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Abstract
Laser Based Powder Bed Fusion of Polymers (PBF-LB/P) is one of the pioneering Additive Manu-
facturing (AM) processes, using a laser to selectively consolidate a powder feedstock into three-
dimensional (3D) components. The technique functions bydepositing a thin layer of powder in the
build plane of the system, laser scanning the cross-sectional area of the geometry, and repeating
this cycle in a layer-by-layer fashion to fabricate a component. This allows the production of com-
plex geometries unattainable by conventional processing while inheriting mechanical properties
resembling those of traditional plastic fabrication.

Conventional PBF-LB/P systems utilise a CO2 laser to consolidate the powder. This study aims to
investigate the utility of a fibre laser source for processing polymer powders. The functionality of
the fibre laser in the process was extensively studied through three primary investigations. The
first study focuses on developing the relevant process knowledge and understanding of laser
processing of polymer powders, describing the critical influential factors for developing an ex-
periment capable of defining the fibre laser utility. The second investigation relates the critical
elements of the first study, delivering an experimental infrastructure designed for testing the
main hypothesis. The third and final exploration establish the functionality of the fibre laser in
the process, utilising the laser source in the experimental infrastructure for producing compo-
nents, which were scrutinised concerning the success of the production.

To investigate the fibre laser utility in the process, an open architecture system is constructed.
The open architecture allows access to all relevant process settings and parameters. This is
achieved by utilisation of the tools developed throughout the Open Additive Manufacturing Ini-
tiative, presenting the open architecture for several industrially relevant AM processes.

Themaindriver andhindrance forfibre laser processingof polymers is thewavelengthof1080nm,
delivered by the laser. This wavelength does not match the agitation frequency of the polymer
constituent elements or compounds, leading to low energy absorption by the polymer. Thewave-
length, however, allows for the small spot size and considerable Rayleigh length of the laser.

A metric for the requirement of an optical absorber was examined and quantified by fibre laser
processing polymer powder, utilising the experimental infrastructure. The study investigated the
use of two different coloured powders of the same type of PA11 polymer, where one is the pure
white type, and the other contains the optical absorption quality by being coloured black. A min-
imum concentration of 5% black powder in a mix of white and black is sufficient for producing
high-fidelity components.

From the exploration of the utility of fibre lasers in PBF-LB/P, it is concluded that the laser source
can deliver satisfactory detail resolution, comparable to what is found in the industry. The fibre
laser aid the utilisation by providing key parameters not offered by the conventional CO2 laser
source. These are the ease of beam delivery, high beam quality, and considerable Rayleigh length,
enabling the fine details achieved herein.
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Dansk Resumé
Laser Powder Bed Fusion af plastpulver er en af de originale additive fremstillingsmetoder, der
bruger laser til at konsolidere pulver til et tre-dimensionelt (3D) emne. Emnet bygges lag for lag
ved at udlægge et tyndt lag pulver, der efterfølgende scannes af laseren. Ved at scanne hele
tværsnittet af emnet omdannes plastpulveret til et massivt emne. Processen kan fremstille kom-
plekse geometrier, der ikke er mulige ved konventionelle fremstillingsmetoder. Ofte bruger denne
proces en CO2 laser til konsolidering af pulveret.

Studiet præsenteret her omhandler brugen af en fiberlaser til pulverkonsolidering. Med udgangs-
punkt i tre projektfaser er fiberlaseren undersøgt med henblik på at afdække anvendelsesgraden.
Den indledende fase beskriver den additive fremstillingsprocesmed fokus på en holistisk forståel-
se af processen. Fase to bruger denne holistiske forståelsesramme til at udvikle et eksperiment til
at belysehovedhypotesen. Deteksperimentelle forsøger opbyggetefter en systemisk forståelses-
ramme. Den tredje og sidste fase af projektet gransker brugen af fiberlaseren til at konsolidere
plastpulveret i det udviklede system.

Fiberlaserprocesseringen af plastpulveret er udført i et system baseret på en åben arkitektur
tankegang. Systemet er udviklet med henblik på at muliggøre indstilling af alle relevante pro-
cesparametre. Ved at have fuld adgang til alle procesparametre kan processen indstilles specifikt
til et bestemt materiale. Den åbne arkitektur præsenterer muligheder indenfor forskning i brugen
af andre laserkilder og procesindstillinger, som ikke er fundet ved industrielle systemer. Disse pro-
cesmuligheder tilbyder ydermere en åben materialeudviklingstilgang, da systemet ikke er låst til
en type eller leverandør, men i stedet har fri mulighed for forarbejdning af alle slags termoplast,
der er relevante for processen.

Fiberlaseren er kendetegnet ved en bølgelængde på 1080 nm. Polymerer har ikke en agitations-
frekvens, der matcher denne bølgelængde, hvilket minimerer evnen til at absorbere energi fra
laseren. Fordelen ved en kort bølgelængde er dog, at laseren tilbyder fokuspunktsstørrelser, der
er betydeligtmindre end den konventionelle CO2 laser. Derudover er Rayleigh længden signifikant
længere grundet bølgelængden.

Absorption af fiberlaserens bølgelængde er påvist gennemsammenblanding af et hvidt og et sort
PA11 pulver. Studiet afdækker forskellige blandingsforhold for at afdække, hvor stor en mængde
sort pulver der kræves for at opnå den ønskede effekt. Resultatet af studiet påviser brugen af
et farvet pulver bestående af en hvid PA11 blandet med en sort. Det er observeret, at 5% sort
pulver i blandingen udgør en tilstrækkelig mængde for laserabsorption. Dette blandingsforhold
muliggør produktionen afmekanisk og geometrisk robuste emner fra det eksperimentelle system.
Baseret på denne observation er en metrik for brugen af absorberingsmidler præsenteret.

Konklusionen peger på, at fiberlaserprocessering af plastpulver er muligt, og at emner fremstillet
ved denne metode er sammenlignelige med emner produceret af industrielle systemer.
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Glossary
Below is a list of relevant terms for defining certain areas, system components or sub-systems of

a Laser Powder Bed Fusion System. Each is found in the illustration at the bottom of the page.

Build chamber
Volume encapsulating the build plane, powder feeders, and top heaters
(grey area)

Build plane Area in which the laser irradiates the powder producing the geometry

Build piston Chamber where the powder cake moves into during manufacturing

Galvanometer Directs the laser in the XY plane of the build plane

Heater band
Heaters surrounding the build and powder pistons for maintaining temper-
ature in the powder cake

Powder cake
Powder distributed in the build plane containing the manufactured part in
the build piston

Powder piston Chamber containing fresh powder for recoating

Recoater
Distributes fresh powder from the powder feeders onto the powder cake,
producing the build plane

Top heater
Heater are located above the build plane, maintaining process temperature
in the top layer powder

Hatch distance
Distance between two consecutive lines scanned for the inner part of a
manufactured geometry
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Thesis Structure
The project is nested within a larger project funded by the Poul Due Jensen Foundation (Grant no.
2018-017), definingOpenArchitecture solutions for industrial additivemanufacturing processes.
The Open Additive Manufacturing Initiative has developed several industrially focused systems
for disseminating these to a broader audience.

The thesis results from three years of work focussing on the Laser Powder Bed Fusion of Poly-
mers process. A significant part of the thesis considers the powder bed fusion process and what
happens when particles coalesce into solid objects. The methodology and theory behind pow-
der consolidation, laser powder interaction and how to improve the results from a laser powder
bed fusion of polymers process is presented within the first chapters. The work further presents
the utilisation of a fibre laser in the process, developing a methodology for defining the process
characteristics of this type of laser in polymer powder processing. To develop this, an open archi-
tecture platform for fibre laser processing is developed, relying on previous research within the
project of Open Additive Manufacturing.

The thesis is divided into 7 main chapters and a final perspectivation, future work recommenda-
tion and conclusion.

Chapter One focuses on preparing the reader on the subject of additive manufacturing, with a
dive into the use case of the Powder Bed Fusion process and the research discrepancy between
polymers and other materials. The main hypothesis is presented here, explaining the relevance of
the study.

Chapter Two describes the processing capabilities and workflow of Powder Bed Fusion. Here
the variety of materials utilised in the process is defined. This definition aids the holistic process
understanding used throughout the thesis.

Chapter Three presents the state of the industry, providing a comprehensive overview of the
industrial systems available for purchase within Laser Based Powder Bed Fusion of Polymers. A
detailed description of the systems, including the consolidation source and processing capabili-
ties, is provided on an individual machine level.

Chapter Four dives into the Laser Based Powder Bed Fusion of Polymers process. Here an in-
depth analysis of the inherent material properties and the system capabilities are explored. A
definition of the individual process parameters and signatures is developed concerning each in-
dividual sub-system, enabling a link to the systems development.

Chapter Five provide an overview of the system development based on the knowledge obtained
throughout the study leading up to this point. A design guide of critical system elements and
an elaboration for each of these are provided on a sub-system level, allowing in-depth process
understanding.

Chapter Six directs the study towards the utilisation of fibre lasers in polymer powder processing,
validating the critical metrics of the system. The chapter results in the overall process capability
of the developed system, ensuring a stable environment for materials exploration.
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Chapter Seven finally, introduce the fibre laser in powder processing, defining the requirements
for processing polymer powder by the laser. A study of the optical absorber required for stable
processing, including the functionality of the selected absorber system, is explained. Secondly,
a materials investigation, focussing on conductive polymer parts, is presented, showcasing the
capabilities of the system and fibre laser processing. The chapter concludes on the fibre laser and
system utility, including an explanation of the polymer processing capabilities and downfalls of
the developed system.
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CHAPTER 1

Introduction
The family of Additive Manufacturing (AM) processes are not new, considering the fact
that the initial patents were applied for during the 1980s. The original processes described
in these patents are what is now known as Stereolithography (SLA), with its original patent
filed in 1984 [1] and Selective Laser Sintering (SLS) with the patent filed in 1987 [2].
An innovation lockdown caused by these patents and the surge of patents that followed
has caused a slow development of many of these additive manufacturing processes. This
changed when the majority of patents expired in the middle of the 2010s. This led to the
rapid development of AM systems, from limited industrial use to full­scale production ca­
pability. Today large companies rely on AM to produce parts or improve the productivity
of their already developed products. Laser Based Powder Bed Fusion of Polymers (PBF­
LB/P) is commonly known by the tradename SLS from the company DTM. This process
is commonly used in industry today. A major use of this process is the manufacturing of
speciality items as well as jigs and fixtures, which permits faster and more accurate as­
sembly of other goods. Despite the rapid growth within the industry, little research goes
into the laser processing of polymer powders compared to other AM processes. This dis­
crepancy is the major focus of this chapter, describing the relevance of re­igniting research
activities within PBF­LB/P.
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1.1 Main Hypothesis
Laser Based Powder Bed Fusion of Polymers has been established in the industry for
several years as a method of rapid prototyping of functional parts but has recently moved
into serial production. Because of this, a dive into improving and revising the technology is
needed. This thesis aims to inspire new research into the area of PBF­LB/P by pushing the
boundaries of what is done traditionally and employing new tactics in polymer processing.
The work describes the effort of repurposing and transforming an AM system previously
used for binder jetting into a functional PBF­LB/P system incorporating a high­power
fibre laser and an open­source framework.

Materials processing by Light Amplification by Stimulated Emission of Radiation (LASER)
is a process of generating energy delivery in the form of light from a laser source to a target
material. The delivered energy can be utilised for delivering high­speed communication
and information or for delivering high­intensity heat in a localised area for melting or
evaporation of the target. Laser­delivered energy and the wavelength of the light depend
on the medium in which the laser is generated. By selection of the gain medium of the
laser, a choice of possible power range, beam profile, and process capability is determined.
Fibre lasers generated in a solid­state doping medium can generate high energy levels at a
range of wavelengths. A common doping medium is Ytterbium (Yb), often used in fibre
lasers to produce a laser beam with a 1050­1090 nm wavelength [3]. This type of laser
can deliver high powers in a close to perfect Gaussian distribution of the beam, making
this laser type ideal for high­fidelity materials processing.

Laser processing of polymer powders has traditionally utilised a CO2 laser for producing
intricate features (Table 3.1) in the PBF­LB/P process. This study aims to evolve the land­
scape of PBF­LB/P processing by replacing the CO2 laser with a fibre laser incorporating
the inherent properties of the Gaussian beam profile and high­power capabilities in the
process. This allows further development within the field, enhancing the knowledge of
the process and permitting the research activities to catch up with similar technologies by
developing an understanding of the fundamental reactions and kinetics of new laser intro­
duction. The desire is to investigate the use of fibre lasers in the PBF­LB/P process by
utilising the framework of Open Additive Manufacturing, developing a system capable
of providing answers for the usefulness of the laser source and the introduction of new
materials in the process.

A genuine polytechnical engineering approach is required to study the aspects of introduc­
ing a fibre laser in the PBF­LB/P process. The study does not only rely on the physical
introduction of a new consolidation source within a Powder Bed Fusion system. Instead,
it takes the focus of a holistic approach. The work, therefore, includes several aspects of
engineering and scientific reporting. This reaches from an analysis of the basic principles
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within the PBF­LB/P process to understanding a repurposed system. It further extends
to the development of this system to comprehend the new consolidation source, the func­
tional analysis of this consolidation source, and a discussion of the utility of the system in
its entirety. By incorporating all the mentioned elements, a truly holistic approach to this
problem is presented.

1.2 Additive Manufacturing
AM has gained considerable attention within the last ten years. The process family is
broadly known as 3D printing (3­Dimensional printing) and has become widely available
and earned its name from the imagination of manufacturing components and products,
layer­by­layer. A common explanation of 3D printing is to imagine a conventional printer
that delivers information from a computer to a piece of paper. The information inscribed
on the paper is left in the two­dimensional world, making it comprehensible and sharable
without a digital device to decipher it. The same is true for AM. AM utilises digital infor­
mation to generate a physical object. The process often occurs layer­by­layer, producing a
slice of the geometry one layer at a time. A conventional 2D printer could create a printed
image that can be cut out and stacked sheet by sheet, producing the 3D object. A method
utilising such a process exists and is known as sheet lamination. Here a sheet of mate­

Figure 1.1: Main process categories in AM
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rial is laminated onto a stack of previously laminated sheets. A cutter in the form of a
laser or knife then traces the geometry perforating the boundary between the surrounding
material and part. By repeating this process for the entire object, a component can be
built up layer­by­layer. When finished, the whole block of laminated sheets is removed
from the manufacturing system and unpacked, revealing the physical object encoded from
the computer. Sheet lamination is one of the oldest techniques for AM and never gained
much attention within research or industry. Still, it is a helpful case for explaining the
layer­by­layer process, drawing parallels to relaying information on paper by everyday
2D printing.

The AM process contains several steps to process the raw material into the final desired
shape or component. Below, each step in the process from computer designed model to
physical component is exemplified.

The initial step after the design phase is to triangulate the geometry. By this, a surface
mesh covering the entire geometry is produced, allowing the translation between
the Computer Aided Design (CAD) software and the next step. The file type most
often used when transferring this information from modelling software to the job
file generator is an Stereolithography (STL) file.

The second step for AM of parts is to translate the triangulated mesh into a job file.
For this, a job file generator is utilised. Here the level of detail is determined with
respect to the selected manufacturing process. The file is loaded into the job file
generator, which reads and translates the triangulated mesh into a list of commands
designed for instructing the system in the manufacturing process. Depending on the
system, these can be complex files encoded for a specific process and system. Or it
can be a human­readable code format such as G­code. The programming language
G­code [4] is often utilised, especially for cost­efficient systems. The encoded list
of instructions contains all the relevant information in the job file. This includes the
thickness of layers, which is a determining factor in the quality of the final part.

The third step considers the system executing the list of commands received from the
slicing software. This is often done layer­by­layer producing the geometry.

Finally, the fourth step considers the post­processing of the components. This process
is dependent on the selected processing system. It can include very little work by
just removing a few support structures to a considerable effort and workload­heavy
operations of surface definition and final geometrical tolerancing.

AM is governed by a group of ASTM and ISO standards. The principle is ISO 52900,
which gathers the standards within AM ranging from ISO 52900 to ISO 52959. The range
covers most aspects of the different processes within AM and provides a standard termi­
nology for these processes (for example, the proprietary SLA technology name is correctly
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abbreviated from vat photopolymerization to VPP). The range of processes is simplified
into six main categories, as seen in Figure 1.1. The figure defines the common materi­
als, the feedstock type and a reference frame for the typical feature and component size
expected from the process. The illustrations exemplify the different processes, with most
taken from one subcategory of the major process title. The figure is not comprehensive
but provides an overview of the major classes and their properties. The figure is built
upon the literature study. It is, therefore, a gathering of information from different works:
[5–15]. All the different processes are to an extent similar but also very different. The
information the figure presents is most commonly found in marketing material and liter­
ature, which is why some deviations are expected. Nevertheless, the figure produces an
overview of the processes. To ensure a precise vocabulary, this work strives to follow the
terminology as presented by ISO/ASTM 52900:2021 ­ Additive manufacturing – General
principles – Fundamentals and vocabulary [16]. Here a standard methodology for abbre­
viating the long names and process descriptions utilised for these processes is explained.
Another relevant international standard is the ISO/ASTM 52911­2:2019 Additive manufac­
turing – Design – Part 2: Laser­based powder bed fusion of polymers [17]. The standard
describes the terminology specific for Laser Based Powder Bed Fusion of Polymers de­
veloping a reference frame for enhancing the communication of anything related to Laser
Based Powder Bed Fusion of Polymers. One conflicting item between the two standards is
the reference and naming convention utilised for powder bed fusion activities. A decision
has therefore been made to follow the most recent naming convention presented in the
ISO 52900 describing the vocabulary. The naming convention follows a rule of describ­
ing the major process (Powder Bed Fusion), the energy source utilised (Laser Based), and
the material classification (Polymers) producing the abbreviation PBF­LB/P.

AM is often seen as the opposite of subtractive manufacturing. Where instead of remov­
ing material to fabricate the part from feedstock, the material is deposited in a by­layer
fashion. One commonly knownmethod is theMaterial Extrusion (MEX) process, referred
to by many names such as; Fused Deposition Modelling (FDM), Filament freeform fabri­
cation (fff), or Fused Filament Fabrication (FFF). The process is known for the promise of
providing widespread manufacturing capabilities, making everyone capable of, for exam­
ple, producing just the right spare parts for repairing close to anything, just when needed.
Needless to say, this has not occurred yet, and some technical challenges are still evident
before everyone’s grandmother can harness the utility of the process. The material ex­
trusion process produces components by depositing a strand of material, typically plastic,
in the shape of a filament, layer­by­layer. The process utilises an extruder for heating the
plastic filament above its melting point, making it malleable and sticky, ensuring adhesion
between the layers. The extruder is then directed across the build plate in the horizontal
plane, producing one layer before moving the desired component resolution in the vertical
axis, repeating the process. The determining factor of resolution is the accuracy of the hor­
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Figure 1.2: Market shares of the major material categories. Data source: The
2023 Wohlers report [19]

izontal motion, as well as the size of the vertical movement [18]. By increasing the vertical
movement, a significant increase in productivity can be gained, with the result of losing
resolution and quality perceived as smooth surfaces resembling conventional manufactur­
ing. For most AM processes, this tradeoff between speed and quality is experienced, with
a large number of other determining factors influencing this.

Most types of material families are utilised in AM. A majority of the different processes
use polymers, which is also clear from the material market share breakdown presented in
Figure 1.2.

Polymer AM is a vast field. Different production technologies are utilised to produce
parts based on thermoset or thermoplastic polymers. Thermosets are often linked with
Vat Photopolymerization (VPP). This technique can produce some of the AM industry’s
most intricate features and finest details [20]. Current research has developed functional
surfaces manufactured by VPP, allowing hydrophobicity [21]. Others have focussed on
using a ceramic slurry mixed with a photopolymer resin, enabling the production of piezo
elements with complex geometries [22]. According to the Wohlers report of 2023 [19],
photopolymers take up 21% of the material market, making this market as big as the one
for filaments. Filaments are typically used by desktop systems, manufacturing parts by
Material Extrusion. The most widespread use of thermoplastic polymers is in the Laser
Powder Bed Fusion (LPBF) industry. Here Polyamide (PA), often known as Nylon, is the
most commonly used material. PA is mainly used for the PBF­LB/P process, but Multi
Jet Fusion (MJF) also uses this material [19].

The significant usage of PA is attributed to the rapid growth of the PBF­LB/P market,
with different industries adopting the technology. Another factor might also influence this,
since when using polymer powders for PBF­LB/P processing, especially PA, refreshing
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Figure 1.3: Cost breakdown for three main categories of Polymer AM. From
[25]

the used material is needed before using it again. The refresh rate is typically in the range
of 10% to 70% [23, 24]. This causes excessive consumption due to discarding up to 70%
of the powder during manufacturing, which can skew the total amount of powder used for
parts compared to the amount purchased for the process. This effect is evident in the cost
breakdown for AM using different technologies by Thomas D. [25]. Here it is shown how
the material price drives the cost per part produced by PBF­LB/P. However, it is also clear
that parts are cheaper by a large margin when comparing the VPP, MEX, and PBF­LB/P
processes as seen in Figure 1.3.

1.3 Open Additive Manufacturing
When investigating materials and processes, it is rarely feasible to rely on equipment or
materials that the researcher cannot control in every single parameter. Unfortunately, this
often occurs when material and process research is done within the field of manufacturing
engineering. Research carried out on industrial systems never allows full­range process
control, limiting the dissemination activities to mainly focus on the parameters perceived
by the industrial users as important for adjusting during operation. This is not only the case
for PBF­LB/P but is also true for other established methods such as Laser Based Powder
Bed Fusion of Metals (PBF­LB/M) and VPP.

To combat this, an initiative of Open Additive Manufacturing has been explored with
funding from the Poul Due Jensen Foundation (Grant no. 2018­017). The project has
focussed on exploring two major parts of the AM industry, one being Vat Photopolymer­
ization (VPP) and the other being LPBF. This work focusses on LPBF of polymer powders
and the consolidation behaviour achieved when processed by a fibre laser. By building
on the previous work on PBF­LB/M and utilising the tools developed, a system capable
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Figure 1.4: The Open Additive Manufacturing logo

of processing polymer powders by laser radiation is developed. The developed system is
meant to define the criteria for openly disseminating the tools produced previously while
researching the laser powder interaction.

The Open Additive Manufacturing Initiative and the project results will be released by
January 1st 2024, defining the end of the research project. The release contains several
pieces of work, spanning the open architecture systems, the Unified Systems Controller,
and software for the control of the systems. This work contributes to the Open Addi­
tive Manufacturing Initiative. By incorporating these platforms, this work has provided
feedback and enhanced the development of the systems. Working within and utilising the
Open AdditiveManufacturing Initiative have provided an opportunity to rapidly develop a
system capable of investigating the main hypothesis by minimising the engineering effort
of these systems during this project.

To understand the powders and their use in AM, a dive into the possibilities of materials is
initially carried out. Thoroughly understanding the LPBF process and the material versa­
tility in LPBF is needed to comprehend the vast opportunities an open architecture powder
processing system can provide. From this knowledge, the use of polymers in AM is further
explored, developing a framework for understanding the physics and chemical complexity
of the PBF­LB/P process. Based on this knowledge framework, an experimental setup is
developed, utilising the Open Architecture solutions provided by the Open AM initiative.
Several experiments are carried out to enhance this experimental infrastructure further,
producing new findings and upgrading opportunities that are then explored.

1.4 Research Relevance
Research and investigation of PBF processes is not a novel ideawith a considerable interest
stemming from the processes’ original invention, patenting, and publication. Research
within PBF processes is constantly growing, as seen in Figure 1.5. To define the level of
interest within the major fields of PBF, a Web of Science study was conducted. The Web
of Science study was carried out for three categories considering the three main processes
of Powder Bed Fusion. The search word for the independent searches is seen in Table 1.1.

The search terms are the most common, with several other denominations available for
the processes mentioned. Selective Laser Melting has recently more commonly been de­
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Table 1.1: Search terms used in the Web of Science study

Category Search terms (All Fields)

Polymers selective laser sintering OR sls AND polymer

Metals selective laser melting OR slm AND metal

Binder Jetting binder jetting

nominated LPBF, which is technically a term covering both metals and polymers. Based
on this, it was found reasonable to utilise the search terms presented. A search for LPBF
and metal yielded similar results, limited by very few publications before 2015, which is
not the case in the study of metal processing, as to why the search terms were selected and
found not to alter the analysis significantly.

The study indicates a rapid growth in the number of papers published, which indicates
significant interest within the field of AM and PBF. In the mid­2010s, a steep growth is
seen for the cumulative publication within AM. This is especially true for metal AM. This
coincides with the expiration of a large group of patents, which have allowed new interest
and more widespread work to be disseminated. A discrepancy between the different pro­
cesses is evident, with a significant focus on Laser Powder Bed Fusion of Metals arising
in the middle of the 2010s, rapidly outpacing the other processes. The primary focus of
both metal and polymer powder bed fusion is materials research, indicated by the domi­
nating categories in the Web of Science categories analysis illustrated in Figure 1.6. The
Web of Science categories analysis was conducted for the past ten years (2013 ­ 2023) to

Figure 1.5: Web Of Science organised articles consider the main categories
within Powder Bed Fusion
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Figure 1.6: Overview of the Web Of Science categories and papers published
within the last ten years

investigate the latest trends within research, utilising the same search terms as presented
in Table 1.1. The plot is ordered by the most published fields within PBF­LB/P and over­
layed by the categories within PBF­LB/M.

A considerable interest within research on LPBF is for material science, followed by man­
ufacturing engineering for polymer processing and a branch of material science within
metallurgy for metals is evident. Metallurgy considers, among others alloying and differ­
ent post­treatments of metals, developing the properties for corrosion resistance or me­
chanical behaviour. The field of post­treatment of plastic components is not as expanded,
leaving a gap between the two fields of study. A large gap between the two material sys­
tems is evident in the materials science category. One reason could be that the PBF­LB/P
process is viewed as a prototyping and production tool used in industry but not as a process
that requires large investigations. This can be based on the fact that several materials func­
tion well in the process, causing the development to plateau. Another reason can be the
large investment required when open access to print parameters is desired, often limiting
research institutions to utilise closed systems for research purposes. This is also the case
for the systems within PBF­LB/M. Extensive efforts have more recently been put towards
open­process parameter systems for metals, allowing research in the field. The trends of
open access systems are not as strong for polymer systems, which hinders research and
development in the field.

