t
uniform particle distributions. DSC results showed little modification on the melting and
crystallization temperatures with the addition of PTWs on PA12. Mechanical properties
were significantly improved. For instance, using 20 wt.% of PTWs increased the tensile
strength, bending strength and bending modulus by 55, 118 and 158 % respectively, in

comparison to pure PA12.

Besides PA12 and PA11, polystyrene PS was used as matrix for nanocomposites
applications, as reported in the work of Zheng et al. (2006). The authors used nano-Al20;
particles coated with PS by emulsion polymerization. The authors compared the sintering
behavior and mechanical properties of PS coated particles with uncoated particles, obtained
by direct mixing of PS with 5 wt.% of nano-Al203, and pure PS. It was found that the
coated nano-alumina powders had a more even dispersion on the matrix when compared
to uncoated particles. In addition, the absorptance of the powder system improved with
the use of coated nanofillers, which promoted a better adhesion of the filler on the matrix.
At last the authors the addition of nanofillers on the matrix promoted toughening and

strengthening of the PS.

2.4  Summary and present work contribution

Considering the aforementioned literature review, laser sintering of PA12 is a well
known topic to the scientific community and extensive research has been conducted to
investigate different aspects of PA12 consolidation during SLS and influence of energy
density on density and mechanical properties. Nevertheless, few studies have been conducted
so far on modelling of individual laser sintering parameters on important quality variables
such as dimensional accuracy, surface and mechanical properties. Also the work previously
conducted is based on fractional factorial design space which gives poor space coverage
for modelling purposes and does not give a complete picture on the behavior of output
parameters based on variation of laser sintering input parameters. This is therefore the
main contribution of this work for PA12, to perform an in depth investigation on modelling
of individual laser sintering parameters on the most relevant quality criteria for laser
sintering of PA12 and also perform optimization tasks considering the frequently conflicting

criteria that needs to be met when producing a SLS part.

From the literature review on SLS of polymer composites and more specifically on
SLS of PA12-CF, most of the research carried out so far in laser sintering of PA12-CF
materials was focused on material aspects, without taking into consideration the influence
of laser sintering parameters on quality properties. To the authors knowledge, no research

has been conducted to investigate the effect of laser sintering parameters which influence
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the energy density delivered to the powder bed. Additionally and consequently, there is no
modelling of the individual laser sintering parameters existing. Therefore, the goal of this
research study is to investigate the influence of energy density on important quality criteria
such as surface properties, dimensional accuracy, density and mechanical properties. Also
the modelling and optimization of individual laser sintering parameters is performed for
the first time for PA12-CF. More details on the methodology applied to achieve these

goals are given in Chapter 3.
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3 Methodology and Experimental Approach

This chapter presents the methodology and experimental approach used in this
work for the laser sintering investigation of PA12 and PA12-CF. A systematic framework
was developed aiming a better orientation during the research. It starts with a description
of the materials selected for the investigation, followed by the laser sintering approach to
manufacture the samples, DOE technique applied, modelling technique used for response
surface analysis and optimization method used. At last, properties measurement and

characterization details are presented.

3.1 Overview

A systematic framework shown in Fig. 3.1 was created to provide an overview of
the main steps associated with the laser sintering investigation. The framework started
with materials selection used to perform the investigation. To perform the laser sintering
trials, a Design of Experiments (DOE) approach was followed to include the main laser
sintering process input variables and reduce the number of experiments necessary. The
next step involved measurement of output data selected for further evaluation, including
dimensional analysis, surface roughness measurements, mechanical properties, density
and manufacturing time. The framework is then divided in two mains parts: one in-
volving an investigation on the influence of energy density on the output parameters
measured including here a further characterization of the materials employed to evaluate
microstrcture and crystallisation behavior of the materials; the other part involves the
response surface modelling of the input and output variables using for the first time in
SLS applications a method based on supervised learning regression analysis and further
multi-objective optimization using a stochastic method. A detailed description of the

experimental methodology is given in the next sections.

3.2 Materials

Two materials were chosen to manufacture the laser sintered specimens: standard
PA2200 material (PA12) and a composite material based on PA-12 and carbon black,
commercially known as Carbon Mide (PA12-CF)(EOS, 2020).

PA12 is a nylon graded polymer white powder well known in AM and SLS because
of its favorable properties to be processed by SLS. Some properties of PA12 taken from
the manufacturer’s datasheet are shown in Table 3.1 (EOS, 2020). Its tensile strength and

modulus are comparable to their injection molded counterparts, whereas the elongation
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PA12-CF

DOE — Sobol spaces
Laser power
Laser speed

Scan line spacing
Layer thickness

Laser sintering trials

Output measurements:
Dimensional analysis
Surface roughness
Density
Mechanical properties
Manufacturing time

Gaussian process modelling
(regression)

Influence of energy density

Characterization:
SEM
DRX
DSC
FTIR

Stochastic optimization via
Evolutionary Algorithm

Figure 3.1 — Framework developed for laser sintering investigation.

at break is still inferior. Due to the layer-by-layer nature of the additive manufacturing
process, the mechanical properties of the parts manufactured by LS are non-isotropic.
Figure 3.2a-b shows SEM images of PA12 powder at 200x and 1000x magnification. PA12
powder particles present a "potato' shaped morphology, which contributes to powder

spreading during LS process.

The other material chosen to perform the experiments is commercially known as
Carbon Mide (PA12-CF), a composite material composed by anthracite black carbon fiber
reinforced PA12. Figure 3.2c-d shows SEM images of PA12-CF powder at 200x and 1000x
magnification. PA12 particle shape is the same as described before, whereas carbon fiber

has a "stick" morphology, presenting a high aspect ratio.
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Table 3.1 — Properties of LS materials (EOS, 2020).

Property PA2200 (PA12) Carbon Mide (PA12-CF)
Tensile Modulus X Direction (MPa) 1650 6100
Tensile Modulus Y Direction (MPa) 1650 3400
Tensile Modulus Z Direction (MPa) 1650 2200
Tensile Strength X Direction (MPa) 48 72
Tensile Strength Y Direction (MPa) 48 56
Tensile Strength Z Direction (MPa) 42 25
Elongation at brake X Direction (%) 18 4.1
Elongation at brake Y Direction (%) 18 6.3
Elongation at brake Z Direction (%) 4 1.3

Its properties are presented in table 3.1. This material was chosen due to its
improved stiffness and strength-to-weight ratio properties, which can be valuable for the
manufacturing of load bearing applications. Compared to PA12, PA12-CF has superior
modulus in all directions and tensile strength in two directions, whereas its elongation at
break is considerably lower than PA12 in all directions. The process related orientation of
the fibers make the PA12-CF powder more anisotropic than the PA12 powder.

3.3 Laser sintering and DOE

To perform the experiments, an EOS P396 laser sintering machine was used,
equipped with a 70 W continuous wave Gaussian C'O, laser (wavelength 10.6 gum). To
produce the LS samples for modelling and optimization, standard type I dumbbell shaped
(165 x 19 x 3.2 mm) (ASTM Standard D638-02a, 2002) and rectangular flexion bar (127 x
12.7 x 3.2 mm) (ASTM Standard D790-02, 2002) samples were manufactured. All samples
were positioned in the building platform in X direction (same direction as recoater blade
moving direction). Figure 3.3 shows the parts positioning in the building platform of EOS
P396.

To evaluate the influence of the main SLS parameters (laser power, laser scan
speed, scan line spacing, layer thickness) a Design of Experiments (DOE) approach was
adopted. In order to get a good compromise between number of experiments and number
of input variables a space filling DOE was adopted. Space filling DOE techniques are
based on quasi-random number generators, which are a mathematical series of generating
sets of numbers which are able to pass randomness tests. One main advantage of space
filling DOE techniques is the flexibility to use the design space and chose the number of

experiments. In the present study the so called Sobol spaces were used, which is a base
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Figure 3.2 — SEM images of PA12 and PA12-CF.

2 digital sequence that provide a highly uniform space coverage and flexible number of
experiments. (CAVAZZUTI, 2013).

Using this methodology, for PA12 laser power was varied from 30-45 W, laser
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Figure 3.3 — Samples orientation in building platform.

scan speed from 2000-5000 mm/s and scan line spacing from 0.2-0.6 mm. Two layer
thickness were evaluated, 120 and 150 um. Figure 3.4 shows the experiment space covered
by Sobol space DOE for PA12 considering the main input variables. The design space
has 45 experiments, with each experiment giving a different combination of laser sintering

parameter set generated by Sobol sequence.

Figure 3.5 provides the DOE design space coverage for PA12-CF. For PA12-CF
laser power was varied from 25-43 W, laser scan speed from 1500-5000 mm /s and scan line
spacing from 0.2-0.6 mm. The design space consists of 24 experiments. Main difference
between PA12 and PA12-CF DOE relies on the layer thickness parameter which was kept
fixed at 150 pum for PA12-CF and the the laser sintering parameters range which applied
lower laser power and laser speed range for PA12-CF compared to PA12. Additionally
DOE for PA12-CF uses less experiments as it has less input dimensions (3 dimensions)

compared to PA12 (4 dimensions). Pre-heating temperature was kept constant at 173 °

for PA12 and at 178 °C for PA12-CF for all DOE trials performed.

For each parameter set 5 repetition points were performed (i.e., 5 samples were
manufactured to perform measurements of the response variables). A total of 340 samples for

PA12 and 240 samples for PA12-CF were manufactured to perform the DOE measurements.
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Figure 3.5 — Sobol space filling DOE for PA12-CF.

The main goal of the DOE is to give a robust design space for further modelling of individual

laser sintering parameters influence and multi-criteria optimization.
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3.4 Energy density influence on output variables

Energy density provides the influence of the main laser sintering parameters
combined in one grouped variable. The combination of laser power, laser scan speed, scan
line spacing and layer thickness gives an indication of the volumetric energy per unit of

single processing track:

b= (3.1)

Applying the energy density formula to the DOE variables studied the resulting
energy density range for PA12 is 0.091-0.528 J/mm? and 0.096-0.493 J/mm? for PA12-CF.
Important to notice that such high energy density variation is being used for the first time
for PA12 and there are no investigations still performed for PA12-CF considering energy
density influence, which provides novelty to the study performed using the composite

material.

Influence of energy density was evaluated for the following output variables.

e X-direction dimensional accuracy

e Y-direction dimensional accuracy

e 7-direction dimensional accuracy

e Apparent density

o Surface roughness (R,, R, Ry, R,)

e Tensile strength and nominal strain at Yield

e Tensile strength and nominal strain at Break

e Tensile strength and nominal strain at Proportional limit

e Tensile strength and nominal strain at 0.2 % Offset Yield Strength
e Elastic Modulus

e Flexural strength and nominal strain at Yield

e Flexural strength and nominal strain at Proportional limit

e Flexural strength and nominal strain at 0.2 % Offset Yield Strength

e Flexural modulus
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3.5 Gaussian process modelling of laser sintering parameters and

outputs

Combined to DOE and to model the influence of the input variables on response
variables, Response Surface Modelling (RSM) was adopted. The goal is to use the results
from DOE run in order to create an empirical model of the response variables over the
design space. In a more general way, this approach concerns supervised learning, which
consists of learning the mapping between input and output variables from empirical data
(training data). RSM (or supervised learning) can be very useful to predict the behaviour

of response variables and provide a set of parameters yielding optimal response.

A training set D is defined as a sequence of n observations, D = (x;,v;) | i = 1,...,n,
where x; refers to the input vector (covariates) of dimension D and y is the scalar output.
The collection of inputs for n cases are aggregated in the D x n design matrix X and the
outputs are collected in the vector y. In RSM the goal is to find the relationship between
inputs and targets by means of a model described by f(z), so that y = f(x) + &, where
f is the function value and ¢ is the error between observed values y and function values
/().

Traditional RSM methods include least square method and polynomial fit (linear,
quadratic, cubic). Such methods make assumptions about the characteristics of the
underlying function f(x).For instance, if the behavior of the output at given inputs is
linear, it is reasonable to assume a linear regression model. The main drawback of such
approaches is the limited flexibility involved, as the prior assumption of the underlying
function can give poor prediction results if the relationship between input and output
cannot be reasonably approximated by the given function. Another approach is to give a
prior probability to every possible function considered more likely. Although such approach
may seem unrealistic due to the fact there are infinite sets of functions to be evaluated, this
is precisely what the so called Gaussian Process (GP) aims. Unlike polynomial methods,
GP does not claim specific functions relating to the data, being a less parametric tool
(RASMUSSEN; WILLIAMS, 2006). Given a training dataset (collection of inputs and
outputs), a Gaussian Process will infer the most likely functions that pass through the
observed data. This method uses no descriptive model based on physical processes, instead
the model is deduced statistically from measured data only (CAVAZZUTI, 2013). GP can
be described as a distribution over functions and inference taking place directly in the

space of functions (RASMUSSEN; WILLIAMS, 2006).

Although less parametric than traditional methods, GP require some specification
of the characteristics of the functions considered for inference. More specifically, Gaussian

process is a collection of random variables which is described by its mean function m(x)
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and covariance function k(x,z’). Gaussian process is defined by equation 3.2.

m(z) = E[f(z)]
k(z,2') = B[f(x) — m(x)(f (") — m(z")] (3-2)
f(@) ~ GP(m(x), k(z,2"))

Random variables represent the value of function f(x) at location z. Covariance
function specifies the covariance between pairs of random variables. Covariance functions

specify important properties of functions such as smoothness and stationarity.

This work proposes for the first time the use of Gaussian process (GP) to perform
the RSM of the SLS process variables. GP method is known to achieve good approximation
of response surfaces and improved optimization results, being often used in machine
learning tasks (RASMUSSEN; WILLIAMS, 2006). In addition, GP gives a good prediction
of variance, which measures uncertainty of the model. The present work used as covariance
function the squared exponential, which is known to give smoother models. The squared

exponential covariance function is defined by equation 3.3.

cov(f(x), f(a)) = k(z,2') = exp(— 5 (v — 2/)?) (3-3)

Where x and 2’ and neighbouring input values and f(z) and f(2’) are the modelled
outputs at the given input values. Parameter [ is defined as the characteristic length-scale
of the covariance function. This covariance function between outputs is described in terms
of their respective inputs. It can be seen that the covariance function is close to unity at
variables whose corresponding inputs are very close, decreasing as the distance between

the inputs increases.

The response variables evaluated and modelled using GP are the ones described in
subsection 3.4 with the addition of normalized manufacturing time. The GP modelling for
laser sintering parameters used a Matlab implementation of GP models publicly available
(RASMUSSEN, 2020).

The model quality for each response variable was evaluated by means of plots of
prediction and measured data and statistical quality criteria such as Root Mean Square
Error (RMSE) to check the absolute error measure and the coefficient of determination R?
to check the relative error of the model and the model quality prediction. RMSE and R?
are given by equations 3.4 and 3.5 respectively. For both measures the leave one out cross
validation was applied, i.e. one point of the training data is left out, the model is trained

and the error of the one data point which was not used in the model training is calculated.
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This method provides a more robust analysis of the model quality when subjected to an

unseen dataset.

7 . — 9. 2
RMSE _ \/Zz_l(yz,pred yz,meas) (34)
n

Z?:l (yi,pred - yi,mea5>2

R*=1-
Z?:l(yi,meas - y)2

(3.5)

3.6 Optimization

The resulting RSM was further used to perform optimization tasks with distinct
objectives. To perform the optimization tasks, Evolutionary Algorithm (EA) stochastic
optimization was employed. EA aims at simulating the evolution of a population through
successive generations of better performing individuals. By applying mutation operators
on previous generations, a new generation is created, evaluated for fitness and selected.
The steps are repeated until the termination criteria are achieved (STORN; KENNETH,
1997). The main steps in EA optimization are:

1. Initialization: a first population of individuals is randomly created.
2. Mutation: a mutant individual is created for each individual in the population.

3. Cross-over: the mutant individual is combined with its parent to create a trial

individual.
4. Evaluation: the fitness of the trial individual is evaluated

5. Selection: the best between trial and parent individual are selected based on the

fitness function and survive to the next generation.

6. Repetition: steps 2-5 are repeated until the desired number of iterations is achieved.

To perform the optimization tasks, multi-criteria optimization was employed.
Unlike single criteria optimization, where only one objective function is to be minimized
or maximized, multi-criteria optimization relies on optimization of two or more objective
functions. The results are not a single optimum of the functions. Instead, due to conflicting
objectives, the results of a multi-criteria optimization are solution sets representing a
compromise (trade-off) between the objectives. These trade-off solutions are called Pareto

Solutions.
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The multi-criteria optimization considered mechanical properties, surface quality,
dimensional accuracy and manufacturing time. Two objectives were optimized at once,
while the others were kept at a limit (lower or upper hard limit) to reduce the number
of Pareto Solutions. Lower hard limit implies that solutions achieved with values below
this threshold are not considered in the optimization, whereas upper hard limit means
no consideration of solutions with values above this threshold. The different scenarios

considered in the multi-criteria optimization are summarized in Table 3.2 and 3.3.

Table 3.2 — Optimization criteria for PA12.

Criteria Mechanical Properties Surface Quality Manufacturing Time Dimensional Accu-
racy

1 Hard lower limit Hard upper limit Minimize Maximize

2 Hard lower limit Minimize Minimize Hard lower limit

3 Maximize Hard upper limit Minimize Hard lower limit

4 Maximize Hard upper limit Hard upper limit Maximize

5 Hard lower limit Minimize Hard upper limit Maximize

6 Maximize Minimize Hard upper limit Hard lower limit

Table 3.3 — Optimization criteria for PA12-CF.

Criteria Mechanical Properties Surface Quality Manufacturing Time Dimensional Accu-
racy

1 Hard lower limit Hard upper limit Minimize Maximize

2 Hard lower limit Minimize Hard upper limit Maximize

3 Maximize Hard upper limit Hard upper limit Maximize

4 Hard upper limit Minimize Minimize Hard lower limit

) Maximize Minimize Hard upper limit Hard lower limit

6 Maximize Hard upper limit Minimize Hard lower limit

A summary of the SLS parameters modelling and optimization framework is

described below:

1. Create a design space using a DOE space filling technique (Sobol spaces) to obtain

design points uniformly distributed over the design space.
2. Conduct experiments at the design points and collect response data.

3. Develop a Gaussian Process (GP) modelling to obtain a RSM of the output variables.
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4. Perform multi-criteria optimization based on stochastic EA to obtain Pareto optimal

solutions for different criteria.

3.7 Testing and characterization

3.7.1 Mechanical testing

To evaluate the structural characteristics of the samples manufactured by SLS
at different energy densities, a set of destructive mechanical tests was performed. For
the samples manufactured in the DOE analysis standard tensile and flexural tests were
performed in an EMIC DL500 mechanical testing machine. Tensile tests were conducted
according to ASTM Standard D638-02a (2002). Dumb-bell shaped tensile specimens having

dimensions of 165 x 19 x 3.2 mm were tested under a displacement rate of 5 mm/min.

ASTM Standard D790-02 (2002) was followed to conduct flexural tests. Specimens
with dimensions of 127 x 12.7 x 3.2 mm were measured under three point bending tests
procedure, applying a varying cross-head motion and midspan depending on the measured
thickness of the sample. For statistical relevance, 5 flexural and 5 tensile specimens were

tested for each parameter set tested.

3.7.2 Dimensional, density and surface analysis

Dimensional analysis according to ASTM Standard D5947-11 (2011) was conducted
to evaluate the effect of the sintering parameters on dimensional accuracy and distortion
of the samples. Width and thickness measurements were performed using a micrometer
while a calliper was used to measure specimens length. The resulting data was used to
calculate the volume of the flexural samples and to further estimate the apparent density

of the samples by measuring their mass with a precision balance.

In addition, surface roughness measurements were performed to evaluate the surface
texture of the samples. Surface roughness was measured with a Mahr Perthen Perthometer
S8P with a cut-off length of 8 mm. Following roughness parameters were measured: Average
surface roughness RR,, Mean roughness depth R., Root mean square roughness Iz, and

Maximum profile height R,.

3.7.3 Scanning electron microscopy and X-ray diffractometer (XRD)

To evaluate the effect of LS parameters on the microstructure of the samples, SEM
images of the fractured area of tensile samples were performed. Additionally SEM images
of the samples upper surface were taken to assess the surface morphology of samples

manufactured with different LS parameters.
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A Tescan Vega 3 scanning electron microscope was used to observe the fractured
area of tensile samples and the upper surface morphology of the samples. The specimens
were sputtered with gold in a Quorum Q150R ES machine. X-ray diffractometer (XRD)
analysis was performed using a Shimadzu XRD 7000 equipment to identify the phases of
PA12 and PA12-CF processed at different energy densities. The radiation intensity was
detected in the 260 range of 2-30° with a scan speed of 1 °/min.

3.7.4 Differential scanning calorimeter (DSC) and and Infrared spectroscopy
(FTIR)

DSC heating scans were made with a Labsys EVO DTA/DSC Setaram Instrumen-
tation equipment. Sample masses of 20 mg were heated from 20 °C' to 200 °C' at a rate of
10 °C/min. Crystallinity degree was calculated using equation 3.6 based on the melting
area of the DSC measurements and comparing to the melting area of a 100% crystalline
PA12 (Hiq), which is 209.3 J/g based on Gogolewski, Czerniawska & Gasiorek (1980).
DSC analysis was performed only for PA12 samples.

H 100

Xe (3.6)

Infrared spectra (FTIR) of PA12 and PA12-CF samples surface were obtained
using a Perkin Elmer LR64912C spectrophotometer in the range of 500-4000 cm™1. Main
objective with FTIR was to detect differences in the absoprtion bands of PA12 and
PA12-CF processed at different energy densities in order to identify polymer degradation.

3.7.5 Manufacturing time

To evaluate the manufacturing time dependency of laser sintering parameters the
calculations of the EOS P396 machine software were used. A reference manufacturing
time was used based on the calculation of the manufacturing time of one tensile test
sample produced with standard laser sintering parameters (parameter set PA2200 Balance
according to manufacturer machine manual (EOS, 2016). The normalized manufacturing
time ¢ was calculated based on the ratio between the manufacturing time calculated for
the same sample at the same position but with the parameter set resulting from the DOE

and the reference manufacturing time. The normalized manufacturing time is given by 3.7.

ManTimepor

ManTime, s (3.7)
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4 Results and Discussion - PA12

4.1 Influence of energy density - PA12

This section describes the results achieved for PA12 material considering the energy
density as main variable, composed by laser power, laser scan speed, scan line spacing
and layer thickness (discussed in Chapter 2). Measurement variables evaluated include

dimensional accuracy, density, tensile and flexural properties and surface properties, as
described in Chapter 3.

4.1.1 Influence of energy density on dimensional accuracy

Figures 4.1, 4.2 and 4.3 depicts box whisker plots of the dimensional accuracy
in X, Y and Z direction respectively, expressed in % and at different levels of energy
density. X direction accuracy remained high and stable, with all values above 99.5 % at
all energy density levels, showing that the laser energy parameters have small influence on

X dimension accuracy.
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Figure 4.1 — Influence of energy density on X-direction dimensional accuracy of PA12.

Y direction accuracy remains stable at low and mid-range energy levels (up to
0.346 J/mm?), following a similar tendency than X direction, except that the dimensional
accuracy is lower, with average values ranging between 98.4 and 99.3%. With increasing
energy density levels, the Y accuracy starts to decrease, reaching 98.18% at 0.220 J/mm?

and oscillating more at higher energy density but with a clear decrease tendency. Smallest
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value observed was 93.6% at 0.528 J/mm?®. Also the dispersion of the measurements is
higher at increasing energy density levels, showing that the process is more unstable in this
area. Measured width values showed a tendency to stay below the desired part width of

12.8 mm for energy density levels up to 0.220 J/mm3. Above this energy level the opposite
trend was observed.
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Figure 4.2 — Influence of energy density on Y-direction dimensional accuracy of PA12.

Regarding Z direction accuracy the highest accuracy values are found for low energy
density levels (below 0.188 J/mm?), with values varying between 93% and 99%. Above
this energy level Z direction accuracy decreases to 92% at 0.193 J/mm?® and worsens
continuously with increasing energy density, reaching the lowest values of 69% at 0.528
J/mm?3. The dispersion of the values also increases at higher energy levels. Also, the

measured thickness values exceeded the desired part thickness of 3.2 mm.

Considering the laser material interaction present during SLS of PA12, the C'O,
laser energy delivered to the powder bed is transferred to the polymer by means of radiation
absorption from the powder and multiple transmission to the neighboring particles. PA12
powder shows a high absorptance of radiation at the wavelength of 10.6 pym of the C'O,
laser (LAUMER et al., 2016). The increasing energy delivered by the laser source enhances
this heat transfer process and heat is delivered to the surrounding area and underlying
powder not targeted by the laser, resulting in an expansion of the heat affected area,
decomposition and deformation of the parts and consequently a worse dimensional accuracy.
Difference on the shrinkage behavior at X, Y and Z direction during cooling are also

reported to have influence on the dimensional accuracy of the parts.
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Figure 4.3 — Influence of input energy on Z-direction dimensional accuracy of PA12.

4.1.2 Influence of energy density on density

Figure 4.4 shows a box whisker plot of the measured parts’ density as a function of
the energy density. At very low energy levels ranging from 0.091 until 0.128 J/mm?, the
parts density is very low, with density values of 0.72 g/cm? at 0.091 J/mm?, but increases
in a step-like pattern with increasing energy, reaching 0.87 g/cm? at 0.128 J/mm3. Further
increase in energy leads to higher and more stable density values oscillating between 0.91
and 0.97 g/cm?. Such oscillation can be explained by the influence of the individual process
parameters evaluated (laser power, laser speed, scan line spacing and layer thickness) and
will be addressed in more detail in the next sections. Highest density values of 0.97 g/cm?

were found for an energy density of 0.220 J/mm?3.

A further increase on energy density above 0.467 J/mm? leads to a decrease on
part density, as observed in the graphic at the last energy stages. This is mainly due to
the distortion caused by the high energy delivered which increases the part volume and

consequently reduces its density.

The densification process and final porosity of LS PA12 parts is directly related to
the material properties such as particle shape and distribution, thermal behavior, optical
properties, viscosity, molecular weight and surface tension. The "potato" shaped particle
of PA12 helps improving the flowability of the powder during powder spreading, which
contributes to an effective consolidation of the powder during laser sintering, improving
final part density (SCHMID; WEGENER, 2016). Particle size distribution also plays a
major role during LS. The PA12 particles studied had an average particle size (dsg) of 55.1
pum and around 4% particles smaller than 10 um. Such particle distribution is considered

appropriate for LS as discussed in Chapter 2, providing a good powder flowability and
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Figure 4.4 — Influence of input energy on parts density for PA12.

minimizing powder sticking during LS (GOODRIDGE; TUCK; HAGUE, 2012).

Besides material characteristics, laser sintering parameters significantly affect
density, as could be observed from Fig. 4.4. At low energy densities there is not enough
energy for effective melting of the particles (surface and core) and coalescence, resulting in
the formation of unsintered particles and pore formation between particles after the laser
scanning. In addition, when very low energy is applied the formation of interlayer porosity

may also be formed, which enhances the overall porosity of the parts (DUPIN et al., 2012).

Excessive energy values also can promote porosity due to polymer degradation,
as also reported in the literature by Athreya, Kalaitzidou & Das (2010) when processing

PA12 with carbon black nanocomposites.

The density values obtained differ a little from values reported in the literature.
Kruth et al. (2007) reported average values ranging from 0.95-1.00 g/cm?. Tontowi &
Childs (2001) reported maximum values of 0.98 g/cm®. Wegner & Witt (2012) reported
values up to 0.998 g/cm?.Caulfield, McHugh & Lohfeld (2007) reported even higher values
of 1.05 g/cm? . On the other hand the density values obtained are in good agreement with
the material manufacturer datasheet of 0.93 g/cm? using standard laser parameters (EOS,
2020) and also with more recent studies performed with similar machine equipment and
material (HOFLAND; BARAN; WISMEIJER, 2017). Different measurement methods as
well as machine equipment and type of powder material used can have influence on the

values compared.
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4.1.3 Influence of energy density on surface roughness

Box whisker plots of average surface roughness and energy density are depicted
in Fig. 4.5. Upper (Fig. 4.5a) and lower (Fig.4.5b) surface measurements of the parts
were performed. Upper average surface roughness values seem to be higher at low energy
density area (up to 0.128 J/mm3. With increasing energy R, stabilizes to lower values
between 12 and 18 pm. There is a slight tendency for higher R, values at high energy
density range (above 0.384 J/mm?).
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Figure 4.5 — Influence of input energy on average surface roughness R, of PA12: (a) Upper
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Lower surface R, values follow a similar trend of upper surface measurements, but
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no clear difference on the values can be defined. Depending on the energy density applied,

higher values are observed for lower than upper surface and the other way around.

It can be observed a high variation between the measurements performed. Profile
topography measurements are based on scanning a single track of the surface plane
and are known for high variation. Besides, as the LS process produces complex and
irregular topography profiles, profile measurements are very limited to capture topography
information and higher variation can be expected. As observed by other authors, areal
topography methods based on optical devices could improve the quality of information
from LS surfaces (TOWNSEND et al., 2016).

Besides the high variation of the measurements, R, values are in general good
agreement wiht recently measured values reported in the literature for LS PA12 surfaces,

where average R, values of 16 ym were observed (GUO et al., 2018).

To evaluate the presence of large peaks and valleys along the surface, mean roughness
depth R, measurements were also carried out and are depicted in Fig. 4.6a for upper
surface and Fig. 4.6b for lower surface. As can be observed from the graphics, both upper
and lower surfaces are characterized by high values of R,, showing that large peaks and
valleys are present in the surface. As observed previously in the R, measurements, R, also
follows a tendency to decrease with increasing energy density, but increases again at high
energy densities (above 0.384 J/mm?). Such surface profile is typical of powder bed based
AM processes, which produces surfaces with sharp peaks and valleys, open and closed

porosity on the surface, partially melted and unmelted surfaces.

Laser exposure parameters can influence surface topography. In particular, laser
scan spacing is an important parameter which can influence surface roughness. At low
scan line spacing values the laser scans parallel lines with some degree of overlap between
de lines. The degree of overlap is a measure based on the scan line spacing and the laser
beam diameter which shows how strong is the overlapping between two parallel lines. The
lower the degree of overlap the less is the interaction between laser lines. As observed
from Figure 4.7, at a scan line spacing between 0.2 and 0.4 mm, average surface roughness
values remain more or less stable, oscillating between 12-16 pm. The values seem not to
depend on the laser power and laser speed. At this scan line spacing range, the overlapping

ranges between 20-60 %.

As the scan line spacing increases above 0.42 and the overlapping approaches zero
(no overlapping between laser scan lines)and negative values, average surface roughness
values R, increase to 18-23 pm. But here the influence of laser scan speed seems to have
an influence on the resulting surface roughness. When no overlap occurs and the laser
scan speed is low the surface roughness values remain at level similar to the ones of lower

scan line spacing.
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Figure 4.6 — Influence of input energy on mean roughness depth R, of PA12: (a) Upper
surface; (b) Lower surface

In order to explain in more detail the observed behavior, Fig. 4.8 shows SEM images
of the LS PA12 surface morphology at different energy densities, showing the degree of
overlap applied and laser scan speed. At high degree of overlap the surface morphologies
are very similar, independently on the laser scan speed applied, with melted areas and

some unmelted particles at the surface, as observed in Fig. 4.8a-b.

Increasing the scan line spacing (i.e. reducing the degree of overlap) promotes the
formation of a rougher surface with clearly distinguishable laser line marks, as observed
in Fig. 4.8c-d. But here the laser scan speed has an influence on the resulting surface
morphology. At high laser scan speed (Fig. 4.8¢) the surface morphology has more pro-
nounced peaks and valleys derived from the laser passage and many unmolten particles.

Reducing the laser scan speed (Fig. 4.8d) allows more time for melting and flowing of the
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Figure 4.7 — Influence of degree of overlap on surface roughness of LS PA12.

powders during sintering process, improving the densification in the neighbouring areas

and producing a smoother surface.

4.1.4 Influence of energy density on tensile properties: Elastic behavior

To evaluate the elastic behavior of LS PA12 samples at different energy densities,
standard tensile tests were performed according to (ASTM Standard D638-02a, 2002).
Based on the force displacement curve the following characteristics were calculated:
proportional limit (M Pa), 0.2% offset yield strength (M Pa), nominal strain at proportional
limit (0.2%), nominal strain at 0.2% offset yield strength and elastic modulus (M Pa).

Figure 4.9a depicts proportional limit and 0.2% offset yield strength at different
energy density values. Both measures follow a similar trend in respect to the energy density,
presenting low values (below 16 MPa for proportional limit and 20 MPa for 0.2% offset
yield strength) at energy density levels below 0.128 J/mm?. Increasing the energy density
improves proportional limit and 0.2% offset yield strength, with the values oscillating
between 16-22 MPa for proportional limit and 22-28 M Pa for 0.2% offset yield strength.
Maximum average values of 21.8 MPa for proportional limit and 28.45 MPa for 0.2% offset
yield strength were observed at an energy density of 0.298 J/mm?.

The stress behavior at elastic regime is very similar to density behavior observed
above. Again, above a certain energy density level no clear trend can be observed based
only on the grouped parameter energy density, suggesting here that the individual laser

exposure parameter play an influence on the stresses observed.
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Figure 4.8 — SEM micrographs of PA12 LS surface morphology.

Nominal strain values (%) at proportional limit and 0.2% offset yield strength

are depicted in Fig.4.9b. The nominal strain behavior with energy density is similar to

stress behavior observed above, presenting average values below 1.2 % at proportional

limit and 1.7 % at 0.2% offset yield values of strain at energy density below 0.128 J/mm?.

Increasing the energy density improves nominal strain at both points evaluated, but the

improvement is smoother than with stress values, with values oscillating between 1.2-1.6
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Figure 4.9 — Influence of energy density on elastic behavior for PA12.: (a) Stress ; (b)
Nominal strain

% at proportional limit and 1.7-2.2 % at 0.2% offset yield. Highest average values of 1.58
% at proportional limit and 2.2 % at 0.2% offset yield were observed at highest energy
density (above 0.5 J/mm?).

Elastic modulus was also calculated based on the stress strain curve and is depicted
in Fig. 4.10. As expected, tensile modulus also follows a similar trend of stress and strain
with increasing energy density. Very low values of 900 MPa are observed at 0.091 J/mm?,

which start to increase in a step like pattern up to 0.137 J/mm?, where average values of
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1476 MPa are measured. Between an energy density of 0.147-0.290 J/mm?, elastic modulus
oscillates between 1500-1670 MPa, reaching a maximum average value of 1663 MPa at
0.193 J/mm?®. Above 0.290 J/mm? there is a slight decrease tendency in elastic modulus

and lowest values of 1300 MPa are found for highest energy density area above 0.5 J/mm3.

,_‘
~
8

tH

Hit

1

#
#
4

H
g
1
#
#4
#
et
H
B
t
$

[ [
£88 3
it
HH
i
#
#
Hal¢
#
#
¥4
4
1
4
tH
o {4
i
-

Hel

Elastic Modulu
O
S
HEH

0.104 0.128 0.147 0.155 0.160 0.165 0.168 0.179 0.188 0.205 0.220 0.275 0.298 0.318 0.338 0.467 0.528
Energy Density (J/mm?)

Figure 4.10 — Influence of input energy on elastic modulus for PA12.

Semicrystalline polymers are composed by two phases: crystalline structures con-
sisting of crystal lamellae and disordered amorphous phase present between the lamellae.
As observed in DRX measurements (Chapter 3), LS PA12 powder applied has as its crystal
form the v and « phases. This is in agreement with results obtained by other authors
(Van Hooreweder et al., 2013).

In LS, as the laser scans the powder melting of the particles occurs, followed by a
recrystallization phase. Recrystallization occurs slowly due to the slow cooling conditions of
LS process, which is kept at a preheating temperature above 170°C to delay crystalization
and part shrinkage. Nevertheless, even if the surface of the particles is molten, the presence
of unmolten particle cores remain, as some particle do not recieve enough energy to fully
melt (MAJEWSKI; ZARRINGHALAM; HOPKINSON, 2008). Unmolten particles are
known to have a higher crystallization degree and contribute to improve elastic modulus,

as most of the elastic strain results from the elongation of the interlamellar amorphous
phase (JAUFFRES et al., 2009).

At very low energy density levels, melting of PA12 particles is poor and there is
no effective binding between neighbouring particles as well as interlayer particles, leading
to high porosity and low elastic modulus. Therefore, even with a higher crystal degree
expected at low energy density due to unmolten particles, the overall high material porosity
hinders this effect, as observed by other authors in the literature (DUPIN et al., 2012).
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Increasing LS energy density improves the linear properties of LS PA12, as the
densification of polymer particles is enhanced and porosity is reduced. On the other
hand, higher energy levels induce the melting and recyrstallization of unmolten particles,
increasing the melt-recrystallised phase fraction and reducing the crystallinity of LS parts
(DUPIN et al., 2012). A reduction in crystal fraction would tend to decrease elastic
modulus, but this is not clearly observed in the results for an energy density range of
0.147-0.290 J/mm?, which shows oscillating values of elastic modulus. This is probably
due to the effect of the individual laser exposure parameters which contribute in different
manner to the crystal fraction and resulting elastic modulus. Only above a 0.290 J/mm? a
tendency to decrease elastic modulus is observed and here the effect of crystal fraction

reduction may be more pronounced.

4.1.5 Influence of energy density on tensile properties: Plastic behavior

Measured plastic properties of LS PA12 along energy density were also evaluated
and are depicted in Fig. 4.11. In the low energy density area (below 0.128 J/mm?), strength
at yield and break (Fig. 4.11a) present very low values of 15-30 MPa, with the values
increasing step wisely with increasing energy. Both strength at yield and break present
similar values, suggesting that LS PA12 presented little plastic deformation and no necking

and fractured in a more brittle manner when achieved the maximum stress.

Increasing the energy density between 0.137 and 0.193 improves strength at yield
and break from 37.5 MPa at 0.147 J/mm? to 43.4 MPa at 0.193 J/mm?, with similar
yield and break stresses. A further increase in energy density between 0.205-0.275 J/mm?
enhances yield strength from 44 to 46 MPa and a reduction in break strength from 42.6
to 39.1 MPa, indicating a more pronounced plastic deformation with necking formation.
At higher levels of energy density yield and break strength seems to stabilize to slightly
lower values around 44 MPa and 41 MPa respectively. At very high energy density there
is a reduction in yield and break strength. Maximum average yield strength of 46 MPa is
achieved at 0.275 J/mm?3.

Compared to literature, tensile yield strength found in the present work are a
little lower.Wegner & Witt (2012) reported maximum values of 51.3 MPa. The obtained
maximum values are also below material manufacturer datasheet of 48 MPa using standard
laser parameters (EOS, 2020) and also Hofland, Baran & Wismeijer (2017), who reported
50.1 MPa. On the other hand, Caulfield, McHugh & Lohfeld (2007) reported lower values
below 40 MPa and Stichel et al. (2018) reported lower values ranging from 41-45 MPa.
Again the differences in processing conditions, machine equipment and measuring method

may be the cause of divergence on values obtained.

Figure 4.11b shows the nominal strain at yield and break with increasing energy

density. Yield and break strain start with values below 6% at energy densities below 0.128
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Figure 4.11 — Influence of energy density on plastic behavior for PA12.: (a) Stress ; (b)
Nominal strain

J/mm3, with similar values of yield and break strain, reinforcing the more brittle behavior
at this energy area. Applying more energy promotes more plastic strain, with values below
10% for yield and break strain. Yield and break strain start to diverge in this energy
range but still with no clear tendency. Only at energy density above 0.193 J/mm? yield
and break strain diverge more strongly, with the yield strain presenting stable values
between 10-11% and strain at break increasing from 8% at 0.188 J/mm? to 20% J/mm?
at 0.27-0.275 J/mm?, where maximum strain at break is found. Further increase on the

energy density promotes a reduction in strain at break, with values oscilating between
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15 and 19%.Strain at yield shows stable values along the higher energy density range,
decreasing to 9% only at the highest energy densities applied.

Compared to the literature, maximum strain at break values found are in good
agreement with material manufacturer datasheet, which reports 18% (EOS, 2020). Griess-
bach, Lach & Grellmann (2010) reported maximum values around 18%, whereas Wegner
& Witt (2012) who reported 21.2%. Stichel et al. (2018) found strain at break values
between 14-32%.

In order to further investigate the plastic behavior, SEM micrographs of fractured
surfaces at different energy densities were performed and are shown in Fig. 4.12. Pictures
reveal a high interparticle and interlayer porosity formation in LS samples produced with
0.091 and 0.115 J/mm3, as shown in Fig. 4.12a-d. Higher magnification shown in the

overlapped micrograph shows large presence of unmolten particles.

Increasing the energy to 0.115 J/mm3 (Fig. 4.12c-d) improves interlayer bonding,
but a porous and brittle interlayer structure can still be observed with unmolten particles
present also between the layers. Some plastic deformation is visible from the micrographs

which also correlates with an increase in nominal strain.

With a further increase on energy density to 0.160 J/mm?® (Fig. 4.12e-f) the
interlayer structure is no more evident and the porosity is mainly formed by closed pores
surrounded by molten particles. At 0.179 J/mm? (Fig. 4.12g-h) the structure seems slightly
more dense than at 0.160 J/mm? but both structures present similar levels of plastic

deformation, indicating that fracture mechanism is not only governed by overall porosity.

At 0.219 J/mm? (Fig. 4.12i-j) there is no visible improvement in porosity but a
significant improvement on plastic strain, with the sample presenting a more ductile failure,
as can be observed by the elongated fibrils present in the overlapped micrograph. Figure
4.12k-1 shows the fractured surface of PA12 where the highest plastic strain occurred.
Indeed the micro structure reveals significant plastic strain, with highly stretched and
thicker fibrils. At the highest energy density of 0.528 J/mm? (Fig. 4.12m-n) the fractured

surface reveals less stretched fibrils.

As stated above, at very low energy densities PA12 particles do not melt completely,
showing a high porosity degree between particles and also between layers. From fracture
mechanics studied by Stichel et al. (2018), a critical crack size of 3.5 mm would be necessary
for crack growth initiation. As observed from the SEM micrographs, at low energy density
large pore sizes exists and they are connected within each layer, which is clearly larger
than the critical crack size calculated. Thus at an energy level below 0.158 J/mm? the
fracture is induced by crack nucleation at interlayer region. This is in agreement with

SEM micrographs, where a brittle fracture occurred where interlayer porosity was visible.

Plastic deformation in semi-crystalline polymers is caused by elongation of amor-
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Figure 4.12 — SEM micrographs of fractured PA12 LS surfaces.

phous tie chains and alignment of lamellar crystalline phase along the tensile axis. SEM
micrographs revealed the presence of unmolten particles throughout the fractured surface
and between layers. As discussed previously, such unmolten particles present a higher
degree of crystallinity than molten-recrystalized particles. Therefore a more brittle fracture
behavior can be expected as the final degree of crystallinity of the samples is greater at
low energy density (DUPIN et al., 2012).

Increasing the energy density promotes a better densification of the particles
and interlayer porosity structure evolves to a more dense structure formed by molten-
recrystallized phases,a smaller content of unmolten particles surrounded by smaller residual
pores. Ductility is improved by the smaller pores which favours slow crack propagation. As
the molten-recrystallized phase content increases, overall crystal fraction is reduced, leading
to an increase in the plastic strain (MAJEWSKI; ZARRINGHALAM; HOPKINSON,
2008).

4.1.6 Influence of energy density on flexural properties

Figures 4.13a-b show box-whisker plots of flexural modulus and strength as a
function of energy densities, respectively. Flexural modulus follows a similar behaviour as
tensile modulus, with low modulus values of 800 M Pa at very low energy densities and
increasing step wisely to 1517 M Pa at 0.151 J/mm3. Flexural modulus oscillates more
than tensile modulus within increasing energy density, with values ranging from 1300
and 1600 M Pa at energy densities between 0.151 and 0.467 J/mm?. This might indicate
more sensitivity of flexural modulus to the individual SLS parameters. Maximum flexural

modulus observed was 1600 M Pa at an energy density of 0.2 J/mm3. For energy densities
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above 0.5 J/mm? there is a pronounced drop in flexural modulus.
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Figure 4.13 — Influence of energy density on flexural properties for PA12.: (a) Flexural
modulus ; (b) Flexural strength.

Flexural strength showed in 4.13b follows a similar behaviour of flexural modulus,
with values as low as 26 M Pa at 0.091 J/mm? and step-wisely increasing to 59 M Pa at
0.151 J/mm?. Between 0.151 and 0.18 J/mm?® flexural strength oscillated between 55 and
60 M Pa. Between 0.19 and 0.29 J/mm? there is a tendency to increase flexural strength
values , which oscillate between 62 and 68 M Pa, achieving an average maximum of 68.24
M Pa at 0.275 J/mm?3. Above this energy level up to 0.5 J/mm? there is a decrease of the
values back to 55-60 M Pa area. Above 0.5 J/mm? flexural strength sharply decreases to

values between 50 and 42 M Pa. Compared to tensile strength, flexural strength shows
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higher oscillation to energy density, suggesting a higher sensibility of flexural properties to

individual LS parameters.