The field of powder bed fusion is explored in­depth in chapter 2, explaining the materials
and typical use case for each category. The understanding developed for the different
processing schemes and possibilities within each field are relevant for further developing
the PBF­LB/P process. Having the opportunity to study the approach undertaken when
processing metals, ceramics, and composites lends valuable insight when investigating the
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laser processing of polymers, and a thorough explanation of the different material classes
is therefore required.

Besides the limited process control, one major disadvantage when relying on industrial
systems for research and development is the selection of consolidation sources. Tradition­
ally the focus of research has relied on industrial systems and processing by CO2 lasers,
which are well suited for heating and melting a range of polymers. Developments in
the field of lasers have enabled the manufacturing of fibre lasers at a fraction of the cost
previously known, making these an interesting choice for the consolidation of polymer
powders. Furthermore, fibre lasers produce a beam quality far superior to that of a CO2

laser and with a much longer lifetime, power stability, and high­power capability. It is
not uncommon to come across fibre lasers delivering up to 100kW laser powers, which
is unheard of for CO2 laser sources. The typical beam shape of a fibre laser is close to a
Gaussian distribution, and the short wavelength encourages much smaller spot sizes and
longer Rayleigh lengths of the focussed beam. All these factors contribute to the desire to
investigate fibre lasers in the PBF­LB/P process. The capability of selecting and design­
ing the laser source for processing powders permits research, reaching much wider than
the main topic with the field of PBF­LB/P.

Chapter 3 of this work presents the industrial use of laser­based polymer powder process­
ing equipment and to what extent these are capable of introducing new materials in the
system. The chapter further introduces the laser source and the power described for the
individual system. Finally, an input of the build volume of each system is presented. By
doing this market research, the market understanding of PBF­LB/P showcases the lack of
new material support and the deficient support for other laser sources than the CO2 type.
This understanding is supported by the knowledge obtained above, speaking to the fact
that the research within the process is lacking behind similar processes considering other
materials.

Chapter 4 introduces the relevant theory and the state of the art in the polymer powder laser
processing field. Here the knowledge is developed, laying the groundwork for implement­
ing a new laser source in this process. The chapter breaks down the essential aspects of
the process to produce the framework utilised for the system development.

The experimental infrastructure is developed in chapter 5, disseminating the process of
repurposing an older system for polymer powder laser processing. Several previously
incorporated subsystems are utilised for the initial state of the finished system. The de­
velopment of the finished system relies heavily on understanding the complex processing
and the necessary subsystem development gained from previous chapters.

From the development of the system, several experiments have been conducted, gaining
an understanding of the system and obtaining new ideas and knowledge for system im­
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provement. The work, therefore, took on an iterative approach of designing and conduct­
ing experiments resulting in new improvement opportunities, which were implemented.
Chapter 6 exhibits this iterative approach of experimentation and subsequent system de­
velopment, resulting in a system which still presents several enhancement opportunities
while being able to process polymer powders by fibre lasers in an efficient manner.

Based on the system and process validation, chapter 7 present the unique processing ca­
pabilities achieved by the system. Development of the fibre laser processing of polymer
powders is presented, including a materials investigation and a conclusion on the reliabil­
ity of the system. By this, the perspective of the work is illustrated, concluding upon the
project’s ability to answer the main hypothesis as described herein.

When seeking to comprehend complex problems, one must start identifying the relevant
vantage points and try to define the problem from each. This will ensure a better perception
of what the actual problem is. Defining this true problem based on the knowledge and
vantage points from several disciplines rather than one helps confirm the relevance of this
problem and the way to go about the investigation. Meeting and experiencing the vantage
points of several problem identifiers, stakeholders, or disciplines allow the construction of
an experimental setup that will define how the complex problem is solved. This holistic
approach has tackled the problem at hand, seeking the understanding and critical aspects of
the problem of introducing fibre lasers in polymer powder processing from several angles.

1.5 Chapter Summary
Laser powder bed fusion of polymers is one of the oldest AM techniques but has remained
under slow development during the active time of the patent. These patents, along with a
large group of other AM patents, have recently expired, leading to the large­scale blossom
of development and research within the field. Following this, the Open AdditiveManufac­
turing Initiative has worked on disseminating industrially relevant processes for a wider
audience. This work resides with the Initiative with a focus on the interconnected sys­
tem, process, and material influential factors for optimising the laser powder bed fusion
of polymers process.

AM is not a new family of processes. Research and development have been on a steady
incline for several years, developing new materials and enhancing processes making these
relevant not just as a rapid prototyping tool but also for the actual production of parts with
industrial and consumer uses. Research within PBF­LB/P is lacking behind the metal
counterpart, even though the two processes are very similar. To breach this gap, new ideas
and approaches are needed. This work focusses on introducing a fibre laser in the PBF­
LB/P process, utilising its enhanced laser capabilities for processing polymer powders.
A second leg of the work focusses on the open development and dissemination of the
functionalities required for PBF­LB/P. The focus has been on disrupting what has become
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a highly industrialised process, with little research activity, by utilising the Open Additive
Manufacturing Initiative components developed herein. A major focus point has been
utilising the Unified Systems Controller and the introduction of this into a repurposed
system, demonstrating the use case of reviving older AM systems by incorporating this
technology.

Investigating the main hypothesis of new laser source introduction is quantified through
several fields of study. The initial approach is to understand the way PBF­LB/P systems
function and to look into the state of the industry. This is to identify the relevant process
capabilities that the new consolidation source must meet to become a relevant and viable
solution. A dive into the knowledge produced both recently and through the historical
perspective of PBF­LB/P aids the development of these processing goals further. Based
on this knowledge, an experimental infrastructure is developed to encompass the new
consolidation source. This experimental infrastructure has been an integral part of the
process and materials development, further evolving the process of Polymer Laser Powder
Bed Fusion.
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Powder Bed Fusion
Powder Bed Fusion (PBF) is a technique for fusing powder into 3D objects. The process
utilises powder and a consolidation medium or source to selectively fuse particles in a
layer­by­layer action [16]. PBF processes typically utilise a selectively deposited energy
source or a binding medium for consolidation of the powder [26]. Figure 2.1 provides
an overview of the different methods, the consolidation type, and the range of materials
typically used in each process. The three processes are binder jetting, laser powder bed
fusion, and electron beammelting. The present work focusses on LPBF, specifically LPBF
of polymers and will be explained in the following section 2.1.

The remaining processes are binder jetting and electron beam melting. Binder jetting
utilises a binder selectively deposited onto the powder bed, producing the desired geome­
try based on binder location and energy radiation for curing the binder [27]. Parts made by
binder jetting require post­treatment in the form of sintering to initially burn off residual
binder and subsequently fuse the powder grains into a dense component. The typical fea­
ture size is < 1mm and is determined by the binder chemistry and application method [28].
Electron beam melting uses a beam of electrons in a vacuum to a very low­pressure, inert
chamber pumped with helium. The electron is first run in a preheating step homogenising
the powder layer, and secondly, used selectively to melt a layer of metal powder [29].
Parts produced by Electron beam melting are capable of feature size < 0.5mm [30], with
the part being fused and densified directly in the process.

Polymer Laser Powder Bed Fusion 15



CHAPTER 2. POWDER BED FUSION

Fi
gu
re
2.
1:
Th
e
Po
w
de
rB

ed
Fu
si
on

pr
oc
es
se
s,
w
ith

th
e
m
os
tc
om

m
on

m
at
er
ia
ls
an
d
po
ss
ib
le
fe
at
ur
e
si
ze

16 Polymer Laser Powder Bed Fusion



2.1. LASER POWDER BED FUSION

2.1 Laser Powder Bed Fusion
Laser Powder Bed Fusion (LPBF) is a broad term describing powder material processing
by laser radiation. These methods use a laser to selectively consolidate powder into a 3D
geometry based on a Computer Aided Design (CAD) file [5, 19, 31]. The LPBF AM
process has five main steps, as seen in Figure 2.2 that are carried out in a layer­by­layer
method [32, 33] to produce a 3D part:

Dosing powder for new powder layer

Recoating of fresh powder layer

Scanning internal part (hatch area) of 2D cross­section for the current layer of 3D
geometry

Scanning external part (contour) of 2D cross­section for the current layer of 3D
geometry

Moving vertical­stage one layer height to allow for new layer recoating

The sequence of the laser scanning strategy steps can vary, depending on process, and
system configuration.

Figure 2.2: The process steps for the Additive Manufacturing cycle of Laser
Powder Bed Fusion
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2.2 Materials in Laser Powder Bed Fusion
The LPBF process can manufacture parts from close to any material. The material needs
to be capable of being processed into a powder and show a distinct melting behaviour at
elevated temperatures [5, 33]. Even powders that do not display this melting behaviour
can still be used when a sacrificial binder is mixed with the desired material, allowing
sintering of the component. Therefore, the use of LPBF is not limited to any particular
material and can be applied to ceramics, metals, and polymers. Table 2.1 describes the
number of commercially available materials, according to [19], with a clear dominance
of different alloys represented in the PBF­LB/M market. The different material classes,
their manufacturing route during LPBF, manufactured component properties, and typical
uses are described in the following. New tendencies of composite materials are emerging,
breaking way for even greater complexity and mechanical properties. This process can
build highly complex geometries, with the two major factors for feature size being the
laser and powder size [32]. Depending on the material, parts are either fastened to the
build plate or built directly in the powder bed. The following is a description of the various
material classes used for LPBF.

Table 2.1: Commercially available powder products. Data source the Wohlers
report 2023 [19]

Powder Material Family Commercially available products
Polymer 173
Metal 964
Composites 77
Ceramics 1
Total 1215

2.2.1 Polymers
The primary differentiation for thermoplastic polymers is the classification of amorphous
and semi­crystalline polymers. Amorphous polymers show no polymer chain ordering,
leading to an entangled polymer network with no crystal regions. On the other hand, semi­
crystalline polymers show chain ordering when cooling, causing regions of crystallinity,
with other regions remaining amorphous (Figure 2.3). The degree of crystallinity is influ­
enced by the ability of the polymer chains to self­order during cooling, producing regions
of folded and aligned polymer chains known as polymer crystallites [34].

These crystallites cause the two types of thermoplastic polymers to behave differently,
considering mechanical properties, melting/softening behaviour, and visual appearance
[36]. The focus point for processing thermoplastics in LPBF is the melting behaviour
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Figure 2.3: Amorphous and semi­crystalline polymer structures

and the precise definition of this point for the functionality of the process. Amorphous
polymers do not exhibit a distinct melting behaviour but rather a function of softening
and an increase in the polymer chain mobility over a larger temperature range. Due to the
lack of a distinct melting and crystallisation point, difficulties in utilising amorphous poly­
mers can be envisioned. The transition between rigid and soft for polymers is known as
the glass transition temperature Tg. This defines the temperature where the polymer goes
from displaying rigid (glass­like) properties to a rubbery and soft material with increased
chain mobility. Yan C. et al. [35] investigated the use of both semi­crystalline and amor­
phous polymers in the LPBF process. The group reported the difficulties of processing the
amorphous polymers due to their vague softening point (Tg) relation causing instabilities
in the process. This resulted in parts with very low density and deteriorated mechanical
properties compared to the dense parts manufactured by conventional polymer process­

Figure 2.4: The specific volume vs temperature curve for an amorphous and a
semi­crystalline polymer. From: [35]
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ing, such as injection moulding. Yan C. et al. also report that semi­crystalline polymers
produce higher­density components in the PBF­LB/P process with mechanical properties
close to matching those of conventional processing. The work also found that amorphous
polymers produce components with better dimensional accuracy. The better dimensional
accuracy is attributed to the crystal regions causing shrinkage due to the self­organisation
occurring during crystal growth. This behaviour of larger shrinkage is well known for
semi­crystalline polymers and is exemplified in Figure 2.4.

During processing, the material is kept at elevated temperatures to mitigate the build­up
of residual stresses in the part produced. For semi­crystalline polymers, a clear definition
of the melting and crystallisation points is available, which is utilised for defining the
process temperatures. This is not as straightforward for amorphous polymers, and the
process temperatures are often defined as close to the glass transition temperature. When
selecting a too­low process temperature, the polymer parts are prone to shrinkage, which
can destroy the build due to uneven internal stresses between the different layers produced.
Based on this, themost commonmaterials used for LPBF of polymers are semi­crystalline.

The market for Laser Based Powder Bed Fusion of Polymers powders covers many dif­
ferent materials, mainly focussed on semi­crystalline polymers, with a few exceptions.
The most used is Polyamide (PA) [19]. It constitutes 88% of the market, with PA12 filled
and unfilled versions covering close to 50% of the total market [37]. Schmid A. [37] esti­
mated that in 2018 more than 95% of the PBF­LB/P parts manufactured worldwide were
produced from PA12 in various grades, with PA11 starting to gain momentum for replac­
ing some of the PA12 use. PA11 was one of the original materials used for PBF­LB/P
processing. Still, it was overtaken by PA12 due to a broader process window leading to
greater ease of use. The two materials are very similar, with the significant difference
being the chemical composition of having one CH2 unit less in the repeat unit of the poly­

Figure 2.5: Repeat unit for the polymers PA11 and PA12
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Table 2.2: Comparison of datasheet values for mechanical properties of EOS
PA12 (PA2021) and PA11 (PA1101) [39]

Tensile Strenght (MPa) Tensile Modulus (GPa) Elongation at break (%)
PA11 48 1,6 45
PA12 48 1,7 15

mer, as seen in Figure 2.5. The polymerisation of PA depends on the monomer repeat unit
structure. PA12 is produced by ring­opening polymerisation. Whereas PA11 is mainly
produced by condensation polymerisation [38]. The ring­opening polymerisation is the
preferred method for producing PA12 since it leads to a more stable product, useful for
powder manufacturing. The two polymers are very similar considering the slight differ­
ence in the polymer structure, which infers similar mechanical properties, as seen in Ta­
ble 2.2. The feedstock of the two polymers is sourced from two different methods. PA11
is a fully biobased polymer with feedstock originating in castor oil. PA12 is produced by
petrochemicals, with butadiene being the initial constituent [38].

Several commercial products are produced by PBF­LB/P, ranging from fashion items such
as the glasses from MONOQOOL, shown in Figure 2.6, to jigs and fixtures for industrial
manufacturing.

Several other polymers are used in PBF­LB/P. Some of the most common are Thermo­
plastic Elastomers (TPE), Polypropylene (PP), and Polystyrene (PS) [40]. Seepersad C. et
al. reports that the smallest viable feature size is≈ 1 mm, with the possibility of obtaining
even smaller features depending on the desired geometry [41]. PBF­LB/P are developed
further in section 1.2 where the influence of the laser radiation, the system, and thematerial
and feedstock properties is explained in­depth.

Figure 2.6: 3D printed glasses from the Danish company MONOQOOL:
Reprinted with permission from MONOQOOL [42]
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2.2.2 Metals
Laser Based Powder Bed Fusion of Metals of metals was discovered alongside the pro­
cessing of polymers by the same research group at the University of Texas Austin [43] and
is today the most common metal AM technique used [44]. The process uses a high­power
fibre laser (100W ­ 1kW) for consolidating metal powders into the desired geometry as
seen in Figure 2.7 showing the processing, unpacking and final part, manufactured on the
Open Architecture PBF­LB/M system developed at the Technical University of Denmark
(DTU). Parts manufactured bymetal LPBF are known for high­resolution capabilities with
features < 0.5mm [45]. PBF­LB/M is known for producing parts with more than 99% den­
sity [46], andmechanical properties comparable to or better than traditional manufacturing
processes [47]. Several factors influence the final part density, including the scan speed,
laser power, powder shape and flowability. Hoeges S. et al. [46] have shown how the
density of PBF­LB/M is linked to the process settings during manufacturing by proving
that water atomised powder can achieve the same density as gas atomised powders when
working with 316L steels. Part density is one of the main drivers, along with the good me­
chanical properties and high complexity of the parts when considering PBF­LB/M. The
stable production capabilities have led to a large market acceptance and adoption, shown
by more than 3000 systems sold during 2022 [19]. One of the main disadvantages of PBF­
LB/M is that the laser induces large thermal gradients and cooling rates experienced during
processing, with cooling rates up to 105K/s [44]. These have previously been shown to
lead to chemical segregation causing metastable cellular structures. Another defect often
seen is a rough surface finish directly after manufacturing. This is attributed to the melt
pool causing neighbouring particles to adhere and partially bind without fully melting
into the part. This effect is largest for the smallest particles in the powder, as reported by
Sendino S. [48], due to the smaller particles being more likely to partially melt during the
contour scanning of the parts. However, most parts manufactured by PBF­LB/M will be
post­processed to some extent. A method often used is polishing or sandblasting, which
will remove the adhered particles leaving a homogenised surface finish.

Recent research has focussed on mixing powders prior to manufacturing or during to pro­
duce parts with different alloy constitutions than the respective powder contributions or
throughout the part, respectively. Valente E. et al. [50] have shown how pre­mixing
two distinctive powders before LPBF processing will allow for a fully alloyed compo­
sition in the final part. The work considered a powder mix of 2.5wt% Cr2N and 316L
steel, which exhibited complete dissolution during manufacturing. Another route of mix­
ing LPBF powders is gradually switching the composition of the manufactured part. By
changing gradually, any effects of peeling or inhomogeneity in the material or the ther­
mal properties can be mitigated. Switching over sequential layers is currently investigated
for manufacturing graded structures in metal LPBF [51]. Here it is shown how gradually
changing the composition of two different metal alloys can produce a component from
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(a) Manufacturing process (b) Parts during unpacking

(c) Part with no post­processing

Figure 2.7: Process steps in PBF­LB/M, shown for the open architecture ma­
chine at DTU (Credit: Magnus Bolt Kjer [49])

two materials showing material mixing and element diffusion between the two separate
types, enabling the production of functionally graded components. Gökhan Demir A. [52]
demonstrated this effect of gradually mixing two metals. Here steel and aluminium alloys
are combined to create an inlay weld piece for welding otherwise incompatible metals.
This is done by producing a transition zone where the two metals are mixed, gradually
changing compositions, with either side representing the pure steel and aluminium alloy,
respectively.

The significant market adoption for PBF­LB/M is driven by manufactured parts’ com­
plexity and mechanical properties. The mechanical properties are typically superior to
those of traditional manufacturing [47]. With the possibility of producing specialised al­
loys designed for the PBF­LB/M process. Jia Q. et al. [53] have shown how a specialised
aluminium alloy can significantly increase mechanical properties by utilising the rapid
cooling rates during LPBF processing. The special alloy reduced the grain size by pre­
cipitation of secondary phases, enabling improved mechanical properties compared to tra­
ditional processing. Products manufactured by PBF­LB/M take advantage of the effects
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of laser processing and spans over many different production areas. Some of the practi­
cal uses of PBF­LB/M is the manufacturing of topology­optimised parts, mainly used in
the aerospace industry, such as critical components during spaceflight or for passenger
aircraft [54]. Another use is for mould inserts used in injection moulding, incorporating
conformal cooling [55] to allow shorter cycle times and less wear during manufacturing.
Another use is for speciality items for the medical industry, such as bone implants [56] im­
proving the body acceptance of implants by adhering closer to the mechanical properties
of bone and surrounding tissue. It is clear how well­established the use of PBF­LB/M is,
based on the numerous use cases. Another process is Ceramic LPBF, which is not as well
established but still holds considerable relevance in the field. This process is described in
the following.

2.2.3 Ceramics

Asmentioned, ceramic LPBF is not as established as the other significant processes. How­
ever, ceramic LPBF is gaining interest in producing complex ceramic structures. Two
methods have been the dominating processes for processing ceramic powder in LPBF.
One is the indirect method, where the ceramic particles are mixed or coated with a binding
agent responsible for the binding mechanism during laser processing. This binding agent
is often a low­melting polymer, ensuring easy post­processing. The indirect process route
includes subsequent debinding and sintering steps to produce the final part [43]. The other
method is direct sintering of the ceramic powder into a part, with no extra post­processing
besides what is typically expected for LPBF [57]. The direct processing route is difficult
for ceramic powders due to the extremely high melting point and little to no plasticity of
the material and part produced, leading to issues during the LPBF process. This is the
root cause of the main issues faced when processing ceramic powders by LPBF, which
is the tendency of high porosity leading to low­density parts not yielding the expected
mechanical properties. Recent research has therefore focussed heavily on the develop­
ment of direct manufacturing of ceramic parts by LPBF. Among others, Zhang et al. [58]
have successfully demonstrated a direct manufacturing approach for two distinct ceramic
powders, which have yielded promising results. Here it is shown how a high entropy ce­
ramic can be processed by a high­power (600W) Yb laser into dense parts with minimal
dislocations and large Vickers hardness. The interest in the direct manufacturing route is
growing [59], with the number of ceramic material suppliers growing in the entire AM
industry [19].

LPBF processing of ceramic powders has been studied heavily. Still, up to now, it has not
been proven whether the binding mechanism is melting or sintering when considering the
direct processing route [59]. A homogeneous part is determined by the binding mecha­
nism, ensuring the consolidation of the powder, both in the powder­to­powder interaction
and in powder to the previous layer. The consolidation behaviour is influenced by the in­
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Figure 2.8: Showcase parts manufactured from ceramicAlumina powder. From
Juste E. et al. [60]

teraction between powder and the energy source (typically a laser), with the spot size and
geometry and the energy absorption of the material being critical factors. Understanding
this powder­laser interaction is crucial for the direct manufacturing route to ensure stable
production. The laser powder interaction is explained in­depth in subsection 4.1.1. One
example of parts manufacturing is the production of showcase parts by Juste E. et al. [60]
as shown in Figure 2.8. Here it is shown how the direct route with a laser absorbing agent
can produce parts showing greater than 90% density, with no remaining absorbent in the
final parts. Ceramic LPBF often follows the indirect route, with is described as a com­
posite route since more than one material type is used during this process. The following
is an introduction to composite LPBF processing, including an explanation of the various
material combinations used and their purpose.

2.2.4 Composites

Composite systems for LPBF are described as early as 1995 by Nelson J. [61]. Com­
posite material processing was especially of large interest before high­power lasers used
for melting metals were available for a broader audience. Still, it has since developed its
branch within LPBF processing. Processing two or more material­type powder mixes is
used broadly in ceramic LPBF since manufacturing a green part is still less challenging
than achieving complete sintering and good mechanical properties from the direct method
described above. However, composite manufacturing using LPBF is now used for all the
material classes mentioned above, often as a mix between them.

A study by Chuang K. et al. [62] showed how the LPBF process can manufacture a com­
posite material. The investigation developed a method of laser sintering polyimide and
short­strand carbon fibres, enabling the production of a high­thermal­stability component
relevant for space exploration, as shown in Figure 2.9. The study used the LPBF process
to finalise the crosslinking of a powdered thermoset polyimide, showing the crosslinking
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Figure 2.9: Composite bracket developed by NASA for high­temperature capa­
bility. The composite includes Polyimide and short­strand carbon fibres. From
[62]

capability, even across powder grain boundaries. A final component showing the desired
thermomechanical properties was realised in the process. With the main conclusion of the
paper defines how by utilising the material and method described, high­temperature com­
ponents can be produced in a standard polymer LPBF system with no additional heating
requirement, as is known from other high­temperature materials, such as PEEK [62].

Polymer composites are one of the significant areas of interest when considering com­
posite materials. All material vendors provide composite materials, typically mixed with
glass beads or carbon fibres. These components will increase the mechanical properties
of the base polymer and produce parts with elevated mechanical properties compared to
the unfilled versions [63]. As of May 2023, the EOS company provides three composite
versions of their PA12 Nylon variant. EOS is one of the world leaders in polymer laser
powder bed fusion and materials development for this process. The materials provided by
EOS are filled with glass beads, aluminium powder, and a mix of glass beads and carbon
fibres. All the filled versions show enhanced mechanical properties [15]. Parts made from
composite materials often look different from natural or white coloured PBF­LB/P parts
due to the filler material. Composite systems are typically divided into six different meth­
ods, as shown in Figure 2.10, with the most predominant for polymer­based composite
being the base and filler system [15], shown here with glass beads in a base polymer as
is done for the EOS material PA3200 GF™ [63]. Another typical filler is carbon fibres,
represented in Figure 2.10. This filler system is, among others, produced by BASF for
their UltraSint® PA11 Black CF material [64].

Another route of composite LPBF is presented by Chuang K. [62]. Here the LPBF pro­
cessing of polyimide, a thermoset material, is presented. The thermoset resin is mixed
with short­chain carbon fibres to facilitate parts manufacturing, demonstrating excellent
mechanical characteristics. The parts show the homogeneous distribution of carbon fibres
caused by the mixing between thermoset powder and carbon fibres and the good ther­
mal stability achieved by the thermoset polyimide. The study also proved how the layers
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Figure 2.10: Types of composite blending for Laser Powder Bed Fusion

produced during the LPBF process could crosslink between them, gaining an isotropic
crosslinked network in the components.

Current research has focussed on manufacturing conductive parts by PBF­LB/P using car­
bon fibres or powder to produce a conductive network in the sintered parts. Lupone F. et
al. [65] have studied this effect showing how adding a carbon filler will decrease the re­
sistivity of the polymer. Another example of composite PBF­LB/P is the increase of me­
chanical properties of a polymer from Chunze Y. et al. [66], showing how the introduction
of nanosilica improves the properties compared to the neat Nylon. Here the nanosilica is
blended into the polymer to ensure a homogeneous blend that can be handled in the LPBF
process. The additive used for the composite combination was fumed silica, which is used
in PBF­LB/P powders as a flow agent, ensuring an even flow during recoating [67]. This
indicates that most commercial polymer powders are composite materials to some extent
since most commercial suppliers will add additives to enhance and stabilise the powder
and parts manufactured. Composite manufacturing by LPBF is still of research interest,
and new methods for manufacturing even higher­grade parts are still being investigated.

2.3 Chapter Summary
Powder bed fusion is a technology relevant for producing functional components rang­
ing in size from meso to macro scale. The diversity of materials facilitates functional
components relevant to several large industries. The typical sectors utilising powder bed
fusion require good accuracy and high complexity of components, which is enabled by
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the powder bed fusion process. Aerospace companies often use powder bed fusion, where
topology­optimised components deliver the needed complexity and weight saving [68].
Another use case is by plastic product manufacturers, where conformal cooling of the
moulds decreases the cycle time by up to 40% compared to traditional mould­making tech­
niques [69, 70]. Finally, engine manufacturers are utilising powder bed fusion to produce
complex fuel nozzles, which allow lower fuel consumption by increasing fuel combustion
efficiency [71].
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CHAPTER 3

State of the Industry
The industrial utilisation of PBF­LB/P is rapidly growing. The list of new systems and
systems providers continuously expands. The 2023Wohlers report shows how the number
of industrial and desktop system providers are gaining more ground with an increasing
number of sales per year and a steady increase of system providers for the entire AM
industry [19]. The cumulative numbers of systems sold, as reported by the 2023 Wohlers
report, show how the trend of system adoption maintains a steady rate of more than ten per
cent of new systems every year for the last ten years. From Figure 3.1, it is evident how the
widespread adoption of AM systems continues to flood the manufacturing market. The
market growth encompasses all AM processes. However, the trend depicted in the graph
holds true for most of the processes, showing continuous growth.