4.1.7 Influence of energy density on crystallization behavior

The effects of energy density on crystallization behaviour of LS PA12 were evaluated
by XRD and DSC analysis. XRD patterns of PA12 powder and LS PA12 samples processed
at different energy densities are shown in Fig. 4.14. PA12 powder XRD reveals the existence
of two separate peaks occurring between a 260 of 20-24°. The first peak at 26 of 20.92° is
associated with the 7 crystal form and the second peak at 26 of 21.9° is associated with

the a crystal form.
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Figure 4.14 — XRD patterns of PA12 powder and LS PA12 samples processed at different
energy densities.

LS samples processed at 0.096 J/mm? shows a change on crystal structure, with ~y
form more pronounced but the « form still present as indicated by a higher intensity at
the 20 location of a. It is known that the a form transforms to v form when heated to
melting point (ATKINS; HILL; VELURAJA, 1995). The a form structure reveals that
the presence of unmolten particles is more pronounced at this very low energy level, which
has corroborates the results observed in SEM images. Furthermore, the presence of two
crystal structures after LS has been reported in the literature (DUPIN et al., 2012), (Van
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Hooreweder et al., 2013) and is associated with the slow cooling conditions of LS process,
which is kept at higher temperature during LS to avoid part warpage which promotes

more time for recrystallization to occur.

Increasing the energy density results in XRD narrower peaks at corresponding
260 positions with a decrease in the relative intensity related to the a crystal form. The
reduction in the « crystal form at higher LS energy densities reveals a more effective
melting of PA12 particles, increasing the molten-recrystallized fraction of PA12 present in

~ form.

DSC measurements of PA12 powder and LS PA12 samples at different energy
densities are depicted in Fig.4.15. PA12 powder exhibits a single high melting endotherm
with melting peak at 183 °C. The crystallinity degree can be calculated based on the
melting area of the DSC and compared to the melting area of a 100% crystalline PA12,
which is 209.3 J/g based on Gogolewski, Czerniawska & Gasiorek (1980). Based on the
integral of the heat flow curve the calculated crystallinity degree X is 30.8%.
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Figure 4.15 — DSC measurements of PA12 powder and LS PA12 samples processed at
different energy densities.

DSC endotherm of laser sintered samples processed with 0.096 J/mm? reveals the
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presence of two melting peaks, one at 183 °C and other at 179 °C. The two melting peaks
are associated with the presence of both unmolten and melt-recrystallized phases (DUPIN
et al., 2012), indicating that the LS energy density applied was not enough to fully melt
particles and further confirming the XRD results. The estimated crystallinity degree X
is 23.3%. At an energy density of 0.270 J/mm? there is a single melting peak with melting
temperature at 181.5 °C, showing an improvement on the melting of the powder particles
and a further decrease on the crystallinity degree to 22.8%. Increasing the LS energy
density to 0.528 J/mm? shifts the melting temperature to 179 °C and significantly reduces
the crystallinity degree X to 15.8%.

The reduction in crystal fraction at increasingly LS energy densities is associated
with the improvement of melting and consolidation of PA12 powder particles. Improvement
of melting conditions results in higher melt-recrystallized phase fraction, which is less

crystalline than the unmolten particles, decreasing the overall crystallinity of the material.

XRD and DSC measurements corroborate the observed mechanical behaviour of
SLS samples processed at different energy densities. The lower crystal fraction (i.e. higher
amorphous fraction) observed for samples produced with higher energy density leads to
improved nominal strain at break, as the plastic strain involved in semi-crystalline polymers
is governed by the elongation of amorphous tie chains. Nevertheless such behaviour is
observed only until a certain energy density, above which the elongation at break is reduced,
as observed for the samples produced with 0.528 J/mm?®. At this energy level the polymer

degradation may be more pronounced.

To investigate further the observed mechanical behavior at higher energy densities
Fig. 4.16 illustrates FTIR spectra of PA12 powder and LS samples processed at different
energy levels. Infrared band assignments are shown in Table 4.1 (RHEE; WHITE, 2002).
The spectra for PA12 powder and LS samples produced with 0.091 J/mm? and 0.270

J/mm3 remain very similar regarding absorption intensity at different wavenumbers.

For an energy density of 0.528 J/mm? the overall absorption at the assigned
wavenumbers is increased compared to the FTIR spectra at lower energy densities. The
higher absorption may be associated with a higher chain mobility caused by chain scission
of PA12 (ZHANG; ADAMS, 2016), indicating that some level of polymer degradation
might occur at this LS energy density. Other authors observed this behaviour by measuring
viscosity of PA12 samples processed at different energy levels, showing a decrease in
viscosity with increased energy densities applied. The decrease in viscosity is associated
with a lower polymer molecular weight caused by chain scission (DRUMMER; WUDY;;
DREXLER, 2014). The higher chain mobility can also be associated with a decrease of
crystallinity degree at this energy level.

Additionally no modifications were observed in the region of 1700-1750 ¢m™1,

which is related to carbonyl groups formed during polyamide oxidation (CELINA et al.,
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Figure 4.16 — FTIR spectra of PA12 powder and LS PA12 samples processed at different
energy densities.

1997). This suggests that the nitrogen atmosphere during LS process protected PA12 from

oxidation even at higher energy density levels.

4.2 Gaussian process response surface modelling - PA12

This section presents the results after model training of the dataset using the

Gaussian process (GP) described in section 3.5.

4.2.1 Model quality

In order to quantify the proposed model in respect to the input variables, two
statistical measures were taken for each desired response variable: root mean square error
(RMSE), which measures the absolute difference between the modelled and measured
values; and the coefficient of determination (R?), which is derived from the comparison of

the variance after model training with the variance of the mean of all measured data.

As a quality criteria of the model the following was considered: for 0.6<R?*<0.9 the

model was considered good for qualitative predictions; for R?>0.9 the model was considered
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Table 4.1 — FTIR spectra assignment of PA12 (RHEE; WHITE, 2002).

Wavenumber (cm™1) Assignment
3294 N ——H stretching
3086 Fermi-resonance of N——H stretching
2918 CH2 asymmetric stretching
2850 CH2 symmetric stretching
1636 Amide I (C==0 stretching)
1543 Amide IT (C——N stretching)
1466 CH2 bend
1436 C==0 bend
1419 C=—=0 bend
1368 CH bend, CH2 twisting
1288 CH2 wagging or CH2 twisting
1269 Amide IIT (C——N stretching + C==0 inplane bending)
1242 Gauche carboxyl-methylene group
1219 Gauche nitrogen-methylene group
1190 Splitting of amide II
1159 Skeletal motion involving CONH
1122 C——C stretching
1065 Skeletal motion involving CONH
1028 CONH inplane
980 C——CO stretching
946 CONH inplane
720 CH2 rocking
680 Amide V («) (C==0 out of plane bending)

good for quantitative predictions. For R? below 0.6 the model was not considered reliable.

Table 4.2 presents a summary of RMSE and R? for each response function. RMSE
of accuracy responses are low whereas R? for X and Y-direction accuracy are only suitable
for qualitative predictions with R? of 0.79 and 0.88 respectively. Only Z-direction accuracy

model presented a high R? of 0.95 which can be used for quantitative predictions.

The GP trained model for density shows good results for RMSE (close to the RMSE
of the training data) and a good R? of 0.91. Compared to the literature, polynomial models
used presented better R? values (HOFLAND; BARAN; WISMEIJER, 2017; WEGNER;
WITT, 2012). Surface roughness model showed a higher RMSE, which is in agreement
with the results showed in previous sections, where a high variance of the the measured

variable was observed, with the model following a similar trend. R? of 0.65 was also low
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Table 4.2 — Response functions model quality: RMSE and R2.

Response variable RMSE R?
X-Direction accuracy [%] 0.0267  0.7939
Y-Direction accuracy [%] 0.4815 0.8813
Z-Direction accuracy [%)] 1.3864  0.9504

Density [g/cm3] 0.0149  0.9079

Surface roughness R, [pm)] 1.5703  0.6520
Tensile strength at yield [MPa] 0.59 0.9917
Tensile strength at break [MPa] 0.7746  0.9830
Proportional limit [MPa] 0.6833  0.9443

0.2% offset yield strength [MPa] 0.6593  0.9674
Nominal strain at yield [%)] 0.3479  0.9662
Nominal strain at break [%)] 0.8424  0.9700
Nominal strain at proportional limit [%] 0.0710  0.7626

Nominal strain at 0.2% offset yield strength [%]  0.0686  0.8458

Elastic modulus [MPa] 29.4507  0.9620
Flexural proportional limit [MPa] 1.3336  0.9417
Flexural offset yield strength [MPa] 0.8188  0.9841
Flexural strength [MPa] 0.6558  0.9937
Flexural modulus [MPa] 25.8510 0.9796
Flexural strain at proportional limit [%] 0.1032  0.7911
Flexural strain at offset yield [%] 0.0881  0.8404
Flexural strain at yield [%)] 0.2498  0.6367

and not reliable for quantitative predictions, but qualitative assessment might be inferred.

Considering mechanical properties, both tensile strength at yield and break showed
very good RMSE and R? of 0.99 and 0.98 respectively, which shows that the GP trained
model is very good for quantitative predictions. Also the results are slightly better than
polynomial models which reached R? values of 0.97. Proportional limit and and 0.2%
offset yield strength also presented good model quality for quantitative assessment, but
lower than yield and break strength. The higher variation of the measured variable might
play an influence. Model for elastic modulus also showed good quality for quantitative
assessment, with R? of 0.96. The results are marginally better than polynomial models

derived for elastic modulus, where R? of of 0.95 were achieved.

Nominal strain at yield and break followed a similar trend of strength, showing very
good predictive quality of 0.97. These results are much better than the ones found using
polynomial methods, where R? of 0.86 were achieved (HOFLAND; BARAN; WISMEIJER,
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2017; WEGNER; WITT, 2012). Nominal strain at proportional limit and 0.2% offset yield
strength were lower than their corresponding models for strength and only reliable for

qualitative assessment.

Flexural properties followed a similar trend than tensile properties. GP models for
strength achieved high R? values. Flexural modulus R? of 0.98 was higher than tensile
modulus. For flexural strain the GP models also achieved lower R? values. GP model for
flexural strain at yield achieved very low correlation factor R? of 0.63. This is mainly due

to the low sensitivity of this response variable to the input laser sintering variables.

4.2.2 Response surfaces

This subsection presents response surfaces obtained after GP model training for
PA12. A given response variable is a function of the four input variables: laser power,
laser scan speed, scan line spacing and layer thickness. This results in a hyperplane in a
5 dimensional space that cannot be graphically presented with all variables. To be able
to graphically represent the response surfaces of the output variables, three-dimensional
intersection plots of this hyperplane are given, with two input variables in x and y axis and
one output variable in the z axis. The remaining two input variables remain constant at
the given hyperplane. For each output variable evaluated two three-dimensional graphs are
presented: response surface as a function of laser power and laser scan speed at constant
scan line spacing and layer thickness; response surface as a function of scan line spacing

and layer thickness at constant laser power and laser scan speed.

4.2.2.1 Dimensional accuracy

Figure 4.17a shows the Y-direction accuracy response surface as a function of laser
power and laser scan speed at a scan line spacing of 0.4 mm and layer thickness of 120 um.
It can be observed that Y-direction accuracy varies significantly with laser speed, with
positive gradient in direction of higher laser speeds. Laser power also influences Y-direction
accuracy, although the gradient is smaller and positive towards increasing laser power.
Lowest values for Y-direction accuracy were found at a combination of low laser power
and low laser speed, increasing with higher laser power and speed but only until laser

power reaches around 37 W, above which Y-direction accuracy decreases.

Figure 4.17b shows the Y-direction accuracy response surface as a function of scan
line spacing and layer thickness at constant laser power and laser speed of 38 W and 3500
mm /s. Layer thickness is treated as a discrete variable as it was only measured at 120 and
150 pum. Lowest values of Y-direction accuracy are found for a combination of 120 pum
and 0.2 mm, with increasing gradient in direction of higher scan line spacing and layer
thickness. The gradient effect is more pronounced at low scan line spacing values, being

smoothed for higher scan line spacing and layer thickness, meaning that the influence
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Figure 4.17 — Response surfaces for Y-direction accuracy.
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of scan line spacing is lower for higher layer thickness values. Also the influence of layer
thickness is lower at increasing scan line spacing values, being almost neutral between 0.5

and 0.6 mm.

The results obtained with GP training for Y-direction accuracy shows that the
individual input variables play an important role to describe the response variable. Re-
garding layer thickness and scan line spacing the tendency is clearly to improve accuracy
towards lower energy density values (i.e. higher scan line spacing and layer thickness).
Laser power and laser scan speed present a more non-linear effect. This is in agreement
with the results found for Y-direction accuracy as a function of energy density (Fig. 4.2),
where higher accuracy was found at low energy density values, low accuracy at high energy

density, and oscillating between.

The relative relevance of each input parameter on Y-direction accuracy is presented
in Fig. 4.18. High relevance values mean that small changes on the input parameters cause
significant changes on the response variable whereas low relevance values indicate that
changes in the response variable occur only over large input length-scale. The graphic
shows all parameters play a relevant role on Y-direction accuracy, with laser power as the
most relevant parameter, followed by layer thickness. Scan line spacing is the third most

influencing parameter and laser speed the least relevant.

Parameter

Laser power [W] 1.00
Layer thickness [um]
0.76

Scan line spacing [mm]

Laser speed [mm/s]

0.00 0.10 020 030 040 050 060 070 080 090 1.00 1.10
Relevance - Y-direction accuracy

Figure 4.18 — Sensitivity of LS process parameters on Y-direction accuracy.

Figure 4.19a depicts response surface for Z-direction accuracy as a function of laser
power and laser speed at a scan line spacing of 0.4 mm and layer thickness of 120 um.
The surface shows low dimensional accuracy (around 86 %) at high laser power and low
laser scan speed, increasing in direction to higher laser speed and low laser power, but

only until laser power is below 35 W, below this value there is a tendency for decreasing
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Z-direction accuracy. Highest accuracy achieved is 96 % at a laser power between 37-40 W
and laser speed of 5000 mm/s. In addition, laser scan speed shows higher influence on

Z-direction accuracy compared to laser power.

Response surface for Z-direction accuracy as a function of scan line spacing and
layer thickness are shown in Fig. 4.19b at constant laser power and laser speed of 38 W
and 3500 mm/s. Lowest values of 84 % are found for low scan line spacing of 0.2 mm and
layer thickness of 120 um. Accuracy increases in direction of increasing layer thickness
and scan line spacing reaching maximum values at the highest scan line spacing of 0.6
mm and layer thickness of 150 um. The influence of layer thickness is less pronounced

than scan line spacing, which contributes strongly to Z-direction accuracy.

Both graphics presented show an increase in Z-direction accuracy towards low
energy densities. Indeed this was observed in Fig 4.3 and can be explained based on the
idea that higher energy densities perform adequate consolidation of powders but also
consolidate particles in the heating zone of the laser beam, therefore increasing the amount

of material joined together at each layer and consequently worsening accuracy.

Most relevant parameter on Z-direction accuracy is scan line spacing as presented
in Fig 4.20. Second parameter is laser scan speed, with much less relevance. Laser power

and layer thickness are the least relevant parameters with around 0.2 relevance.

Parameter

Scan line spacing [mm]

Laser speed [mm/s]

Laser power [W]

Layer thickness [um]

0.00 0.10 020 030 040 050 060 070 080 090 1.00 1.10
Relevance - Z-direction accuracy

Figure 4.20 — Sensitivity of LS process parameters on Z-direction accuracy.

4.2.2.2 Surface roughness

Figure 4.21a shows the GP trained surface response for average surface roughness

R, as a function of laser power and laser speed for constant layer thickness of 150 pum and
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0.6 mm scan line spacing. At low scan speeds surface roughness has more or less stable
values around 14 pum independently of the laser power applied. Increasing the laser speed
above 3500 mm/s leads to rougher surfaces of R, above 18 pm, reaching a maximum of
24 pum at 37 W and 4500 mm/s.

The surface is generated for a scan line spacing of 0.6 mm, implying that the
distance between laser lines is higher than the laser beam radius, therefore no overlapping
between laser lines is present. The model captures the behavior observed previously in
Figure 4.7, showing the contribution of low laser speed to reduce the influence of no

overlapping on surface roughness.

Figure 4.21b depicts the surface for average surface roughness R, as a function
of scan line spacing and layer thickness at constant laser power of 38 W and laser speed
of 3500 mm/s. Lowest surface roughness values of 13 um are found at 0.3 mm scan line
spacing, increasing with higher scan line spacing. Layer thickness plays a minor role on

surface roughness, although its influence increases towards higher scan line spacing values.

The relative influence of the individual parameters on surface roughness is depicted
in Fig. 4.22. Laser speed presents the highest sensitivity overall, followed by scan line

spacing. Layer thickness and laser power present lowest relevance, although not neglectful.

It is important to remark that the model quality achieved for surface roughness was

intermediate (R? of 0.65) and only good for qualitative assessment, therefore the response
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(a) Surface roughness R, over laser power and laser speed



4.2.  Gaussian process response surface modelling - PA12

155
= 15
E 15
o
145
@ 145
2
< 14
[9)]
3
@ 135 4
3
< 13
a 135
125
13

150
0.6

0.3
Layer Thickness [um] 120 02  Scan Line Spacing [mm]

(b) Surface roughness R, over scan line spacing and layer
thickness

Figure 4.21 — Response surfaces for surface roughness R,.

surfaces obtained can only be evaluated in this light.

Parameter

Laser power [W]

Layer thickness [um]

Scan line spacing [mm]

Laser speed [mm/s] 1.00

0.00 0.10 0.20 030 040 050 060 070 080 090 1.00 1.10
Relevance - Surface roughness Ra

Figure 4.22 — Sensitivity of LS process parameters on surface roughness.



100 Chapter 4. Results and Discussion - PA12

4.2.2.3 Density

Figure 4.23a shows the GP trained surface response for density as a function of
laser power and laser speed for constant layer thickness of 150 um and 0.4 mm scan line

spacing.

Density starts with low values of 0.84 g/cm? at high laser speed and low laser
power, increasing sharply with a gradient in direction to lower laser speeds and higher
laser power, decreasing again at laser speed below 2500 mm/s. At laser speed between
3500-400 mm,/s and maximum laser power of 45 W highest density of 0.96 g/cm? is found.
At very low laser speeds the contribution of laser power to density is small whereas laser

speed plays a major influence over the whole response surface evaluated.

Density over scan line spacing and layer thickness at 2000 mm /s laser speed and 45
W laser power are shown in Figure 4.23b. The response surface plotted was chosen due to
illustrate the inverse effect the variables have when high energy density parameter values
(i.e. laser power and speed) are used. The lowest density values are found at low scan line
spacing and layer thickness. The use of these values in combination to the other parameters
generates a negative effect on density as too much energy is applied over the powder bed,
contributing to increase the consolidation of powder particles nearby the heating zone of

the laser and leading to a volume increase of the part and reduction in density. At this
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(a) Density over laser power and laser speed
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Figure 4.23 — Response surfaces for density.

already high energy level, density is improved towards higher layer thickness’s and scan

line spacing, as they help reducing energy density level and parts volume increase.

Parameter

Scan line spacing [mm]
Layer thickness [um]
Laser speed [mm/s]

Laser power [W]

0.00 0.10 0.20 030 040 050 060 070 080 090 1.00 1.10
Relevance - Density

Figure 4.24 — Sensitivity of LS process parameters on density.

Considering the sensitivity of process parameters on density, all parameters present
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a high influence on the response of this variable as presented in Fig. 4.24. Scan line spacing

and layer thickness are the most relevant followed by laser speed and laser power.

4.2.2.4 Proportional limit

Figure 4.25a shows the response surface for proportional limit over laser power and

laser speed for constant layer thickness of 150 um and 0.4 mm scan line spacing.

Lowest values for proportional limit are found at low laser power and high laser
speed, gradually increasing in direction to higher laser power and laser speed. The gradient
in direction of laser speed is higher than laser power gradient, showing that laser speed might
influence more significantly this response variable. Interestingly the highest proportional

limit of 20 M Pa is found for low laser speed and low laser power.

Proportional limit over scan line spacing and layer thickness are depicted in Fig.
4.25b. Laser power and laser speed are fixed at 38 W and 5000 mm/s. The combination
of high scan line spacing and layer thickness leads to very low proportional limit values of
8 M Pa, which gradually increase in direction of lower scan line spacing. Layer thickness
influences proportional limit more significantly at high scan line spacing, decreasing its
relevance at lower scan line spacing. The response surface reveals a plateau starting at

0.35 mm, above which proportional limit varies little with the input parameters.

The relevance of the individual parameters on proportional limit is presented in
Fig. 4.26. Overall layer thickness has the highest influence over proportional limit, followed

by scan line spacing, laser speed and laser power.
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Parameter

Layer thickness [um] 1.00

Scan line spacing [mm]

Laser speed [mm/s]

Laser power [W]

0.00 0.10 0.20 030 040 050 060 070 080 0950 1.00 1.10
Relevance - Proportional limit

Figure 4.26 — Sensitivity of LS process parameters on proportional limit.

4.2.2.5 Elastic modulus

Figure 4.27a shows the response surface for elastic modulus over laser power and
laser speed for constant layer thickness of 150 um and 0.4 mm scan line spacing. Lowest
values for elastic modulus (1350 M Pa) are found at low laser power and high laser speed,
increasing sharply in both direction towards higher laser power and lower laser speed.
Highest elastic modulus of 1750 M Pa are found at maximum laser power and laser speed
between 4500-4000 mm/s.

There is also one local maximum at very low laser speed of 2000 mms and low
laser power of 30 W. Further increase in laser power and reduction in laser speed leads to

a reduction on elastic modulus.

Fixing laser power at 38 W and laser speed at 3500 mm/s, the generated response
surfaces of elastic modulus over scan line spacing and layer thickness are shown in Fig.
4.27b. The surface has a typical horse cell shape, with lowest values at the two extremes
of the surface located at 120 um and 0.2 mm and 150 pum and 0.6 mm. Between the low
extreme points elastic modulus increases reaching a maximum of 1650 M Pa at a layer
thickness of 150 um and scan line spacing between 0.3 and 0.4 mm. Scan line spacing
provides the characteristic non-linear shape of the surface. Layer thickness has major
influence on elastic modulus as well, but its behaviour depends strongly on the scan line
spacing level. At scan line spacing between 02 and 0.45 mm higher layer thickness leads
to higher elastic modulus, whereas at higher scan line spacing values the opposite trend is

observed.

As discussed in subsection 4.9, the linear properties of polymers depends strongly
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on the balance between porosity and crystal fraction present after LS. It was observed
that such crystal fraction reduction could provide a decrease in elastic modulus for energy
densities above 0.29 J/mm3. The GP trained model successfully described this behaviour by
showing a reduction in elastic modulus in direction to higher energy densities, exemplified
here as an increase in laser power and decrease in laser speed as depicted in Fig. 4.27a.
This region corresponds to an energy density above 0.29 J/mm?. Also a reduction in elastic
modulus due to high porosity could be described by the model as observed in region of

very low laser power and high laser speed.

Elastic modulus is influenced by all parameters studied as shown in Fig. 4.28.
Similar to proportional limit, scan line spacing and layer thickness have the highest
relevance, followed by laser speed and laser power. It seems logical to attribute the highest
influence on linear properties to layer thickness and scan line spacing, as they influence
the amount of layers and laser lines necessary to build a part. On the other hand the
response surface shown in Fig. 4.27b shows that this behaviour is of high non-linear
nature. For instance, at 0.2 mm scan line spacing and 120 pm layer thickness (energy
density of 0.45 J/mm?) it would be expected to have higher elastic modulus due to the
higher concentration of laser lines and layers in the part, but the opposite is found. Again
this is due to the balance between porosity and crystal fraction described before, with
the reduction in crystal fraction playing a major role in decreasing elastic modulus, as
described in 4.1.7.

Parameter

Scan line spacing [mm] 1.00

Layer thickness [um] 0.93

Laser speed [mm/s] 0.69

Laser power [W] 0.54

000 010 020 030 040 050 060 070 080 090 1.00 1.10
Relevance - Elastic modulus

Figure 4.28 — Sensitivity of LS process parameters on elastic modulus.
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4.2.2.6 Tensile yield strength

Figure 4.29a shows the gaussian process trained response surface for tensile yield
strength over laser power and laser speed at a scan line spacing of 0.4 mm and layer
thickness of 150 pum. The model reveals low values of tensile strength (30 M Pa) at low
laser power and high laser speed, increasing in direction of higher laser power and lower
laser speed. Laser speed improves yield strength for a laser power below 35 W, above
this level a reduction in yield strength is started for a given laser power. A similar, yet
smoother, behavior can be observed for laser power, which contributes to higher yield
strength values but only until laser speed is above 2500 mms. Local maximum is found

for laser power of 45 W and laser speed between 3000-3500 mm/s.

Keeping a constant laser power of 38 W and laser speed of 3500 mm /s, the Gaussian
process trained response surface of yield strength over scan line spacing and layer thickness
is depicted in 4.29b. The surface shape shows low yield strength values at high scan line
spacing and layer thickness and increasing with a gradient in direction towards lower layer
thickness’s and scan line spacing, reaching maximum values of 45 M Pa at a scan line
spacing of 0.3 mm where a small plateau is reached. Following the gradient to smaller
layer thickness and scan line spacing reduces yield strength. Scan line spacing seems to
influence more strongly the response variable at this point in the hyperplane, specially for
higher layer thickness. Yield strength also responds to layer thickness variations, mainly
at scan line spacing values at the extremes of the surface, i.e, between 0.5-0.6 mm and

below 0.3 mm.

Yield strength is basically governed by the energy density delivered to the power
bed. At very low energy densities (e.g. high laser speed and low laser power), there is not
enough consolidation of the polymer powders, leading to high porosity and consequently
low yield strength. At adequate levels of energy density stable yield strength values of
45 M Pa can be reached, mainly due to the low porosity achieved and adequate crystal
fraction. When too high energy density is applied (e.g. low layer thickness and scan line
spacing combined to already high laser power) there is a reduction in yield strength which
can be caused by parts distortion in volume, polymer degradation and reduction in overall

crystal fraction as already discussed in subheading 4.1.5.

Relative relevance of input variables to yield strength are shown in Fig. 4.30. Layer
thickness and scan line spacing are the most relevant variables derived from the GP
training. Although lower, yield strength also shows sensitivity to laser speed and to laser

power in a lower extent.



108 Chapter 4. Results and Discussion - PA12

46

.
w

44

42

B
(=]

40

38

w
[$)}

36

Tensile Strength at Yield [MPa]
w
(=]

34

32

30

35
Laser Speed [mm/s] 2000 30 Laser Power [W]

(a) Tensile yield strength over laser power and laser speed

44

IS
o

42

IS
o

40

38

w
&)}

36

34

Tensile Strength at Yield [MPa]
(o8]
o

32

30

150

28
0.6

130 04

0.3
Layer Thickness [um] 120 0.2  Scan Line Spacing [mm]

(b) Tensile yield strength scan line spacing and layer thickness

Figure 4.29 — Response surfaces for tensile strength.
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Parameter

Layer thickness [pm]

Scan line spacing [mm]

Laser speed [mm/s]

Laser power [W]

0.00 0.10 0.20 030 040 050 060 070 080 090 1.00 1.10
Relevance - Tensile strength

Figure 4.30 — Sensitivity of LS process parameters on tensile yield strength.

4227 Nominal strain at break

Figure 4.31a depicts nominal strain at break over laser speed and laser power at
0.4 mm scan line spacing and 150 pum. Lowest values of 5 % are found at the lowest laser
power and highest laser speed applied. A first smooth gradient in direction to higher laser
power and laser speed is observed, which gradually sharpens as laser power and speed
increases. Maximum nominal strain of 20 % is achieved at 37 W and 2000 mm/s. Further
advance in direction towards lower laser speed and high laser power results in a decrease

on nominal strain.

Keeping constant laser power at 38 W and laser speed at 2000 mm/s the response
surface of nominal strain at break over scan line spacing and layer thickness are shown
in Fig. 4.31b. Lowest values are observed at the extremities of the surface, located 120
pum layer thickness and 0.2 mm scan line spacing and 150 pm and 0.6 mm. At 150 um
layer thickness, decreasing scan line spacing sharply increases strain at break, reaching a
maximum of 21 % at 0.3 mm and decreasing at lower scan line spacing values. At 120 um
layer thickness a similar behavior is observed, except that a maximum strain at break of
18 % is reached at a higher scan line spacing of 0.5 mm, decreasing with lower scan line

spacing values.

As discussed in subsection 4.1.5, applying laser sintering parameters to increase
energy density promotes better densification of the part, reducing porosity and improving
ductility. Additionally crystal fraction of the samples are decreased also improving plastic
strain behavior. The Gaussian process model for nominal strain at break describes this

behavior in detail and also captures regions where energy density is excessively high to



110 Chapter 4. Results and Discussion - PA12

20

20

15

10

Nominal strain at break [%]

5
35
Laser Speed [mm/s] 2000 30 Laser Power [W]
(a) Nominal strain at break over laser power and laser speed
21
20 20
19 19

18

OO
";‘\\\Q\\:"Q‘?p‘:;;(’q’ \ -

Nominal strain at break [%]

14 16

15
150

06 14

Layer Thickness [um] 120 02  Scan Line Spacing [mm]

(b) Nominal strain at break over scan line spacing and layer
thickness

Figure 4.31 — Response surfaces for nominal strain at break.



4.2.  Gaussian process response surface modelling - PA12 111

cause a negative impact on nominal strain. This is observed in both surfaces presented at
regions of high energy density. For instance at 120 um layer thickness and 0.2 mm scan
line spacing in Fig. 4.31b and at 45 W laser power and 2000 mm/s laser speed in Fig.
4.31a. Also the model described the effect of low energy density LS parameters where high
porosity is present, leading to poor consolidation of polymer particles and fragile fracture

in samples. This is illustrated in Fig. 4.31a at low laser power and high laser speed area.

Relative relevance of input parameters on nominal strain at break are given in Fig.
4.32. Scan line spacing has the highest relevance followed by laser power, laser speed and

layer thickness with a smaller relevance.

Parameter

Scan line spacing [mm]

Laser power [W]

Laser speed [mm/s]

Layer thickness [um]

000 010 020 030 040 050 060 070 080 090 1.00 1.10
Relevance -Nominal strain at break

Figure 4.32 — Sensitivity of LS process parameters on nominal strain at break.

4228 Flexural modulus

Flexural modulus over laser power and laser speed at 0.2 mm scan line spacing and
150 pm are given in Fig. 4.33a. Lowest values for flexural modulus are found for low laser
speed and laser power. Flexural modulus is improved with a gradient towards low laser
power and high laser speed, reaching a maximum of 1600 M Pa at 30 W laser power and
between 4000-4500 mm/s laser speed. Increasing laser power while keeping laser speed

constant improves flexural modulus only at low laser speed region.

The response surface for flexural modulus over scan line spacing and layer thickness
at 3500 mm/s laser speed and 45 W is depicted in Fig. 4.33b. The surface has a bell
shape with local minimum of 1400 M Pa at the extremities of the map located at: layer
thickness of 120 um layer thickness and 0.6 mm and 0.2 mm scan line spacing; 150 um
layer thickness and 0.2 mm. At 120 um layer thickness there is a depression at 0.4 mm

scan line spacing giving flexural modulus value of 1350 M Pa. Local maximum flexural
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Figure 4.33 — Response surfaces for flexural modulus.



4.2.  Gaussian process response surface modelling - PA12 113

modulus of 1600 M Pa is found at 150 um layer thickness and between 0.4-0.5 mm scan

line spacing.

Both graphics illustrate how conflicting and non-linear the LS parameters choice
can be depending on the energy region in the hyperplane. For instance at a low scan line
spacing region (high energy density delivered from laser beam) the choice of higher laser
speed and low laser power leads to better flexural modulus. In a similar manner at a high
laser power it might be appropriate to choose for higher scan line spacing and higher layer

thickness.

Figure 4.34 depicts the relative relevance of the individual LS parameters on flexural
modulus. Laser speed and scan line spacing have the highest relevance followed by laser
power and to a lower extent layer thickness. Flexural modulus is sensitive to all parameters

on some degree and none of them should be neglected in the model.

Parameter

Laser speed [mm/s]

Scan line spacing [mm]

Layer thickness [um]

Laser power [W]

000 010 020 030 040 050 060 070 080 090 1.00 1.10
Relevance -Flexural modulus

Figure 4.34 — Sensitivity of LS process parameters on flexural modulus.

4.2.2.9 Flexural strength

Flexural strength over laser power and laser speed at 0.4 mm scan line spacing and
150 pm are given in Fig. 4.35a. The surface shows a valley of 45 M Pa at 4000 mm/s and
30 W. Between 30-40 W the model captures an opposite effect on laser speed, increasing
flexural strength at higher laser speeds. This effect is stronger at lower laser power. Flexural
strength increases in direction of higher laser power and lower laser speed. A plateau is
reached around 3000 mm/s and laser power above 35 W with a local maximum of 65
M Pa. Further decrease in laser speed worse flexural strength. Laser power has a stronger

effect at lower laser speed and laser speed has a stronger effect at lower laser power.
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Response surface generated for flexural strength over scan line spacing and layer
thickness at 3500 mm/s laser speed and 38 W laser power are depicted in Fig. 4.35b.
Flexural strength starts with low values of 45 M Pa at highest scan line spacing and layer
thickness, increasing sharply in direction towards lower scan line spacing and 150 um
layer thickness. At 120 um the increase is smoother. Flexural strength is increased until
0.32 mm scan line spacing, reaching a maximum at 150 um, afterwards decreasing at
lower scan line spacing values. Same effect is observed at 120 um layer thickness but in a

smoother shape.

Relative relevance of each LS parameter on flexural strength is given in Fig. 4.36.
Scan line spacing has the highest relevance, which in accordance to the response surfaces
obtained and also due to the influence scan line spacing has on the number of total
exposures the surface has, which has a high influence on flexural properties. Laser speed
and layer thickness are the second and third most influencing parameters. Laser power is

the least relevant parameter.

Parameter

Scan line spacing [mm]

Laser speed [mm/s]

Layer thickness [um]

Laser power [W]

0.00 0.10 0.20 030 040 050 060 070 080 090 1.00 1.10
Relevance -Flexural strength

Figure 4.36 — Sensitivity of LS process parameters on flexural strength.

4.2.2.10 Normalized manufacturing time

Gaussian process model for normalized manufacturing time over laser speed and
laser power at 0.4 mm scan line spacing and 120 pm layer thickness is depicted in Fig.
4.37a. Normalized manufacturing time varies almost linearly with laser speed, with lowest
values at high laser speed and increasing in direction of lower laser speed. This is in
agreement with the LS process behavior, as the laser speed influences the time required to

scan the powder bed, with higher laser speed requiring less time than lower laser speed
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to scan over the same powder bed surface. Laser power does not influence significantly

normalized manufacturing time.

Normalized manufacturing time over scan line spacing and layer thickness at laser
power of 38 W and laser speed of 3500 mm /s is shown in Fig. 4.37b. The surface modelled
shows lowest values of 0.8 at higher layer thickness and scan line spacing and increases
in an oscillating manner in direction towards lower layer thickness and scan line spacing.
This is in agreement with laser sintering process, as the lower scan line spacing results
in higher amount of total laser exposures that need to be scanned to fill the powder bed.
Lower layer thickness also results in higher number of layers needed to build the same
part. The oscillating behavior observed in the GP model is probably due to differences
in manufacturing time calculations at near scan line spacing points and due to different
amount of total laser lines exposures calculated by the machine software at different scan
line spacing values, which lead to some discrepancy in the calculation of the manufacturing

time.

Sensitivity of normalized manufacturing time to the input parameters is given

in Fig. 4.38. Scan line spacing is by far the most relevant parameter, followed by layer

Parameter

Scan line spacing [mm]

Layer thickness [um]

Laser speed [mm/s]

Laser power [W] 0.05

0.00 0.10 0.20 030 040 050 060 070 080 090 1.00 1.10
Relevance -Normalized manufacturing time

Figure 4.38 — Sensitivity of LS process parameters on normalized manufacturing time.

thickness with 0.41 relative relevance. This is an interesting result considering that layer
thickness is supposed to play a major role in manufacturing time. Indeed scan line spacing
parameter results in the number of total laser exposures over the powder bed and the range
scan line spacing was varied during modelling is much broader than layer thickness, which
helps understand why scan line spacing has such strong influence on manufacturing time.

Laser speed comes as third most influencing parameter but with a much lower relevance
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than scan line spacing and layer thickness. Laser power has the lowest relevance and can

even be considered not relevant to the model.

4.3 Optimization via evolutionary algorithm

This section describes the multi-objective optimization tasks performed after
supervised learning via Gaussian Process was conducted. As described in chapter 3, multi-
criteria optimization relies on optimization of two or more objective functions. The results
are not a single optimum of the functions. Instead, due to conflicting objectives, the results
of a multi-criteria optimization are solution sets representing a compromise (trade-off)

between the objectives. These trade-off solutions are called Pareto solutions.

Stochastic optimization via Evolutionary Algorithm (EA) was employed to per-
form the optimization tasks. The multi-objective optimization considered optimization of
mechanical properties, surface quality, dimensional accuracy and manufacturing time. Two
objectives were optimized at once, while the others were kept at a limit (lower or higher

hard limit) to reduce the number of Pareto solutions.

4.3.1 Criteria 1 - Optimization of manufacturing time and dimensional accu-

racy

Criteria 1 aims optimization of dimensional accuracy and manufacturing time while
keeping mechanical properties and surface quality within adequate values. To perform this
task, all accuracy output parameters were maximized as well as normalized manufacturing
time. Tensile strength, elastic modulus and strain at break were kept as hard lower bounds
of 40 M Pa, 1490 M Pa and 11 %. Surface roughness was used as a weak lower bound at
15 pm.

Figure 4.39 shows the Pareto solutions found after the optimization task is com-
pleted. The results are shown for Z-direction accuracy over normalized manufacturing time,
which were the main objective variables used to perform the optimization. The pareto
solutions represent a set of possible solutions and the trade-off curve between dimensional
accuracy and manufacturing time can be observed. Two areas were selected for evaluation:
one area with Z-accuracy between 94 and 96 % and normalized manufacturing time below
0.9; second area with Z-direction above 96 % and normalized manufacturing time also
below 0.9.

Resulting laser sintering optimal parameters for the areas selected are given in Fig.
4.40.The areas chosen as optimal give a different set of parameters. The combination of
low laser power and low laser speed is a feasible choice for this optimization task as well as

high laser power and high laser speed. The selection considered only layer thickness of 150
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Figure 4.39 — Pareto solutions after optimization task with criteria 1.

um as this parameter choice maximize manufacturing time. All range of scan line spacing
available was covered as well. It is clear that the choice of lower laser speed is conditioned

to higher scan line spacing as can be observed in Fig. 4.40a-b.

Other output variables kept as hard or weak limits are depicted in the graphics of
Fig. 4.41a-b. In the selected optimal areas, elastic modulus, tensile strength and nominal
strain at break (shown in upper left and right graphics) were kept at desired levels set
during the optimization task and vary depending on the specific choice of the laser sintering
parameters. For instance, in the group set 1 with lower z-direction accuracy there is a
wide range of values for tensile strength and elastic modulus, covering all hard limit area

specified during optimization. The same analysis can be drawn to nominal strain at break.

Y-direction accuracy was kept at high levels above 99 % for both selected sets
as observed in middle graphics. Surface roughness values on chosen area were all below
16.5 pum, slightly above the lower limit specified during optimization, which is acceptable
considering the parameter was set as a weak bound limit in order not to constrain too
much the Pareto solutions. Values for density vary in a wide range depending on the

parameter set chosen.
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Figure 4.41 — Output variables Pareto solutions for criteria 1.
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4.3.2 Criteria 2 - Optimization of manufacturing time and surface roughness

Goal of criteria 2 is to minimize both manufacturing time and surface roughness.
Tensile strength, elastic modulus and nominal strain at break were kept as hard lower
bounds of 40 M Pa, 1490 M Pa and 11 %. Dimensional accuracy at x, y and z direction
were also kept as hard lower bonds at 99, 98 and 90 % respectively.

Pareto solutions derived from EA optimization are given in Fig. 4.42. The graphic
shows a typical shape of Pareto frontier with the trade-off solution clearly defined. Two
regions of interest were defined: first region defines lower normalized manufacturing time
between 0.81-0.83 at a cost of slightly higher surface roughness; second regions allows
normalized manufacturing time between 0.83-0.85 and lower surface roughness between
12.5-13.5 pum.
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Figure 4.42 — Pareto solutions after optimization task with criteria 2.

Laser sintering parameters at optimum conditions for criteria 2 are given in Fig.
4.43a-b. At Pareto solution set 1 the parameter set is described by low laser speed and
laser power and scan line spacing around 0.4 mm whereas at Pareto set 2 the optimal
parameter set is represented by medium laser speed and laser power with slightly higher

scan line spacing at 0.45 mm. Layer thickness is kept at 150 um.

Figure 4.44a-b shows the output variables at the Pareto solutions for optimization
criteria 2. Elastic modulus was kept always above 1600 M Pa for both pareto sets chosen,
with higher values (around 1700 M Pa) for Pareto set 1 and 1600 M Pa for Pareto set 2.
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Figure 4.43 — Pareto solutions for laser sintering parameters for criteria 2.

Similar analysis can be made for tensile strength and nominal strain at break, with higher

values for these output parameter at Pareto set 1.
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Figure 4.44 — Output variables Pareto solutions for criteria 2.

It can be observed from Fig. 4.44b Z-direction accuracy was kept between 93-95 %

for Pareto set 1 and between 95-96.5 % for Pareto solutions set 2. Y-direction was always
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above 99 % for both Pareto sets chosen. Density at Pareto set 1 was at 0.945 g/cm?,
slightly above density values at Pareto set 2 where values between 0.93-0.935 g/cm?® were

achieved.

4.3.3 Criteria 3 - Optimization of manufacturing time and mechanical proper-

ties

The goal of optimization task with criteria tree is minimizing manufacturing
time and maximizing mechanical properties. Maximization of mechanical properties was
performed for elastic modulus, tensile strength and nominal strain at break. To perform
the task and have a solution set with coherent values, dimensional accuracy was set as hard

lower bond for X, Y and Z direction at 99, 98 and 90 % whereas surface roughness was set
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Figure 4.45 — Pareto solutions after optimization task with criteria 3.

as hard upper bond at 16 um. Figure 4.45 shows all Pareto solutions after optimization

task with criteria 3.

The Pareto frontier is well defined showing all possible combinations of normalized
manufacturing time and tensile strength for criteria 3. Two typical trade-off solution were

chosen for evaluation: first area combining lower manufacturing time (between 0.81-0.84)
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and yield strength above 43 M Pa; second Pareto set with normalized manufacturing time
between 0.84-0.86 and yield strength above 44 M Pa.

Optimized laser sintering parameters for criteria 3 are depicted in Fig. 4.46a-b.
The chosen Pareto sets concentrate laser speed and laser power in two regions: laser scan
speed below 2500 mm/s and laser power varying from 30-35 W; laser power at maximum
evaluated value of 45 W and laser speed varying from 3300-3900 mm/s. From Fig. 4.46b
only 150 um layer thickness was considered in Pareto frontier while scan line spacing
at the Pareto sets chosen varied from 0.35-0.45 mm. The higher laser power settings is
associated with a higher laser speed and scan line spacing in order to compensate the

energy delivered to the powder bed.

Figure 4.47a-b shows the resulting output parameters after optimization with EA.
For both Pareto sets chosen density was at levels above 0.943 g/cm?, elastic modulus also
was located at maximum area between 1630-1750 M Pa. Nominal strain at break presented

higher variation at the Pareto solution sets, ranging from 11.5-23 %.

Z-direction accuracy presented in Fig. 4.47b achieved lower values at Pareto set
2 compared to Pareto set 1, ranging between 92-95 % at both solution sets. This effect
was a result of the higher energy density applied at this optimization task, which led to

penalty in dimensional accuracy in order to maximize mechanical properties. Y-direction
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Figure 4.47 — Output variables Pareto solutions for criteria 3.

accuracy was also kept at high levels, above 99 % independently of the Pareto solution
set chosen. Average surface roughness varied between 14-16 um, as specified by the hard

upper bound during the optimization task.

4.3.4 Criteria 4 - Optimization of dimensional accuracy and mechanical prop-

erties

Criteria 4 objective is to optimize dimensional accuracy and mechanical properties.
To perform the task, maximization of mechanical properties was performed for elastic
modulus, tensile strength and nominal strain at break while maximization of dimensional
accuracy in all directions was set. Normalized manufacturing time was kept as hard upper

bound of 1 and surface roughness as a hard upper bound of 16 um.