Figure 3.1: AM systems sales growth from 1988 to 2022. Data source the 2023
Wohlers report [19]
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3.1 Industrial Systems
With the number of industrial systems expanding rapidly, an overview of the industry’s
current state is needed. Table 3.1 and Table 3.2 list the relevant information for the most
noticeable systems in the industry. Table 3.1 focusses on systems that are developed for
mass manufacturing of PBF­LB/P components and products. Large­scale manufacturing
is achieved by increasing the build volume to allow more components per build cycle
and increasing the scanning speed to finish each layer cycle faster. Table 3.2 focusses on
smaller systems, which are aimed at Research and Development (R&D), as well as smaller
production series. Typically the investment for the desktop systems is significantly smaller
than for the industrial scale systems.

The lists of Table 3.1 and Table 3.2 contain information on the individual systems obtained
from the marketing websites of the system manufacturers [72–91], and can be found at
the end of this chapter. The lists are not comprehensive but showcase the most noticeable
systems found, with the effort made for presenting the majority of the available systems on
the market. The data was acquired on the 17thofJune ­ 2023 and is indicative of the state
of the industry considering the predominant manufacturers, systems, and laser sources
utilised. Systems not displayed here can have been presented between the research and
the publication of this study, as well as not evident during the investigation.

The tables presented contain relevant information for the PBF­LB/P process. Information
on the laser source is presented since this influences the build speed, quality, and material
range. The build volume is presented to show the limit of the individual system. The layer
thickness range will influence the build speed and the possible resolution of the system,
greatly affecting the final product’s appearance. The feature size mentioned describes the
minimum possible feature size as recommended by the manufacturer and is not presented
for all the systems but only the one showcasing this information on the website or system
documentation. The scan speed is the fastest scan speed allowed for the individual sys­
tem, influencing the appearance and build speed. The category ”Open” describes if the
individual system is marketed as Open, meaning process control to an extent, allowing
free selection of material. The category ”Open” does not consider options of having open
systems depending on investment but purely the advertised value by the manufacturer. Fi­
nally, the key feature represents the main selling point as advertised by the manufacturer,
describing a feature specifically highlighted.

The industrial systems presented mainly utilise a CO2 laser as the energy source for pow­
der consolidation (40 out of 47 systems). For the desktop systems, this is more varied,
with more systems utilising a low­power fibre (5 out of 11) or diode laser (4 out of 11).
The desktop systems utilising fibre lasers all function with black materials, typically not
offering colours other than black or grey in their material portfolios. Secondly, the ma­
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jority of these systems are closed, only allowing the use of materials purchased from the
systemmanufacturer. The material flow is often controlled by the system being connected
online and RFID chips in material canisters, inhibiting the use of outside material grades.
This greatly reduces the research and development capabilities of the process and mainly
allows the systems to function as production equipment not relevant for process devel­
opment or exploration. The Snowwhite2 system is the only system that is presented as a
desktop system that caters to research and development [90].

A large share of industrial systems allows for free material choice when selecting grades
that can be processed with the level of process control allowed by the system. Adequate
heating of the build volume is a prerequisite and process control over the laser scanning
and power, ensuring a stable process is needed for the introduction of exploratory mate­
rials. Some systems present large flexibility and process adjustment opportunities, which
are less prohibiting when evaluating new materials or tuning the process for a specific
production. For the industrial systems, 40 utilise the conventional CO2 laser, six use
high­power fibre lasers, and a single system utilises a CO laser as seen in Figure 3.2b.
Desktop systems generally utilise lower­power lasers and have a slower scanning speed,
which is influenced by the selected scanning system. The most cost­efficient desktop sys­
tems use a gantry system for scanning the build plane, which is inherently slower than
a galvo scanner due to the inertia in the system and mechanical limitations. Figure 3.2c
shows the range of build volume for the industrial and desktop systems. Here it is clear
that the industrial systems generally focus on large­scale production, whereas the desktop
models focus on a single or few components per production run.

Increasing the productivity of a large build volume is often approached by incorporating
several lasers in the same system, allowing multiple parts to be scanned simultaneously.
Multiple laser sources for consolidation can be utilised by scanning in the same area while
doing similar operations or scanning individual parts. To increase production stability, a
recent trend found in the system survey is thermal control and balancing. This indicates
not relying on single or multiple pyrometers but instead reading the temperature profile of
the build plane from a thermal imaging device. Amore stable process can be developed by
ensuring less deviation in the temperature profile, ensuring parts with similar properties
independent of the build location. Finally, a recent advance is the introduction of new
laser types in the process. The high­power fibre laser systems from Farsoon are useful for
increasing productivity while utilising the beam profile of the laser source [92]. EOS has
introduced a CO laser which can deliver a better beam profile while introducing a larger
Rayleigh length [93]. The influence of the laser is developed in subsection 4.2.1.

Polymer Laser Powder Bed Fusion 31



CHAPTER 3. STATE OF THE INDUSTRY

(a) Average laser power in industrial systems (b) Average laser power from desktop systems

(c) Average build volume in industry and desktop systems

Figure 3.2: Results of build volume and laser source power from the market
analysis
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3.2 Chapter Summary
Dissemination of the state of the industry is limited to what information the system man­
ufacturers provide. The list of systems is not exhaustive but shows a nuanced picture of
the system landscape, the feature and layer size capabilities, the laser source, and a com­
ment on the openness of the individual systems. The newest trends are highlighted above,
where a significant focus for the system manufacturers is on the temperature gradient and
thermal balancing. This will improve the build stability leading to an increase in suc­
cessful build jobs and more consistent parts [14]. Another focus starting to emerge in the
industry is the use of high­power fibre lasers, potentially improving part quality based on
the beam quality and profile. The thermal balance and laser source are investigated in this
work and will be described in detail throughout the thesis as seen in subsection 5.4.5 and
subsection 6.1.2. To understand the influence of the system, the next chapter will focus
on how the laser interacts with the material, the binding mechanism in the powder, and
the use of polymers in PBF­LB/P.
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CHAPTER 4

State of Research in Polymer Laser
Powder Bed Fusion
By analysing the mechanisms related to a process, a framework can be constructed, aiding
the system development and making sure that all sub­systems fulfil the desired objectives.
The mechanism analysis of any complex process can produce an overview of the relevant
parameters and signatures for the specific process. These process parameters and signa­
tures can be further utilised to construct an experiment where certain elements are changed,
causing the process to react differently. By analysing the process initially, one can ensure
a more profound understanding, permitting the reconfiguration in a constructive manner.

To understand the PBF­LB/P process in­depth, this chapter focusses on the constituent
mechanisms and subsequent process parameters and signatures. Defining these process
relations aid the further development of the experiment as presented in chapter 5.

The chapter analysis six main topics related to the PBF­LB/P process. Initially, the chap­
ter provides a common­ground understanding of the Laser Based Powder Bed Fusion of
Polymers process. It goes into detail about the laser powder interaction and a descrip­
tion of the main methods of consolidation occurring during the process. The next part
evolves the processing system, the main constraints and ways of setting up the processing
equipment, and the influence of a change within this equipment. Finally, an elaboration of
fibre lasers and a discussion of how to process polymers with fibre lasers are introduced,
encapsulating the knowledge needed for systems development, is presented.
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4.1 State of Polymer Powder Processing by Laser Irradiation
Even though the market is significantly dominated by PA­based materials for Laser Based
Powder Bed Fusion of Polymers, the process allows the processing of most thermoplas­
tic materials, with the main driver being the processing window width. The processing
window for a thermoplastic material processed by PBF­LB/P is the difference in °C be­
tween the melting onset ToM and crystallisation onset ToC temperature. The size of this
processing window determines the level of process control needed for processing a par­
ticular polymer [94]. Figure 4.1 shows the process window for a PA11. Here it is clear
that the process window spans from around 170°C to 190°C. The powder cake tempera­
ture is therefore selected to 180°C to ensure the largest gap between the process critical
temperatures [95, 96].

Figure 4.1 suggest a wide processing window of close to 20°C for the polymer system dis­
played. Differential Scanning Calorimetry (DSC) is a method for identifying the critical
temperatures of materials. The method concerns the heat flow through a sample determin­
ing the changes in the molecular structure by deviation in this heat flowwhen changing the
temperature over a defined range. The powder cake process temperature can be selected
based on the processing window. Selecting an appropriate process temperature based on
this ensures a significant degree of chain mobility after the laser has melted the geometry.
At the same time, it minimises the degradation of the polymer caused by the extended
period experienced at elevated temperatures. The process temperature must be above the
defined crystallisation temperature to alleviate internal stress build­up causing warpage.
Keeping the powder at this temperature can produce an isothermal process cycle, where
the entire part and powder cake is left to cool and crystalise simultaneously. Drummer D.

Figure 4.1: Differential Scanning Calorimetry (DSC) graph including the main
attributes relevant for PBF­LB/P
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Table 4.1: Process critical temperatures for the processing of polymer powders
by laser radiation

Unit Short name Elaboration

Tg Glass transition Point where the polymer goes from exhibiting brittle to
ductile behaviour when external stress is applied.

ToM Onset melting
Temperature at which the polymer starts to melt, as de­
fined by the dsc analysis showing the decrease in heat
flow in the sample

TM Melting
Temperature at which the polymer shows the highest de­
gree of melting. Seen in the DSC analysis as the peak of
the negative heat flow

TeM End melting Temperature at which the polymer is fully molten

ToC Onset crystallisation
Temperature at which the polymer starts to crystallise, as
defined by the dsc analysis showing the initial ramp­up
in heat flow of the sample

TC Crystallisation
Temperature at which the polymer shows the largest crys­
tallisation kinetic. Seen in the DSC analysis as the peak
of the positive heat flow

TeC End crystallisation Temperature at which the polymer is fully crystallised

et al. [97] showed how the processing window diminishes when maintaining an elavated
temperature of the build chamber. This is due to a shift in the crystallisation temperature
after melting when kept at elevated temperatures. The crystallisation temperature fur­
ther rises as an effect of the low cooling rates for the PBF­LB/P process [94, 97]. This
causes crystallisation to occur prior to what is expected based on the DSC analysis. Chen
P. et al. [98] discovered the same kinetic for high­temperature sintering of PEEK. The
complex heating and cooling of the powder cake during manufacturing are explained in
subsection 4.2.1, where the entire build cycle, but also the layer cycle, is described.

For laser processing of polymer powders, seven temperatures are critical to the process’s
stability and success. The seven temperatures all concern the polymer’s intrinsic proper­
ties and are used for describing the thermal behaviour of the polymer system. The list in
Table 4.1 defines each process critical temperature, structured by when they are displayed
during the DSC analysis. The table explains the temperatures relevant for semi­crystalline
polymers, as this is the main focus of this work.

Polymer grades available for PBF­LB/P processing are limited by the required process
window, as explained above. subsection 2.2.1 described the limitation of material se­
lection by the required melting and crystallisation behaviour, not shown by amorphous
polymers. Moreover, the process window width is not wide enough for stable processing
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of many semi­crystalline polymer types. This substantially limits the selection range of
suitable polymers, as seen in Table 4.2. Here a list of available polymer grades from the
individual produces is shown, describing the limitations in material selection for PBF­
LB/P.

There is only one producer of PA11 in the world, the French company Arkema, which
makes PA11 under the tradename Rilsan B. Arkema also produces PA12 under the trade­
name Rilsan A. However, other companies also supply PA12. The German company
Evonik produces PA12 under the tradename Vestamid, and the Schwiss company EMS­
Chemie delivers another variant of PA12 under the tradename Grilamid, both used in the
PBF­LB/P process [38]. Often system manufacturers will enhance the standard polymer
by designing the polymer powder with additives to improve the quality of the parts pro­
duced by their specific system, based on their in­house R&D. An overview of the materials
available, including the producer, is seen in Table 4.2. The list does not include variants
designed by the system manufacturers or material producers but focusses on the individ­
ual polymer producers. The materials overview was published in 2021 by Wegner A. [94]
providing an overview at this point in time. One of the trends while writing this thesis
is polymer powder composites, introducing carbon fibres or other components for added
mechanical properties. A vast difference in the polymer grades available is not expected
since these composites build on the current material landscape adding new functionalities
of products produced by PBF­LB/P.
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Polymer Viscosity in LB-PBF/P

Polymers are viscoelastic materials that show temperature dependant viscosity profiles.
Even when heated, polymers will typically show high viscosity and a flow behaviour re­
sembling honey. The temperature dependant viscosity is a measure of the macromolecular
mobility between other molecules. This chain mobility is for the moveability of the in­
dividual chains. Another factor is the rotation around the backbone of the polymer [99],
allowing the polymer to twist and stretch. Because of this, the polymer’s molecular weight
and structure greatly influence the viscosity of a polymer system. Most polymer systems
used in industrial plastics processing show non­newtonian flow behaviour, meaning that
they often exhibit shear thinning. Shear thinning occurs due to a disentanglement and
stretching of the polymer chains allowing them to move more freely when rapidly sheared
[100]. For PBF­LB/P, this shear thinning behaviour cannot be utilised since no movement
or shear is enforced on the build plane or powder cake during processing. This means that
the polymer selected needs to exhibit low zero shear viscosity to flow and consolidate with
the previous layer and surrounding particles [14]. The virgin grades of industrial polymers
for the PBF­LB/P process all show low zero shear viscosity [101].

During PBF­LB/P processing, the entire build volume and powder cake especially is
heated to a temperature above the crystallisation temperature of the polymer. This causes
thermal degradation of the polymer, changing the powder’s average molecular weight
[101]. The degradation mechanics in PBF­LB/P is reported by Yang F. et al. [102] for
Polyamide 12 (PA12). Here it is concluded that three dominant mechanisms are chain
crosslinking, chain scission, and post­condensation. Chain crosslinking and post­condensation
will both increase the average molecular weight of the polymer system. Chain scission
will, on the contrary, reduce the average molecular weight. Chain scission of polyamide
polymers is often caused by hydrolysis due to water vapour in the processing atmosphere.
The effect on the average molecular weight of the polymer occurs due to the heated envi­
ronment during processing [103]. Since the viscosity is directly influenced by the average
molecular weight, refreshing the used powder with virgin powder is often implemented.
This refreshing step for the powder ensures a narrower average molecular weight [101]
while adding powder that has not lost flowability due to thermal processing, as described
below.

Hesse N. et al. [101] have proposed a method for refreshing used PA12 powder. The
method reverses the degradationmechanisms causing larger averagemolecular weight due
to the elevated process temperatures [101]. The proposed method consists of hydrolytic
reconditioning, refreshing the powder to close to virgin properties. The paper concludes
that no significant change is inflicted on the powder, considering the particle size, shape
or visual appearance. A minor change is seen in the width of the processing window and
the isothermal crystallisation time. These are, however, not changed drastically, leading to
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the reconditioned powder being accepted as a material suitable for PBF­LB/P processing.

The hydrolysis and chain scission is the opposite reaction of the polymerisation technique
used for the production of PA11. The hydrolysis reaction is caused by available water
in the system. By minimising the water vapour at elevated temperatures, this effect can
be controlled to a minimal level. Industrial systems will often utilise an inert atmosphere
to counteract the degradation mechanisms by removing the water vapour and oxygen re­
sponsible for the degradation reactions.

Material Preparation and Production

Polymer powders are manufactured in a number of different ways. Each different method
generates a product suitable for certain processes, with only some delivering the required
characteristics needed in PBF­LB/P. Two distinct routes for powder manufacturing are
recognised for PBF­LB/P. One route is the direct route of processing material directly
into a powder of the desired shape and size, while the other is the in­direct route [104].
These are explained below, considering the material characteristics they each produce and
the materials often paired with each process. An example of the shape and morphology
of powder expected from each process is shown in Figure 4.2 from [104].

For the PBF­LB/P process, a spherical powder grain with a narrow size distribution be­
tweenD1010µmandD90100µm[105] are desired. The narrow size distribution and spheric­
ity aid the flow behaviour and packing density during the process. These two are the major
goals of powder production, with the third being little to no polymer degradation caused
by the processing.

Schmid M. et al. [104] mention the direct manufacturing route for polymer powders as
achieving the desired particle shape and size directly from the polymerisation process.
The polymerisation processes considered for this are emulsion, suspension, and solution
polymerisation. Utilising one of these can provide spherical particles in a relatively narrow
size distribution directly from the process if the proper conditions are applied. According
to Schmid M. et al. [104], the only polymer powder commercially available processed by

Figure 4.2: The four types of powder obtained from direct and indirect process­
ing. The polymerisation route is the only direct, with the rest produced by the
indirect route. From [104]
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this route is the PA12 powder from Arkema. Several other polymers relevant to the field
of PBF­LB/P can be produced in this way. These are polystyrene (PS) and polyacrylates.
The direct route can produce highly spherical powders, improving the flowability and
packing density of the powder bed [106]. A narrow size distribution can be achieved
directly from the process by tuning the parameters. This distribution can be enhanced
further by size separation. A narrow size distribution aids the packing density of the bed
when coupled with spherical particles [107]. The direct manufacturing route is superior to
the indirect route when considering possible output but is less used likely due to a higher
manufacturing cost at scale.

The indirect route of powder manufacturing considers polymer products processed into
powder after polymerisation. The most common understanding of the indirect route is the
cryogenic milling of polymer pellets into a powder. The process utilises the polymer’s
glassy state by lowering the material’s temperature with liquid nitrogen [108]. This pro­
cess produces powder consisting mainly of flakes and a wide size distribution, causing the
powder to be difficult to process by PBF­LB/P. Post­processing of the powder flakes is
necessary, as discussed by Schmidt J. et al. [109]. The post­processing consists of heat­
ing the flaky powder above the polymer’s melting point, in a downer reactor allowing the
reduction of surface area. This reduction occurs due to the surface tension of the molten
particles suspended in an aerosol consisting of nitrogen.

Another indirect route for powder manufacturing is the precipitation from solution [104]
or solution­dissolution [110] process. Dechet M. et al. [110] show a method of liquid­
liquid phase separation used for producing nearly spherical Polyoxymethylene (POM)
particles suitable for PBF­LB/P processing. The powder obtained showed better flowa­
bility than cryogenic milled POM powder and was deemed useful even with no flow aids
added. A similar approach is presented in another paper from the same author, showcasing
the production of spherical PA11 powders from a liquid suspension [111]. The obtained
PA11 powder showed good sphericity and flowability before adding flow aids. Finally,
Fanselow S. et al. [112] developed the same approach to encompass polyethylene (PE)
producing a material qualified for the PBF­LB/P process. Common for all the studies is
the conclusion that the selected emulsifier and stabiliser system consistently exert a sig­
nificant influence on the success of the process, specifically with regards to the particle
size distribution as concluded by Dechet M. et al. [111].

Recently a framework for the indirect manufacturing of highly spherical powders has been
presented, among others, by Kleijnen R. et al. [113]. The process consists of melt blend­
ing two immiscible polymers in an extruder, with a subsequent separation step. The two
polymers selected need to be immiscible. In the work by Kleijnen R. et al. [113], a water­
soluble polymer is selected. Blending the desired powder polymer and the sacrificial ma­
trix polymer allows one to obtain spherical particles, with a narrow size distribution, de­
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pending on the mixing and extrusion parameters. In the work presented, a polybutylene
terephthalate (PBT) polymer is selected for the powder component, with the sacrificial
matrix being polyethylene glycol (PEG). It is found that the extrusion process has a neg­
ative effect on the PBT polymer due to the elevated temperature and water dissolution
steps. This causes a change in the crystallisation temperature and viscosity of the final
powder obtained, making the powder less suitable for the PBF­LB/P process.

The productionmethods for obtaining powders suitable for the PBF­LB/P process all show
pros and cons. Figure 4.2 offers four variants of processed powder, which are more or less
suited. The suitability is determined by the process of recoating a fine layer onto the build
plane and is therefore controlled by factors other than the powder shape and size. Fig­
ure 4.2 shows four SEM images of powders produced by the methods described above.
From the left is a cryogenic milled powder. The flakes and uneven sizes are problematic
for good powder distribution and packing, causing this powder to be less desired in the
process. The second picture shows a powder from the direct process route, promoting
sphericity and narrow size distribution, making this powder ideal for the process. The
third image is of a precipitation­processed powder, producing potato­shaped grains, that
can prove useful in the process, especially when considering an informed decision for
the recoating system, as described in subsection 4.2.1. The fourth image shows the highly
spherical powder obtained by melt blending. This process has not yet been widely adopted
by the industry but delivers high performance for powder fabrication. All powders pre­
sented can be processed by the PBF­LB/P process when the handling system for build
plane generation is considered. The influencing factors are the dosing and recoating sys­
tem, along with the flowability of the powder at elevated temperatures. The flowability is
enhanced by ensuring smooth and round particles and is aided by flow­enhancing agents
typically coated on the surface of the powder grains. The next section describes these flow
aids, their function and their use.

Additive Coating for Enhancing Processability

Additives used for stabilising the processing parameters are mainly focussed on flow aids.
Recent publications discussing the effect of other functionalising additives show the im­
pact of laser­absorbing agents and enhanced conductivity. The functionalising additives
are discussed last in this section.

Flow aids in PBF­LB/P facilitate a better­flowing powder, producing a more homoge­
neous build plane. The determining factor for the flowability of powders smaller than
100µm is the interparticle van der Waals forces, typically exceeding any other influential
factors such as gravitational forces [114, 115]. This effect leads to fine powders exhibiting
very high cohesive forces, which causes reduced flowability and decreasing volume­to­
surface­area ratio in the powder cake and build plane. The volume­to­surface­area ratio is
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Figure 4.3: Additive coverage for spherical dry coated polymer particles

a method of describing the powder cake density by focussing on the powder’s surface area
and the powder cake’s volume. By producing a low ratio, a low density of the powder cake
is expected. The most commonly used flow aid for polymer powders is fumed silica SiO2.
The standard procedure for coating the powder is the mechanical dry coating, where the
desired amount of additive and polymer powder is loaded into a tumbling or rotational
vessel. Achieving complete coverage of the powder grain with minimal excess flow aid,
left free in the mixture, as seen in Figure 4.3. Blümel C. et al. [116] investigated the effect
of the dry coating on high­density polyethylene (HD­PE), showing how two fumed silicas,
one hydrophobic, the other hydrophilic, influenced the process, build plane, and final part
quality. Blümel C et al. [116] concluded that the efficiency of the flow aid is linked to the
similarity in the surface chemistry between powder particle and flow aid, either showing
hydrophobic or hydrophilic properties. Since the investigated HD­PE shows hydropho­
bic characteristics, it was concluded, based on experiments, that the hydrophobic flow aid
performed superior to the hydrophilic. A reason for this is also that the hydrophilic flow
aid retains moisture by adsorption, which forms capillary bridges between the powder par­
ticles, causing the cohesion in the powder to become much greater, even when compared
to the uncoated polymer [115]. The correct dosing of any additive is essential, as seen
from the study by Tischer F. et al. [117]. Here it is shown how an excessive amount of
fumed silica deteriorates the polymer’s processability due to a change in the crystallisation
kinetics caused by an increased level of nucleation points developed by the nanopowder
fumed silica. The effect was a diminishing of the process window, causing the process­
ing capabilities of the polymer to decrease [115]. From this, it is clear that the minimal
needed flow aid should be added for any polymer powder to ensure high processability
of all parameters while still coating the powder to a functional degree. Schmidt J. et al.
[115] describe close to complete coverage as 0.5wt% fumed silica for a PBT powder.

The dry coating of powder can also serve other functions besides flow aids. Depending on
the additive, various properties can be enhanced or produced based on the coatingmedium.
Xi S. et al. [118] introduced a nanoparticle Carbon Black (CB) as a dry coating for an in­
dustrial grade PA12 to enhance the flowability of a cryogenically ground powder. The
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effect as a flow aid was successful. The CB caused a colour change, which lowered the
needed laser power during processing. The powder showed electrical conductivity, which
further aided the flow properties of the powder due to a minimisation of the tribological
charging during powder motion, such as recoating [115, 118]. The dry coating process is
a commonly found method for coating nano to microparticles on a powder medium. The
wet coating process is a different method, where two powders are loaded in a solution pro­
ducing a uniform coating [119]. The solution is then removed with the remaining powder
left coated by the desired particles. Hupfeld T. et al. [120] have produced a functionalised
PA12 powder by the wet coating process. By introducing an iron oxide powder to the
polymer, magnetic parts could be processed by the PBF­LB/P process, maintaining the
same magnetic properties as the powder mixture.

Material Processability
The polymer chemistry, manufacturing route, and the additives used for the final product
polymer powder made for PBF­LB/P all influence the powder’s processability as shown
in Figure 4.4. These parameters are derived from the material study presented above. All
the parameters are defined by the material used and are quantified by a certain metric.

Figure 4.4: Material characteristics important to consider for processing poly­
mer powder by laser
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A last influence is mentioned in the illustration, considering the influence of the material
manufacturer. This influence can be difficult to quantify fully. Considering the case of
the French company Arkema, which is the only producer of PA11 worldwide. PA11 is,
however, sold by most other material and system vendors. This means that some of the
grades will be virtually the same polymer and additive mix. While other vendors might de­
velop their own recipe for their material, adding certain additives to enhance the material
characteristics. The additive mixtures are often company Intellectual property (IP). This
means that researchers or new systems often are forced to rely on a material of which the
constituents are unknown, hindering development on a broader and more open scale. Ma­
terial producers and vendors will share some information, depending on the intra­company
relation, but this level of access is typically only granted based on large investments.

Besides the quantifiable parameters, a range of process signatures is presented. These are
the derived signatures of a combination of the parameters. All are related to the process­
ability of polymer powder by laser irradiation, defining key considerations to be taken
when designing and utilising polymer powders in laser processing. Each derived process
signature is typically controlled by more than one parameter, enhancing the complexity.
The diagram shown will be used for developing the methodology and requirements of
materials and systems throughout this thesis.

4.1.1 Laser / Powder Interaction

During the LPBF process, the laser interacts with the powder bed, melting and fusing
the powder grains into a solid. Three factors determine the interaction between the laser

Figure 4.5: Laser­powder interaction, showing the incident laser beam, the ab­
sorption, the reflection, and the transmittance. The powder, the material, and
the laser wavelength influence all these effects. Inspired from [14, 121]
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light and the powder, as seen in Figure 4.5. First is reflection, the second is absorption,
which is converted into heat, and the third is transmission [14, 122]. The three factors
will determine how well the powder fuses into a solid. This fusion behaviour is described
below in subsection 4.1.2, considering the binding mechanisms. Absorption influences
heating the most, with good interaction between laser and powder material developing
a greater heat output [122]. The absorption of light and, thereby, the energy input of a
material is determined by the agitation frequency of the specific bonds in the compound
[14].

The three interactions are affected by the state of the medium (i.e. solid, liquid, pow­
der etc.), where powder shows a considerable interaction with laser light due to the large
surface area­to­volume ratio [14, 123]. The powder size, especially the distribution, is
critical when considering the laser powder interaction [121]. The larger powder will re­
quire more energy to melt based on its mass, whereas smaller powders can evaporate due
to very high­power concentrations [124]. Ensuring a narrow powder size distribution aids
process control and provides a more stable sintering and melting process. The melting and
sintering process is depicted in Figure 4.6. In addition to energy absorption, it is worth not­
ing that adjacent powder particles can collect transmitted energy, resulting in the heating
of an entire zone instead of the localised heating of individual powder grains. Resulting
in a Heat Affected Zone (HAZ) of the build plane, not limited to the exact location of the
laser energy input. Moreover, the powder bed packing density influences energy absorp­
tion, with finer powders exhibiting greater effectiveness in light absorption due to their

Figure 4.6: Laser­powder interaction and penetration, showing the incident
laser beam and the melting behaviour. The penetration depth is determined
by the laser power, powder transmission and surface area­to­volume ratio
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larger surface area­to­volume ratio [123].

Polymer Powder and Laser Interaction

Polymeric materials, such as Polyamides, are characterised by a significant presence of
aliphatic Carbon­Hydrogen (C­H) bonds [125]. Another characteristic of PA’s is the amide
bonds, as seen in Figure 2.5. In the PBF­LB/P process, the interaction between the laser
and the polymer molecules primarily involves compound agitation or vibration through
bending or elongation modes [14] as seen in Figure 4.7. The molecular agitation modes
are described further in subsection 4.2.4.

Figure 4.8, from [126], illustrates the frequencies of compound agitation of a PA11, de­
scribing the transmittance measured by an Fourier Transform Infrared (FTIR) analysis.
The transmittance measurement is used for defining the chemical compositon of a com­
pound, by defining the wavelengths lost during light transmission. The decrease in trans­
mission is a measure of the energy being absorbed in the sample rather than passing
through it. In the PA11 sample tested, the transmittance decreases within the wavenum­
ber range of 700 cm−1 to 1650 cm−1, corresponding to the wavelengths of 14.3 µm to 6
µm. In PBF­LB/P, the most commonly used laser source is the CO2 laser, which typically
operates at 10.6 µm [33]. This wavelength aligns well with the aforementioned agitation
frequencies, ensuring efficient and consistent energy absorption within the powder mate­
rial. The efficient energy absorption is critical in PBF­LB/P when considering the very
limited heating time for a powder particle during rapid laser scanning motions.

The time of scanning per powder particle (Tps) is influenced by three factors: The scanning
speed SS (mm/s), the powder particle diameter Pø (mm), and the laser spot diameter Lø

(mm) with the relationship described by Equation 4.1 and in Figure 4.9, showing how the
rapid scanning speeds influence the time for energy deposition in an individual powder
grain. The curves show data for a sample material with a size distribution ranging from
D10 = 0.022 mm to D90 = 0.079 mm, which is a common range for PBF­LB/P materials.
The curves are constructed for a laser spot size = 0.15 mm, similar to what is found in
industrial PBF­LB/P systems, with some utilising much larger or smaller beams too.

Figure 4.7: Oscillation modes of polymer molecules
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Figure 4.8: FTIR analysis of pure PA11 (a) and several other grades. From
[126]

Tps =
Pø + Lø

SS

(4.1)

The scanning speed plays a crucial role in energy absorption during material processing

Figure 4.9: Correlation of scan speed, particle size, and laser spot size. De­
termining the time for an individual powder grain to absorb energy from laser
radiation
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and has been a significant focus of process investigations aimed at enhancing part prop­
erties [127]. The heating time for a powder particle is limited to 64.7 µs, taking into
account a median­sized particle, a scanning speed of 3 m/s, and a spot size of 0.15 mm.
Considering the extremely short timeframe for energy absorption by the polymer pow­
der, the interaction between the laser and substrate material becomes critically important.
As mentioned, using a CO2 laser ensures effective absorption for polymers, particularly
polyamide.

The energy absorption is rarely focussed down to a level of sintering or melting one single
powder particle. The reason is the spot size and the penetration of energy in the shape of
transmission and reflections, causing available energy below the top surface, as shown in
Figure 4.5. Furthermore, the laser spot size inmost systems is larger than any powder grain
size utilised in the process, ensuring a sintering zone larger than the individual powder
grains. A commonly used metric is energy density, described in detail below.

Energy Density

Energy density, also known as the Andrew number, is one of the main parameters used
in literature for conveying the energy input in the powder substrate [128, 129]. It is typ­
ically found in three variations, described in Equations 4.2, 4.3, & 4.4 [33, 130]. The
three variations build upon each other, progressively developing the concept from energy
density describing a line during the scanning process (EDl), to describing the scanned
area (EDa), and finally expanding to encompass the volume of sintered material (EDv)
during scanning [33, 124, 130]. All three variation includes the power P and velocity or
scan speed v, which provides the line density EDl as seen below in Equation 4.2.

EDl =
P

v

[
J

mm

]
(4.2)

Describing the energy delivery to a powder surface by one line, when considering the large
area that is scanned, can lead to misjudgement of the required energy for stable material
processing. To mitigate this and to normalise the value, an approach for describing the
energy per area was developed [131]. For describing the area, the hatch distance (Hd) was
added to the Equation 4.3. The hatch distance can be the laser spot size SS but is typically
less due to the laser profile with less power in the sides of the laser spot when considering
a Gaussian beam profile. An overlap is therefore often selected to some extent during
LPBF processing [132].

EDa =
P

v ·Hd

[
J

mm2

]
(4.3)

Further improvement in the transferability of the normalised energy density value is needed,
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which has led to the development of the volumetric energy density. This considers the
layer height (t) deposited during processing, ensuring that theEDv conveys the energy re­
quired for processing. This is especially helpful when considering 3D parts manufactured
from powder. The EDv is most used in scientific literature [130], proving the usefulness
of this parameter. However, a one­to­one correlation between two different systems is
rarely found when considering the same material and processing conditions. This is due
to a large number of external influences on the processing, causing EDv to be a metric
that can be useful in conveying the needed energy for processing while not providing the
entire story.

EDv =
P

v ·Hd · t

[
J

mm3

]
(4.4)

Another challenge associated with energy density is the existence of multiple ways to
achieve the same energy density value. Since energy density is a composite metric that
considers the most influential factors in the LPBF process, different approaches can yield
equivalent energy densities [128]. One method involves utilising fast scanning speeds
with high­power, while another involves slower scanning speeds with lower power, yield­
ing the same energy density. Additionally, adjusting the layer thickness introduces another
dimension where the same energy density can be achieved. The physical interaction of
high­speed, high­power compared to low­speed, low power are very different. One will
quickly force a large amount of energy into the powder bed. This can cause thermal degra­
dation of the polymer itself, leading to lower mechanical properties and part instabilities.
Whereas low power and low speed can lead to a lack of fusion and proper melting of the
powder, causing unstable parts that lack mechanical properties [128, 131]. Consequently,
energy density serves as a valuable metric for comparing similar experiments conducted
on the same system. However, its applicability becomes uncertain when used in isolation
without considering other pertinent processing parameters [123].

True Energy Delivery to the Powder

Describing the true energy delivery in the powder differs from the energy density or the
scan time per particle. Amore comprehensive metric is needed since these do not consider
beam shape and powder absorptivity. The energy density considers the energy delivery
at the powder/atmosphere interface, lacking information on the energy absorbed in the
powder causing localised heating. Gibson I. and Shi D. [132] developed a method for the
fill laser power considering input needed for explaining the localised heating as seen in
Equation 4.5.

P =
v · ρ · Ls · t · [C ·∆T + Lm]

1−R
(4.5)
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Themethod by Gibson I. and Shi D. [132] considers the reflectivityR, which is the inverse
of absorption, if no transmittance in the powder is assumed. It further considers ρ as
density of the powder, C is the specific heat ( J

g·°C ), ∆T is the difference between the
initial and melting temperature in the process (°C), Lm is the latent heat of melting (J

g
).

The true energy delivered to the powder is complex, with a large number of influencing
factors to consider.

For metal laser welding, an approach was constructed that was later proved reliable in
PBF­LB/M. This method is known as normalised enthalpy [133, 134]. The normalised
enthalpy calculation defines the processing parameters for any metal powder processed
by LPBF by incorporating material­dependant parameters that provide a value compara­
ble with othermaterials, as seen in Equation 4.6. Any number greater than 1 for normalised
enthalpy defines melting behaviour. Forien J. et al. [135] reported on the increase of nor­
malised enthalpy and related this to a signal from a pyrometer, determining the breakdown
level of the process from the pyrometer signal. This, is in good correlation with the report
of Gullipalli C. et al. [136] showing increased porosity above the melt pool stability zone.
Ghasemi­Tabasi H. [134] has shown for metals how three different materials, processed at
similar normalised enthalpy values, produced parts with a consistent melt pool width and
depth, leading to part properties expected from traditional metal processing found in PBF­
LB/M. Ghasemi­Tabasi H. [134] plot the normalised melt pool depth d (Equation 4.7) and
normalised enthalpy ∆H

∆h
showing how the melt pool depth is dependent on the normalised

enthalpy, proving the excellent correlation between the two.

∆H =
∆H

∆h
=

αP

ρ (C∆T + Lm)
√
πω3vD

(4.6)

d =
d

ω
(4.7)

In the normalised enthalpy calculation, several new terms are presented for calculating the
metric comparable across LPBF systems. Here α is the absorptivity of the bulk material
at the laser­specific wavelength, ω is the laser spot radius (mm), and D is the thermal
diffusivity (mm2

s
). The normalised melt pool depth considers factor d, which is the melt

pool depth (mm). Equation 4.6 assumes the beam shape of a Gaussian beam producing
a circular spot anywhere in the build plane. This behaviour is well established for colli­
mated laser beams focussed by an F­theta lens typically used in LPBF systems [137]. The
equation considers the absorptivity in the material, with the consideration of the energy
delivered to the powder and not the powder/atmosphere interface as seen for the other
methods in Equation 4.1 and Equation 4.4. The method of normalised enthalpy is gener­
ally accepted in PBF­LB/M. It is used as a metric for broadening the understanding of the
desired processing parameters but is still not used as widely as the volume energy density.
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The method of normalised enthalpy is not used broadly for PBF­LB/P. Starr T. et al.
[138] presented a similar idea for polymers designating this as the energy­melt ratio.
The energy­melt ratio considers some of the same input parameters from normalised en­
thalpy(Equation 4.6) as shown in Equation 4.8 for the energy­melt ratio. The major differ­
ence is the consideration of volume energy density instead of the absorbed energy. This
leads to an assumption of complete laser absorption in the processed volume of the powder
[139]. This assumption holds true for polymer processing by adequate laser sources, such
as CO2. However, when investigating fibre lasers with limited absorption in the poly­
mer, this metric is doubtful and does not provide a more detailed picture of the process
compared to the volume energy density.

EMR =
Ea

Ep

=

P
y·v

[Cp∆T + Lm] · (ρ)(ϕ) · t
(4.8)

Equation 4.8 considers the powder packing ratio needed for the correlation to volume en­
ergy density. The results presented by [138] prove that the energy­melt ratio is beneficial
for structuring the dissemination of required energy for good melting and consolidation
properties in the PBF­LB/P process. It is reported that, similarly to the normalised en­
thalpy, proper polymer processing does not occur before an energy­melt ratio of 1. The
study’s results show an increase in mechanical properties until an energy­melt ratio of 3
[138]. However, it is not reported for greater values, leading to a missing conclusion of
the breakdown level of the energy­melt ratio for the process.

This literature survey did not find any examples of utilising normalised enthalpy for dis­
seminating the PBF­LB/P process. This can be due to the issue in identifying the spe­
cific modes during manufacturing, differentiating between conduction and keyhole mode,
which are easily identifiable in PBF­LB/M [133]. Identification of these two modes is
necessary to classify the melt pool and the manufacturing mode. However, these are not
the same in polymer production due to the small ∆T supplied during production and no
crystallisation due to the elevated temperature of the powder cake.

Laser Processing of Polymer Powder
The PBF­LB/P process of laser­powder interaction is complex with several influential
factors as described above. Williams J. and Deckard C. [140] developed a model for
considering these factors, mainly focussing on the laser input at the powder­atmosphere
interface. The issue is the lack of information concerning the laser interaction with the
powder, as mentioned above.

An illustration of the influential factors for true energy delivery has been based onWilliam
J. and Deckard C.’s model on laser powder interaction. The model incorporates the laser
powder interaction, ensuring a broader picture of the processing conditions as seen in
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Figure 4.10: The laser­powder interaction. Considering the major influences
during LPBF processing

Figure 4.10. Each corner of the model represents a system that defines the underlying
factors of the laser powder interaction. Ensuring homogeneity among all aspects leads to
a stable laser­powder interaction, thereby facilitating consistent powder consolidation that
is beneficial for production purposes.

The individual parameters around the circle in the illustration influence different derived
signatures of the process. The parameters and especially the process signatures are often
considered when discussing the resulting powder processing, as seen above for the nor­
malised enthalpy and energy density discussion. However, both of these do not convey all
the relevant parameters or signatures. Therefore, each parameter and the derived process
signatures are explained in Table 4.3. The quantifiable parameters and derived process
signatures presented in Figure 4.10 are not an exhaustive list of the influential factors dur­
ing processing but comprise an overview of the dominant factors. Goodridge R. et al.
[131] reported on the different controlling parameters for stable PBF­LB/P processing.
Here it is concluded that an elevated level of process control is needed for the successful
implementation of the AM technology. Since the publication by Goodridge R., several
improvements have been made. However, an explanation and further development are
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Table 4.3: Influential parameters for the PBF­LB/P process considering the
laser­powder interaction

Delay between
Scans Sd

The hatch profile of a geometry requires several passes to com­
plete the entire geometry. Ensuring an appropriate time be­
tween consecutive scans is important to not let the powder cool
for an extended amount of time before reprocessing.

Laser on time Ls
The laser on time is critical when considering the amount of
energy delivered for an entire layer during a build process.

Laser re­
flection and
transmission

LL

The amount of laser energy lost due to the reflection or trans­
mission. Transmission of energy further into the powder bed
will contain the energy but is scattered in the powder bed. Re­
flection is lost in the machine.

Laser incident
angle AI

Depending on the scanning location and the material’s absorp­
tivity, some laser energy will travel into the powder bed. Sup­
pose the scanning location is off­centre, considering the beam
travel. In that case, it causes an incident angle which causes
any energy transmitted to not go into the layer below but travel
into the powder bed, depending on the geometry.

Laser penetra­
tion depth LPD

The laser penetration depth considers how far the laser energy
will travel into the powder bed. This is a desired behaviour for
layers built on top of the geometry, ensuring fusion between
the new and previous layers. This is to be minimised in the
empty powder bed, ensuring less part growth and bad down
skin behaviour.

still needed.

The model presented will be developed throughout the study to encompass the most rel­
evant parameters when processing polymer powders by laser. The further development
relies on the physical interactions occurring in the PBF­LB/P, which is described below
considering the binding mechanisms for powders.

4.1.2 Binding Mechanism in Powders

A common trade between all the various materials used in LPBF is the fusing of particles
by laser radiation. This binding mechanism varies between the material groups and how
the processing is carried out concerning the laser irradiation, powder material, and com­
position. The fusion of two particles can be described by the capillary forces developing
during material flow between two particles as described by Dörmann M. et al. [141]. The
most prevailing binding mechanisms in LPBF are solid state sintering, chemically induced
binding, liquid phase sintering, and full melting [15, 142].
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Solid State Sintering

The process of Solid State Sintering is accessed when heating a powder material to just
below the melting temperature of the material, allowing the outer most surface of the
powder particles to start chemical diffusion between one another [15, 142]. This diffusion
behaviour is allowed by the increased mobility of molecules at elevated temperatures. The
phenomenon is typically observed between the melting temperature TM and down to half
of TM , leading to the reaction persisting for the duration of the processing. This is espe­
cially true in the case of PBF­LB/P due to the elevated temperature in the build chamber
and powder cake. This effect causes uncontrolled part growth during processing, caused
by the diffusion and adhering effect of the surrounding powder to the processed part [15].
Solid State Sintering cannot produce fully consolidated parts due to the thermal input, not
allowing complete melting of the individual powder particles. The mechanism at the el­
evated temperature is diffusion controlled and does not allow low enough viscosity for
the powder particles to minimise the free surface energy to a point of full coalescence. In­
stead, this leads to a network of particles with gaps between them, as shown in Figure 4.11.
Solid State Sintering occurs by lowering the free energy by a flux of atoms or molecules
replacing the void between two adjacent particles leading to neck formation and particle
growth [15, 142].

Figure 4.11: Stages of Solid State Sintering. Temperature and time increase
from left to right, seeing the neck growth in the middle and the sintered particles
forming a smaller porosity in the centre

Chemically Induced Binding

Chemically induced binding is used mainly for the reaction of ceramics. Here a reaction
with either the powder constituents or the processing atmosphere can introduce a new
molecular structure of the original powder components. The reaction is triggered by heat,
causing the powder to become one part [142]. As mentioned above, an example of direct
ceramic manufacturing by chemically induced binding is by Zhang X. et al. [58]. The
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research group produced a high entropy carbide ceramic proven reliable by the chemical
binding of the constituent powders.

Liquid Phase Sintering

Liquid Phase Sintering is often seen in composite systems, where a discrete binder is
present for fusing particles that do not show the desired melting behaviour at the process
temperature as described above [43, 142]. The binder material can be present in different
stages in the powder, as seen in Figure 2.10. The binder typically has a TM lower than the
other powder constituent, allowing only one material to melt and wet the other, producing
a sintered geometry. Liquid Phase Sintering is not only used for manufacturing compos­
ites for later processing, such as green parts needing subsequent debinding and sintering
steps. Composite materials based on polymers with an additive component for increasing
mechanical properties are also classified as Liquid Phase Sintering. The additive used is
typically glass beads or carbon fibres, as mentioned above.

Another case of Liquid Phase Sintering is often attributed to PBF­LB/P. The commercial
name Selective Laser Sintering (SLS) stems from this based on the outer shell of the pow­
der grain melting and sintering to the surrounding powder but leaving a core of unmolten
polymer, resembling the original crystal structure prior to sintering [142]. This can be
seen in Figure 4.12, where the first peak is due to a change in the crystal structure of the
polymer caused by laser sintering. While the second peak correlates with the TM of the

Figure 4.12: Two distinct melting peaks can be identified, one correlating with
the original DSC analysis of the unsintered powder and one that shows a change
in the molecular structure causing a lower melting temperature. The change in
the crystal structure is evidence of prior melting from themanufacturing process
of PBF­LB/P
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original polymer powder as received from the manufacturer. This effect is especially ev­
ident in a combination of Solid State and Liquid Phase sintering, where powders fused to
the side walls of a component experience a mix between the two methods.

Full Melting
Full melting during LPBF processing is often associated with metal powder processing.
However, polymer powders can also achieve full melting from laser processing [142]. Full
melting of the manufactured part is essential when mechanical properties are the central
focus. For polymers, this often incurs the need to raise the process temperature for a
longer duration, inducing Solid State Sintering of the surrounding powder, as mentioned
above. This causes part growth and an increase in final surface roughness. To mitigate
this, a middle­ground approach is often selected [15]. This means defining the process
temperature and duration that produces the desired mechanical properties with minimal
part growth and surface defects. Leading to the final processing by PBF­LB/P often being
a mix between Liquid Phase Sintering, Full Melting, and to an extent Solid State Sintering.

Full melting of polymer powders allows for the true interaction between the polymer
molecules initially situated in the individual grains. When providing sufficient heating
for an extended duration, chain mobility is increased. This increased chain mobility low­
ers the viscosity of the polymer significantly, allowing the powder to start flowing and
coalesce. This flow and enhanced chain mobility allow the molecules to cross between
the powder grain borders developing a denser component with better mechanical proper­
ties. The effect is caused by the desire to create a system of lower surface free energy by
producing a larger grain with a greater surface­to­air ratio [143]. The molecular motion
and diffusion are exemplified in Figure 4.13.

Figure 4.13: Full melting behaviour in polymers ensuring a stable network of
the macromolecules due to temperature­induced mobility
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4.2 State of Polymer LPBF Systems
The Laser Based Powder Bed Fusion of Polymers (PBF­LB/P) process was described ini­
tially as ”a three­dimensional computer output tool” by the inventors at the University of
Texas Austin [144]. The initial reference to the process can be traced back to the compre­
hensive exposition provided by Deckard C. and Beaman J. in their seminal work (Deckard
& Beaman, 1988)[144], wherein the authors clarify the intricacies of the process. As ex­
plained in section 2.1, the process cycles through 5 steps, layer­by­layer, to produce the
desired geometry in the powder bed as shown in Figure 2.2 reprinted here in Figure 4.14.

A combination of sub­systems dominates the philosophies of the commercially available
PBF­LB/P systems. All allow a laser to scan the build plane of the powder cake, producing
the part layer­by­layer. The difference is mainly seen in the laser source, the powder feed
mechanism, and recoating system, as seen in Figure 4.15. The laser source, as mentioned
in chapter 3, is commonly the CO2 laser, with some variation in the industrial systems pre­
sented. The powder feed system is either a top feed or a bottom feed approach. Finally, the
recoating system can be functionalised in several different ways, either by a wiper/blade,
roller or a combination. The two figures 4.15a and 4.15b show two example configura­
tions and some of the features found in industrial setups. Looking into Figure 4.15a, which
shows the top feed method and a blade recoater. PBF­LB/P systems can be constructed in
a variety of combinations, with the two presented as possible options. The systems illus­
trated are thus not comprehensive and locked to these configurations. All the individual
subsystems are described below, with an explanation of their importance and impact on
the final part quality.

Figure 4.14: The process steps for the Additive Manufacturing cycle of Laser
Powder Bed Fusion (Reprint of Figure 2.2)
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(a) Top feed PBF­LB/P systems

(b) Bottom or piston feed PBF­LB/P systems

Figure 4.15: The major components in the two dominant architectures for PBF­
LB/P systems
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4.2.1 System Components and Configuration

A deep understanding of the integral systems, sub­systems, and configurations utilised in
PBF­LB/P is critical for the repurposing and further development of the processing equip­
ment when introducing a new laser source. To obtain this knowledge, an investigation of
each sub­system and its influence on the final part is carried out. Below, the critical sub­
system is described, presenting the state of the art for each. The in­depth knowledge and
understanding are utilised for the further development of the system described in chapter 5
and on.

Recoater Design

Recoating systems are designed to distribute an even layer of powder onto the powder
cake, producing the new build plane. The newly distributed build plane aims to cover the
entire powder cake to be free from scratches, or other defect areas, typically identified by
excessive surface roughness. As well as ensuring a high degree of packing, increasing
the powder cake density [14]. The recoating system controls the density of packing in
the powder bed, the flatness of the build plane (i.e. corner to corner/side to side), and the
surface topography, which all directly influence themanufactured parts [145]. The powder
material and flow properties also strongly influence the powder bed quality, so a need to
consider the mechanical system and the powder feedstock is important [146, 147]. Here
the major focus is on the mechanical recoater and its influence of this. The flowability
and recoating­related material properties are discussed in subsubsection 4.1. The two
dominant recoating systems are shown in Figure 4.16 with the additional types/geometries
or movements for the individual types [145, 148].

A common problem during recoating is either short feed, where too little powder is dis­
pensed, not covering the build plane or dragging of components or powder agglomerates,
which scrape the surface, removing the powder from the build plane. Short feed is not
within the control of the recoating system but is mainly influenced by the feed mechanism,
as described below. The recoating system affects the dragging of particles or agglomer­
ates, causing the same challenge as short feed. Both issues infer a lack of fresh powder
covering the build plane, leading to double laser exposure for areas of the manufactured
parts lacking powder as shown in Figure 4.17 [149]. The problem is worsened by the fact
that during the next layer recoating, a double layer thickness of powder is distributed in
these areas.

Figure 4.16 show the two dominant recoater configurations found in industrial and re­
search systems for PBF­LB/P processing. Wiper recoating types utilise a stationary blade
which can utilise different geometries depending on the recoating profile material and
powder properties. The profile of the wiper determines the contact zone with the pow­
der cake and build a plane, which controls the quality of the build plane post­recoating.
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Figure 4.16: Recoater types for PBF­LB/P

Haeri S. [150] modelled the influence of the blade geometry considering three parameters
determined to have the greatest impact on the build plane quality. The three geometry
parameters are profile thickness, height, and shape. Considering a mixed PEEK polymer
powder with a number of realistic powder shapes in the mix, a discrete element model
was produced to find the optimal geometry of the blade. The optimal geometry for the
modelled powder and velocity is a narrow blade with rounded edges. The blade must
have a curve and a flat area to produce the highest quality build plane, as seen in the first
blade variation from the left in Figure 4.16. The thickness of the blade is critical to allow
for compaction, increasing the powder cake density [150]. The flat area of the wiper is
further supported by Beitz S. et al. [151], proving experimentally that the larger flat area
ensures even packing, a uniform surface, and a greater powder cake density. Miao G. et al.
[145] conclude that wiper recoating systems are ideal for spherical powders with a narrow
particle size distribution when the correct geometrical design is selected, due to the low
complexity of the system, however for more complex shaped powders other methods can
prove more reliable.

Roller recoaters are recoating systems that allow for a rotational motion during the traverse
movement of the recoating gantry. The roller, typically a metal rod, has three modes of
operation being; controlled for movement in two directions, with a third mode of being
stationary (resembling a wiper blade). The roller movement can either be in the forward
direction, whichwill compact and force the powder into the powder cake, or in the counter­
rotating direction[152], which will cause an avalanche effect of the powder in front of
the recoater. The diameter of the roller influences the powder cake density and packing.
Zhang J. et al. [153] found by discrete element simulation that a larger roller diameter will
ensure an increased density while lowering the standard deviation leading to a more stable
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process. The work was done considering a counter­rotating roller and a ceramic powder.
The larger diameter of the roller causes a larger compression zone with a larger number of
particles, enhancing the contact forces in the powder cake and increasing the density. The
avalanche effect caused by the counter­rotating roller is known for ensuring good flow
in the powder before packing it into the powder cake. This assists rougher particles to
produce build planes with low surface roughness, typically free of defects. This is due
to the increased contact area of the counter­rotation, favouring a constant rearrangement
of the powder in front of the roller. The continuous avalanche motion encountered by
the counter­rotation can cause particle size segregation with more rapid deposition of the
smaller particles by the counter­rotating movement, as concluded byWang A. et al. [148].