Pareto solutions after EA optimization with criteria 4 are depicted in Fig. 4.48.
Pareto frontier can be easy distinguishable with trade-off solutions for both optimized
variables visible. Two regions of interest were selected: first Pareto set with Z-direction
accuracy between 92-95 % and tensile yield strength above 44 M Pa; second Pareto set
with Z-direction accuracy above 95 % and yield strength above 42 M Pa.

Laser sintering optimized parameters for criteria 4 are depicted in 4.49a-b. There is
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Figure 4.48 — Pareto solutions after optimization task with criteria 4.

a wide range of laser parameter combinations available. For Pareto set 1 (more focused on
higher mechanical properties at a cost of lower dimensional accuracy) four main regions
can be observed: low laser speed and low laser power, intermediate laser speed and laser
power between 32-35 W. laser speed between 2000-3500 mm /s and laser power between
35-39 W. Laser speed between 3400 mm /s and higher laser power between 41-45 W.

For Pareto set 2 three main areas can be distinguished: intermediate laser speed
between 3000-3500 mm /s and laser low laser power below 35 W; high laser speed above
4400 mm/s and laser power between 36-39 W; very high laser power above 4700 mm/s
and high laser power above 42 W.

Pareto solutions were found for both layer thickness’s evaluated. Pareto set 1 is
more concentrated on 150 um while Pareto set 2 on 120 um. Scan line spacing for Pareto
set 1 at 120 pm is concentrated at 0.4 mm while a wider range between 0.35-0.45 mm is
found for a layer thickness of 150 pum. Pareto set two also has a wide range of scan line

spacing values available at 150 pm, ranging from 0.31-0.48 mm.

Pareto solutions for other output parameters are shown in Fig. 4.50a-b. Elastic
modulus for Pareto set 1 was kept at higher levels (between 1600-1700 M Pa) than Pareto
set 2 (between 1400-1600 M Pa). Nominal strain at break for Pareto set 1 was between
11-19 %.

Lower values are found for Pareto set 2, ranging from 8-14 %. Density is similar for
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Figure 4.49 — Pareto solutions for laser sintering parameters for criteria 4.

(b) Pareto solutions for scan line spacing and layer thickness.
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both Pareto sets varying between 0.94-0.964 g/cm3. These results illustrate how conflicting
the choice of parameters can be when dimensional accuracy and mechanical properties are

involved in the multi-objective optimization task.

Surface roughness R, data shown in Fig. 4.50b reveal slightly higher values (around
14.5 um) for Pareto set 1 compared to to Pareto set 2 (around 13.5 pm). Normalized
manufacturing time was near unity for majority of solutions in Pareto set 2 whereas the
main solutions for Pareto set 1 were found to be between 0.82-0.9. Y-direction accuracy
for Pareto set 1 reached higher levels (mainly above 99 %) compared to Pareto set 2 where

most solutions were concentrated below 99 %).

4.3.5 Criteria 5 - Optimization of dimensional accuracy and surface roughness

Optimization task wit criteria 5 aims maximization of dimensional accuracy and
minimization of surface roughness. Tensile strength, elastic modulus and strain at break
were kept as hard lower bounds of 40 M Pa, 1490 M Pa and 11 %. Normalized manufac-

turing time was set as a hard upper bound at 1.

Figure 4.51 shows the EA optimized results for surface roughness over Z-direction

accuracy. Pareto frontier is also well defined with trade-off solutions clearly visible. Of
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Figure 4.51 — Pareto solutions after optimization task with criteria 5.

specific interest are two regions: region one (Pareto set one) with minimum surface

roughness values achieved and intermediate Z-direction accuracy between 94-96 %; second
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region (Pareto set 2) maximizes Z-direction accuracy at the cost of a slightly higher surface

roughness of 14.5 um.

Laser sintering parameters at optimal conditions for criteria 5 are depicted in 4.52a-
b. Pareto set 1 solutions concentrate laser speed between 2900-3400 mm/s, spreading
laser power between 33-41 W. Pareto solution set 2 concentrates both laser speed at the
highest values applied (above 4800 mm/s) and laser power above 44 W. Scan line spacing
values for Pareto set 1 are located in a narrow area between 0.39-0.42 mm at 150 um layer
thickness and between 0.41-0.43 mm at 120 pum layer thickness. For Pareto set 2 scan line
spacing values are located in an even narrower region between 0.33-0.35 mm and only for
a layer thickness of 150 um. The results are in good agreement with the response surfaces
generated from Gaussian process learning, where surface roughness reached minimum
values (Figure 4.21) at the regions indicated by Pareto set 1, while Pareto set 2 solutions

gave good Z-accuracy results at high laser speed and laser power settings (Figure 4.19).

Figure 4.53a-b shows the output values after optimization task with criteria 5. From
Fig. 4.53a elastic modulus at Pareto set 1 varied between 1540-1650 M Pa and remained
stable at 1600 M Pa at Pareto set 2. Highly stable values for nominal strain at break were
achieved for both Pareto sets, remaining at 11 %. A higher variation for yield strength

was found , specially at Pareto set 1, spreading over between 43-45 M Pa.

Two clusters were found for density at Pareto 1 set as shown in Fig. 4.53b, one with
higher density values near 0.96 g/cm? and the other with lower values around 0.94 g/cm?.
For Pareto set 2 density values achieved stable values around 0.923 g/cm?. Normalized
manufacturing time for Pareto set 1 also presented two cluster of solutions, one with lower
relative time at 0.89 and below and the other cluster with normalized manufacturing time
near unity. For Pareto set 2 normalized manufacturing time presented a high variation
between 0.91 and 1. Y-direction accuracy did not vary significantly at Pareto set 1, ranging

from 98-99.5 %, whereas at Pareto set 2 uniform values near 99.6 % were found.
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4.3.6 Criteria 6 - Optimization of mechanical properties and surface roughness

Optimization task with criteria 6 seeks maximization of mechanical properties
and minimization of surface roughness R,. To perform the optimization task, X, Y and
7 direction accuracy were set as hard lower bound at 99, 98 and 90 respectively while

normalized manufacturing time was kept as hard upper bound at 1.

Figure 4.54 shows the EA optimization results for yield strength over surface
roughness R,. Typical trade-off solutions can be observed at the Pareto frontier. Two
Pareto solution sets were chosen for evaluation: Pareto set 1 was chosen near at the start of
the Pareto trade-off curve, lightly penalizing surface roughness (values between 12.5-12.8
pum) at the benefit of higher tensile strength (yield strength between 45-45.6 M Pa); Pareto
set 2 focus on maximum yield strength values (above 46 M Pa) at penalty of higher surface

roughness (between 13.5-14.8 um).
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Figure 4.54 — Pareto solutions after optimization task with criteria 6.

Laser sintering parameter at optimized objective functions for criteria 6 are shown
in Fig. 4.55a-b. For Pareto solutions set 1 one well distinguishable area is observed with a
narrow range of laser speeds between 3000-3400 mm /s and wider laser power area between
35-42 W. Optimized solutions at Pareto set 2 are clustered in two regions: low laser speed
(below 2800 mm/s mainly) and low laser power (below 35 WW); intermediate laser speed

between 3200-3600 mm/s and maximum laser power at 45 W.

A wide range of scan line spacing is available in Pareto set 1,from 0.3-0.4 mm at
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Figure 4.55 — Pareto solutions for laser sintering parameters for criteria 6.
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a layer thickness of 150 um. For 120 um layer thickness the scan line spacing range is
narrowed to values between 0.39-0.41 mm. Scan line spacing options at Pareto set 2 range

from 0.31-0.43 mm only for 150 pum layer thickness.

Figure 4.56a-b depicts the output parameter calculations at Pareto frontier for
criteria 6. Elastic modulus at Pareto region 1 ranges from 1500-1600 M Pa, while higher
values are found for Pareto set 2 (from 1600-1700 M Pa). Nominal strain at break remains
at intermediate levels between 12-16 % at Pareto set 1 whereas Pareto set 2 gives better
nominal strain ranging from 14-21 %. The better output parameters for Pareto set 2
are a consequence of the trade-off region chosen, focusing more on mechanical properties
rather than surface roughness. Density at Pareto set 1 presented higher variation (from
0.94-0.963 g/cm?) and lower values than set 2 (from 0.95-0.966 g/cm?), which can also
be considered a consequence of the focus on mechanical properties given for Pareto set 2,

which is correlated to density of the specimens.

Z-direction accuracy ranged from 90-95 % at Pareto set 1 and from 90-93 % for
Pareto set 2, therefore lower accuracy in Z-direction may be expected for Pareto set 2.
An opposite effect was observed Y-direction accuracy, with Pareto set 1 resulting in lower
accuracy (from 98-99 %) than Pareto set 2 (above 99 %). Normalized manufacturing time
was clustered in two narrow regions for Pareto set 1: first region with values of 0.89-0.9
and a second region with higher normalized times near unity. A wide spread was observed

for normalized manufacturing time in Pareto set 2, ranging from 0.86-0.96.
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(a) Pareto solutions for elastic modulus, density and nominal strain at break.
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5 Results and Discussion - PA12-CF

5.1 Influence of energy density - PA12-CF

This section describes the results achieved for PA12-CF composite material con-
sidering the energy density as main variable, composed by laser power, laser scan speed,
scan line spacing and layer thickness (discussed in Chapter 2). Measurement variables
evaluated include dimensional accuracy, density, surface roughness and tensile properties,

as described in Chapter 3.

5.1.1 Influence of energy density on dimensional accuracy

Box whisker plots of dimensional accuracy in X, Y and Z direction over energy
density are depicted in Figs. 5.1, 5.2 and 5.3. High values are observed for X-direction
accuracy over all energy density area covered, remaining above 99.6 % up to 0.381 J/mm?3.

At higher energy levels a higher dispersion can be observed as well as a slight decrease in

accuracy.
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Figure 5.1 — Influence of energy density on X-direction dimensional accuracy of PA12-CF.

Y-direction accuracy remains above 98 % and stable up to 0.212 J/mm? energy
density. Between 0.219-0.281 J/mm? higher dispersion in measured values are observed

although mean values remain at adequate levels (above 98 % on average). An abrupt
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change occurs at energy densities equal or above 0.381 J/mm?, showing much higher

dispersion of the measured values and significant reduction in average accuracy to levels

below 96 %.
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Figure 5.2 — Influence of energy density on Y-direction dimensional accuracy of PA12-CF.

Z-direction accuracy measurements are depicted in Fig. 5.3. A clear behavior can
be observed from the graphic: between 0.096 and 0.123 J/mm? accuracy values are above
95 % on average. Further increase in energy density leads to a step wise decrease in
Z-direction accuracy from 94 % at 0.142 J/mm?® to 88.25 % at 0.178 J/mm?. Between
0.178 and 0.281 J/mm?® measurement values remain more or less stable, with upper and
lower hinge oscillating between 85 and 90 %. At an energy densities of 0.381 J/mm? and
above Z-direction accuracy sharply decreases to average values between 75-80 % and a

higher dispersion between measurements can be observed.

As described in in section 4.1.1, the laser energy delivered to the powder bed
undergoes radiation absorption by the PA12-CF particles and multiple transmission to
neighbouring particles. Both PA12 and CF in the form of anthracite have good absorption
at the CO, laser wavelength of 10.2 ym (LAUMER et al., 2016; RIBEIRO et al., 2018).
Addition of carbon fiber in anthracite form to PA12 improves thermal conductivity of
the powder bed (HERRIN; DEMING, 1996), leading to more heat transferred to the
surrounding and underlying unsintered powder, worsening dimensional accuracy of the
parts. It has been observed by simulation modelling with PA12 and carbon nanotubes
(CNTs) that the laser heat affected area is wider and deeper when laser sintering PA12-CNT
than PA12 (BAI et al., 2015). At higher energy densities this effect is more pronounced
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Figure 5.3 — Influence of input energy on Z-direction dimensional accuracy of PA12-CF.

due to the higher heat affected area. This may explain the lower accuracy of PA12-CF

samples in X and Y direction compared to pure PA12.

5.1.2 Influence of energy density on surface roughness

Box whisker plots of average surface roughness R, over energy density are shown
in Fig. 5.4. No clear tendency can be observed on surface roughness and energy density,
with the values oscillating between 11 and 20 um regardless of the energy density applied.
A high variation between measurements at the same energy density can be observed. This
is typical from laser sintered surfaces which produced highly irregular and complex surface
topographies which cannot be totally captured by profile measurement techniques such as
the one used in this study. The presence of carbon short fibers adds another factor which

contributes to the high variation observed.

In section 4.1.3 it was observed the influence that laser sintering parameters play
surface topography of PA12, more specifically by evaluating the effect degree of overlap
via scan line spacing calculations and laser speed have on surface roughness. A similar
analysis was carried out for PA12-CF material. Figure 5.5 shows the effect of overlap
degree on average surface roughness R, as well as the intensity of the laser speed applied
highlighted as a size dimension on the graphic. Contrary to what was observed for PA12,
overlap degree seems to have no influence on the average values of R, for LS surfaces of
PA12-CF. Average surface roughness values oscillate between 12 and 16 pm independently

on the scan line spacing and laser speed applied.
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To further evaluate

if changes on surface topography could be observed, Fig. 5.6
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shows LS surface morphology of PA12-CF samples captured with SEM at different energy

densities and overlap degrees. From the micrographs no differences can be observed on
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Figure 5.6 — SEM micrographs of PA12-CF LS surface morphology.

surface morphology of samples processed at different overlap degrees, even for negative
overlap degrees from Fig. 5.6c-d (no overlap present) the surface morphologies are very
similar. Scan line spacing seems to play a small or even not significant role on surface

morphology. Also the combination of negative overlap degree and high laser speed (observed
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to be a major factor to change surfaces on PA12) did not contribute to modifications in

surface morphology of PA12-CF samples.

A possible explanation for the surface results observed can be attributed to the
increase on laser heat affected area caused by the presence of carbon fibers on PA12.
Due to its higher thermal conductivity, carbon fibers enhance the heat transferred to
surrounding particles during SLS, increasing the heat affected area of the laser. A higher
heat affected area increases the real overlap degree, promoting a smoothing of the LS
surfaces. Experiments with higher overlap degrees could be performed to confirm this

hypothesis.

5.1.3 Influence of energy density on density

Box whisker plot of the measured parts’ density over energy density are depicted
in Fig. 5.7. Low density values around 0.84 g/cm? are found at energy density of 0.096
J/mm?3. Slight increase in energy density to 0.112 J/mm?® improves considerably parts
density to 0.92 g/cm3. From 0.114-0.123 J/mm? there is a plateau between with density
values between 0.95-0.97 g/cm3. Further energy density increase improves density in a
step like pattern from 0.98 to 1.03 g/cm?, after which another plateau is reached until
0.181 J/mm?. Maximum average density is found at at this plateau with an average of
1.03 g/cm3. From 0.189-0.26 J/mm? density values oscillate between 1.00 and 1.02 g/cm?
on average. Above 0.26 J/mm? density starts to decrease to values below 1.00 g/cm? on
average.
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Figure 5.7 — Influence of energy density on parts density for PA12-CF.

SLS is a highly complex process where a combination of factors may influence
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porosity formation and density. Material characteristics such as particle shape and dis-
tribution play an important role on packing density of the powder bed. PA12 particles
have "potatoe" shape morphology and an adequate particle size distribution which favours
powder spreading and flowability during LS process. Carbon fibers present in the studied
material can influence negatively powder spreading over the platform due to their high
aspect ratio, causing voids in the packed powder which can lead to porosity after LS
consolidation (JANSSON; PEJRYD, 2016).

From laser sintering perspective of composite materials, the very short laser material
interaction during LS leads to main consolidation mechanism of PA12-CF powders via
particle rearrangement phase during liquid phase sintering (LPS), where the liquid phase
(PA12) surrounds the solid particles (CF) via capillary forces (ANESTIEV; FROYEN,
1999). Molten pool morphology and intensity of capillary forces are directly related to the
magnitude of Marangoni flow generated during laser sintering, which depends on materials

aspects such as viscosity of molten phase and surface tension gradient.

Laser sintering parameters can significantly affect Marangoni flow, rearrangement
phase during LPS and resulting density as observed in Fig. 5.7. At very low energy levels
the powder particles do not melt effectively and in sufficient amount so that PA12 liquid
phase can flow through the solid carbon fiber particles, leading to a higher fraction of
unsintered particles in the part and also to interlayer porosity. Additionally Marangoni
flow magnitude is low due to the lower temperature gradient between the center and edge
of the molten pool, concentrating the heat near the center of the laser spot and leading to
a narrow molten pool. All these aspects result in a poor rearrangement phase during LPS,

resulting in poor consolidation of the composite powder and higher porosity.

Increasing energy density reduces porosity due to higher amount of liquid present,
improving spreading kinetics during liquid phase sintering rearrangement phase. Marangoni
flow is increased due to higher temperature gradients existing, effectively transferring heat
from center to the edge of the molten pool, generating a wider molten pool and leading to
improved LPS particle rearrangement phase. But an optimum level of energy exists, above
which a negative effect on density is observed, which is caused by the increased molten
pool area generated by higher magnitude Marangoni flow, increasing the resulting part
volume and consequently reducing density. Polymer degradation can also lead to lower

density.

5.1.4 Influence of energy density on tensile properties - Elastic behavior

Elastic behavior of PA12-CF was evaluated based on force displacement measure-
ments with following properties obtained: proportional limit (M Pa), 0.2% offset yield
strength (M Pa), nominal strain at proportional limit (0.2%), nominal strain at 0.2% offset

yield strength and elastic modulus (M Pa).
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Figure 5.8a shows proportional limit and 0.2 % offset yield strength. Lowest values
of proportional limit (16 M Pa) and 0.2 % offset yield strength (22 M Pa) are found at the
lowest energy density level J/mm?. Mechanical properties linearly increase with higher
energy densities up to 0.145J/mm?, reaching 31 M Pa for proportional limit and 40 M Pa
for 0.2 % offset yield strength. From 0.145 until 0.2 J/mm? the values oscillate between
31-35 M Pa on average for proportional limit and between 41-43 M Pa on average for 0.2

% offset yield strength, reaching maximum values at 0.19 J/mm?3.

Further increase in energy density reduces linear tensile properties of the composite
material and the values oscillate between 25-30 M Pa and 35-40 M Pa for proportional
limit and 0.2 % offset yield strength respectively. A slight tendency to decrease mechanical
properties for energy densities above 0.281 J/mm? is observed. Compared to PA12 linear
strength properties described in 4.1.4, PA12-CF outperforms PA12 in 60 % depending on

the energy density used to process the sample.

Nominal strain values at proportional limit and 0.2 % offset yield strength are
shown in Fig. 5.8b. Nominal strain behavior at elastic regime varies little. Except for
the lowest energy density value applied, nominal strain at proportional limit oscilates
in a narrow region between 1-1.12 % on average. Strain at 0.2 % offset yield strength
follows a similar behavior, with values oscillating between 1.4-1.55 % on average. Lower
values are also found at the highest energy density applied (0.493 J/mm?). Compared to
PA12, nominal strain values for PA12-CF are lower (45 % lower depending on the energy
density), which is expected for polymer composites considering the more brittle nature of

the material.

Elastic modulus calculated values over energy density are shown in Fig. 5.9. At
the lowest energy density of 0.096 J/mm? elastic modulus was 2400 M Pa, increasing
step-wisely at higher energy values, reaching 3566 M Pa at 0.145 J/mm?. From 0.168-0.189
J/mm3 there is a slight decrease on elastic modulus, with a plateau around 3450 M Pa. At
0.19 J/mm? the highest elastic modulus of 3669 M Pa is reached, significantly higher than
elastic modulus at a slightly lower energy level, demonstrating the importance individual
laser exposure parameters play on mechanical properties. From 0.212-0.281 J/mm? elastic
modulus decreases again to values between 3200-3500 M Pa on average. Further increase
on energy density above 0.281 J/mm? leads to an overall elastic modulus reduction, except
for the measuring point at 0.398 J/mm?, which exhibited elastic modulus of 3445 M Pa.

Compared to PA12, PA12-CF elastic modulus was increased by 120 %, which
demonstrates the benefit carbon fibers provide on reinforcement of PA12 matrix. Com-
pared to material datasheet provided by material manufacturer (EOS, 2020) and the
work conducted by Jansson & Pejryd (2016), elastic modulus values found for samples
manufactured in x direction in the present work are significantly lower. Jansson & Pejryd

(2016) reported average elastic modulus of 6300 M Pa, and the material datasheet from
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material manufacturer reports similar values for x direction. The reason for the lower

values found remain unknown.
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Figure 5.9 — Influence of energy density on elastic modulus for PA12-CF.

Elastic behaviour of polymer composites depends on the homogeneity of filler
dispersion on the matrix and the adhesion between filler and polymer matrix. dispersion
of the filler. PA12-CF composites proved to have superior elastic properties compared to
pure PA12, even at the lowest energy density applied elastic modulus was much higher
than pure PA12. This is mainly due to a good dispersion and adhesion of carbon fibers on
PA12 matrix (QI; CHEN; WANG, 2017). For polymer composites this comes at the cost

of lower strain as the filler present causes local fragility to the matrix.

Additionally, consolidation mechanism by liquid phase sintering mechanism and
recrystallization phase play an important role on the homogeneity of filler dispersion and
adhesion at matrix-filler interface (KRUTH et al., 2007). At low energy densities liquid
phase sintering is poor due to low liquid content flowing through the filler solid particles.
Marangoni flow magnitude is also low due to the lower thermal gradient occurring at
the molten pool, leading to a poor rearrangement phase during LPS and weak adhesion

between filler and matrix and lower elastic properties.

At higher energy density levels liquid phase sintering mechanism is enhanced by
the higher liquid content, reducing the viscosity of the molten pool and promoting an
increase on the capillary forces acting during rearrangement phase. Rearrangement phase
is therefore improved, contributing to a better densification process and better dispersion

of filler in the polymer matrix.
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Increasing energy density further decreases linear tensile properties of PA12-CF. At
higher energy densities where adequate consolidation was achieved and porosity diminished,
recrystallization behavior may play a major role. As discussed in section 4.1.4 increased
energy levels decrease overall crystal fraction of the PA12 samples due to increased molten-
recrystallized phase present in the LS sample. The reduced crystal fraction could lead to a

reduction in linear properties as higher crystallization degree is associated with improved
linear properties (JAUFFRES et al., 2009; DUPIN et al., 2012).

5.1.5 Influence of energy density on tensile properties - Plastic behavior

Figure 5.10a shows tensile strength at yield and break point over energy density.
At lowest energy densities of 0.096 J/mm?, both measured strengths present low values of
31.87 M Pa on average. The similar values of yield and break strength suggest no little or

no plastic deformation at all, resulting in brittle fracture.