Forward rotation recoaters have been studied by Beitz S. et al. [151], showing how ini­
tially, an increased packing density of the powder cake can be achieved. However, the
forward motion incurs issues, with the spring back of the build plane caused by an elastic
response in the powder cake [145]. There is also a possibility of the material sticking to
the surface of the recoating roller, which drags out particles or agglomerates of the build
plane, caused by the powder being sticky at elevated temperatures above the (Tg) of the
powder material [151]. This creates craters in the build plane resulting in low quality with
large surface roughness. One way to improve the quality of the build plane and powder
cake by forward rotation is by mixing the two modes of roller operation. This means first
passing the powder cake using the counter rotation mode producing a pre­spread layer that
can be post­processed. Once at the end of the build plane, the feed direction reverses, with
the rotation staying the same. This will cause the forward rotation of the roller to pack
the newly distributed layer to a larger degree [145]. Having multiple rollers on one gantry
can complete the pre­spread and final recoat in one motion, which is typically desired in
the industry to keep the productivity of a PBF­LB/P system high.

Recoating devices can also incorporate vibration modes to increase the powder cake den­
sity further than what is possible from a blade or roller. Studies have only been conducted
for metal powder [145], which is why no further explanation is described in this thesis.

Studies have been reported on the build plane quality, considering the type and function
of the recoater, as mentioned byMiao G. et al. [145]. Finite or discrete element modelling
is the most widespread investigation method. Haeri S. et al. [154] report through discrete
element modelling that the build plane is significantly improved by using a roller recoater
when investigating non­spherical powders. This is related to the contact dynamics of
a roller and the powder cake. The same study also concludes how the recoating traverse
velocity on the build plane diminishes the build plane quality. Higher speed causes quality
to deteriorate. This is supported by Chen H. et al. [152], with the experimental findings of
increasing surface roughness and decreasing powder cake density for a counter­rotating
roller recoater processing 316L stainless steel powder. Based on this, a lower traverse
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Table 4.4: Influential parameters for recoating quality considering a roller re­
coater acting in the counter­rotation mode

Layer thickness

The potential powder cake density is directly linked to the layer thick­
ness. Utilising a layer thickness close to the average powder particle
size, it has been proven that the largest fraction of powder is dragged
away from the powder bed leading to a lower density. However, us­
ing a layer thickness greater than twice the average powder particle
size also causes deterioration in the density. Selecting an adequate
layer thickness to comply with the powder particulate size is thus im­
portant and directly influences the powder cake density. This trend
is true for investigations considering the multilayer approach, which
is found most relevant by the author.

Rotational
velocity

The rotational velocity by the counter­rotating roller drives the
avalanche behaviour of the powder during recoating. Meyer L. et
al. [155] developed the idea of total surface velocity, considering the
effect of the recoater traverse velocity and the counter rotation in one
parameter. Linking these parameters can produce greater packing
densities than when considered individually.

Particle size
Particle size influences the recoating behaviour by agglomeration
for very fine particles and segregating in mixes, especially during
counter­rotation roller recoating.

Particle shape

The shape of the powder is important for ensuring a high­quality
powder cake and build plane. The counter­rotating roller will allow
even very coarse powder to be recoated due to the roller rotation,
ensuring a stable avalanche motion during recoating.

velocity of the recoating system is desired. This conflicts with the interest of production
speed, where a middle­ground approach of the quality of the build plane and traverse
velocity is considered.

Several factors determine the powder cake density and the build plane quality, with the
traverse speed being one dominating factor. The other main elements, described by Miao
G. et al. [145], are presented in Table 4.4. The table concludes on the effects of a roller
recoater acting in the counter­rotation mode since this configuration and operation mode
is deemed the most versatile based on the findings presented above.

The majority of industrial systems include a bi­directional recoating system. This permits
greater production speeds due to minimal time spent for recoating but adds complexity,
especially for roller recoater systems. The complexity is dependent on the powder feed
system, as described below.
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Powder Feed System

The powder feed system or dosing mechanisms shown in Figure 4.15 are the top and
bottom feed versions, which are the most common configurations found in industrial ma­
chines. The primary purpose of the feed system is to ensure adequate powder dosing for
each layer, to avoid short feed, where too little powder is dosed, as seen in Figure 4.17, not
covering the build plane. If a short feed occurs for a layer during manufacturing, the laser
will scan uncovered parts of the geometry. This causes previously sintered powder to be
re­processed by the laser, causing part growth and polymer degradation due to excessive
heating [149]. It can further lead to delamination in subsequent layers caused by too low
volume energy density to fully consolidate the thicker layer [40].

Top dosing systems require powder to be stored above the build plane. Here a dosing
mechanism release powder onto the build plane for recoating. The accuracy and the system
configuration determine the level of accuracy desired for dosing. If the system has one­
way recoating and a powder dump, then the required dosing accuracy is increased due to
the potential material loss. If the system configuration is a two­way recoating system with
a powder reflow, the dosing accuracy can be lowered since the material is maintained in
the build chamber, as seen for both systems in Figure 4.15. Figure 4.18 shows a one­way
recoating system with the top feed configuration. Any excess powder dosed for a layer
will be discarded in the overflow to be reused during the powder refresh cycle.

The top feed powder hopper can be heated to minimise the temperature difference between
the powder cake and the newly distributed build plane. Fish S. [156] describes that heating
the powder minimises the temperature gradient, which decreases the residual stresses in
the new layer and the final part. Pre­heating of the powder is common in the bottom­
feed configuration, as seen in Figure 4.19. Here a heater band can be fitted to the powder
pistons, heating the powder prior to recoating.

Bottom­feed dosing systems typically require the same level of control as the build piston.
One or two powder canisters are fitted on either side of the build platform. The powder

Figure 4.17: Powder short feed of a layer during production leading to double
layer height in the next layer deposited
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Figure 4.18: Overflow location for excess powder in one­way recoating

piston shown in Figure 4.19 moves up, exposing the volume of powder needed for re­
coating one layer. The recoating motion will sweep the powder across the powder cake,
leaving the new build plane. After the build plane has been produced, excess material can
either be collected in the opposite powder piston if the piston movement leaves a space, or
the excess powder can be swept to an overflow bin. The powder piston located opposite
the feed piston will have slight contamination from the build plane deposition. However,
this is negligible considering the typical mixture of 50/50 new and old powder used in
industry [157].

The two powder feed systems described above are examples of what most industrial sys­
tems utilise. More complex feed systems are being developed, which mix the powder feed

Figure 4.19: Overflow locations for excess powder in two­way recoating
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and recoating system into one. Typically this is done to allow for selective deposition of
powder, which can be utilised when considering multi­material productions, as shown by
Tamura A. et al. [158]. This system uses a film for transferring powder particles from
a carrier bin to the build plane. Then powder particles are selectively deposited on the
substrate by laser irradiation from the back of the film, releasing the particles onto the
substrate. Another approach is from the company Aerosint, where two or more perforated
drums can deposit single powder particles in an array of pixels on the build plane [159].
The number of drums determines the number of materials possible to employ in this pro­
cess, which acts as an add­on for a PBF­LB/M system where it can be implemented. The
implementation is determined by the access level for modification of the system, with
some industrial systems not allowing for this implementation. The focus of research by
Aerosint has originally revolved around two or more component metal systems. How­
ever, the system is stated to handle most materials, including polymer powders [160].
Whitehead J. [161] developed a method dedicated for polymer powders producing multi­
material components by employing a bottom­up approach and two distinct powder vats.
The process resembles Stereolithography (SLA) with a vat containing one layer thickness
of powder that is then compacted by a substrate, to which the first layer of a manufactured
geometry adheres. The process can then incorporate several vats with different powders
loaded in each one. By moving the build­substrate between the various vats, a geometry
produced by more than one material can be realised. Here switching between layers in the
Z direction and in the X and Y plane [161] is possible.

The recoating and powder dosing mechanisms are integral for the PBF­LB/P process, en­
suring a steady flow and full build plane for consecutive layers. As previously mentioned,
heating the powder before recoating can be implemented to improve the quality of the
manufactured components. Another critical parameter is the build plane and powder cake
heating, which hinders premature crystallisation of the polymer, thereby minimising the
issue of warping and curling in the produced part. The heating configuration and control
are of paramount importance for the PBF­LB/P process and are explained next.

Heating System

The purpose of the heater system is to maintain a stable temperature during the entire
build job, as depicted in Figure 4.20. This is to allow for isothermal sintering of the poly­
mer powder by keeping the temperature above the onset crystallisation temperature ToC

[162]. The process and consequence of the process temperature is a vastly studied subject
[144, 162–166]. This is due to the direct influence on the final part mechanical properties
and surface texture. Furthermore, heating is the primary cause of polymer chain degra­
dation during processing, which causes significant material consumption for PBF­LB/P
manufacturing. The heating between ToC and ToM is seen in Figure 4.1, showing the pro­
cessing window and typical behaviour during laser irradiation [144, 167]. Various systems
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Figure 4.20: Heating cycle of the PBF­LB/P process, showing the initial heating
step, the processing step at a constant temperature, and the final step of cooling
to room temperature. From [162]

approach the heat input for the build piston and top heating differently. The build piston
and powder cake are typically heated by contact heaters placed around the build piston
as shown in Figure 4.15, where this can either be by heating elements in physical contact
with the build piston outer wall or as a heated environment surrounding the build piston.
The heaters for the build piston are usually set to a temperature just above the crystalli­
sation temperature [163, 164], allowing increased mobility of the polymer chains due to
the elevated temperature [168, 169]. Doing this allows pre­arrangement of the molecular
chains to occur prior to cooling the powder cake and process chamber, alleviating internal
stress build­up. The heating cycle for an PBF­LB/P process can be seen in Figure 4.20.

Heating from above the build plane is critical, ensuring a stable heated region with min­
imal thermal gradients across the build plane. Noncontact heaters are often utilised by
being installed above the build plane to radiate heat onto the powder surface, maintaining
a temperature below the melting point ToM of the polymer. Different configurations and
heater types are used. The most common are quartz lamp heaters or glow­thread heaters.
Ceramic heaters are also employed in some systems. Ceramic heaters typically show
longer latency of heating and cooling, making the control less precise. An example of a
top heating array is seen in Figure 4.21, depicting an array of double quartz lamps situated
around the laser aperture. The heating is controlled by a single point measurement of a
pyrometer [164], which makes control across the build plane less accurate. Industrial sys­
tems often rely on operator knowledge for tuning the top heater settings by analysing parts
produced at different locations in the build plane. By visual inspection during processing,
experienced operators can tune the top heaters, minimising thermal gradients.
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Figure 4.21: Double quartz lamp top heater array on the SinterStation 2000 in
the AMIST centre at the University of Louisville

Studies into the influence of the final part properties have been conducted by various au­
thors, as mentioned above. Greiner S et al. [164] concluded that the majority of final
part properties are directly influenced by the top heater temperature, experienced by the
powder in the build plane, and less affected by the build piston temperature. However,
having no heating for the build piston and build plate causes degraded mechanical prop­
erties when investigating the elongation at break and Young’s modulus of the produced
parts. A model for predicting the initiation of crystallisation and how long this process is
carried on has been investigated by Drummer D. et al. [162]. Here it is stated that 50%
of crystallisation occurred after 22 minutes when processing at the selected conditions.
It is not reported when the material is crystalised to a complete semicrystalline structure.
The effect of these studies is a smaller need for build piston heating than previously ex­
pected. The conclusion is that the heating of the build plane should be homogenous, with
a tendency to have less heat needed for the build piston itself. This will lower the cost of
the process while running and shorten the cooling time while still producing quality parts.
Heating the build plane is done by homogenous heating and laser irradiation to produce
the desired geometry. The laser irradiation is described in the following.

Laser Type
Laser light is generated in a medium that, when energised, typically by electricity, gener­
ates light at a specific wavelength depending on the medium as shown in Figure 4.22. The
light generated is a parallel beam that is particularly directional, enabling precise energy
delivery in a defined area. Laser is the acronym for Light Amplification by Stimulated
Emission of Radiation [170]. Laser light can be produced by several active media, with
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Figure 4.22: Simple principle drawing of the function of a laser

the dominating for PBF­LB/P being CO2 [171]. Deckard C. and Beaman J. [144] use this
laser type in their original description of the PBF­LB/P process. CO2 lasers have been
used widely ever since for powder processing, especially for polymers. The laser and
powder material interaction has been explained in­depth in subsection 4.1.1. The focus
here is on the different laser sources and the new development of lasers for PBF­LB/P.

CO2 lasers produce radiation by energising a CO2 ­ N2 ­ H gas mixture producing a Con­
tinuousWave (CW) beam delivering high­power as described by the inventor Kumar Patel
in 1965 [172]. CO2 are known as versatile and robust lasers often used in industrial set­
tings for engraving, cutting and fusing different materials. In PBF­LB/P, the wavelength
of 10.6 µm is sublime for heating the polymer powder due to the correlation between the
molecular agitation frequency and the laser wavelength, as described in subsection 4.1.1.
Recently new laser types have been used for processing polymer powders. The company
Farsoon has chosen a different laser source by developing a system equipped for ultra­
fast scanning speeds of up to 20m/s [173]. By scanning rapidly, an increased laser power
can be utilised in the process. Farsoon uses a 500W fibre laser to process dark­coloured
polymer powder, enabling a minimum feature size of 0.3mm and a layer thickness range
of 0.06 to 0.3mm, as seen in Table 3.1. The company EOS has developed the Fine De­
tail Resolution (FDR) technology. Here a 55W CO laser is employed to produce parts
with superior detail resolution and low surface roughness [174]. This technology claims
to produce walls with a minimum dimension of 220 µm and layer thickness of 40 µm,
enabling the user to produce parts with small features and fine detail resolution. The CO
laser produces a wavelength of 5.5 µm and a better beam quality than the CO2 laser [93].
Both these technologies have been released within the last three years [175, 176], prov­
ing that the market for PBF­LB/P is still growing with an increasing demand for faster
manufacturing, with greater levels of details and surface finish. Utilising fibre lasers in
the PBF­LB/P process causes issues with the heating and consolidation of the polymer
powder due to a mismatch between the laser wavelength of 1080 nm and the agitation
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frequency in the polymer. This concept will be explored further in subsection 4.2.3, con­
sidering the challenges and possible gains from using fibre lasers.

The CO laser produces a laser beam similar to the CO2 laser by electric excitation of the
gaseous mixture. The mixture is typically CO ­ He ­ N2 ­ Xe, producing wavelengths be­
tween 5.2 and 6.5 µm. The wavelength can be tuned in CO lasers by varying the mixture
ratio between the mentioned gasses [177]. The smaller wavelength of the CO laser allows
a potential processing spot size half the size of the traditional CO2 laser. This is based
on the diffraction­limited spot size relating to the wavelength of the laser. Furthermore,
the Rayleigh length is improved substantially by the smaller wavelength [93, 178]. The
Rayleigh length is a measure of the distance between the focal point of a laser beam and
the point at which this beam has increased to double this size [179]. The larger Rayleigh
length produces a longer depth of focus, which facilitates an increased volume energy
density in the beam and greater penetration depth of the high­energy beam while being
able to cope with uneven surfaces, still ensuring focus at the build plane of the system.
All these features permit the systems utilising CO laser to produce improved quality parts
by ensuring better beam quality throughout the build plane and consistent volume energy
density. For the laser motion traversing the build plane, a scanner system is utilised, pro­
ducing the features in the desired locations. These scanning systems are described in the
following.

Scanner System

LPBF systems often use a galvanometer scanning head for traversing the laser spot across
the build plane in the X (side to side) and Y (front to back) direction, producing the part.
Galvanometer scanners use two mirrors to direct the laser. The mirrors are placed in an
orthogonal arrangement, which directs the laser from the side of the scanner and onto the
build plane. The focus at the build plane is maintained by an f­theta lens producing a flat
plane focus area at the desired focal length. The components of a galvanometer scanner
are depicted in Figure 4.23. The motion of the two mirrors can produce rapid movements
of the spot in the focal plane of the laser, ensuring acceptable scan speed and build times
for a production run. Galvanometers are a well­known technique of producing a rotational
force between a rotor and a stator, depending on a current level [180]. Originally intended
for the measurement of current or voltage bymoving a needle along a gauge, depending on
the level experienced by the galvanometer. This principle is now employed in the scanner,
utilising the motion generated when a current is applied to rotate a mirror, directing the
laser to the desired location. An added option is the use of a feedback look, determining
the location of the rotor to an increased degree of accuracy by comparing the current and
desired position, minimising errors.

By keeping the mirror and rotor assembly as light as possible, rapid scan speeds of the
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Figure 4.23: Components in a galvanometer scanner

laser spot can be achieved by the rotation of the mirrors while maintaining consistent
repeatability. The scanning speeds greatly influence the final part properties. Ensuring
adequate speed for not overheating the polymer while still delivering the desired amount
of energy needed for particle coalescence [181]. LexowM. et al. [182] reported a decrease
in mechanical properties with increasing scanning speed while maintaining the same area
energy density level. Here they conclude that a non­linear effect occurs when moving the
laser spot faster while keeping the energy density at the same level. This is expected to
be caused by the lack of energy dissipation into the core of the polymer particles since
no difference between the sintered particles was determined by visual inspection. A two­
phase system is built by not allowing heat dissipation into the core of the powder grains.
This two­phase system is constructed by Liquid Phase Sintering (subsection 4.1.2), where
the outer shell will bind with the surrounding particles while the inner core is kept as
the virgin polymer powder, impairing the part’s mechanical properties. Scanning at lower
speeds can cause chain scission due to excessive heating in one region [181]. This will also
cause a deterioration in the mechanical properties, as well as the surface roughness and
colour of the part, due to polymer degradation and discolouring. Therefore, a correlation
between the laser energy input and the scanning speed is required to obtain parts that show
good mechanical properties and no polymer chain degradation.

4.2.2 System Capability

The aim of any system is to complete the intended function while fulfilling the require­
ments set up for said system. To gain an understanding based on the study presented
above concerning the PBF­LB/P process, a framework depicted in Figure 4.24 has been
developed. Here the major influential parameters are shown for each specific subsystem
presented above. All the influential parameters link to one or more of the derived process
signatures. The process signatures are quantifiable resultants, which are directly measur­
able in the final part quality. Some process signatures have been presented before in the
previous influence and signature diagrams. This proves that each part presented above
is not unique but influences and is affected by each other when considering the goal of
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improving the final part quality.

Figure 4.24: The major subsystems in PBF­LB/P, showing the process signa­
tures of the influential parameters

4.2.3 Fibre Lasers

Fibre lasers have been developed over the past 50 years [183]. Several types of fibres are
available, with glass fibres, polymer fibres, hollow fibres, and single­crystal fibres being
among the most common. Fibre lasers are known for their robustness, excellent beam
quality, and low maintenance, among others. Fibre lasers are therefore gaining ground
for the choice of materials processing, such as laser cutting and welding, as well as for
medical applications, such as biomedical imaging [183]. Fibre lasers utilise the fibre as
the gain medium, typically in the form of rare­earth­doped glass fibre [184], used for
high­power fibre lasers in the near­infrared wavelength spectrum [185]. Fibre lasers are
produced in a wide variety of wavelengths and as Continuous Wave (CW) and pulsed
versions. The highest power CW lasers made, as reported by Shi W. et al. [183], is
a 100kW multimode fibre, with the highest power single mode diffraction­limited fibre
producing a 10kW laser beam. Fibre lasers can deliver a very high­power, with the ability
to guide the laser easily by positioning the fibre output [186]. The laser produced shows
slight divergence, typically reporting M2 values less than 1.5. M2 is a measure of the
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beam propagation and represents the beam deviation from a perfect Gaussian beam. The
goal is to have a beam quality close to one, creating a fully Gaussian and diffraction­
limited beam profile [186]. By achieving a low M2 value, a longer Rayleigh length can
be produced, effectively increasing the depth of focus produced by a beam, as discussed
for the CO vs CO2 lasers in subsection 4.2.1.

Fibre lasers have traditionally operated well in the visual to the near­infrared spectrum
(400 ­ 2000 nm), with a dominance of fibre laser for industrial use processing at 1060
­ 1080 nm wavelength. The fibre core transmits these wavelengths with minimum loss
ensuring no heat retention in the fibre. CO2 and CO laser has traditionally not been de­
livered by fibre laser due to the laser transmission loss in the fibre, limiting the capabili­
ties. Recent work by Novikov A. [187] has shown how hollow waveguides and polycrys­
talline infrared fibres allow for a transmission band between 3 and 18 µm [187]. The work
presents the efficacy of using these fibres for transporting and guiding CO and CO2 lasers.
The conclusion is that the polycrystalline infrared fibre shows greater stability in bending,
not diminishing the laser output in the fibre. However, the polycrystalline infrared fibre
needs a fresnel lens to introduce the laser to the fibre, leading to a loss of power for CO2

lasers of up to 25% . Novikov A. et al. suggest an improvement by replacing the fresnel
lens with an AR anti­reflective window, leaving this for future work. In contrast, hollow
waveguides (Figure 4.25 Right) produce better transmission but endure larger losses due
to the mechanical bending of the fibre, making them less desirable in a mechanical de­
livery device. Therefore the fibre delivery system will need to be selected based on the
constraints for the delivery system of physical bending [187]. Fibre delivery of CO and
CO2 laser are therefore not commonly used in industrial systems.

Fibre lasers operating at 1060 ­ 1080 nm are common in industrial processes, with fibres
capable of delivering superior laser power with minimum loss. Typical applications are
welding, cutting, andmarking, with laser powder bed fusion becoming a larger contributor

Figure 4.25: Fibre delivery types for a fibre laser at 1080 nm [188] and a CO
laser at 5,5 µm [187] wavelength

78 Polymer Laser Powder Bed Fusion



4.2. STATE OF POLYMER LPBF SYSTEMS

recently [186]. Fibre lasers are predominantly used in metal AM for any fusion process
considering powdered metal [189]. Fibre lasers in the 1010 to 1150 nm wavelength range
are based on rare earth doping medium produced by trivalent Ytterbium (Yb) [188, 190].
The Yb­based fibre lasers endure much fewer ion­ion interactions because the system only
requires two excitation levels for stable laser production. This means shorter fibre lengths
can produce a stable and high­power laser, which is beneficial for running the laser in
pulsing mode, delivering elevated peak powers [188]. The laser is produced by pumping
a diode onto the laser medium­doped fibre, allowing the intensity to build between two
fibre Bragg gratings [191], only releasing the energetic laser as seen in Figure 4.26. When
the laser reaches the required energy level, it is left to travel the entire distance of the fibre
until the termination end. This behaviour resembles the resonant chamber for gas lasers
discussed above, only changing the medium to a solid­state doped fibre.

Recent research has been focussed on developing a multi­wavelength laser capable of tun­
ing the output wavelength to a desired level [192, 193]. The work presented by Larionov
I. et al. [193, 194] presents a method for producing mid­infrared radiation by periodic
pooling of a lithium niobate crystal. This work was based on the two­stage approach pre­
sented by Pandey A. et al. [195] analysing the performance of the two­stage amplifier.
The periodic pooling is a conventional method for mid­infrared light generation [196],
with Larionov I. et al. presenting the use of a Yb pump (1030 nm) and erbium seed (1550
nm) laser. Based on the control of temperature and pump pulsing, a 3000 nm stable idler
radiation is achieved, with a power of 5.5W to 8W. The mid­infrared region can thereby
be achieved by fibre laser input allowing for greater stability in organic compound pro­
cessing. The potential output efficiency can theoretically be improved to close to 40%

Figure 4.26: Laser production in a doped fibre, causing the resonant chamber
effect between the Bragg gratings ensuring only high energy release of the laser.
Inspired from: [191]
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increased from the initial results of less than 20% [197, 198] with a major factor being
the stage lengths of the periodic pooling crystals. Ostapiv A. et al. [199] found that the
waist diameter and Rayleigh length are influenced by the pump power from the Yb laser,
showing an increase in beam waist as pump power increases, making the possible pro­
cessing more demanding on the optics and setup. This effect was reversed for the seed
pump, which has minimum influence on the output laser properties concerning beam qual­
ity. The main focus presented above has been on processing water­containing or organic
compounds, not showcasing the possibility of a 3000 nm laser for polymer processing.
Utilising fibre laser for polymer processing is therefore described in the following.

4.2.4 Processing Plastics with Fibre Lasers

Fibre laser processing of polymers is notoriously difficult, as mentioned previously [200,
201]. Polymers do not absorb the near­infrared light of the fibre laser, and minimal molec­
ular agitation or electronic excitation is inflicted [14]. The issue is exemplified in Fig­
ure 4.27 showing the absorption spectra of a polymer used in laser welding [202, 203]. The
figure further plots the wavelengths of the lasers mentioned herein, showing the molecu­
lar agitation caused by each individual laser type. CO2 lasers traditionally used for poly­
mer processing have a significant disadvantage in beam delivery compared to fibre lasers,
which is why the investigation of fibre lasers for polymer processing is relevant.

Figure 4.27: Light spectrum with the relevant laser wavelengths plotted. In­
spired from [202]
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Thiele M. et al. investigated the route of Direct Energy Deposition (DED) of polymers
dubbed Laser Polymer Deposition (LPD). In their work, an Nd:YAG (1064 nm) pulsed
laser is utilised for direct processing of a polymer powder feed onto a geometry as is
known from the DED process, conventionally using metal powder. The technique al­
lowed the production of a free­standing structure processed from polymer powder. Still,
it was only possible by doping the Thermoplastic Urethane (TPU) feedstock material with
carbon black ensuring the absorption of the laser. A similar approach was demonstrated
by Kutlu Y. et al. [204]. Here a process of incorporating multi­walled carbon nanotubes
in a pristine PA12 was shown, developing a dark material with good absorption of visible
and near­infrared light. The absorptivity in the powder is accredited to the incorporation
of the carbon nanotubes but enables the use of the PA12 in the process utilising a fibre
laser. However, dense parts were not produced, causing deterioration in the mechanical
properties of the manufactured parts. Both of the absorber systems presented cause the
parts to turn black, which is not ideal for all components or products. The laser welding
industry has looked into welding clear or light­coloured polymers with fibre lasers and
has encountered the same issue described above.

Kumar Goyal D. et al. [205] presented a solution utilising electrolytic iron as an absorbing
agent. The electrolytic iron is a good absorber of the fibre laser wavelength and therefore
produces the desired heat input in the clear polymer weld. However, it is seen that the
particles settle in the bubbles formed during the production, causing a decrease in the me­
chanical properties, as compared to a traditional welding method, due to an increase in
pore size. Another research group investigated the use of Indium Tin Oxide (ITO) [206]
for improving laser absorption. Here a comparison of carbon black and indium tin oxide
reveals that carbon black has an advantage in laser absorption producing comparable welds
at half the required energy density compared to the indium tin oxide absorber. Other addi­
tives, such as the industrially available Clearweld, allow the bonding of clear or coloured
plastics by a fibre laser without influencing the colour in the weld area [207]. Adding
absorbers is the most traditional way of processing polymers by fibre laser.

A new type of fibre laser has recently gained attention showing capabilities of processing
polymers with no additives. The laser is a thulium­doped fibre laser producing a wave­
length close to 2000 nm, which corresponds better with the vibronic frequencies of poly­
mers, as seen in Figure 4.27. The laser is capable of welding polymers with no additives,
promising no added colour to the final part [201]. Wittmann A. et al. [208] showed the
capabilities of processing PA12 with additives as a film coating on a stainless steel 316L
substrate. Here the process is studied concerning the scanning speed, hatch distance, laser
power and substrate temperature. They proved that an adherent coating can be produced
with no additives by a thulium­doped fibre laser. An initial study for the manufacturing
of a 3D part is presented by Böhm S. et al. [201]. The study utilises a thulium­doped fibre
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laser to process absorber and unfilled PA12 onto a Polyamide 6 (PA6) substrate, building
several layers in their initial trial. The parts produced are not fully dense, and some issues
with melting behaviour are identified. The main issue presented by Böhm S et al. [201]
is the lack of full consolidation, which is attributed to the large layer size of 0.2 mm and
insufficient process development. The study proves that thulium­doped fibre lasers can
be of large interest for the PBF­LB/P process due to the easy beam delivery. Furthermore,
does the thulium laser produce the laser with a beam quality comparable to that of a Yb
fibre laser [209, 210].

Fibre lasers are used widely in the industry based on their ease of use and high­power
capabilities. Variants of the traditional fibre laser are emerging, promising better align­
ment of polymer agitation frequencies, which will aid the use of fibre lasers in polymer
processing. Yb fibre lasers still hold relevance but will need an optical absorber for the
increase of laser energy absorption.

4.3 Chapter Summary
The state of the research within Polymer Laser Powder Bed Fusion has presented an array
of particular challenges in processing polymer powder by laser irradiation. Throughout
the chapter, an analysis focussing on the relevant process parameters and signatures has
been developed. The analyses intend to ensure capable system development, delivering on
the key aspects as required. The analysis of process parameters and signatures is utilised
throughout the study.

The initial part of the chapter described polymers and the specific characteristics important
for laser processing. Here a method for developing the process window was presented by
analysing the critical temperatures of the polymer system to be processed. The study
further provides knowledge on the polymers available for commercial laser processing,
as well as the most common production methods for producing powder from the polymer
feedstock.

A definition of the laser and polymer powder interaction is presented, relying on the state­
of­the­art knowledge presented by relevant authors. Here the definition of the optical
transparency between polymers and Yb fibre laser wavelengths is presented. An investi­
gation of the critical process parameters and how these can be disseminated and related
across platforms is introduced, aiming at developing other metrics than the commonly
used energy density. A part conclusion as to why energy density functions well for poly­
mers is presented, relating to the difficult process signature definition when analysing
polymer parts. The study further develops the sintering mechanisms responsible for part
manufacturing during the PBF­LB/P process.

Based on the process understanding developed in the previous sections, an in­depth anal­
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ysis of the laser processing system is demonstrated. Here an analysis of each critical
sub­system is presented, providing the basis for the system development presented in the
following chapter.

The chapter concludes by investigating the fibre laser delivery and determining the qual­
ities and pitfalls of the selection of this laser source. A possible second laser choice is
presented, promising better coupling between the laser wavelength and absorption spectra
of the polymer. An interesting solution is presented but deemed inappropriate considering
the overall goal of the project in which this work has been conducted.
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CHAPTER 5

The Experimental Infrastucture
This chapter presents the effort of repurposing a binder jetting system for the investigation
of polymer powder processing using a fibre laser. The primary objective of this work
is to examine the application of LPBF systems for materials and process investigation.
The development of an experimental infrastructure is crucial for catering to the critical
elements of the PBF­LB/P process (described in chapter 4).

Any LPBF system designated for materials and process investigation must consider the
limitations often encountered in new material studies. These limitations are frequently
linked to material availability consumption. By limiting the quantity of powder needed,
exotic and experimental materials can be studied. As presented in chapter 3, industrial sys­
tems rarely exhibit full process control capabilities with even less utilising a fibre laser for
the fabrication sequence. This limitation significantly hampers the research capabilities of
these systems, rendering them unsuitable for the intended investigation of fibre laser util­
isation in the PBF­LB/P process. Only one systems provider offers fibre laser processing
and fully open process parameters in one system, as advertised in their marketing efforts.
The company Farsoon provide an industrial system with the mentioned capabilities in a
large­scale industry platform developed for the mass production of components.

This chapter presents the complete transformation of the system from the binder jetting
machine through the repurposing and system breakdown to the sub­system development
and implementation. Design and development of the system were approached in an it­
erative process. By developing the specific sub­systems over several iterations, a robust
system and process is achieved. These iterations are done by experimental analysis and
development of the sub­system functionality in the PBF­LB/P system and process. The
following disseminates the results of this iterative development process by presenting the
final solutions and fully developed system.
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An experimental infrastructure must be designed and constructed to investigate the afore­
mentioned main hypothesis. This infrastructure must accommodate the desired process­
ing capabilities to verify the main hypothesis, which requires a two­fold experimental
focus. Part one is the development of the physical system allowing fibre laser processing
of polymer powder. For this, a systems understanding is required. Part two is utilising
the laser processing system, developing the methodology for introducing fibre lasers in
the PBF­LB/P process. Therefore, knowledge of the process and materials is imperative.
Understanding of the manufacturing method, the system, and the process and materials
have been developed in the chapters leading up to this point. This chapter’s emphasis is
the system’s development, permitting the laser processing of the powder.

5.1 Holistic System Overview
The subsequent sections describe the original machine and useful components repurposed
from this. Nested within the repurposed system, a new systems design and implementa­
tion phase is undertaken, developing the required elements for PBF­LB/P. The repurposing
and design phase relies on the process parameter and signature analysis presented in chap­
ter 4. Based on these analyses, a list of critical elements is developed for each sub­system,
ensuring the desired process capability throughout the development phase.

A top­level diagram is constructed in Figure 5.2 to comprehend the entire system. The
centre of the diagram is the focal point of thework regarding the sub­systems development.
The diagram’s input and output sides are further developed in the following chapters,
defining the material requirements through experiments with different materials in the

Figure 5.1: System diagram ­ Top level
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developed system. Each sub­system described in Figure 5.2 contributes significantly to
the resulting part quality. Each sub­system is presented by a systems diagram relating the
critical elements to the components and process. By approaching each sub­system design
or redesign similarly, attention to detail is established, which determines the success of
the developed system.

An evaluation of the final part quality parameters and signatures described in Figure 4.24
contributes to the top­level system analysis and subsequent list of critical elements and
features. To comprehend the relevant system capabilities, a list of the process parameters
and signatures is presented in Figure 5.1. The list references the origin of the parameter
or signature, which facilitates the understanding and importance of each.

The analysis produces a set of selection and design criteria for all the sub­systems, in­
creasing the chance of success. To define the system, a list of critical system elements
and features is set up, as seen in Table 5.1. The list represents the essential features and
controls preferred for manufacturing parts by the PBF­LB/P process.

An approach for facilitating all the desired process capabilities could be the design and
construction of a new system. The main focus of this work is not the design of a new
and/or improved PBF­LB/P configuration but, instead, the application of a fibre laser in
the process. A significant design, sourcing, and construction effort is needed to develop
a new system. Instead, a repurposing approach was selected, minimising the necessary
workload during this part of the project. For this, an older Powder Bed Fusion machine
was donated to the project. Using an older unit for the project set certain boundaries and
constraints for the development work and finalised system. One limitation identified early

Figure 5.2: Definitions relevant for the system development
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Table 5.1: Features of an PBF­LB/P System

Critical Top­level System Elements

Critical element Elaboration

Heat build volume to process
temperature

The polymer system defines the temperature. The
system will be able to process grades of PA12,
PA11, and PP

Control of heating
The heaters must be controllable and preferably
switched On­Off by the Unified Systems Con­
troller

Unified control of all sub­
systems

Having a single control pipeline from the computer
to the system’s controller streamlines the control
process, minimising errors

Adequate level of mechanical
motion control

Fine­tuning powder dosing, vertical­stage motion,
and recoating action facilitate the processing capa­
bilities of the system

Adequate level of laser motion
control

Accurately directing the laser to a desired location
with good repeatability

Fast and reliable laser power set­
ting

Setting the laser power and the On­Off switching
rapidly support consistent processing

Contain laser with adequate
power

The power of the consolidation/heating source
must be enough for melting the powder

Stable processing chamber The processing chamber must be stable regarding
temperature deviation. Can contain an inert gas

Produce flat build plane The flatness of the build minimises defects in the
final parts

Produce high­density powder
cake

The density of the powder cake is directly reflected
in the final part density

Adequate resolution of Z­axis
To ensure fine detail manufacturing with min­
imised Z stair stepping, a high­resolution vertical­
stage is required

in the project was the impossible integration of an inert atmosphere in the build chamber.
This meant that the vast build chamber was not sealed from the surrounding atmosphere.
The lack of an inert atmosphere is a significant drawback of the original system since this
can lead to issues such as excessive material degradation during processing. Secondly,
incorporating a laser source other than a fibre­delivered laser is not possible due to the
external limitations and functionalities of the system.
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Repurposing and redesigning an older machine resulted in faster system development.
This aided the work in producing results from an early stage of the project. The primary
sub­systems reused are powder handling, the build piston, and the precision vertical­stage
operation. These functionalities are included in the developed system with no significant
modifications. All repurposed sub­systems are analysed for efficacy in the final system
before allowing complete or partial incorporation. The utilisation and the upgrades of the
original machine developing this into the PBF­LB/P system are described in the following.

5.2 Repurposing an Industrial System
Prior to its redesign for the new functionality, the original machine was a binder jetting
system designed by the company 3D Systems (Projet 4500). The machine utilised three
distinct coloured binder inks and a transparent version to produce complete CMY­coloured
components, mainly focussed on prototypes for design optimisation. The two machines,
including a representation of the colour capabilities of a manufactured part from the Projet
4500, are shown in Figure 5.3. Specifications of the Projet 4500 system are listed in
Table 5.2.

A the beginning of the project, the Projet 4500 was granted for the repurposing efforts by
an external company. It presented a unique opportunity as the first industrial platform to
be retrofitted with the Unified Systems Controller, developed in the encompassing Open
Additive Manufacturing Initiative. By retrofitting the platform with the Unified Systems
Controller and developing a new set of sub­systems, polymer powder processing by fibre
laser could be enabled. Since the original machine was designed for binder jetting onto
a powder bed, the majority of the powder handling systems were suitable for exploring
different polymer powders. Therefore, limited reconfiguration of the powder handling
systems was required. However, a significant overhaul was necessary for most of the
other sub­systems, as presented below.

Figure 5.3: Left: Advertised colour model from 3D Systems ­ Right: Projet
4500
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Table 5.2: The build specification of the Projet 4500 from 3D Systems

Resolution 600 dp

Colour mode CMY + transparent binder = white to dark (never
black)

Feature size 0.1 mm
Layer height 0.1 mm
Build volume (XYZ) 203 mm x 254 mm x 203 mm (10.5 L)

Material VisiJet C4, Core (powder) and Spectrum (binder)
3D Systems proprietary

Material Refresh rate 0% (complete material usage)

5.3 System Breakdown and Analysis for Repurposing
Utilising the framework of a machine that previously had a different purpose proved ef­
ficient for the development of the experimental infrastructure. Repurposing the machine
entailed several elements which could be utilised for the new process. Based on the crit­
ical elements presented in Table 5.1, an analysis of the existing machine elements was
carried out. Each machine element must be defined and verified for the intended use of
polymer powder laser processing. Defining the level of redesign or utilisation is evaluated
by considering the desired processing capabilities and level of integration.

The sub­systems installed in the machine served either as an inspiration or direct appli­
cation for the experimental infrastructure developed. The specific components utilised
for repurposing into the experimental setup are listed in Table 5.3. The overall frame of
the machine was mostly kept intact, where only slight modifications were required. The
sub­system remaining largely unchanged is the powder hopper, which only had minor op­
timisations. Here a load cell was removed, along with the automatic powder feed system.
The most significant change occurred for the control and the binder jetting system, which
was removed in its entirety. The control system was fully replaced. Easy access and in­
stallation were achieved by utilising the cleaning bay of the Projet machine (right side of
the machine) for the electronics cabinet.

Table 5.3: Projet 4500 sub­system overview and the required action

Heating system Fully redesigned

Recoater Fully redesigned

Recoater X­gantry Removed

Recoater drive unit Redesigned for a stepper motor
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Powder hopper
Fully repurposed (including agitators, dosing unit,
and all motion stages)

Powder back feed (Automatic)
Removed due to thermal degradation of the pro­
cessed material

vertical­stage Repurposed with slight reconfiguration

Build plate Repurposed with added heating

Build volume Repurposed with added heating

Machine frame Repurposed with design changes

Build area machine frame Fully redesigned

Front window
Changed for a laser safety window (300W &
1080nm)

Electronics and control systems Fully redesigned

Wire harness Fully redesigned

The subsequent sections detail the actions taken for individual sub­systems, which are
listed in Table 5.3. Each component’s or assembly’s utility and the conclusions drawn for
either repurposing or redesigning are comprehensively explained.

5.3.1 Original Heater System

In the original machine, a heating system consisting of five sets of two heating elements
was placed around the build piston and on the build plate. An array of quartz heating lamps
directed onto the build plane was positioned at the top of the machine. The heating lamp
array consisted of four 120­volt, 300 Watt halogen lights. These lamps provided light and
heat stabilisation of the build chamber during operation. The heating elements physically
in contact with the build piston were silicon heating pads, with sets of two separate pads
located at each of the five sides of the build piston. The heating elements were limited to
≈80 °C by a thermal switch on each element. The elements were 120 volts, 140 Watts
each and were controlled by a thermocouple located in the centre of each build piston
wall and on the build plate. The heating capacity of contact heaters was calculated for the
installed heaters to be ≈ 5 W/in2 or 0.78 W/cm2.

Considering the limited functionality of only heating to 80 °C, with minimal directionality
of the top heating unit. A full redesign of the heater was required. Thel redesign effort of
the heating system is developed in subsection 5.4.3.
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(a) Heater location and distribution (b) Outline of heating elements

Figure 5.4: Original heating system layout with the heater and thermocouple
location exemplified

5.3.2 Original Powder Feed System

The powder hopper situated in the back and top of the machine allows gravity feeding of
the powder onto the build plane. Before reaching the build plane, a homogenisation zone
enables the powder to distribute and produce an avalanche effect in front of the roller re­
coater (as described in subsection 4.2.1). The powder hopper can contain ≈ 20L powder,
which is equivalent to the build volume, not accounting for overflow waste or spillage.

Figure 5.5: The powder canister is located behind the build plane of the ma­
chine. Adapted from: [211]
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(a) Wall agitators (b) Doser agitator

Figure 5.6: Powder agitators for internal powder movement

Inside the powder hopper, several agitation mechanisms minimise the risk of powder cav­
itation and caking, leading to short feed in the build plane. The agitators move the powder
hopper’s side walls (Figure 5.6a) and rotate in the bottom (Figure 5.6b) to distribute an
even flow of powder during dosing.

At the bottom of the powder hopper, a valve ensures minimal powder leakage during
operation. The valve is operated by a stepper motor and is held shut by springs. The valve
and the operation are shown in Figures 5.7b & 5.7a.

Powder dosing and the entire powder hopper were not reconfigured. The motion relied
on stepper motors in the original machine. Based on the analysis, only an extra wire for
sensor capabilities was installed for this sub­system as a redundant option. The powder
feed and dosing mechanism are tuned for every build job on the system due to dependen­

(a) Valve closed (b) Valve open

Figure 5.7: Dosing valve in the bottom of the hopper for not over­dosing powder
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cies of material, temperature, and humidity, all of which influence the flowability of the
powder. The system allows for accurate tuning of the dosed amount to ensure that over­
dosing of powder is reduced to a safe level and excessive use of powder does not occur. A
recoating system is utilised to spread the powder for producing a new build plane, which
is deconstructed in the following.

5.3.3 Original Recoater System

In the originalmachine, a recoating device based on a counter­rotating recoater was utilised.
The recoater functioned in a single­direction approach (Y­gantry), having the powder feed
in the back of the machine bringing the material forward for recoating. The recoating
gantry contained the print head, which traversed the build plane (X­gantry) normal to the
recoating motion for selective deposition of the binding agents. 3D Systems in [211] ex­
plains the process in­depth, which is illustrated in Figure 5.8. The system’s efficiency is
increased by utilising the reverse motion of the recoater for the binder jetting axis and
print head motion. The build plane was lowered during the reverse motion of the recoater
to ensure that the recoater does not interact with any of the newly deposited binder and
powder. This means that the powder density is only compacted in one direction, packing
the front of the powder cake better than the back, as seen from the inspection window.

As mentioned above, 100% of the powder could be reused due to very low degradation in
the powder bed. To limit the user interaction with the powder, funnels at the front and back
of the build plane were installed. These funnels transported powder from the build plane
back into the powder hopper by a vacuum system. This vacuum and powder recirculation
system was removed entirely due to the degradation of the polymer powder at elevated
temperatures, such as those required for laser processing.

Figure 5.8: The two process steps for recoating and CMY colour binder jetting
as advertised by 3D Systems. Adapted from: [211]
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The recoater systemwas fully redesigned to improve the processing capabilities according
to the list of critical system elements and features described below in subsection 5.4.4. The
new build plane is produced by lowering the vertical­stage allowing for the selected layer
height to be filled by the new powder distributed by the recoating system.

5.3.4 Original vertical-stage System
Linear motion of the vertical­stage that moves the build plate up and down in the build
piston is designed on one lead screw linear motor and three load­carrying and stabilising
rods. The stepper is a NEMA23­type rotating a core around the stationary lead screw
producing linear motion. The lead screw has a pitch of 2.54 mm (10 threads per inch),
resulting in a minimum vertical motion of 0.0127 mm per step. A plate housing the three
load­carrying rods and the motor moves the build plate mounted opposite vertically to the
motor as seen in Figure 5.9.

Inside the build piston, a gasket centres the build plate and minimises the powder loss on
all four sides. The gasket material is a ceramic paper made for sealing moveable com­
ponents in a sliding motion. Precise control of the build plate is achieved by the pitch
of the screw and the stepping of the motor. By using full stepping of the motion stage,
a coarse resolution is achieved, as described above. Stepper motors are most commonly
designed with a step angle of 1.8◦, resulting in 200 steps per revolution (Equation 5.2). To
optimise the vertical­stage resolution, micro­stepping is enabled, which increases the res­
olution by dividing each full step into multiple smaller steps. Micro­steps are handled by
maintaining a current in the motor circuits, only moving the motor a fraction of the step.
Micro­stepping of a stepper motor results in a lower torque for the drive of the motor but

Figure 5.9: vertical­stage main components
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a smoother motion due to the smaller increments during acceleration and deceleration.
Micro­stepping can be achieved by utilising a stepper driver for pulsing and holding the
motor signal.

Step angle = 1.8◦ (5.1)

Step
Revolution

=
360◦

Step angle
= 200 (5.2)

1

8
Micro stepping =

360◦

Step angle · 1

8

= 1600
Step
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Linear resolution = Full step resolution · micro step factor
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mm
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Step
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Step
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Setting the micro­stepping is done in an exponential doubling of the step resolution per
revolution. For the purpose of achieving a adequate linear vertical­stage resolution, a
factor of 1/8 is selected (Equation 5.3). By utilising micro­stepping, the linear motion
of one step is reduced by a factor of 1/8 providing a linear motion of 0.0016 mm/step
(Equation 5.4). Micro­stepping for the system results in 25.2 steps per layer when selecting
a layer height of 0.04 mm as seen from Equation 5.5.

The desired position of one layer height is missed theoretically by 0.2 steps resulting in an
error of± 0.5 step mismatch for each layer. By positional bookkeeping in the mechanical
motion controller, referencing the zero reference plane, this error is negligible since the
mismatch evens over time due to random over and under­shooting by one step per layer.
Further analysing of the error for every layer highlights the minimal difference one­step
mismatch per layer infers. This considers the elastic response of the powder cake during
recoating and that the typical grain size of the powder is D50 0.045 mm, concluding how
this minute error is irrelevant. Build job initialisation for the PBF­LB/P process functions
by producing a powder cake in which the component can be manufactured. This powder
bed is typically 5 mm tall, ensuring heat retention and stable processing. Considering this
pre­build powder bed and the elasticity of this further ensures the insignificance of one
full­step mismatch per layer.
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Utilising a smaller micro­stepping factor could minimise the error presented above. How­
ever, to prevent further loss of torque in the motion stage, a lower micro­stepping factor is
undesirable. If a finer powder is to be investigated in the system, a smaller micro­stepping
factor can be implemented, with a loss of power of the vertical­stage, causing the Z­height
to be minimised. The implementation of a different micro­stepping setting is an easy task
based on the open framework of the entire infrastructure.

5.3.5 Original System Framework & Ideology
A general approach to minimising the complexity of the system was followed during the
system breakdown, analysis, and for redesign and development. The complexity of the
sub­systems, whether based on the original machine or newly implemented, has been
reduced, aiming for a low­maintenance system. Several parts of the original machine
were removed to introduce a redesigned version. To allow for easy integration, the servo­
controlled motors located on the recoater system (Y motion) were replaced with a stepper
motor, which aligns with the rest of the machine, being entirely stepper motor driven,
this lowered the complexity of the individual as well as the holistic motion control. The
heating system was changed to allow for an elevated level of heater control and heaters
capable of reaching higher temperatures based on the process requirements. The entire
binder jetting system located on the X­gantry was removed from the system since it was
not desired and took up a large amount of space. This principle also applies to the powder
feedback system, as mentioned above.

The internal wall dividing the Projet machine was removed to allow for the installation
of an optical breadboard as seen in Figure 5.10. The optical breadboard mounting sys­

Figure 5.10: Low complexity overview of the developed system
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tem was selected for its versatility in mounting and fine­tuning the critical aspects of the
laser delivery system, such as the galvanometer scanner system, mirrors, and monitoring
devices. The controller computer was replaced, only maintaining the power supply, deliv­
ering 12, 24, and 36­volt DC. A substantial part of the original machine has been changed
to allow for the new processing capabilities.

Repurposing an oldermachine has proved viable from the analysis presented. Sub­systems
from the original machine were reutilised for powder handling and the vertical­stage. Nev­
ertheless, several new sub­systems required either a redesign based on the structure of the
original machine or a full new development cycle to provide the desired capabilities. This
effort for redesign or new development is explained in­depth below.

5.4 System Upgrades for the Polymer LPBF Process
Developing a system to comprehend the complex process cycle of a PBF­LB/P requires
several iterations. As explained above, these iterations are not displayed in this section, as
only the final solutions are presented. The development of each sub­system required an
intimate process understanding to define the requirements and process results. Therefore,
the new sub­systems introduced in the machine are developed based on the knowledge
obtained during the literature survey presented in Chapters 3 and 4. Each sub­system
relates to several influential process parameters and signatures, as shown in Figures 4.4,
4.10, and 4.24. Analysing the influential process parameters and signatures for each sub­
system has ensured that development was focussed on delivering the critical elements
required for the specific process.

5.4.1 Control Systems
Control of the system relies on three different parts; a computer, the Unified Systems
Controller, and the motion controller. The computer functions as the central controlling
unit, hosting the job file preparation and controller communication software. Build job
commands are communicated from the computer to the Unified Systems Controller and
the Arduino, each controlling the laser and the mechanical motions, respectively.

The software for job file generation and controller communication was developed by An­
drea Luongo as part of the work achieved during the Open Additive Manufacturing Ini­
tiative (section 1.3). It is released to the public along with the results from the initiative in
the GitHub repository. The job preparation function of the software allows the input and
setting of all parameters relevant to the PBF­LB/P process. It further provides a function
for setting up a desired manufacturing configuration. The job generation window is shown
in Figure 5.11 Left. Controller board communication is shown in the right window of the
same Figure.

A unique level of system control is achieved using the control board communication and
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Figure 5.11: The two interfaces of the controller software

job preparation software developed for the Open Additive Manufacturing Initiative. The
software allows access to the entire range of process parameters, enabling direct input in
the job file generator or communication software. The job file generator further allows
the loading of multiple individual parts, each possessing unique process parameters and
settings. This multi­component capability is seen in Figure 5.12. This level of process
control allows the research to extend further than what is commonly possible on commer­
cial machines.

Individual sub­systems can be controlled through the communication software. This per­
mits the configuration and calibration on a sub­system level rather than for the entire sys­

Figure 5.12: Slice of a job file with multiple components in the same job
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tem at once. The software communicates to two separate Arduino­based controllers. Each
controller runs a distinct part of the entire process, utilising one controller for the mechan­
ical motion of physical sub­systems. While the other controls the laser, concerning the
setting of power, the On­Off, and the positioning of the spot on the build plane. Both
controllers and the details of these are explained below concerning the various influential
process parameters and signatures.

Mechanical Motion & Control

The PBF­LB/P process involves a series of mechanical motion stages focussed on pro­
ducing a new layer of powder during the manufacturing cycle. The main components in
this involve the powder feed system, the recoating system, and the vertical­stage or build
piston. The system must function in a choreographed manner, ensuring that the mechan­
ical motions follow a step­by­step process, which permits stable processing during new
layer deposition. The process parameter and signature analysis relevant to the mechanical
motion is constructed in Figure 5.13.

From the analysis, it is evident that the final build quality is significantly influenced by
the build plane. Besides the build plane quality, a secondary measure is needed. This con­
siders the vertical­stage motion, where precise control is required to produce an accurate
motion of 0.04 mm. On­Off of the heaters to terminate the build cycle allowing the pow­
der cake to cool, is built into the mechanical controller. Terminating the heating when the
job is finished reduces the risk of excessive material degradation and energy use. Based
on the analysis, a list of critical system elements (Table 5.4) was produced concerning the
mechanical motion and control system. Descriptions of the critical elements reflect a de­
sire to build a low­maintenance and easily integratable system by considering the physical
and logistical boundaries set by the system frame of the repurposed machine.