Strength values increase step-wisely with increasing energy density values, reaching
65 M Pa on average at 0.168 J/mm3. Between 0.168-0.231 J/mm? the values oscillate
between 63-66.5 M Pa, reaching maximum values at 0.2 J/mm? energy density.Further
increase on energy density leads to a reduction in both yield and break strength to values
below 63 M Pa, except for energy density of 0.398 J/mm? which reached 64 M Pa on

average.

Compared to PA12, PA12-CF improves yield strength in 44 %. Compared to the
literature, tensile yield strength is in good agreement with the results found by Jansson &
Pejryd (2016) and Liu et al. (2019), where average values of 66.7 M Pa and 65.6 M Pa were
found respectively. Compared to the material manufacturer datasheet (72 M Pa declared
by (EOS, 2020)) yield strength values are slightly lower.

Nominal strain at yield and break points over energy density are depicted in Fig.
5.10b. Both yield and break strain start with very similar levels of 2.5 % at the lowest
energy density level, indicating the brittle fracture behavior in this are. Strain values
increase step-wisely towards higher energy densities, reaching 4.2 % at 0.114 J/mm?3. At
higher energy densities strain values oscillate with a clear increase gradient. Additionally
yield and break strain start to achieve different values at 0.142 J/mm?, suggesting that
more plastic deformation is present. Highest strain values are found at 0.168 J/mm?.
Between 0.168 and 0.493 J/mm? both strain at yield and break oscillate between 4.7-5.75

%, with strain at break values slightly above strain at yield.

Compared to the literature nominal strain at break values are considerably higher
than average values of 3 % reported by Jansson & Pejryd (2016). Material manufacturer
also reports lower values of 4.1 % (EOS, 2020).

SEM micrographs of fractured surfaces of PA12-CF processed by LS at different
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Figure 5.10 — Influence of energy density on plastic behavior for PA12-CF: (a) Stress ; (b)
Nominal strain.
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energy densities are depicted in Fig. 5.11. At 0.096 and 0.114 J/mm?® SEM images (Fig.
5.11a-d) reveal the presence of interparticle and interlayer porosity, with well distinguishable
layers. Higher magnification images show a high content of unmolten PA12 particles and
carbon fibers which are not surrounded by PA12 matrix, indicating a poor level of

consolidation.

At a higher energy level of 0.142 J/mm? fractured surfaces show a denser structure
with PA12 matrix embedding carbon fibers, indicating better adhesion between the two
phases. Carbon fibers are uniformly dispersed in the polymer matrix. Porosity can be

observed and also some fibers pullout from the matrix.

Further increase on energy density to 0.168 J/mm? (strain at break was the highest
at this energy level) leads to higher plastic deformation as observed in Fig. 5.11e, with
elongated fibrils visible in direction of the stress applied. The plastic deformation occurs
in PA12 matrix and the cracks originate at the interface between PA12 and carbon fibers
as can be observed in more detail in Fig. 5.11f. This fracture mechanism is well known to
composite materials as the interface between adjoining and different materials results in
stress concentration. Additionally carbon fibers seem preferentially oriented in direction of

tensile force applied, which is in agreement with the results found by Jansson & Pejryd
(2016).

Figure Fig. 5.11g-h shows the fractured surfaces of L.S samples processed with the
highest energy level of 0.493 J/mm?®. No significant changes in the microstructure can be
seen, with plastic deformation also occurring. In Fig. 5.11h carbon fiber pullout from PA12
matrix can be observed, reinforcing that the fracture mechanism occurs at the interface

between the carbon fiber and matrix.

As described before, SLS is a process with very short laser material interaction
time where liquid phase sintering rearrangement phase is the predominant consolidation
mechanism occurring. At very low energies, there is no effective consolidation of the
particles, resulting in high number of pores present, interlayer porosity and large quantity
of unmolten particles. Additionally the adhesion of carbon fiber to PA12 matrix is poor
as there is not enough liquid content to promote proper liquid phase sintering. Crack
nucleation is induced in both interlayer region and interface between carbon fiber and

PA12, leading to low yield strength values and very low elongation at break measured.

Energy increase improves capillary forces during LPS rearrangement phase as the
liquid content in molten pool is higher, and PA12 matrix can effectively surround carbon
fiber particles, forming a coherent structure with good adhesion between fiber and matrix
and low porosity as observed in SEM micrographs. The resulting microstructure is formed
by molten-recrystallized PA12 phase, smaller content of unmolten particles and carbon
fibers. As the plastic deformation occurring in the composite material results from PA12

deformation, the lower content of unmolten particles results in lower crystallinity of PA12



154 Chapter 5. Results and Discussion - PA12-CF

< - s b

SEM MAG: 150 x SEM HV: 5.0 kV VEGA3 TESCAN|
WD: 12.10 mm Det: SE 200 pm

Stage Y: -13.3 mm HiVac LME-PUCPR

SEM MAG: 800 x SEM HV: 5.0 kV

WD: 6.99 mm Det: SE 50 ym
Stage Y: -13.0 mm Hivac

(b) Energy Density: 0.096 J/mm?

e

SEM HV: 5.0 kV VEGA3 TESCAN|
Det: SE 50 ym
Stage Y: -12.8 mm Hivac LME-PUCPR

(d) Energy Density: 0.114 J/mm?

VEGA3 TESCAN|

LME-PUCPR

b o) of

SRR # = > § 3 ; A

SEM MAG: 300 x .0 kV VEGA3 TESCAN| SEM MAG: 1.50 kx SEM HV: 5.0 kV VEGA3 TESCAN
WD: 12.12 mm Det: SE 200 pm WD: 12.26 mm Det: SE

Stage Y: -8.7 mm Hivac LME-PUCPR Stage Y: -8.4 mm Hivac LME-PUCPR

M7

(e) Energy Density: 0.142 J/mm? (f) Energy Density: 0.142 J/mm?



5.1. Influence of energy density - PA12-CF 155

~

‘1“5" ’ Ny ¥ 3\
WA~ )%
W 4

L N g
3 7 1 Yox,
& éf .- A_N.\,

E | . o J | A58 L3 \

SEMMAG: 1.50kx | SEM HV: 5.0 kV VEGA3 TESCANJll SEMMAG: 500 kx | SEMHV: 5.0 kV VEGA3 TESCAN|

WD: 13.65 mm Det: SE 20 pm WD: 8.99 mm Det: SE 10 ym
Stage Y: -16.5 mm Hivac LME-PUCPR Stage Y: -16.3 mm HiVac LME-PUCPR

(g) Energy Density: 0.168 J/mm? (h) Energy Density: 0.168 J/mm3
\ - ’ " ii& - 4 PR

N > b < S 3 N s
SEM MAG: 1.50 kx SEM HV: 5.0 kV SEM HV: 5.0 kV VEGA3 TESCAN|
WD: 12.95 mm Det: SE WD: 7.48 mm Det: SE
Stage Y: -8.4 mm Hivac LME-PUCPR Stage Y: -15.6 mm HiVac LME-PUCPR

(i) Energy Density: 0.493 J/mm? (j) Energy Density: 0.493 J/mm?

Figure 5.11 — SEM micrographs of fractured PA12-CF LS surfaces.

(i.e. amorphous content of PA12 is increased) improving plastic strain. Compared to PA12,
plastic strain of PA12-CF is much lower even improving energy density, but such trend is
common for composites as the fracture mechanism occurs at the interface between filler

and matrix material and stress concentrations are induced.

5.1.6 Influence of energy density on crystallization behavior

XRD patterns of PA12-CF and PA12 powder and SLS PA12-CF samples processed
at different energy densities are shown in Fig. 5.12. PA12-CF powder XRD reveals the
existence of two separate peaks occurring between a 26 of 20-24°. The first peak at 26 of
20.92° is associated with the ~ crystal form and the second peak at 26 of 21.9° is associated
with the a crystal form. Compared to PA12 XRD, PA12-CF shows broader reflection
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spectrum in the range between 20-25°, this is mainly due to the amorphous structure of
anthracite present in the carbon fibers (RIBEIRO et al., 2018).
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Figure 5.12 — XRD patterns of PA12-CF and PA12 powder and LS PA12-CF samples
processed at different energy densities.

Laser sintered samples processed at 0.096 J/mm? show a change on crystal structure,
with « form as main phase present and « form still present as indicated by a higher intensity
at the 26 location of a. As discussed in subsection 4.1.7, o form transforms to v form
when heated to melting point (ATKINS; HILL; VELURAJA, 1995) and is associated to
reduction of unmolten particles during LS and improved consolidation of the material

during SLS process.

Increasing the energy density to 0.168 J/mm? does not show any significant change
on crystalline structure compared to 0.096 J/mm3. Reason for this can be associated to
the surface position XRD was captured, which could not detect differences between the
surfaces processed at different energy levels. Only at the highest energy level of 0.493
J/mm?3 there is a significant decrease in the relative intensity related to the a crystal form.

As observed in SEM micrographs and from nominal strain measurements performed there
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was no improvement on nominal strain at break at this energy level, on the contrary, a

trend to slight reduce strain was observed. This may be associated to polymer degradation.

In order to investigate the degradation behavior Fig. 5.13 shows the FTIR spectra
of PA12-CF LS samples processed at different energy densities. Infrared band assignments
are shown in Table 5.1 (RHEE; WHITE, 2002). The band assignments for carbon fiber are
superposed with band assignments of PA12 so no significant differences can be observed

specifically regarding carbon fiber spectra.
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Figure 5.13 — FTIR spectra of LS PA12-CF samples processed at different energy densities.

There is an overall absorption increase at the assigned wavenumbers towards
increasing energy densities, which can be associated with higher chain mobility caused by

chain scission (ZHANG; ADAMS, 2016).

Additionally some modifications were observed for samples produced with 0.281
and 0.493 J/mm? in the region of 1700-1750 cm™1, which is related to carbonyl groups
formed during polyamide oxidation (CELINA et al., 1997). Such changes in absorption
at this region might suggest some level of oxidation of the samples processed at higher
energy densities. Such changes in absorption at this region suggest some level of oxidation

of the samples processed at higher energy densities, which could lead to lower mechanical



158 Chapter 5. Results and Discussion - PA12-CF

properties as observed. Another possible explanation for the effect observed is based on
the decomposition of oxygen groups on the surface of carbon fiber released in the form
of CO and C'O, during laser sintering. Upon laser exposure, oxygen groups released in
the form of gas could promote the formation of pores, creating stress concentration areas
in the materials and reducing mechanical properties. This behavior has been observed in
previous studies (JING et al., 2017) and the present work shows that it is intensified with
increasing energy density. The porosity increase is corroborated by density measurements

performed, showing a density reduction for samples processed at higher energy levels.

Table 5.1 — FTIR spectra assignment of PA12-CF.

Wavenumber (cm™1) Assignment
3294 N ——H stretching
3086 Fermi-resonance of N——H stretching
2918 CH2 asymmetric stretching
2850 CH2 symmetric stretching
1750 C=—=0 stretching
1636 Amide I (C==0 stretching)
1543 Amide IT (C——N stretching)
1466 CH2 bend
1436 C=—=0 bend
1419 C==0 bend
1368 CH bend, CH2 twisting
1288 CH2 wagging or CH2 twisting
1269 Amide IIT (C——N stretching + C==0 inplane bending)
1242 Gauche carboxyl-methylene group
1219 Gauche nitrogen-methylene group
1190 Splitting of amide II
1159 Skeletal motion involving CONH
1122 C——C stretching
1065 Skeletal motion involving CONH
1028 CONH inplane
980 C——CO stretching
946 CONH inplane
720 CH2 rocking

680 Amide V («) (C==0 out of plane bending)
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5.2 Gaussian process response surface modelling - PA12-CF

This section presents the results after model training of the dataset using supervised

learning Gaussian process (GP) described in section 3.5.

5.2.1 Model quality

As described in section 4.2.1, two criteria were adopted to evaluate model qual-

ity:root mean square error (RMSE) and the coefficient of determination (R?).

Same approach as used for PA12 model is used for PA12-CF, models with 0.6<R?<0.9
are considered good for qualitative predictions; models with R?>0.9 are considered good
for quantitative predictions. Models with R? below 0.6 are considered reliable. Only mod-
els with R?>0.6 are considered for further analysis of response functions as qualitative
analysis can be performed and interesting information can be derived even from models

with intermediate quality.

Table 5.2 presents a summary of RMSE and R? for each response function. X-
direction accuracy shows very low values of R? and are not reliable. Reason for the low
model quality may be a small sensitivity of the output variable to the input variables trained,
as it was observed from the measurements done for X-direction accuracy over energy
density depicted in Fig. 5.1. Y- direction accuracy has better model quality (R?=0.74)
and qualitative assessment can be made. Z- direction accuracy model training resulted in

a very good R? of 0.93 and can be used for quantitative assessment.

Density model quality is intermediate, with an R? of 0.85, which can be used
for qualitative predictions. Surface roughness model quality is very poor (R?=0.3) and
cannot be considered reliable. Main reason for low model quality is the high variance of
measurements performed (very noisy results) due to the nature of laser sintered samples
and also the measurement method applied, which used profile measurement. Also there is
little or no influence of the parameters evaluated on surface roughness as observed from
Fig. 5.4.

Mechanical properties reached very good model quality. Tensile strength at yield
and at break reached low RMSE and high R? of 0.96. Elastic modulus also achieved very
good correlation and is good for quantitative assessment. Proportional limit and 0.2%
offset yield strength achieved intermediate results with R2=0.81, nevertheless the model
quality is good for qualitative assessment. Regarding strain, GP model training for nominal
strain at yield and break resulted in good model quality, with low RMSE and high R?
of 0.92. Model quality was poor for nominal strain at proportional limit and 0.2% offset

yield strength, being not reliable for evaluation.

Overall GP model training resulted in good model quality. Considering this is
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Table 5.2 — Response functions model quality: RMSE and R2.

Response variable RMSE R?
X-Direction accuracy [%] 0.000875  0.4789
Y-Direction accuracy [%)] 0.0128  0.7375
Z-Direction accuracy [%)] 0.0172  0.9343

Density [g/cm?] 0.01776  0.8472

Surface roughness R, [pum] 1.3807  0.2960
Elastic modulus [MPa] 86.7118  0.9645

Tensile strength at yield [MPa] 1.5953  0.9615
Tensile strength at break [MPa] 1.5303  0.9644
Proportional limit [MPa) 1.7198  0.8094

0.2% offset yield strength [MPa] 2.0922  0.8084
Nominal strain at yield [%] 0.2053  0.9222
Nominal strain at break [%] 0.2212  0.9237
Nominal strain at proportional limit [%] 0.054  0.4616

Nominal strain at 0.2% offset yield strength [%)] 0.064 0.4306

the first time supervised learning with GP is applied to polymer composite materials
manufactured by SLS, the results are important to provide a deeper mapping on the
influence of the main laser sintering variables over important output parameters. The

model results are discussed in next sections.

5.2.2 Response surfaces

Response surfaces obtained after GP model training for PA12-CF. A given response
variable is a function of the three input variables: laser power, laser scan speed, scan
line spacing. Layer thickness was fixed at 150 pum. This results in a hyperplane in a 4
dimensional space that cannot be graphically presented with all variables. To be able
to graphically represent the response surfaces of the output variables, three-dimensional
intersection plots of this hyperplane are given, with two input variables in x and y axis
and one output variable in the z axis. The remaining input variable is fixed at the given
hyperplane. For each output variable evaluated two three-dimensional graphs are presented:
response surface as a function of laser power and laser scan speed at constant scan line
spacing; response surface as a function of scan line spacing and laser scan speed at constant

laser power and laser scan speed.
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5.2.2.1 Dimensional accuracy

Figure 5.14a shows the Y-direction accuracy response surface over laser power and

laser scan speed at a scan line spacing of 0.4 mm.

Y-direction accuracy varies significantly with laser speed, with positive gradient in
direction of higher laser speeds. Laser power influences with lower relevance Y-direction
accuracy. Maximum values are reached at 3000 mm/s and 35 W laser power. Above 3000
mm/s a plateau is formed with high values of Y-direction accuracy (above 0.99). Lowest
values for Y-direction accuracy were found at a combination of intermediate laser power

and low laser speed.

Response surface for Y-direction accuracy over laser speed and scan line spacing at
35 W laser power are depicted in Fig. 5.14b. Values as low as 0.92 are found at low scan
speed and scan line spacing, steeply increasing in direction of higher laser speed and scan
line spacing. Both variables have a strong influence on Y-direction accuracy. There is a
large plateau area at high Y-direction accuracy area where stable Y-direction accuracy
values (above 0.99) are observed. At this plateau scan line spacing and laser speed have

very small influence.

Sensitivity of Y-accuracy over the evaluated parameters are shown in Fig. 5.15.

Laser speed presents the highest influence over Y-direction accuracy, followed by scan line
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(a) Y-direction accuracy over laser power and laser scan speed.
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Figure 5.14 — Response surfaces for Y-direction accuracy.
spacing and at last laser power with lowest relevance.

Parameter

1.00
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Scan line spacing [mm]

Laser power [W]
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Figure 5.15 — Sensitivity of Y-direction accuracy on LS process parameters.
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Figure 5.16a shows the response surface of Z-direction accuracy over laser power
and laser speed at 0.4 mm scan line spacing. Map topology follows a linear behavior with
both laser power and laser speed, with lowest values found at low laser speed and high
laser power. Z-direction accuracy improves in direction towards high laser speed and low

laser power, reaching a maximum of 0.95 at 25 W laser power and 5000 mm/s laser speed.

Z-direction accuracy map over laser speed and scan line spacing is depicted in
Fig. 5.16b. The behavior is not linear as observed in Fig. 5.16a but a clear tendency of
low accuracy at low laser speed and low scan line spacing can be observed, improving in

direction towards higher scan line spacing and higher laser speed.

Relevance of individual laser sintering parameters over Z-direction accuracy is
shown in 5.17. As expected from the response surfaces, scan line spacing and laser speed

play the major relevance, whereas Z-direction accuracy is less sensible to laser power.

Both accuracy values in Y and Z direction shows a similar behavior of improved
values at lower energy density range. For instance lower laser speed increases the exposure
time the powder bed is subjected to the laser, increasing the laser beam heat affected
area in both Y and Z directions, decreasing accuracy as surrounding particles may be
consolidated together with the target particles scanned by the laser. Scan line spacing acts
in a similar way but increasing the number of exposures and the overlap degree between

laser lines, also contributing to a higher heat affected area and worsening dimensional
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Figure 5.16 — Response surfaces for Z-direction accuracy.
Parameter
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Laser speed [mm/s]

Laser power [W]
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Figure 5.17 — Sensitivity of Z-direction accuracy on LS process parameters.

accuracy. Higher laser power affects the molten pool width and depth during laser sintering,

also impacting heat affected area and accuracy.
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5.2.2.2 Density

Density response surface over laser power and laser speed at 0.4 mm scan line
spacing are depicted in Fig. 5.18a. Surface topology shows very low density values of 0.92
g/cm? at highest laser speed and lowest laser power, increasing in direction of lower laser
scan speed and higher laser power. The gradient in laser speed direction is higher than
laser power indicating higher relevance of laser speed. The surface shows local maximum
of 1.04 g/em? at near 3000 mm/s and 25 W laser power. At constant laser power, there
is a decrease on density for lower values than 3000 mm/s. There is another high density
of area 1.02 g/cm? at highest laser speed of 5000 mm/s and highest laser power. Keeping

the gradient in direction of higher laser power and lower laser speed decrease density

Density over laser speed and scan line spacing at 35 W laser power are shown in
Fig. 5.18b. The maps shows lowest density values of 0.82 g/cm? located at high laser speed
and scan line spacing, steeply increasing in direction of lower scan line spacing and laser
speed. A maximum large area with density values over 1.03 g/cm? is observed at different
combinations of low laser speed and high scan line spacing and high laser speed and low
scan line spacing. After this maximum area is reached and further decreasing laser speed

and scan line spacing leads to a reduction in density values.

Relevance analysis ranks scan line spacing as most influencing parameter on density
as depicted in 5.19 followed closely by laser speed. Density is less sensible to laser power

but cannot be neglected by the model.

As observed in subsection 5.1.3, density shows high variation with the laser energy
delivered to the powder bed, and a non-linear response to energy density was observed.
Energy density influences directly on the liquid phase sintering dynamics occurring during
SLS and therefore impacting densification behavior of the material. The Gaussian process
model trained could capture the behavior observed over the individual laser sintering
parameters. For instance higher laser speed decreases the laser material interaction time,
reducing the time liquid molten PA12 has to surround CF particles, decreasing the
rearrangement phase kinetic force and leading to lower density. At the same time this
can be compensated with lower scan line spacing and higher overlap degree so that the
number of total exposures the same area has is increased, improving sintering dynamics.
Another approach could be to increase laser power to keep same energy level delivered
to the powder bed, but such approach may not be the most effective due to the lower
sensibility density has over laser power. The model also shows the complexity of the
individual parameters to achieve optimal response. The simple decrease of laser speed
and scan line spacing or increase in laser power leads to a reduction in density as more
energy delivered to the powder bed may lead to volume increase due to consolidation of

neighbouring particles not scanned by the laser beam.



166 Chapter 5. Results and Discussion - PA12-CF

1.04
1.04
102 1.02
o
£ 1
9 1
2
> 0.98
g 0.98
S .
8 096
0.94
0.96
0.92
5000 0ot

3000 35
30

Laser Speed [mm/s] 2000
25 Laser Power [W]

(a) Density over laser power and laser scan speed

1.05
1.02

0.98

0.95
0.96

0.94

o
©

0.92

Density [g/cm?]

0.85 0.9

0.88

0.86

0.84

0.3 3000
2000

Scan Line Spacing [mm] 0.2 Laser Speed [mm/s]
(b) Density over laser speed and scan line spacing

Figure 5.18 — Response surfaces for density.
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Parameter
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Figure 5.19 — Sensitivity of density on LS process parameters.

5.2.2.3 Proportional limit

Proportional limit over laser power and laser speed at 0.4 mm scan line spacing
are depicted in Fig. 5.20a. The map is highly non-linear and shows two clear gradients
in direction of higher proportional limit: first gradient in direction towards higher laser
power when laser speed is fixed at higher area. Very low values (24 M Pa) of proportional
limit are found at high laser speed and 25 W, increasing in direction towards high laser
power. The second gradient starts with low values at high laser power and low laser speed,
increasing in direction lower laser power while keeping the laser speed constant. This
region concentrates the highest values for proportional limit, reaching near 34 M Pa. The

combination of low laser power and low laser speed results in a proportional limit decrease.