An Arduino Mega 2560 was selected for the control based on the interface and program­
able capabilities. By incorporating this hardware solution, an added ability to switch the
heaters On­Off was installed. The knowledge base of the Arduino program language is
extensive, with several online communities available for inspiration and help on various

Figure 5.13: Process parameters and signatures relevant for the development of
the mechanical motion system
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issues. By utilising this framework, it is possible to achieve a shorter development time
while maintaining a narrow control proficiency, ensuring repeatability for the controlled
hardware.

The mechanical motion controller is explicitly developed for managing the stepper mo­
tors and heaters in the system. The control complexity is minimised by selecting stepper
motors for all motion stages in the system. Stepper motors have no feedback control with­
out an encoder to know the actual position. Due to the added complexity of encoders, a
different approach was selected. A homing procedure was built for all stepper motors that
require spatial control, preventing issues during operation. The homing process is carried
out by moving the specific stage to a known position, making this location the home of the
motion from start to finish. Two sub­systems require homing for their operation. These
are the valve of the powder dosing unit (shown in Figure 5.6) and the recoater traverse mo­
tion (shown in Figure 5.5). The homing procedure of the stages was performed by Hall
effect sensors which detect a magnetic field. Mechanical switches are commonly used for
homing stepper motor motion systems but were undesirable due to powder ingress. The
Hall effect sensor relies on a magnet that interacts with the sensor. The sensor can be
fully encapsulated in a resin, minimising powder ingress. The solution is viable since the
polymer powder does not interact with the sensor or the magnet.

The stepper motors are all driven by the same DM320T stepper from the company OMC
STEPPERONLINE, producing the required signals to the two coils for moving a step in
a selected direction, as seen in Figure 5.14. The stepper drivers accept a threefold signal
from the controller. Therefore, the control board output is a signal of enable, step, and
direction. The enable command allows the rotation of the motor while locking it in place

Table 5.4: Mechanical motion elements and features derived from the analysis
in Figure 5.16 and the physical constraints of system

Critical Mechanical Integration Elements
Critical element Elaboration

Can communicate with the
control computer and soft­
ware

To utilise the software presented above, the controller
must communicate with the software

The controller must be pro­
grammed to the specific oper­
ation of the system

Programming the controller in a ”language” accepted
largely in the open source community allows for the
widespread adoption of the control system

Motion control must produce
repeatable motion

Ensuring repeatability of the motion system, and the
control sequence allows for larger build jobs

Accurate positionability Moving motors to a known position ensures repeata­
bility during operation

Polymer Laser Powder Bed Fusion 101



CHAPTER 5. THE EXPERIMENTAL INFRASTUCTURE

Figure 5.14: Exemplification of the motion control from the controller unit to
the stepper motor

during periods of no­motion requirement. When this command is engaged, the motor is
locked by a passivating current from the driver. This ensures that the motion stage is
locked in position even if other components interact with it. The system’s repeatability
is increased by locking each stage to the desired position. The step signal from the con­
troller is a pulse with a minimum pulse width, as instructed by the driver specification.
Finally, the direction is a command of setting the rotation of the motor to a clockwise or
counterclockwise rotation.

Laser Control

A Unified Systems Controller, built to interface with LPBF systems, has been utilised for
laser control in the developed system. This controller has previously been developed by
the AM group at DTU and is a drop­in system used as a substitute for standard industrial
laser controllers. The controller has been developed as part of the Open Additive Manu­
facturing Initiative by Sebastian Aa. Andersen as part of his PhD and is described in [212,
213]. The Unified Systems Controller incorporates a Teensy 3.6 for fast processing speed
of the laser motion and control signals. The program for the laser control is embedded in
the Unified Systems Controller and has been developed by Sebastian with input from the
author to optimise the program for PBF­LB/P.

The Unified Systems Controller is designed to manage the XY100­2 protocol. This proto­
col communicates the desired position of the laser spot to the galvanometer. By accepting
this protocol, the galvanometer­controlled mirrors are set, redirecting the laser to the posi­
tion. Besides the XY100­2 protocol, a series of options for communication is allowed by
the Unified Systems Controller. One parameter sets the laser power value determined by
a 0­10v signal accepted by the laser source. Secondly, either a TTL or 24v signal instructs
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the laser when to fire. Utilising all these features allows the control of the laser position
and the laser parameters of power and On­Off in a synchronised manner. The original
intent of the Unified Systems Controller was the laser and system control of a PBF­LB/M
system. The optimisations required for polymer powder processing have therefore been
limited.

A significant difference between the two processes is the desired scanning speed. Metal
processing systems rarely process faster than 2m/s [214]. For polymer powder process­
ing, the scanning speed is typically up to an order of magnitude greater. As presented in
Table 3.1, commercial systems utilise rapid scanning motions to optimise the processing
time. It was a desire to mimic these scanning speeds in the developed system. A limit was
found based on the current controller platform, not allowing scanning speeds greater than
3 m/s. Scanning fast has a considerable influence on the system because the high­power
fibre laser delivers enough energy to set the build plane on fire if left at a ’too’ low­speed
setting. By tuning the scanning speed and power input, a correlation and stable region was
found for the powder processing as explained in chapter 7.

Optimisation of the embedded programming for achieving faster scan speeds and general
tweaking for the PBF­LB/P process has been the main contribution to the development
of the Unified Systems Controller, with the controller manufacturer producing the actual
changes. Besides this, the Unified Systems Controller has acted as a black box piece of
electronic equipment utilised for laser control. Below is the system diagram for the control
system feeding into the separate sub­systems of the Mechanical and Laser systems.

Control of the process mandates several layered sequences of controller systems, as seen
in Figure 5.15. Initially, the process control resides in the host computer that handles
the controller board communication of the processed job file. This job file is a result of

Figure 5.15: Controller system diagram
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the job file generation sequence on the computer and is based on the CAD file and user
input. Communication between the computer and controllers acts in both directions. The
computer relays instructions from the job file while receiving processing status’ from the
controller boards. The process status message confirms an action has been executed, and
the following job file command can be sent for processing in the controllers. Depending
on the type of command, the computer either sends the command to the Unified Systems
Controller or the mechanical controller. These then handle the translation of the command
into the desired output of the system, being either a laser control command or a physical
action.

5.4.2 Laser and Laser Delivery System

For consolidation of the polymer powder, a laser system is implemented, delivering heat
energy for fusing the powder into a component. The laser selectively fuses the powder,
producing the part one layer at a time. The selection process for the laser is described
below, including the choice of the fibre laser type and the laser delivery sub­system, fo­
cussing and translating the laser spot on the build plane.

Laser Selection

Utilising the correct laser source is imperative to successfully repurposing the system for
PBF­LB/P. The Projet system sets up a unique set of boundaries and conditions for deliv­
ering the laser to the build plane, both considering the physical limitations of the Projet

Figure 5.16: Defining parameters and derived process signatures for selection
of an appropriate laser source for processing polymer powders
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system and the interfaces. Secondly, the operational constraints, such as the laser mode
and beam quality, have been determined by the main hypothesis of the investigation. The
physical boundaries and selection contraints can be derived into a list of critical system
elements for the laser source based on the knowledge obtained in the literature study as
presented in Figure 5.16.

The definitions of process parameters and signatures from the literature survey for laser
source selection indicate a laser that permits good absorption in the polymer powder, such
as a CO2 laser. As stated in section 1.1, a desire to investigate the fibre laser utility in the
process is a main driver of the laser type. Hence no further investigation of the CO2 has
been conducted.

Based on the list of critical system elements, several types of lasers can be an appropriate

Table 5.5: Elements for consideration of laser source selection derived from
the analysis in Figure 5.16 and the physical constraints of the repurposed Projet
system

Critical Laser Source System Elements
Critical element Elaboration

High laser power High­power lasers allow for faster processing, making
the experimental setup more relevant for industry

Capable of producing a small
spot size

The spot size has a direct influence on the minimum
possible feature size and is influenced by the laser
wavelength

Produce wavelength that
matches the absorption
spectra of polymers

Matching the wavelength and the absorption in the
polymer system allows for effective energy transfer
from the laser

Long­term stability of laser
power

A stable laser source will ensure minimum process
deviation during production and between production
runs

Produce adequate penetration
depth

The penetration depth of a focussed laser permits the
fusion of several layers, stabilising the final part and
geometry

Gaussian beam shape
A Gaussian beam shape allow for fine definition and
control of the laser focus, penetration depth, and
power density

Easy beam delivery Delivering the laser beam in the correct area facilitates
larger stability of the processing and system utilisation

Laser source location
Only one area of the system is not utilised for the pow­
der processing capabilities. Therefore the laser source
must fit into this area
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choice. Fibre lasers producing an appropriate wavelength for polymer processing do exist.
One technology, the Thulium doped fibre laser, produces a≈ 2 µmwavelength correlating
well with the absorption spectrum for polymers often used for PBF­LB/P. However, this
laser source is not as established as the Yb fibre laser. This causes elevated prices, and
limited options regarding the beam delivery equipment, between the fibre and the build
plane. The effect of this is a price range elevated by an order of magnitude compared
to employing Yb fibre lasers. Yb fibre lasers produce outstanding beam qualities with
an M2 typically below 1.3. Secondly, the theoretical spot size is much smaller, with the
Rayleigh length significantly greater than the CO2 laser and is expected to be improved
compared to the Thulium laser. The fibre laser provides easy beam delivery directly in
the beam guidance equipment. It is a well­known technology, making the beam delivery
equipment selection rangewider, reducing time and effort in sourcing adequate equipment.
A downside of utilising a Yb fibre laser for polymer powder processing is the limited
absorption in the material. Investigation of the laser absorption and how to optimise this
have been explored throughout this work and are presented in chapter 7.

From the analysis, a MaxPhotonics Co Ltd, 300 W, CW, 1080 nm, fibre laser was se­
lected for the experimental setup [215]. The fibre laser is a cost­efficient solution for the
polymer processing investigation. Several other fibre laser options were found during the
selection phase of the laser source. All the different suppliers and systems provide similar
laser specifications and qualities, with premium brands delivering the highest­grade lasers,
at a premium cost. The choice of laser was heavily influenced by cost efficiency while
maintaining the quality of the laser. The Max photonics laser delivers a laser with an M2

value of < 1.2 and power stability of ± 1%. It is an air­cooled laser source easing the in­
tegration in the developed system and hosts a powerful red dot alignment laser. The laser
can be tuned from 10 to 100% in power and provides a narrow wavelength distribution
at 1080 nm ± 10 nm. The fibre laser main unit is housed below the electronics cabinet
of the system in an area previously containing the powder recycling capability, as seen
in Figure 5.17. The fibre delivery terminates at the interface to the beam guidance sys­
tem positioned on the optical breadboard located inside the build chamber, directly above

Figure 5.17: Laser from Maxphotonics installed in the system
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the build plane. The fibre laser is terminated in a QBH connector, which determines the
connection constraint of the beam delivery between the fibre and build plane, which is
discussed in the following section.

Laser Delivery to the Build Plane

Delivery of the laser to the build plane required several features to be either removed or
redesigned in the original Projet system to allow for installation and adjustment of the laser
setup. The main influential parameters and process signatures are reported in Figure 5.18.
Based on the analysis of the parameters and process signatures, a list of system­critical
elements is produced as seen in Table 5.6.

Three main components accomplish the beam delivery from the fibre termination to the
build plane. These are the beam collimator, which produces a collimated laser beam from
the fibre output. Secondly, the galvanometer scanner directs the collimated laser light in
the build plane. Lastly, the f­theta lens ensures a flat focal plane of the collimated laser,
ensuring the focus of the spot is at a constant size for the entire build plane motion of the
galvanometer scanner. Several parameters and process signatures determine the critical
aspects of these components, which are listed below.

The laser delivery system must produce a collimated and focussed laser spot to the build
plane, ensuring spot size stability and repeatability. For this, three components have been
selected, pursuing a small spot size with fast and repeatable motion. All the components
of the laser delivery system can be seen in Figure 5.19.

Figure 5.18: Defining parameters and derived process signatures for designing
the laser and optical setup
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Table 5.6: Critical elements and aspects of laser delivery to the build plane
derived from the analysis in Figure 5.16 and the physical constraints of system

Critical Laser Delivery System Elements
Critical element Elaboration

Adeqaute scanning speed Fast laser scanning allows the use of the high­power
capabilities of the selected laser

Capable of producing a small
spot size

The spot size has a direct influence on the minimum
possible feature size

Adequate power capability The selected components must withstand high­power
laser going up to 300W

Minimise the laser incident
angle in the powder bed

Ensuring that the laser is scanning as close to normal
to the build plane as possible, ensure minimum part
deviation caused by laser transmission in the powder
material

Repeatable movement Repeatability ensures laser movement accurately
scanning the desired geometry

500 mm back working dis­
tance in the system

The beam delivery equipment cannot protrude outside
the physical system boundary

Versatile mounting surface
By implementing a versatile mounting surface for the
laser, a large degree of freedom for adjustment of the
laser is possible

Must mate to the QBH con­
nector

Fibre delivery terminates in a QBH connector, it is
necessary for the first component here to interface this
standard connector

Required secondary equip­
ment

Does any equipment need processing gas, cooling, or
other secondary equipment, to stabilise the process

Translation of the laser spot on the build plane is done by a galvanometer scanner. Rapid
motions and translation speeds can be produced for the laser spot since the motion is pro­
duced by a mirror placed on the galvanometer control motor. Increasing the distance from
the galvanometer to the build plane increases the potential laser marking speed while low­
ering the resolution. The scanner was selected based on the critical aspects of laser deliv­
ery presented above. A Sunny Technologies 9320D galvanometer scanner [216] capable
of producing marking speeds of 3 m/s and with a repeatability of 8 µRad was selected
for the system. The scanner is cost­efficient. The XY2­100 communication protocol is
accepted directly at the scanner interface, which is output from the Unified Systems Con­
troller, making the system easy to integrate. Easy integration and support for the scanner
are achieved by selecting the same as utilised by other systems during the Open Additive
Manufacturing project, making it a known solution in the research group. Selecting the
scanner system infers several choices and constraints for the other components in the laser
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delivery system. These constraints are described below.

Figure 5.19: Laser delivery system

The selected galvanometer scanner has an input aperture of Ø20 mm based on the size
of the mirrors. The X and Y axis mirrors accept up to a Ø20 mm beam, making these
suited for high­power lasers due to the relatively low energy density in a Ø20 mm spot.
This constraint of input aperture determines the maximum size of the input collimated
beam. When the input beam diameter is known, a collimator can be selected from the
requirements. The collimator was selected with an output beam of Ø20 mm to allow for
the smallest possible spot size produced by the laser delivery system. The collimator was
also selected based on the mounting flanges and the QBH connector, which were both set
as requirements for the component. The mounting flange is important for mounting and
alignment of the laser into the galvanometer scanner. If the laser is misaligned towards the
mirrors, a certain amount of laser energy will pass by the mirrors, causing uncontrolled
reflections, heat generation and possible damage to the galvanometer housing. A collima­
tor was selected based on these requirements derived from the galvanometer scanner and
the functionality analysis of the system’s critical elements. The collimator selected was a
Wavelength Opto­Electronics (D30F100­WC). The selection was based on a cost­efficient
solution which delivers the desired characteristics as described above.

By selecting the collimator, and galvanometer scanner, the laser spot is determined prior
to being focussed by the f­theta lens at the build plane. For focussing the beam in a flat
plane, an f­theta lens is used. A relation between the input and output beam size is consid­
ered when defining the focussed spot size. Here the laser input size is related inversely to
the spot size as seen by Equation 5.6. Here C is a constant, which for a Gaussian beam is
1.83, λ is the wavelength of the laser, f is the effective focal length of the f­theta lens, and
A is the beam diameter when entering the f­theta lens. By this, a smaller spot can be ob­
tained with a larger entrance beam. The larger entrance beam minimises the requirements
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Figure 5.20: Laser system diagram

for the remaining setup by lowering the energy density in the collimator lens array, the
galvanometer scanner mirrors and f­theta. By minimising the power density, the effect
of thermal lensing can be minimised. Thermal lensing occurs due to the heating of the
collimator, mirrors, and f­theta lens changing their properties and shifting the focus point,
which is typically reverted when no more energy is applied.

Spotsize = C · λ · f
A

(5.6)

The final beam delivery and scanning system component is the f­theta lens. The f­theta
lens is constrained by the selected beam diameter, the galvanometer mirror distance, and
the connector between the f­theta and the galvanometer scanner. The f­theta lens was
selected based on a cost­efficient solution that would withstand the desired processing
conditions and not endure thermal lensing during operation. The lens should furthermore
not be damaged during operation caused by the high­power laser. ACloudray Laser f­theta
(HY­SL­1064­200­290 [217]) was chosen for the system. This lens produces a scan field
comparable to the build plane size and a focal length that suits the physical limitations of
the system. The scan area of the lens is 200 by 200 mm, which covers the majority of
the build plane in the system. It further provides a short focal distance of 290 mm and a
working distance of 324 mm, making it ideal in the laser setup.

The laser delivery system required an auxiliary component, a water cooling system for the
collimator, ensuring that the power delivered through the collimator does not build up heat
and ruin the lens array inside. An overview of the laser system can be seen in Figure 5.20.

110 Polymer Laser Powder Bed Fusion



5.4. SYSTEM UPGRADES FOR THE POLYMER LPBF PROCESS

5.4.3 Heater Design
Designing a new heating system for PBF­LB/P was engaged by developing the knowledge
about the critical process influential parameters and signatures as seen in Figure 5.21. A
list of critical system elements can be constructed based on these parameters and signa­
tures. The list provides crucial information for the heater design concerning the delivery of
sufficient energy for maintaining the process temperature in the powder cake for extended
periods while minimising any thermal gradients in the powder cake. The list is shown in
Table 5.7, relating the critical aspect and elements to the primary reason for these.

Figure 5.21: Process parameters and signatures ­ heating system

Table 5.7: Critical elements and aspects for heater design derived from the anal­
ysis in Figure 5.21

Critical Heater System Elements
Critical element Elaboration

Maintain process temperature Processing PA11 and other mid­range temperature
polymers

Easily adjustable during opera­
tion

Fine­tuning the process during operation is critical
to the build stability

Temperature stability Stable heating allows for easier processing

Build piston vs powder cake
temperature

The heaters must maintain heat in the centre of the
powder cake and not just powder / build piston in­
terface

Cover the build piston sides Reducing cold areas in the powder cake to ensure
more stable processing
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Contact Heaters

Design of the contact heaters that, by conduction, heat the powder cake was based on
aspects of the critical elements presented in Table 5.7. The heaters were designed with
inspiration from the original setup but designed to match the layout of the build piston
closer. A unique design of the heater layout was created for each side of the build piston,
covering the entire build piston wall. This included cutout regions where elements from
the build piston walls protrude. These protrusions are utilised for anchoring the retaining
plate holding the insulation and heater in place on the build piston outer wall. The heating
elements were designed and developed in collaboration with the company HeatXperts Aps
from Denmark. A heating element was also designed and installed for the build plate. In
total, three heater designs were developed since the heaters located on the build piston
wall are symmetric on the opposite side. Making the heaters conform to the build piston
implies a possibility of achieving a consistent heat distribution.

Technical drawings in Figure 5.22 (Appendix A) show the overall dimension, including
the cutouts and details for the retaining plate anchoring. The wire location and direction
are also shown, where the most significant difference is seen for the build plate heater.
Because the heater takes up the entire build plate, the wires needed to run on top of the
heater instead of away. However, these wires are directed through insulation material and
away from the intense heat.

Figure 5.22: Heater specification. Full technical drawing found in Appendix A
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(a) Typical selection of Watt densities for silicon heaters

(b) Maximum allowable Watt densities for silicon heaters

Figure 5.23: Heater selection guide. Adapted from: [218]

To determine the power density of the heaters, two key aspects play a role. One is the
maximum allowable Watt density (Figure 5.23b), defined by the type of heater installed.
Secondly, the desired thermal latency of the system determines the surface temperature vs
time constant (Figure 5.23a). High­power­density heaters produce low thermal latency in
a system, rapidly minimising the deviation between the set point and measured tempera­
ture. This type of heater is, however, not suited for elavated temperatures over extended
durations. A trade­off between the two is therefore evident. The thermal latency of the
system is expected to be low since a large heating area is produced for the build piston.
Heating is carried out from the start of a build job, meaning that a large powder volume
is never heated instantaneously but rather layer­by­layer throughout a build. Finally, the
maximum allowableWatt density is determined by considering power control and whether
or not the heating element is insulated. Since the entire build piston is insulated from the

Polymer Laser Powder Bed Fusion 113



CHAPTER 5. THE EXPERIMENTAL INFRASTUCTURE

(a) Contact heater location and distribution (b) Contact heating elements installed

Figure 5.24: Contact heating system layout with the heater and thermocouple
location exemplified

outside, keeping the heating elements pressed against the build piston. A design limitation
is already met. A rule of thumb stated by Watlow [218], producer of silicone heaters, is
that if insulation is used, the Watt density must be downrated by one­third (1/3). The con­
trol for the heating elements is On­Off control, by PID regulators and solid­state relays,
which then defines another limitation in defining the allowable Watt density.

The design of the heaters was based on the above­presented limitations. By following the
design and selection guide presented by Watlow [218] and seen in Figure 5.23, a choice
of power density and maximum wattage was defined. The heater was designed around
wire wound contact heating, On­Off control and a power density of 0.78 W/cm2 as stated
in Figure 5.23. A lower power density can be selected by covering the entire build piston
since the power is distributed evenly to the piston over a larger area.

A crucial parameter for the installed heaters was a process temperature up to 200 °C for the
duration of a production run, which can be 24 hours or more. The heaters were designed
to cover the entire face of the build piston, as seen from Figure 5.24, utilising the whole
surface to heat the powder cake. For the contact surfaces of the build piston, three different
heater layouts were designed since the build piston is symmetrical across the Z­axis. Five
heaters were installed, delivering 2135 W to the build piston.

Individual PID controllers have been fitted in the system to allow for temperature ad­
justment during operation. These allow for 0.1 °C adjustment during processing. The
temperature of each heater is fed back to the PID controller by the PT100 thermocouples
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located on the heater, as shown in Figures 5.22 & 5.24. The installed PID controllers are
adjusted by the automatic tuning sequence following the manufacturer’s guidelines. The
PID controllers are of the type PXU21A20 from Red Lion. The current switching for
the heaters is performed by three double­sided solid­state relays (Crydom CD2425W1U),
ensuring robust switching over the long duration of a build cycle.

Top Heaters

Two heaters are placed above the build plane, aiding the temperature stabilisation of the
powder cake, alongside the contact heaters located on the build piston. The intention is
to maintain a stable process temperature in the build plane and the powder cake. Where
the main focus of the top heaters is the build plane temperature. Several approaches are
utilised in industry, mainly considering heat lamps in some variation. The top heating can
not draw on the same benefits as the contact heaters having an even distribution over a
surface area. Instead, these heat lamps must be selected to allow for the even distribution
of energy. Secondly, the heaters should respond rapidly to changes in the temperature of
the build plane. The short response time of the top heaters provides a stable processing
environment for the laser, mitigating the risk of warping or curling. To fully comprehend
the utilisation of top heaters, an analysis of the heating regime has been conducted as
shown above in Figure 5.21.

The design of the top heaters follows the samemethodology as the contact heaters, utilising
the same list of critical system elements as described in Table 5.7. The top heaters must
supply a large amount of energy to the build plane since conduction and radiation occur
in the surrounding process chamber. The conduction heats up anything in contact with
the build plane, especially the recoater. Radiation is the general loss of energy to the
surroundings, either to the process chamber or the sub­systems around the build plane.

Two types of heaters are adequate for heating the polymer powder to the process temper­
atures often utilised in AM. One type is quartz lamps, which produce heat radiation in the
visible light spectrum. The lamps, therefore, supply a mix of heat and light to the build
plane and are commonly seen in industrial machines. The other type often used is the ce­
ramic heater, which supply infrared radiation. Both types are highly efficient in delivering
energy to the build plane and incur a directionality to some extent. Ceramic heaters have a
longer heat­up and cool­down latency, supplying smoother energy when controlled in an
On­Off mode, whereas quartz lamps tend to heat and cool faster, producing a more rapid
response during operation. Both types of On­Off cycling can be beneficial, with the added
opportunity of controlling the amount of energy emitted by quartz lamps from a scale of 0
to 100% by ”dimming” the energy emission. To lower the complexity of the heater system,
a set of two 1kW ceramic heaters (RS Pro ­ 196­6462) was selected, supplying an ade­
quate amount of energy for retaining the process temperature in the build plane. The two
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(a) New top heater location and distribution

(b) Ceramic heaters installed in the machine

Figure 5.25: Top heater system, and the pyrometer for control

ceramic heaters can be seen in Figure 5.25 with the location of the heaters and pyrometer
presented in Figure 5.25a, and the installed configuration shown in Figure 5.25b.

To control the heaters, a pyrometer is installed facing the build plane. The pyrometer
(Calex ­ PC21MT­0) supplies the PID controller with a temperature signal, which deter­
mines the On­Off control action for the heaters. As mentioned above, the PID controller
regulates the solid state relay, ensuring the stability and rapid cycle ratio needed for this
power control.

Implementing the contact and top heaters ensured a stable processing regime of the entire
powder cake, with a high degree of adjustability. Adjustability and control of the heaters
fulfil the critical element analysis, which aids the processing of polymer powders. The
heaters are an integral part of PBF­LB/P processing, with the vast majority of research
carried out for heated environments. Moreover, to the best of the author’s knowledge, no
industrial systems currently run the process under cold conditions. ’

Niino T et al. [219] presented a solution for processing polymer powder in the PBF­LB/P
with no heat added besides by the laser. The results point towards a solution similar to the
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Figure 5.26: The heater system diagram

PBF­LB/M process where the parts are constructed with anchors or support structures to
the build plate, alleviating the curling effect of residual stresses in the material. Polymer
powder processing is successful, with significant issues found in the inter­layer adhesion
and consolidation, proving a further need for process optimisation and research in this
field. Unheated laser processing of polymer powder causes large internal stresses in the
material due to the chain ordering and crystallisation during cooling from the molten state
as explained in subsection 2.2.1. Utilising amorphous polymers for an unheated process
can yield more stable results due to the smaller shrinkage factor of these materials. An
investigation of this is interesting for future work exploration once the stable processing
by fibre laser has been defined.