Figure 5.20b shows proportional limit response surface over laser speed and scan
line spacing at constant laser power of 42 W. The map also shows a highly non-linear
behavior over both input variables. Lowest values of less than 20 M Pa are found for a
combination of high laser speed and scan line spacing. There is first a steep increase in
direction of lower scan line spacing and laser speed, reaching more stable values at both
combination of low scan line spacing and high laser speed and high scan line spacing and
low laser speed. Maximum values of near 34 M Pa are found at 3000 mm/s and 0.6 mm
scan line spacing. Going further in direction of lower scan line spacing and low laser speed

decreases proportional limit to values near 25 M Pa.

Relevance of laser sintering parameters on proportional limit are depicted in Fig.

5.21. Laser speed plays the major relevance followed by scan line spacing. Proportional
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limit is less sensitive to laser power, although the model shows a significant relevance.

Parameter

Laser speed [mm/s]

Scan line spacing [mm]

Laser power [W]

0.00 0.10 020 030 040 050 060 070 080 0590 1.00 1.10
Relevance - Proportional limit

Figure 5.21 — Sensitivity of proportional limit on LS process parameters.

5.2.2.4 Elastic modulus

Response surface of elastic modulus over laser speed and laser power at 0.4 mm
scan line spacing are shown in Fig. 5.22a. Elastic modulus follow a similar map topology
as proportional limit, with lowest modulus values of near 3000 M Pa concentrated at 4000
mm/s and 25 W laser power and increasing in direction of both lower laser scan speed
and high laser power. Two distinct maximum areas of elastic modulus near 3600 M Pa
can be observed, one located at intermediate speed of 3000 mm/s and lowest laser power
and the other maximum region located at maximum laser power of 43 W and 4200 mm/s
laser speed. Further increase in laser power combined with lower laser speed results in
lower elastic modulus (3300 M Pa). Similar behavior is found at the lowest laser speed

evaluated, regardless of the laser power.

Elastic modulus response surface over laser speed and scan line spacing at 35 W
laser power is depicted in Fig. 5.22b. Lowest elastic modulus of 2400 M Pa is found at
high scan line spacing and high laser speed values, steeply increasing with a gradient in
direction towards lower scan line spacing and laser speed, but only until a certain extent
where elastic modulus values are more stable. Maximum values near 3600 M Pa can be
found at different sites in the map: scan speed close to 3500 mm/s and scan line spacing

near 0.3 mm; scan speed close to 3000 mm/s and scan line spacing of 0.6 mm; scan speed
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Figure 5.22 — Response surfaces for elastic modulus.
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of 5000 mm/s and scan line spacing of 0.2 mm. Combination of very low laser power and

scan line spacing results in low elastic modulus.

Relevance of laser sintering parameters on proportional limit are depicted in
Fig. 5.23. Similar to proportional limit response sensitivity, laser speed plays the major
relevance followed by scan line spacing. Laser power has the lowest relevance among studied

parameters.

Parameter

Laser speed [mm/s]

Scan line spacing [mm]

Laser power [W]

0.00 0.10 020 030 040 050 060 070 0.80 090 1.00 1.10
Relevance - Elastic modulus

Figure 5.23 — Sensitivity of elastic modulus on LS process parameters.

The results from Gaussian process learning of the measured data shows a highly
non-linear dependence on the individual laser sintering variables. This is reflected in the
maps shape found, where different regions of maximum outputs were observed screening
the variables range. The model did capture well the trade-off between low laser speed and
high scan line spacing for instance as well as the compromise between low scan line spacing
and high laser speed necessary to achieved maximum elastic properties. The specific laser
sintering parameters necessary to achieve this goal can cover a wide area of the design
space considered. Such trade-off exemplifies the results at optimal liquid phase sintering
conditions to achieve a combination of low porosity and adequate adhesion between carbon
fiber filler and PA12 matrix. For instance, the individual use of high laser speed may
promote poor sintering conditions as there is no time for effective liquid formation and
presence for prolonged time. But its combination with low scan line spacing results in
short exposure time but with higher number of exposures due to the higher overlapping

between laser lines, providing more time for rearrangement phase during liquid phase
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sintering to occur.

Additionally the GP model described well the decrease of elastic properties towards
higher energy density parameters usage, exemplified here as combination of very low laser
speed ans scan line spacing, or high laser power and low laser speed. At this parameter set

region, polymer degradation may occur resulting in lower elastic properties.

5.2.2.5 Tensile yield strength

Figure 5.24a shows the response surface after GP training for yield strength over
laser power and laser speed at 0.4 mm. Surface topology is similar to elastic properties
modelled, presenting lowest yield strength of 45 M Pa at 4000 mm/s laser speed and 25
W laser power. At constant laser power, there is a steep increase in yield strength towards
lower laser speed values, reaching a maximum of 65 M Pa near 3000 mm/s, decreasing at
lower laser speeds. Keeping laser speed constant at nearly 4000 mm/s, increasing laser
power improves yield strength significantly reaching 65 M Pa at maximum laser power of
43 W. At the lower speed area (below 2500 mm/s) a plateau is formed with slightly lower
yield strength values at 62 M Pa.

Yield strength over laser speed and scan line spacing at 35 Wlaser power are
depicted in Fig. 5.24b. Lowest yield strength values (30 M Pa) are found at high laser
speed and high scan line spacing, steeply increasing in direction to lower laser speed and
scan line spacing. A stable plateau with yield strength near 65 M Pa is reached in two
areas: scan line spacing between 0.4-0.6 mm and laser speed below 3000 mm/s; scan line
spacing between 0.2-0.3 mm and laser speed above 4000 mm/s. Further decrease in both

laser speed and scan line spacing reduces yield strength values to 60 M Pa.

Relevance of individual laser sintering parameters on yield strength is depicted in
Fig 5.25. Similar to elastic properties, laser speed has the major relative relevance overall,

followed by scan line spacing and to a less extent laser power.

Gaussian process model described with good accuracy the measured data for yield
strength. The response surfaces for laser power and laser speed shows the correlation
between different parameters. For instance, there is a shift of optimal laser speed depending
on laser power applied. High laser power results in a shift towards higher laser speed to
get highest local values of yield strength. In a similar way, highest mechanical properties
are found for lower laser speed when low laser power is applied. The results also show the
compensation is not linear, i.e. compensating one parameter do not necessarily leads to
optimum mechanical properties. This is shown when in the same surface response when
using even lower laser speed at the minimum laser power applied. As the effect of laser
speed is more pronounced than laser power, reducing laser speed may lead to a reduction

in mechanical properties due to reasons addressed in subsection 5.1.5.
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Parameter

Laser speed [mm/s]

Scan line spacing [mm]

Laser power [W]

0.00 0.10 0.20 030 040 050 060 070 0.80 090 100 1.10
Relevance - Tensile strength

Figure 5.25 — Sensitivity of yield strength on LS process parameters.

5.2.2.6 Nominal strain at break

Nominal strain at break modelled surface over laser power and laser speed at 0.4
mm scan line spacing is depicted in Fig. 5.26a. The model predicts very low strain at
break (3.5 %) at low laser power and high laser speed. A gradual transition to increased
strain at break values in direction towards lower laser speed and higher laser power is
observed. Maximum values of nominal strain near 5.7 % are observed in two regions in the
map: laser speed around 4500 mm/s and laser power at 43 W; laser speed at 2000 mm/s
and laser power at 25 W. Apart from these two regions there is a plateau in the high laser

power low laser speed area with slightly lower nominal strain at break values (near 5.3 %).

Figure 5.26b shows the response surface of nominal strain at break over laser speed
and scan line spacing at 35 W laser power. Surface topology is similar to that found for
yield strength, exhibiting lower values of nominal strain at high laser speed and scan line
spacing and steeply increasing in direction to lower laser speed and scan line spacing. A
plateau is reached in the areas of low laser speed and high scan line spacing and high laser
speed and low scan line spacing. Continuous decrease of laser speed below 3000 mm/s

and scan line spacing below 0.35 mm slightly reduces nominal strain to values near 5 %.

Sensitivity of nominal strain at break over each laser sintering parameter evaluated
is shown in Fig. 5.27. Contrary to strength properties, scan line has the highest relevance

amount the parameters, followed by laser speed and laser power in a lower degree.
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Parameter

Scan line spacing [mm]

Laser speed [mm/s]

Laser power [W]

0.00 0.10 020 030 040 050 060 070 0.80 090 1.00 1.10
Relevance -Nominal strain at break

Figure 5.27 — Sensitivity of nominal strain at break on LS process parameters.

The proposed Gaussian process model for strain at break reveals individual pa-
rameters and their interactions play an important role on plastic behavior. At very low
laser power and high laser speed there is no sufficient laser material interaction present
during SLS to promote adequate sintering conditions as there is not enough liquid phase
present in the molten pool, leading to poor capillary forces to induce proper rearrangement
of the carbon fiber particles within polymer matrix. Similar behavior can be expected
at high laser speed and scan line spacing parameter setting. Increase in laser power and
decrease in laser speed improves molten pool liquid content due to the slower laser passage
and higher laser energy, enhancing capillary forces induced by Marangoni flow generated
by the temperature gradient present. Additionally the presence of higher liquid content
reduces friction forces, contributing to better flow of molten PA12 around carbon fiber
particles. All these aspects results in better rearrangement phase during liquid phase
sintering, promoting better densification of the parts ad improved nominal strain, as the
plastic strain on PA12-CF results from deformation of amorphous chains located in PA12
matrix. Similar analysis can be derived for scan line spacing, but here the major influence

is on the number of total laser exposures the same powder bed surface will receive.

The model also shows there is a limit above which plastic deformation starts
to decrease. This limit is associated with laser parameters interaction, which could be
observed using a combination of high laser power and low laser speed and low laser speed

and scan line spacing. At this parameter set configuration some polymer degradation could
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be present and may be responsible for the reduction in plastic strain at break.

5.2.2.7 Normalized manufacturing time

Figure 5.28a shows normalized manufacturing response surface over laser power
and laser speed at 0.4 mm scan line spacing. Normalized manufacturing time varies almost
linearly with laser speed, with lowest values at high laser speed and increasing in direction
of lower laser speed. This is in agreement with the LS process behavior, as the laser speed
influences the time required to scan the powder bed, with higher laser speed requiring
less time than lower laser speed to scan over the same powder bed surface. The reduction
in time is not of great scale however, maximum reduction in 3 % is observed at highest
laser speed applied. Laser power does not influence significantly normalized manufacturing

time.

Normalized manufacturing time over laser speed and scan line spacing at 35 W
laser power are depicted in Fig.5.28b. The model shows a smooth surface with lowest
manufacturing time of 0.965 at highest laser speed and scan line spacing, increasing in
direction towards low laser speed and scan line spacing. Maximum values of 1.04 are found

at lowest laser speed and scan line spacing evaluated.

As shown in Fig. 5.29, scan line spacing has the highest influence on normalized

manufacturing time, closely followed by laser speed. As expected, normalized manufacturing
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Parameter
Scan line spacing [mm] 1.00

Laser speed [mm/s] 0.97

Laser power [W][§0.02

0.00 0.10 0.20 030 040 050 060 070 080 090 1.00 1.10
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Figure 5.29 — Sensitivity of normalized manufacturing time on LS process parameters.
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5.3 Optimization via evolutionary algorithm

This section describes the multi-objective optimization tasks performed via Evolu-
tionary Algorithm (EA) after supervised learning via Gaussian Process was conducted.
The multi-objective optimization results in solutions sets representing a trade-off between

objectives, which are known as Pareto solutions.

The multi-objective optimization considered optimization of mechanical properties,
surface quality, dimensional accuracy and manufacturing time. Although surface roughness
model quality was poor, it was subjected to optimization. Two objectives were optimized
at once, while the others were kept at a limit (lower or higher hard limit) to reduce the

number of Pareto solutions.

5.3.1 Criteria 1 - Optimization of manufacturing time and dimensional accu-

racy

Criteria 1 seeks the optimization of manufacturing time and dimensional accuracy
while keeping mechanical properties and surface roughness within adequate values. In order
to perform this task, mechanical properties were set as hard upper limits, meaning that
optimization solutions which results in mechanical properties lower than the thresholds
set as hard upper limits will de discarded. Yield strength was set as hard upper bound t
59 M Pa, elastic modulus at 3276 M Pa and nominal strain at break at 4.87 %. Surface
roughness was set as a weak lower bound, which is a softer form of hard bound, meaning
that values above the limit set are not optimized further. Surface roughness was set at
14.77 pm.

Figure 5.30 depicts the Pareto solutions for Z-direction accuracy and normalized
manufacturing time after optimization task with criteria 1. Maximum accuracy achieved is
0.94 while minimum normalized manufacturing time is 0.97. Two Pareto sets were chosen
from all solutions at Pareto frontier: Pareto set 1 shows lowest values for normalized
manufacturing time (0.97) and good Z-direction accuracy around 0.937; Pareto set 2 has
slightly better values for Z-direction accuracy (near 0.94) at a cost of higher normalized
manufacturing time (0.976-0.977). It is clear that the first Pareto set chosen provides a
better solution set for the optimization task, nevertheless Solution set 2 was chosen for

comparison as well.

Laser sintering parameters at Pareto frontier can be observed in Fig. 5.31. Pareto
set 1 laser sintering parameters are clustered at higher laser power are between 42-43 W,
high laser speed area between 4300-4500 mm/s and scan line spacing between 0.43-0.44
mm. Pareto solution set 2 gives a completely different scenario of lower laser power at 33
W, lower laser speed near 2800 mm/s and very high scan line spacing at 0.57 mm. The

solutions sets chosen show how distant parameter combination can be to achieve similar
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Figure 5.30 — Pareto solutions after optimization task with criteria 1.

targets. Pareto set one gives better results in terms of normalized manufacturing time as

the laser speed applied is much higher than Pareto set 2.

Output parameters for Pareto solutions optimization task with criteria 1 are
depicted in Fig. 5.32. Values for elastic modulus yield strength and nominal strain at break
for Pareto set 1 and 2 were all near the hard upper limit defined for the optimization
task. Slightly better mechanical properties are found for Pareto set 1. This is due to
the conflicting objectives defined between accuracy, manufacturing time and mechanical
properties. The parameters which give best accuracy and manufacturing time come at a
cost, of lower mechanical properties. Nevertheless as the optimization was hard bounded
with limit thresholds for mechanical properties, the parameter set solution should give

adequate mechanical properties for PA12-CF.

Y-direction accuracy, surface roughness R, and density are depicted in Fig. 5.33.
Surface roughness values are slightly lower at Pareto set 1 compared to Pareto set 2.
Density values are very similar to both Pareto sets and the values are within adequate
range (1.00 g/cm?) for the material (material manufacturer reports standard values of
1.04 g/cm?). Y-direction accuracy gives very good values between 0.995-0.996 for Pareto
set 1 and 0.991-0.993 for Pareto set 2.
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5.3.2 Criteria 2 - Optimization of surface roughness R, and dimensional

accuracy

Optimization task with criteria 2 has the objective of minimizing surface roughness
and maximizing dimensional accuracy. Yield strength was set as hard upper bound at 59
M Pa, elastic modulus at 3276 M Pa and nominal strain at break at 4.87 %. Normalized
manufacturing time was set as a hard upper bound at 0.99, therefore no solutions with

normalized manufacturing time higher than 0.99 were considered.

Figure 5.34 shows the optimization results for Pareto frontier for surface roughness
R, over Z-direction accuracy. The Pareto frontier is overall not well defined, mainly due to
the poor model quality achieved by Gaussian process model training for surface roughness.
Nevertheless, in order to illustrate the trade-off between solutions, three Pareto sets were
defined: Pareto set 1 focused on best Z-direction accuracy values obtained at an average
surface roughness below between 14.4-14.7 um; Pareto set 2 used softer requirements for
accuracy (between 0.907 and 0.91) while reducing surface roughness to values below 13.8
pum; Pareto set 3 also seeks minimum surface roughness values (between 13-13.2 um) at a

cost of lower dimensional accuracy (between 0.885-0.9).

Figure 5.35 shows laser sintering parameters at Pareto frontier. Pareto set 1 laser

sintergin parameters are divided in two clusters: first cluster with high laser speed values
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Figure 5.34 — Pareto solutions after optimization task with criteria 2.

of 4500 mm/s, laser power of 37 W and 0.39 mm scan line spacing; second cluster reduces
laser speed to 2700 mm/s, combined to a reduction in laser power between 31-32 W and
increase in scan line spacing to 0.55 mm. The clusters in Pareto set 1 have very close
optimized objective values and give an idea on the wide parameter range that can be

combined to achieved similar outputs.

Pareto set 2 gives two SLS parameters clusters: one with even lower laser speed
values (near 2500 mm/s), low laser power between 26-27 W and high scan line spacing at
0.5 mm;the other cluster has higher laser power between 32-33 W, laser speed near 3400
mm/s and lower scan line spacing at 0.34 mm. Pareto set 3 achieved a wider range of
laser power (between 29.5-33 W), a narrow laser speed range at 2200 mm/s and scan line

spacing from 0.35-0.37 mm.

Mechanical properties at Pareto frontier for criteria 2 are depicted in Fig. 5.36.
Elastic modulus for Pareto set 1 is clustered in between 3300-3400 M Pa, yield strength
between 59-60 M Pa and nominal strain at break near 4.9 %. Pareto set 2 results in better
mechanical properties, with elastic modulus at 3350 M Pa, yield strength of 62 M Pa and
nominal strain at break between 5.2-5.3 %. The other cluster in Pareto set 2 gives even
better elastic modulus (3500 M Pa) and yield strength (63.5-64 M Pa) but a lower nominal
strain at break (4.9 %). Pareto set 3 achieved high elastic modulus (3470-3550 M Pa) and
yield strength (63.5-65 M Pa) and nominal strain at break around 5 %.
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Figure 5.35 — Pareto solutions for criteria 2: laser sintering parameters.
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Density values shown in Fig. 5.37 range between 0.99-1.00 g/cm? for Pareto set
1 and between 1.01-1.02 g/cm? for Pareto set 2. Pareto set 3 gives even higher density
(between 1.02-1.03 g/cm?). Y-direction accuracy is above 0.993 for all Pareto solution sets
whereas normalized manufacturing time is lower for Pareto set 1, which is clustered in two
regions of 0.974 and 0.979, whereas higher values around 0.986 are found at Pareto set 2
and 3.
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Figure 5.37 — Pareto solutions for criteria 2: density, Y-direction accuracy and normalized
manufacturing time.

5.3.3 Criteria 3 - Optimization of mechanical properties and dimensional

accuracy

Multi-objective optimization task with criteria 3 aims maximization of dimensional
accuracy and mechanical properties. To perform this task, all main mechanical properties
outputs (elastic modulus, yield strength and nominal strain at break) were maximized as
well as dimensional accuracy in all directions. Normalized manufacturing time and surface

roughness were set as hard upper bound at 0.99 and 16 um respectively.

Figure 5.38 shows the Pareto frontier for yield strength and nominal strain at break
over Z-direction accuracy. A well defined Pareto frontier is observed and the trade-off
solutions between yield strength and Z-direction accuracy and nominal strain at break and

Z-direction accuracy clearly visible. Dimensional accuracy and mechanical properties are
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conflicting objective functions so the choice of parameters must be carefully observed. To
perform the analysis three Pareto solution sets were chosen: first Pareto set focused on high
mechanical properties (yield strength above 68 M Pa) in detriment of lower dimensional
accuracy (between 0.91-0.92); Pareto group 2 allowed slightly lower yield strength (below
67 M Pa) values to improve dimensional accuracy (Z-direction accuracy between 0.93-094);
Pareto set 3 focused on maximum Z-driection accuracy values (above 0.97) at the cost
of much lower mechanical properties (yield strength between 50-51 M Pa); Pareto set 4
was chosen in order to maximize nominal strain at break values, which do not show direct

correlation with yield strength depending on the value range.
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Figure 5.38 — Pareto solutions after optimization task with criteria 3.

Laser speed and scan line spacing over laser power at Pareto frontier for criteria 3
are depicted in Fig. 5.39. Each Pareto set leads to a different laser sintering parameter
combination. At Pareto set 1 laser scan speed solutions are concentrated near 3000 mm/s
at a laser power between 41-43 W and scan line spacing between 0.56-0.6 mm. Pareto set
2 results in similar parameters except that laser speed is higher (above 3300 mm/s) and
lower scan line spacing (between 0.55-0.57 mm). Pareto set 3 is are grouped in two regions:
laser power between 28-30 W, laser speed between 4300-4600 mm /s and scan line spacing
between 0.38-0.4 mm; second region occurs at high laser power above 41 W, lower laser
speed between 4150 and 4450 mm/s and scan line spacing ranging from 0.5-0.52 mm. At
last, Pareto set 4 values are concentrated at laser power higher than 40 W, a narrow laser

speed area near 4500 mm/s and scan line spacing between 0.37-0.4 mm.
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Figure 5.39 — Pareto solutions for criteria 3: laser power over laser speed and scan line
spacing.

Taking a closer look at the optimized laser sintering parameters the following
observations can be made: laser speed values are always atan intermediate to high level.
This is in agreement with the response surfaces from Gaussian model which showed a
decrease in mechanical properties at too low laser speed. There is a tendency towards
higher laser power when mechanical strength is desired in the Pareto frontier. This was
also observed and predicted by the Gaussian model, although high yield strength was also
achieved at lower power. Scan line spacing seems decisive when higher nominal strain at
break is desired, whereas higher scan line spacing are higher when yield strength is the
focus. The overlapping degree may play an important role here by improving the number

of laser exposures of the previously scanned area of the powder bed.

Output variables at Pareto frontier are depicted in Fig. 5.40. Values for elastic
modulus, proportional limit and density at Pareto set 1 are the highest, reaching 3660
M Pa, 32 M Pa and 1.05 g/cm? respectively. Pareto set 2 results also in good mechanical
properties, with slightly lower elastic modulus (3600 M Pa), proportional limit (31 M Pa)
and density (1.02-1.03 g/cm?®). Worst mechanical properties are found at Pareto set 3, with
elastic modulus near 3200 M Pa, proportional limit of 25 M Pa and low density of 0.94
g/cm?. Pareto set 4 gives intermediate results with slightly lower mechanical properties

than Pareto set 2 but similar density levels.

Surface roughness values shown in Fig. 5.41 were nearly the same for all Pareto
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Figure 5.40 — Pareto solutions for criteria 3: elastic modulus, proportional limit and density.
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sets (slightly above 14.5 um). Y-direction accuracy resulted in better values for Pareto
set 3 and 4, but there is a small difference compared to the other Pareto sets chosen.
Normalized manufacturing times were also similar between Pareto sets chosen, ranging
between 0.971-0.977, except for a solution cluster inside Pareto set 3 which exhibited lower

manufacturing times of 0.968.

5.3.4 Criteria 4 - Optimization of surface roughness and normalized manufac-

turing time

The objective of EA optimization task with criteria 4 is minimizing surface roughness
and manufacturing time while keeping adequate levels of other response variables. To
perform this task, yield strength was set as hard upper bound t 59 M Pa, elastic modulus
at 3276 M Pa and nominal strain at break at 4.87 %. Dimensional accuracy was also set
as a hard lower bound at 0.88 and 0.98 for Z and Y direction.

Pareto frontier for for normalized manufacturing time over surface roughness R, is
depicted in Fig.5.42. The well defined Pareto frontier shows all possible trade-off solutions
for the objective functions desired. Two sets were defined for evaluation: Pareto set 1 focus
on lowest surface roughness values found (between 13.2-13.4 pm)at the cost of higher
normalized manufacturing time; Pareto set 2 seeks the lowest normalized manufacturing

time (0.97-0.971) in detriment of higher surface roughness (14.4 pm)
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Figure 5.42 — Pareto solutions after optimization task with criteria 4.
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Laser sintering parameters at Pareto frontier are depicted in Fig. 5.43. The solutions
for Pareto sets are concentrated in two areas: Pareto set 1 solutions are clustered at laser
power between 31-32.5 W, laser speed of 3200 mm /s and scan line spacing between 0.4-0.42
mm; Pareto set 2 moves in direction of higher laser power (between 40-43 W), higher
laser speed at 4800 mm /s and scan line spacing at 0.42 mm. The solution sets found by
EA are interesting as they both give similar values of scan line spacing for completely
different objectives regarding surface roughness, showing here scan line spacing plays a not
significant role on surface roughness properties, at least concerning the parameter range
studied. The higher laser speed in Pareto set 2 is consequence of lower manufacturing
times desired.
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Figure 5.43 — Pareto solutions for criteria 4: laser power over laser speed and scan line
spacing.

Mechanical properties resulting from Pareto frontier are given in Fig. 5.44. Elastic
modulus is very similar between the two Pareto sets chosen, with values around 3300
M Pa. Nominal strain has slightly better values for Pareto set 2, but the two solutions
give values below 5 %. Yield strength at Pareto set 1 has a wider range between 59.6-61.5
M Pa, which are better values than Pareto set 2 (59 M Pa). Dimensional accuracy in Z
and Y direction over density is shown in Fig. 5.45.Z-direction accuracy results in better
values for Pareto set 2 (0.93) compared to Pareto set 1 (0.89). Also in Y-direction the
response is slightly better for Pareto 2 (0.995). Density values for Pareto set 1 range from
1.01-1.02 g/cm?®, whereas lower values are found for Pareto set 2 (0.99-1.00 g/cm?).
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Figure 5.44 — Pareto solutions for criteria 4: elastic modulus, tensile strength at yield and
nominal strain at break.
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5.3.5 Criteria 5 - Optimization of surface roughness and mechanical properties

Optimization task criteria 5 aims the maximization of mechanical properties and
minimization of surface roughness R,. Most relevant mechanical properties parameter
were maximized (yield strength, nominal strain at break and elastic modulus). Normalized
manufacturing time was set as a hard upper bound, whereas Y and Z direction accuracy

were set as hard lower bound at 0.98 and 0.88 respectively.

Figure 5.46 shows the Pareto frontier results for yield strength and nominal strain
at break over surface roughness. The trade-off solutions are clearly distinguishable. Three
Pareto sets were defined for analysis: Pareto set 1 is located at the highest yield strength
values (69 M Pa), at a cost of higher surface roughness (15 pm). Pareto set 2 focuses in
maximizing nominal strain at break (values higher than 5.5 %) whereas Pareto set 3 aims
lowest values of surface roughness (between 13-13.2 um) at an adequate yield strength
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Figure 5.46 — Pareto solutions after optimization task with criteria 5.

Laser sintering parameters at Pareto frontier for optimization task with criteria
5 are depicted in Fig. 5.47. High laser power (42-43 W), laser speed between 2500-3100
mm/s and high scan line spacing (0.57-0.6 mm) are observed as solutions for Pareto set
1.Pareto set 2 results in similar levels of laser power but higher laser speed values, which
are found clustered at 3700 mm/s and between 4300-4500 mm/s. Scan line spacing values

are also lower at Pareto set 2 and grouped at 0.43 mm and between 0.33-0.38 mm. Pareto
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set 3 results are covering a wider laser power area between 30-33.5 W, whereas narrow

laser speed range at 3000 mm/s and scan line spacing at 0.37 mm are observed.

The results generated via EA algorithm show distinct parameter settings are
necessary even when mechanical properties maximization are the target. For instance,
intermediate laser speed values and higher scan line spacing are important if yield strength
is the mains objective, whereas maximum nominal strain at break is found at higher laser
speed and lower scan line spacing. Although the Gaussian process model response surfaces
showed such behavior for yield strength and nominal strain at break, it would be a difficult
task to find the optimum parameters only via response surface analysis for both output
variables, showing the benefit of using metaheuristic methods like evolutionary algorithm
to perform multi-objective optimization tasks.
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Figure 5.47 — Pareto solutions for criteria 5: laser power over laser speed and scan line
spacing.

Elastic mechanical properties over density values at Pareto frontier are depicted in
Fig. 5.48.Pareto set 1 results in highest values of Elastic modulus (3660 M Pa),whereas
Pareto sets 2 and 3 give lower results near 3500 M Pa. Proportional limit is slightly higher
for Pareto set 3 (maximum 33 M Pa), followed by Pareto set 2 (32 M Pa) and Pareto set 3
(29.6 M Pa). Highest density is also found at Pareto set 1 (1.04-1.05 g/cm?), while slightly

lower values are found at Pareto set 2 and 3 (between 1.01-1.034 g/cm?).

Figure 5.49 shows dimensional accuracy over normalized manufacturing time at

Pareto frontier. Z-direction accuracy is highest for Pareto set 1 (0.9-0.92), followed by
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Figure 5.48 — Pareto solutions for criteria 5: elastic modulus, proportional limit and density.

Pareto set 2 (0.88-0.9) and Pareto set 3 (0.88). All Pareto sets resulted in good and
close to each other Y-direction accuracy values, with Pareto set 3 presenting the highest
score (above 0.994) followed by Pareto set 2 (0.992-0.994) and Pareto set 1 (0.99-0.992).
Additionally, another solution cluster is with lower values for Y-direction accuracy is
observed for Pareto set 2. The optimized results are in good agreement with the response
surfaces. For instance, Z-direction accuracy is more sensitive to scan line spacing than laser
speed and better values for this response variable are found at higher scan line spacing, in
agreement with the results achieved in Pareto set 1. Laser speed was found to be more
relevant for Y-direction accuracy, showing a positive correlation, in agreement with the
results from Pareto set 2, which showed better Y-direction accuracy values compared to

Pareto set 1.

Normalized manufacturing time for Pareto set 1 and 2 are similar, with a wider
coverage for Pareto set 1 (0.972-0.979) than Pareto set 2 (0.975-0.979). Pareto set 3 gives
the worst values for manufacturing time, near the upper bound set during the optimization

task (0.99).
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Figure 5.49 — Pareto solutions for criteria 5: Z-direction accuracy, Y-direction accuracy
and normalized manufacturing time.

5.3.6 Criteria 6 - Optimization of normalized manufacturing time and me-

chanical properties

Optimization task 6 target is maximizing mechanical properties and normalizing
manufacturing time. In order to perform the task reaching also adequate values of dimen-
sional accuracy and surface roughness, Y and Z-direction accuracy were set as hard lower
limits at 0.98 and 0.88 respectively, while surface roughness R, was set as hard upper limit

at 16 pum.

Figure 5.50 shows the Pareto frontier after EA optimization for criteria 6. The
curve shows a well defined Pareto frontier with clear trade-off values. Three Pareto sets were
evaluated: Pareto set 1 is focused on mechanical properties optimization with normalized
manufacturing time below 0.98; Pareto set 2 is similar to Pareto set 1 but has lower yield
strength target values (between 64-66.6 M Pa) with highest nominal strain at break and
lower range for normalized manufacturing time; Pareto set 3 has much softer values of
yield strength (44-46 M Pa) and nominal strain at break (3.54 %) with the benefit of lower

normalized manufacturing time (0.965).

Laser sintering parameters at Pareto frontier are shown in Fig. 5.51. A different
set os LS parameters is achieved depending on the specific trade-off desired. Pareto set

1 aims highest yield strength, resulting in optimized parameters clustered at high laser
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Figure 5.50 — Pareto solutions after optimization task with criteria 6.

power (43 W), intermediate laser speed between 2500-2800 mm/s and high scan line
spacing at 0.6 mm. Pareto set 2 is more focused on achieving highest nominal strain,
leading to higher laser speed values between 4000-4500 mm /s and lower scan line spacing
between 0.35-0.41 mm while keeping the same laser power level near 43 W. Pareto set 3
seeks lowest normalized manufacturing time, therefore highest laser speed is desired (5000

mm/s) combined to also higher scan line spacing at 0.5 mm and high laser power as well.

The optimized LS parameters for criteria 6 for Pareto set 1 and 2 are very similar to
the solutions found for optimization task with criteria 5, whose objective was maximization
of mechanical properties as well. Comparing Pareto set 2 and 3 it can be observed that
a small increase in laser speed and scan line spacing promotes a significant reduction in
mechanical properties (30 % reduction in yield strength and 40 % in strain at break) at a

small decrease in normalized manufacturing time (1 %).

Elastic properties over density are depicted in Fig. 5.52. Highest elastic modulus of
3600 M Pa, proportional limit of 32 M Pa and density of 1.05 g/cm? are found for Pareto
set 1. Pareto set 2 gives slightly lower elastic modulus (3500 M Pa), proportional limit
(30 M Pa) and density (1.02-1.03 g/cm?). Pareto set 3 results in lowest elastic properties
and density. Both elastic properties and density values found at each Pareto set are in
accordance to the criteria defined during optimization and follows the same trend of the

optimized target responses.
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Figure 5.51 — Pareto solutions for criteria 6: laser power over laser speed and scan line

spacing.
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Dimensional accuracy and surface roughness values at Pareto frontier are depicted
in Fig. 5.53. Z- direction accuracy values are lower for Pareto set 1 and 2, ranging between
0.88-0.91, whereas Pareto set 3 gives best accuracy values of 0.96. Y-direction accuracy
follows the same trend, exept for Pareto set 2 which shows some values with higher
Y-direction accuracy (0.994). The variation in Y-direction accuracy is significantly lower
compared to accuracy in Z-direction. Surface roughness values are slightly higher for Pareto
set 1 (15 um), whereas Pareto set 3 gives best results of 14.2 um, although the difference
here is very small and surface roughness measurements results in very noisy data.
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Figure 5.53 — Pareto solutions for criteria 6: Z-direction accuracy, Y-direction accuracy
and surface roughness.
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6 Conclusions

This work investigated the influence of the laser energy density on mechanical,
surface and dimensional properties PA12 polymer and PA12-CF polymer composite
materials produced by SLS. A wide parameter range was studied and the consolidation
mechanism at different energy levels was studied based on microstructure and crystallization
behavior of the parts. Additionally, for the first time the influence of individual laser
sintering parameters on dimensional, surface, mechanical properties and manufacturing
time was successfully modelled via combination of a space filling DOE method and
supervised learning Gaussian Process (GP), providing interesting results for both polymeric
and composite materials. At last multi-objective stochastic optimization by means of
Evolutionary Algorithm (EA) was deployed for both PA12- and PA12-CF in different
criteria scenarios, aiming to understand the behavior of individual laser sintering parameters

when subjected to optimization tasks.
From the investigation, the following conclusions can be drawn:

Influence of energy density on PA12:

e Highest accuracy was achieved at X-direction, which remained stable independently
of the energy density applied. Y-direction accuracy remained stable at low and
mid-range energy levels (up to 0.346 J/mm?), following a similar tendency than X

direction, but at high energy density range accuracy decreased significantly

e Z-direction accuracy was the lowest compared to the other directions, with highest
values achieved at low energy densities. Increasing energy density led to continuously

decreasing accuracy.

e Surface roughness was found to be higher at low energy density levels, which
was associated to the no or negative overlapping degree between laser scan lines.
Additionally, it was found that laser scan speed helped improving surface roughness
when no overlapping was present. Surface morphology was similar when overlapping
degree was high whereas low overlapping led to the formation of rougher surface

morphology.

e Parts density increased step-wisely from very low energy density to mid-range energy

until reaches more stable values oscillating between 0.91 and 0.97 g/cm?.

e Stress behavior at elastic regimes is similar to density behavior. Inter-layer porosity

plays a major role to reduce elastic properties in the low energy density range whereas
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a decrease in crystal fraction also reduced mechanical properties at the high energy

density area.

Mechanical plastic behavior analysis revealed a brittle fracture at low energy density,
with a transition to more ductile fracture at energy level above 0.193 J/mm?. Highest
plastic strain was observed at an energy density of 0.27-0.275 J/mm?, whereas further

energy increase promoted a reduction in strain.

SEM of the fractured surfaces revealed the transition from brittle to ductile fracture
with increasing energy densities and also the lower fibril elongation at very high

energy densities.

XRD and DSC measurements corroborated the mechanical behavior observed, show-
ing a decrease on the crystal fraction with increasing energy densities, therefore
promoting better ductility, but only until an energy level of 0.275 J/mm?, above

which plastic strain decreases. I

FTIR measurements suggested that some polymer degradation through chain scission
may occur for samples processed at too high energy densities, which could explain

the low plastic strain observed for samples processed at this energy level.
Gaussian process modelling for PA12:

Gaussian process could be, for the first time, successfully applied for supervised

learning regression of PA12 under a wide range of laser sintering parameters.

Very good model quality (adequate for quantitative assessment) was achieved for
the following output variables: Z-direction accuracy, density, yield strength, break
strength, proportional limit, nominal strain at yield and break, elastic modulus,

flexural strength, flexural modulus and normalized manufacturing time.

Intermediate model quality (adequate for qualitative assessment) was achieved for
the following output variables: Y-direction accuracy, surface roughness, nominal

strain at proportional limit.

Response surfaces showed a wide variation of topologies depending on the response
variable desired, many of which with a highly non-linear shape. Gaussian process
could successfully capture the non-linear effects and provide detailed information on
the correlation of laser sintering parameters and output variables which can be used

for both prediction and optimization of process variables.

Relevance on individual laser sintering parameters depend strongly on the related
response variable evaluated. There is no individual parameter with highest overall

relevance that could be ranked.
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Optimization via Evolutionary Algorithm (EA) for PA12:

Multi-objective optimization via stochastic method Evolutionary Algorithm could
be successfully deployed for several optimization tasks criteria after GP learning of
PA12 data.

The Pareto frontier was established for different optimization criteria and the trade-off

solutions could be clearly observed in most cases.

Laser sintering parameters at optimized Pareto frontier can be very different depend-

ing on the trade-off objective desired and the criteria used for optimization.

Optimization task for manufacturing time and dimensional accuracy led to Pareto
sets clustered at high laser power and high laser speed and lower laser power and
intermediate laser speed. Layer thickness solution was kept at 150 um and a wide

range of scan line spacings available.

Optimization of surface roughness and manufacturing time resulted in laser sintering
Pareto sets at low to intermediate laser power and laser speed, layer thickness at

150 pm and intermediate scan line spacing.

Optimization of mechanical properties and manufacturing time led to optimzed laser
sintering parameters clustered at low laser power and low laser speed or high laser
power and intermediate laser speed. Solutions for layer thickness were found at 150

pm and intermediate scan line spacing.

Optimization of mechanical properties and dimensional accuracy covered a wide
range of laser sintering parameters which should be tailored according to the desired
trade-off.

Optimized parameters for surface roughness and dimensional accuracy Pareto frontier
were found at high laser power and laser speed or intermediate laser power and laser

speed at intermediate scan line spacing and both 120-150 pum layer thickness

Optimization of mechanical properties and surface roughness led to Pareto solutions
clustered at intermediate to low laser speed and a wide range of laser power depending
on laser speed used. Intermediate scan line spacing solutions were found at both

120-150 pm layer thickness’s investigated.
Influence of energy density on PA12-CF:

Highest accuracy (above 99.6 %) was achieved at X-direction, which remained stable
for energy densities below 0.381 J/mm3. Y-direction accuracy remained above 98

% and stable up to 0.212 J/mm?, with worsening accuracy at increasing energy
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densities. Z-direction accuracy was the lowest measured, showing highest accuracy
above 95 % at lowest energy density and decreasing step-wisely towards higher energy

densities.

No significant differences were observed on surface roughness depending on energy
density applied. Even at higher scan line spacing and laser speed the surface roughness
values remained very similar. Surface morphologies were very similar independently
of the overlap degree used. The higher heat affected zone due to improved thermal
conductivity of carbon fiber present in the system contributed to the observed surface

morphologies.

Optimum part density was reached in a mid-range energy density plateau (between
0.145-0.181 J/mm3). Higher energy densities did not result in denser parts, which
was attributed to volume increase due to increased heat affected area during SLS

and polymer degradation.

Elastic properties are improved with increasing energy densities, reaching maximum
properties at 0.19 J/mm3. Improved rearrangement phase during LPS at higher
energy densities was credited to the enhanced elastic properties. At higher energy
densities elastic properties diminished. A reduction in crystal fraction contributed to

the observed behavior.

Highest yield strength was found at 0.19-0.2 J/mm?. Plastic behavior revealed a
brittle fracture of PA12-CF samples regardless of the energy density used, with
small values of strain at break. Improved nominal strain at break was achieved with
increasing energy densities, which was attributed to the lower crystal fraction content

present with increasing energy densities.

SEM of the fractured surfaces showed a highly porous structure at interlayer regions
and between PA12 and CF particles when very low energy density was applied.
Increasing energy densities promoted better densification of the parts and higher

plastic strain, with crack growth initiating at the interface between PA12 and CF.

XRD measurements showed a reduction in « phase with increasing energy densities,
which was associated to the better consolidation of the composites powder during
SLS, reducing the overall crystal fraction of the materials. The results confirmed the
improved plastic strain correlation with crystal fraction reduction assumption for

PA12-CF samples processed at higher energy densities.

Polymer degradation through chain scission was observed with FTIR measurements
of samples processed at higher energy densities. The reduction of absorption at
assignment bands suggest higher chain mobility of PA12. Also, carbonyl group

modifications were observed at higher energy densities, which were associated to
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thermal degradation of oxygen groups present at CF surface, released as gas during
SLS process and resulted in higher porosity of the materials and decreased mechanical

properties.
Gaussian process modelling for PA12-CF:

For the first time the modelling of SLS parameters was performed for PA12-CF.
Using a DOE approach, Gaussian process was successfully applied for supervised

learning regression of PA12-CF under a wide range of laser sintering parameters.

Very good model quality (adequate for quantitative assessment) was achieved for
the following output variables: Z-direction accuracy, density, yield strength, break
strength, nominal strain at yield and break, elastic modulus, and normalized manu-

facturing time.

Intermediate model quality (adequate for qualitative assessment) was achieved for

the following output variables: density, proportional limit, Y-direction accuracy.

Very low model quality was achieved for surface roughness, mainly due to the high
noise attributed to this variable and also its low sensitivity to the laser sintering

parameters.

As with PA12 response surfaces showed a wide variation of topologies depending
on the response variable desired, many of which with a highly non-linear shape.
Gaussian process could successfully capture the non-linear effects and provide detailed
information on the correlation of laser sintering parameters and output variables

which can be used for both prediction and optimization of process variables.

As with PA12, relevance of individual laser sintering parameters depend strongly
on the related response variable evaluated. There is no individual parameter with

highest overall relevance that could be ranked.

Considering this is the first time supervised learning is applied to polymer composites
manufactured by SLS, the results are relevant to provide deeper information on the

influence of individual laser sintering parameters over important quality variables.
Optimization via Evolutionary Algorithm (EA) for PA12-CF:

Multi-objective optimization via stochastic method Evolutionary Algorithm could
be successfully deployed for several optimization tasks criteria after GP learning of
PA12-CF data.

The Pareto frontier was established for different optimization criteria and the trade-off

solutions could be clearly observed in most cases.
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Chapter 6. Conclusions

Laser sintering parameters at optimized Pareto frontier vary in great extent depending

on the trade-off objective desired and the criteria used for optimization.

Optimization task for manufacturing time and dimensional accuracy led to Pareto
sets clustered at high laser power, high laser speed and medium to high scan line

spacing or intermediate laser power and laser speed and high scan line spacing.

Optimization of surface roughness and dimensional accuracy resulted in a wide range
of laser sintering Pareto sets, but mainly located in the medium to low laser power

and laser speed combined to intermediate to high scan line spacing.

Optimization of mechanical properties and dimensional accuracy led to optimized
laser sintering parameters clustered mainly at high laser power and intermediate
to high laser speed. Scan line spacing varied from intermediate to high values. A
clear difference was observed in SLS Pareto sets maximizing strain at break or yield

strength.

Optimization of manufacturing time and surface roughness resulted in a narrow
range of laser sintering parameters, located at intermediate laser sintering values or
at high laser power and speed and intermediate scan line spacing, depending on the

desired trade-off solution.

Selected values at Pareto frontier for optimized mechanical properties and surface
roughness were found at high laser power and laser speed at intermediate scan line
spacing; high laser power and scan line spacing at intermediate laser speed or low

laser power at intermediate laser speed and scan line spacing.

Optimization of mechanical properties and manufacturing time resulted in Pareto
solutions clustered at high laser power and intermediate to high laser speed and scan

line spacing, depending on the desired trade-off solution.

6.1 Directions for future research

The present work provided a detailed analysis on the influence, modelling and

optimization of the main SLS process variables on important quality criteria. Significant

results have been achieved and provide a relevant contribuition to the field. Nevertheless,

several aspects on the field remain to be further investigated. Some directions for future

research are pointed out:

e Include pre-heating temperature in the model: pre-heating temperature influence

was out of the scope of this work, but it influences directly the quality parameters

assessed.
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e Building direction also plays an important role on quality parameters. Since this
work kept the same building direction for all samples, evaluating the influence of
building direction would enrich the modelling performed and extend the application

range.

e Evalute in more detail the degradation mechanism occuring during SLS of PA12-
CF and correlate with other measurement techniques (melt flow index or other

technique).
e Run SLS trials at optimized points and correlate measurement results with modelled.

e Train the model with GP using less training data and using the remaining data for
validation. This is similar to the cross validation approach in supervised learning

but the results can be interesting to observe the differences on model quality.

e Train data with Gaussian process using different covariance functions: the function
used in this work results in functions with smooth curves. It would be interesting to
compare the results with GP modelling using other kernels such as Matern, which

gives less smooth curves.

e Integrate the model obtained in a software platform where the optimized variables

can be tailored to specific criteria and real application demands.
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