A system diagram for the heating system is shown in Figure 5.26. An On­Off cycle was
selected for the heater control to minimise complexity. A discrepancy between the internal
temperature of the powder cake and the measured value by the sensors at the build piston
walls is evident. It is not possible to measure the temperature in the powder cake during
the operation of the system, as to why the sensors are located in the depicted areas. This
discrepancy and the calibration hereof is the focus of the work presented in section 6.1.

5.4.4 Recoating System
The recoating system of the original machine was a versatile system capable of both the
recoating and binder jetting action, as described in section 5.3. The binder jetting func­
tionality depended on a gantry for controlling the X­direction motion of the binder jetting
print head. The height of the gantry interfered with the optimisation of the top heaters, and
a redesign was crucial for the functionality of the system. The influence of the recoater
system on the successful manufacturing cycle was analysed by defining the process pa­
rameters and signatures related to this. The analysis is shown in Figure 5.27.
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Figure 5.27: Defining process parameters and signatures considering the de­
sired capabilities of the recoating system

Table 5.8: Critical aspects and elements for the recoater system

Critical Recoating System Elements
Critical element Elaboration

Produce a flat new build plane The flatness of the build has a large influence on the
final part properties

Roller recoater action

By utilising the correct geometry and recoating action,
a more diverse material portfolio is possible to pro­
cess. This is due to the design of the recoater deter­
mining the type of powder that the machine is capable
of distributing in an even flat layer

The recoating speed must be
adjustable

Adjusting the recoating speed further increases the
processing capabilities of the machine by allowing
fine­tuning for different powders

Roller speed and direction
must be adjustable

The adjustability of the roller allows for complex pro­
cess and recoating action development

Recoater must be as short as
possible

When the recoating system protrudes from the build
plane further than necessary, issues can arise with the
interaction of the top heaters or other sensor equip­
ment

Must encompass sensor
mounting capabilities

By providing power and redundant connectivity, other
sensors relevant to the recoating process can be
mounted directly to the sub­system

It must fit on the original rail
system

The original recoating system in the machine provides
two rails, one guided and one for sliding on top.
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A versatile recoating system that allows different speed settings and controls over the re­
coating action was desired to improve the performance of the sub­system. One crucial
parameter when discussing the recoater system is the fluidisation behaviour of the powder
in the system during recoating. To guarantee the recoater sub­system delivers the capa­
bilities desired, a list of critical system elements is developed, as shown in Table 5.8. By
adhering to this list during the development of the recoater, a sub­system allowing research
beyond what can be achieved traditionally is produced.

Recoating Gantry

From the original machine, size and location limitations are constructed for the new re­
coating system. As seen from Table 5.8, the system must adhere to the original motion
system and mount onto the rails of the original machine. Inspiration of the old system fa­
cilitated the designing of the new recoating system. By adhering to the design constraints
of the original system, easy integration of the new recoater sub­system was ensured. The
roller design is limited by the clearance gap in the original machine since the powder feed
mechanism is kept in its unaltered state. Furthermore, the location of the roller is lim­
ited by the linear motion range designated by the original machine. A roller of 20 mm
in height, spanning the width of the recoater assembly and placed at the back of the as­
sembly, as seen from the viewing window, has been developed following the limitations
set by the original machine. The design of the recoater system was constructed on two
rails. One rail is a linear guide with two ball­bearing guides on it. The second is a sliding
rail, where the recoating system slides on top of two low friction pads. Utilising the same
guides for the new recoater assembly ensure that the original recoater can be replaced if
added functionality of the X gantry is required.

The linear guide rail houses the stepper motor and belt drive for the recoating motion. The
stepper motor is a NEMA 17 motor, delivering up to 180 N­cm by a 5:1 gearing, ensuring
stability and no step skipping during operation. Selecting a geared motor minimises the
risk of the motor stalling and losing position. High fidelity of this linear motion is critical
to ensure a complete recoating action for every process cycle of a build. The number
of layers determines the number of recoating cycles during a build job, which can reach
several thousand.

Utilising a geared stepper motor infer backlash in the gearing. The backlash for the motor
is specified by the manufacturer to < 0.8◦, which is acceptable for the use case since only
two shifts of direction are needed for every cycle. The backlash is seen to be less than one
step of an ungeared motor (1.8◦ per step) and is the same as missing close to 2 steps in the
geared setup.

A hall effect sensor for homing the recoater is located on a red bracket at the back of the
machine, as shown in Figure 5.28. The recoater features a redundant electrical connection,
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which can be utilised for sensor integration as needed. It provides the added functionality
of swapping between the old and the new recoating device. The old recoater, including the
X­gantry, can be utilised for testing material layout or combinations of laser and binder
fusion. The old recoating system was kept in the eventuality that research in any of these
or other fields could be of interest in the future.

Roller
A stepper motor was selected for the belt drive of the roller in the assembly. The choice of
a stepper motor allowed for precise control of the roller’s speed and direction. The build
complexity could be minimised by having one motor and driver type. The roller on the
recoater is a 20 mm polished stainless steel rod. It is mounted on the recoater and rests in
two ball bearings on either end. A belt drive connects the motor and roller, producing the
motion. The two pulleys located on the motor and the roller are the same size to ensure no
further gearing. This ensures the roller and motor drive are synced in revolutions, produc­
ing one revolution per 200 steps, limiting the complexity when selecting other rotational
speeds.

Figure 5.28: A: Recoater assembly installed in the machine
B: Recoater at the home position (red bracket hosts the homing sensor)
C: Render of recoater plate for mounting motor, drive belt, electrical wire har­
ness, and belt tightener for the roller recoating action
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Figure 5.29: Powder fluidisation behaviour caused by the counter­rotation of
the roller

The Stepper motor is a NEMA 14, which is adequate, considering the limited amount of
torque needed for the roller operation. The system can be used in a wiper mode where the
motor locks the roller in position. For this, the stepper motor provides 40 N­cm holding
torque. The wiper effect has been tried successfully but produced an uneven and degraded
build plane, hence this was not investigated further. The design of the roller is not ideal for
a wiper action and will need a redesign for this option to function. A wiper is often shaped
like a blade, as described in subsection 4.2.1, while the roller produces a significantly
larger area of downward contact with the bed, causing the issues found for the wiper action
testing.

The recoating routine involves a forward and backward motion, in which the direction
of the rotation of the roller is reversed. The roller always functions in a counter­rotating

Figure 5.30: Recoating and mechanical motion system diagram for the produc­
tion of a fresh build plane
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action meaning that the rotation is counterclockwise going forward and clockwise going
back when viewed as seen in Figure 5.28 C. By switching the direction between the for­
ward and backward motion, a fluidisation behaviour of the powder is retained as seen in
Figure 5.29. The fluidisation behaviour of the powder is critical for even distribution and
good powder packing. By constantly agitating the powder in the flow front, non­spherical
powders can be utilised in the process since the flow behaviour of powder relies on the
shape and the agitation.

The counter­rotationmotion during the forward and backwardmotion aid powder packing.
The backward motion increases the packing density in areas of the bed less compacted by
the forwardmotion. During recoating, the vertical­stage only moves once to provide space
for the new layer. Most industrial printers utilise double­sided recoating and onlymove the
vertical­stage once per layer. Single­sided powder feeds are often seen to have a secondary
motion of the vertical­stage, to omit the interaction of the recoater during the returnmotion.
During testing, the secondary packing step during the reverse move increased the build
pane quality. Figure 5.30 shows the process cycle and sub­systems involved in producing
a new build plane. Most of the mechanical system is engaged to create the new build
plane. All of the mechanical motion sub­systems in the developed system is controlled
by the Arduino, managing the powder dosing, recoating and vertical­stage motions. The
control feeds into 7 individual stepper drivers, exemplified by Figure 5.14. A number of
these systems are not changed from the original machine, and no further explanation of
these are therefore provided.

5.4.5 Thermal Imaging System

A thermal imaging device is installed in the system to comprehend the laser and pow­
der interaction during manufacturing. The thermal imaging device, or thermal camera,
is mounted above the build plane, producing an almost perpendicular viewing angle. A
perfect top­down view of the build plane is the ideal location for the thermal imaging sys­
tem. The camera, however, cannot be located directly above the build plane since the laser
delivery system is located there. The angle slightly obscures the collected data. By ex­
perimental investigation of the viewing angle and setup, data processing parameters have
been developed for producing reliable and valuable process insights, as described in sec­
tion 6.1. The thermal camera was selected based on a list of critical system elements as
seen in Table 5.9, based on the desired capabilities of the camera. The process parameter
and signature analysis has been omitted since the thermal camera does not directly inflict
the process quality of the PBF­LB/P system.

The camera selection process provided several possible candidates, which were narrowed
down to the Optris XI400 seen installed in Figure 5.31. The selected camera model of­
fers an adeqaute level of calibration options, fast recording speed (up to 80 Hz), and the
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Table 5.9: Critical aspects for designing the thermal imaging system

Critical Thermal Imaging System Elements
Critical element Elaboration

Large view area Ensures thermal imaging of the entire build plane

Adequate framerate
The beam delivery moves the laser irradiation spot at
up to 3 m/s. The capability of motion capturing per­
mits high fidelity in the process analysis

Tolerate elavated tempera­
tures

The build chamber is heated by the heater system,
causing chamber temperatures above 60 °C

Robust and easy access to
data

Data acquisition and analysis is the main purpose of
the thermal imaging device

Provide calibration options
Due to the less ideal location of the camera, it must be
tuned to accurately provide the actual temperature of
the build plane.

option of a water­cooled sleeve to enable high­temperature operation. The camera entails
good accuracy of ± 2% and the ability through software to record and do snapshot mea­
surements of the process (Figure 5.33). The thermal camera implementation is seen in
Figures 5.31 & 5.32, showing the deployment and angle of the camera in the system. The
water­cooled sleeve with the input and output lines in blue at the top of the camera is fed
by coolant from the same supply as the collimator.

Besides the software output of the camera Figure 5.33, an Industrial process interface (PIF)
can be connected to the thermal camera. The PIF box delivers a programable interface to
obtain data collection by three individually programable 4­20 mA output signals. The
box also allows inputs for an external trigger. This trigger can produce either video or

Figure 5.31: Thermal camera pointed towards the build plane
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(a) Installation angle (b) Barrel view toward the build plane

Figure 5.32: Thermal camera installation in the developed system

image capture at specific points during the process. Additionally, the box has an external
emissivity setting. This setting is crucial when dealing with different materials within
the same process. Overall, the thermal camera provides a diagnostic tool for determining
the process stability not seen often for industrial systems. Other camera solutions could
have been made, but the selected system produced the best capable solution concerning
cost efficiency and versatility. The utilisation of the thermal imaging system is shown in

Figure 5.33: Software for the thermal camera
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Figure 5.34: Thermal imaging system diagram including the process of process
interference by user input based on the thermal imaging data

Figure 5.34.

The thermal imaging data is used routinely during the process optimisation of materials.
The effect of warping during initial layers is pronounced in the thermal camera view. The
system can thereby be used for tuning the process parameters during the process optimi­
sation routine used for introducing new materials in the system. Besides this, data logging
of the process temperature can be carried out for a single layer or the duration of an entire
build job.

5.4.6 Data Capture System

A data capture system was implemented to monitor the process remotely (including the
heat­up, cool­down, and power consumption) and provide process insights throughout the
manufacturing cycle. A colleague from the University of Pisa designed the system. The
system is described in his contribution to the ”Joint Special Interest Group Meeting on
Additive Manufacturing held in Leuven September 2023” [220]. The system is developed
on an Industrial Internet of Things (IIoT) platform, delivering a process overview consist­
ing of the temperatures read at each heater location as well as the chamber temperature
and humidity. The system reads the temperature from the PID controllers that provide an
RS485 output. The chamber temperature and humidity are read from a dedicated sensor.

Besides temperature monitoring, the IIoT system also reads the power consumption for
each heater. This utilises six current transformers (CT sensors) where each heater power
consumption is measured. The power consumption can be used for finding errors in the
heater system prior to total failure. Utilising the IIoT device as a measure for predictive
maintenance can ensure consistent performance of the build quality over the use of the
system. For the present work, the temperature readout is the most relevant output of this
system. It is used for measuring the heating and cooling time and temperatures. These
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Figure 5.35: IIoT dashboard from ”Zeryth”

measurements are utilised in comparing the powder cake cool­down temperature and time,
as presented in subsection 6.1.3.

The IIoT system collects the data through a 4ZeroBox from the company Zerynth. The
company also provides the data visualisation tool utilised as seen in Figure 5.35. The data
shown are the individual heater temperatures and the humidity on a curve over time, as
well as the current average reading for the past five seconds. The dashboard visualises the
data collected with a data reading frequency of 1 Hz. The data is published to the cloud
every five seconds. A fine resolution of data is obtained by this method, which clearly
shows the heating and cooling and any deviation in the temperature or power usage during
manufacturing.

The data collection and visualisation system is illustrated in Figure 5.36. The sub­system
only takes inputs from the machine and does not have control capability. An effect of
the system is the knowledge of a build job’s start and end times. From the insight into job
duration, a metric for determining material degradation over time is possible. This enables
an investigation of whether the material can be used more than once and what time limit
exists for the material before detrimental degradation.

Figure 5.36: System diagram for the iiot system for predictive maintenance and
process monitoring
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5.5 Finalised System for Fibre Laser Polymer Processing
The system developed for testing the main hypothesis required several redesigns of the
original machine and new introductions of several sub­systems. To fathom the holistic
approach of developing the system, a complete diagram is constructed in Figures 5.39 &
5.40 (last pages in this chapter).

The development entailed a complete reconfiguration of the build chamber in the original
machine, where several pieces of the original infrastructure were removed to make room
for installing the laser delivery sub­system as seen from Figure 5.37.

Manufacturing components on the system require two external inputs, which are not men­
tioned in the system diagram. These are an external 16 amp power supply and water for
the water cooler. Besides this, the system is a standalone unit that can process polymer
powders into fully formed 3D components. One significant difference between the system
view of the traditional functionality and the developed system is the lack of shielding gas
within the build chamber of the developed system. The shielding gas is usually utilised
for minimising the degradation of the polymer during processing at elevated temperatures.
This shielding effect removes oxygen and moisture by having a flow of inert nitrogen gas
at a constant flow rate into the build chamber. The polymer degradation mechanisms
of oxidation and hydrolysis are minimised by having a continuous flow of inert gas, fa­

Figure 5.37: Final system developed
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cilitating a larger amount of powder reuse. The degradation of the polymer is a limiting
factor of the system, where until a full degradation study is completed, only virgin powder
can be processed. Utilising virgin material ensures the material properties with minimal
degradation but is a point of interest in further research.

Besides the sub­systems developed allowing the processing by a fibre laser, a safety cir­
cuit and a laser­safe window is installed in the system. The safety circuit is developed
on the ABB Pluto PLC hardware, employing one door sensor and two emergency stops.
Any interaction with the door during active manufacturing disables the laser output to
ensure operator safety. Secondly, the emergency stops disable the laser and the mechan­
ical motion of the system. This safety equipment is necessary to provide a safe working
environment, even for an experimental infrastructure. The sensors are designed to have
redundancy and only allow operation when the system is in a safe state.

The laser­safe window is the original viewing port of the machine. The window is made to
order, considering the laser source and power. As well as the possible reflection and min­
imal distance of the laser reflection to the window. Considering these factors, a laser­safe
window that does not transmit harmful light can be designed. The window is dimensioned
after the original machine to ensure complete coverage of the viewing port.
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5.6 Chapter Summary
The original binder jetting machine was deconstructed and analysed. The individual sub­
system was classified as; useful for laser processing, needing redesign or removal. Each
useful sub­system was examined to ensure stability and integration in the developed sys­
tem.

The new sub­systems introduced allow the processing of polymer powders by laser irradi­
ation. The system is focussed on a fibre laser and would require several reconfigurations
to encompass other laser sources. The fibre delivery system is the main driver for selecting
a fibre laser, making this a versatile and easily implementable choice.

A comparison between the old machine and the new system is seen in Figure 5.38. Besides
the frame of the original machine, only a few critical components and sub­systems have
been retained, as explained above. All changes made have been focussed on the capabil­
ity of processing polymer powders by fibre laser. The comparison between the original
machine and the developed system does not reveal the significant changes made to the
control system, the recoater, or the heating system. These are explained above in­depth
and are installed in the machine to provide the desired functionality. Test and validation
of the functionality of each sub­system is the focus of the next chapter.

(a) Original machine (b) Developed system for PBF­LB/P

Figure 5.38: The comparison between the old machine and the developed sys­
tem
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Figure 5.39: System diagram for the entire machine/system (part: one)
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Figure 5.40: System diagram for the entire machine/system (part: two)
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CHAPTER 6

Validation of the Experimental
Infrastructure
This chapter aims to validate the developed system designed for verifying the main hy­
pothesis of fibre laser utilisation in the Laser Based Powder Bed Fusion of Polymers pro­
cess. The experimental infrastructure presented above utilises components of the original
machine mixed with new additions and heavily modified components. The design relies
on the knowledge of the process and desired system capabilities developed throughout
the investigation. Originating within the sub­system design, this investigation concerns
the validation of these sub­systems, defining the utility of each, and ensuring the research
capabilities concerning the PBF­LB/P process.

Studying the system’s functionality necessitates individual experiments for each devel­
oped sub­system. Additionally, a comprehensive process study is essential to evaluate the
success of the entire system development. Hence each sub­system is examined through
specific experiments and procedures designed to validate its relevance to the fibre laser
processing of polymer powders.

The validation study presents an investigation of the three tiers of the system developed
for the process. The first study focusses on the heaters validating the capabilities ensuring
adequate heating for the desired process regime. The second study defines the capabilities
of the laser system, including an examination of the laser spot size and translational speed.
Finally, the third study delves into the motion stages, validating the accuracy of the build
piston and recoating action.
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6.1 Heater Validation
Validation of the heating system necessitated a study of the heating and cooling regime
during manufacturing. An approach to studying the heater’s influence on the powder
cake is undertaken. The study mimics a large build and finds the actual temperature in
the powder cake, including the temperature distribution through it. The validation was
approached by heating the powder cake from a ”cold” state at room temperature to the
process temperature. Themethod revealed several interesting details of the heating system
and defined the limiting factors for the process capabilities.

Supplying the energy to the powder cake is performed by six heater units as described in
subsection 5.4.3. The heat system study is done by first studying the entire heating system,
defining the internal powder cake temperature produced by all six heaters. Secondly, an
analysis of the directionality and energy distribution on the build plane, considering the
top heater’s location and direction, is conducted.

The study shows how the heaters do not produce an entirely uniform energy distribution
on the build plane nor in the powder cake. A definition of a volume with adequate heating
for the process is found and utilised during further investigations of manufacturability in
the system.

6.1.1 Build Piston Heating
To define the utility and successful integration of the heaters surrounding the build piston,
a study of the stabilised temperature was carried out. The study was presented at the ”2022
Summer Topical Meeting Advancing Precision in Additive Manufacturing” ­ by ASPE ­
University of Tennessee, Knoxville. The published conference contribution can be found
in its entirety in Appendix B, from [221]. To describe the work done, outtakes from the
article are presented here, with additional information and a further dive into the heating
and stabilisation of the powder cake.

Measuring the internal temperature of the powder cake is not an easy task. Josupeit S. et
al. [163] presents a method for permanent implementation of thermal data acquisition in
the powder cake. Here rods fitted through the build plate allow sensor integration in the
powder cake as the build piston moves down during the manufacturing cycle. These rods
host thermal sensors equally distributed along the Z­axis. They are placed in a triangular
array originating at the centre of the build plane, aswell as a sensor location for each corner.
The sensor rods are stationary to the machine frame, meaning that the powder cake will
travel along them, revealing new sensors to the powder cake as the build progresses. The
sensor location is maintained during the cooling part of the study. Studying the powder
cake behaviour in the developed system required a similar approach to the one described.
However, in the work presented by Josupeit S. et al. [163], the build plate is perforated by
the rods, making these permanent installations in the system.
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A permanent installation of the thermal sensors was not desired since the largest build
volume possible was of interest in future research. An approach of a stationary study,
where a sensor array is integrated into the powder bed, which then could be heated to
process temperatures, was deemed sufficient while maintaining the largest possible build
volume for future experiments. The interest of the current study is the definition of the heat
stability and thermal gradient in the powder cake, determining if any regions are unsuited
for laser powder processing, according to the knowledge for the process developed in
section 4.1.

Twelve sensors were integrated into the temperature sensor array producing a triangular
shape that was inlaid at the centre location of the powder cake. The array configuration
resulted in data points from the centre to the build piston wall along the machine’s Y­axis.
As well as data points from the centre to the corner of the build piston and along the build
piston wall. The sensor array and configurations are seen in Figure 6.1a. All the physical
sensors in the array are K­type thermocouples to ensure consistency in the measurements.

(a) Sensor array (b) Sensor array on the build plate

(c) K­type thermocouples integrated into the plastic sensor array

Figure 6.1: The sensor array for the K­type thermocouples placed in the powder
cake during the heating and cooling experiment
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The sensors were produced specifically for the experiment, minimising the deviation in
length of each sensor and between all the thermocouples, making the measurement more
robust. The sensor array was produced from plastic to alleviate heat transport from the
sides to the centre by the sensor array, as seen in Figure 6.1b. Minimising the thermal
conductivity of the array was crucial since the experiment aimed to determine the heater
stability and energy input. Determining whether the installed heaters were sufficient for
maintaining the desired process temperature.

A cycle of heating and cooling the powder cake was carried out to analyse the heat sta­
bility. In the machine, 100mm of powder was deposited in the build piston producing the
powder cake. The sensor array was placed in the centre of the powder with the K­type
thermocouples (seen in Figure 6.1c) pointed downwards, resulting in a distance of 50 mm
of powder above and below the sensor points. At the very bottom, a sensor was mounted
to the build plate. The sensor locations are shown in the cross­section view presented in
Figure 6.2.

(a) Sensor locations in the powder bed

(b) Sensor array in the powder cake

Figure 6.2: Sensors integrated into the powder cake, showing the location dur­
ing the experiment
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All the heaters were set to 180 °C and left to heat for 24 hours. A subsequent 24 hours
of cooling were allowed in the same condition. The cooling regime is described below in
subsection 6.1.3, defining the cooling rate in the powder cake and the appropriate compo­
nent retrieval temperature and wait time before opening the machine.

At the end of the 24­hour heating period, a temperature­steady state of the powder cake
was found. The steady­state temperature was defined by the decrease in heating rate after
the 22­hour heating period. As expected, the heating rate dropped significantly as the
temperature in the powder cake reached closer to the set point. In Figure 6.3, it is seen
how the temperature increase for the centrally located thermocouple only deviates by 0.8
°C over the final two hours of heating. Based on these results, a slight discrepancy between
the reported and actual fully heated temperature can be expected. The overall stability is,
however, found by utilising the final reached temperatures as reported below.

Three regions in the powder cake were determined based on the analysis of the results
presented in Appendix B. These three regions are represented in Figure 6.4. It was found
that only the centre part of the cake was heated sufficiently for stable polymer processing.

After 24 hours of continuous heating, a steady temperature range is found for the three
zones. The deviation of temperature for the last two hours of heating reported above shows
an increase in temperature still occurring at the end of the heating period. This can cause
the deviation reported to be over­exaggerated since this increase will further minimise the
variation between the setpoint and measured temperature. A minimum expected process

Figure 6.3: Temperature deviation during the final two hours of heating
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temperature can be determined from the heating curves as seen in Figure 6.4. Here the
temperature stable area is shown, qualified for processing as a maximum deviation from
the set temperature of 5 °C.

From the heating graphs, it is clear that the build plate reaches the desired temperature
rapidly, with a much slower heating response of the central part of the powder cake. It can
be seen how the heat seeps in over an extended period of time. This heat input calculated
for the initial six hours is 0.36 °C / min (≈ 22°C / hour). This prolonged heating is a tes­
tament to the low thermal conductivity of the polymer powder. The powder cake contains
air in the interparticulate spaces, providing low thermal conductivity, further hindering
reaching the set point temperature during the experiment. The powder cake reacts slowly
to heat input, which is essential to consider when tuning the process parameters during
manufacturing. The actual powder cake temperature will lack behind the setpoint by a
significant amount, depending on the desired change. From Figure 6.4, it can be seen how
the heating rate decrease when moving towards the setpoint. During the final two hours
of heating, as seen in Figure 6.3, a heating rate of less than 0.5 °C / hour is realised.

When starting a new build job, it is crucial to introduce the heat in the initial powder cake,
ensuring an even heat distribution. Often a base layer of 5 mm powder is put in before
turning the heaters on. This base layer absorbs the initial energy input and is prepared
for the start of a job. To ensure a homogenised powder cake, minimising the tempera­
ture gradient is necessary. This is done by adding several layers of powder while heating
the powder cake prior to starting the build job. This pre­heating routine is first done for
the base powder where this base is stationary, and then for up to 100 layers of powder,
maintaining the same process temperature. After the initial 100 layers of buffer layering a
heat retention powder bed is produced, preparing the system for part manufacturing. The

Figure 6.4: Heating curves for the process temperature definition
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pre­build routine is called the buffer layers or buffer routine. It is utilised for all the man­
ufacturing cycles done on the developed system, ensuring uniformity in the build process.
This routine has been developed empirically and is inspired by the production cycle of an
industrial machine.

Figure 6.5 shows the maximum temperatures recorded for each sensor during the exper­
iment. Here it is clear how the corners are much colder than the side walls or central
temperature.

From the analysis, an apparent lack of heating is evident towards the corners of the build
piston. The corners lack heating and insulation due to the design of the heaters and the
way the insulation is installed. The heater design focussed on covering the face of each
build piston wall, enabling a large and evenly spread energy input area that was assumed
to heat the powder cake uniformly. This uniformity is not achieved by the current design.
The lack of uniformity causes a large temperature gradient in the powder cake, making a
large part of the build volume unsuited for active powder processing and research. In the
centre of the build piston, a stable region is observed. Only this region (build envelope) is
considered when preparing the location of parts in the job file during job file generation
for further experimentation. The stable region is seen in Figure 6.6. The octagon shape of
the build envelope is caused by the excessive heat loss occurring at the corners of the build
piston. It can be expected that the stable region extends further towards the middle of the
side walls. However, from the temperature gradient shown in Figure 6.5, this extension
would increase the stable area minimally, as shown by the highlighted area at the top of
the image (Figure 6.6), limiting the actual utility.

Figure 6.5: Average temperature recorded for each sensor during the final 15
minutes of heating. From Appendix B & [221]
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Figure 6.6: Temperature stable processing region (The build envelope)

The investigation presented above highlights a discrepancy between the temperature set­
ting and the actual powder cake temperature. This discrepancy is adjusted for in the exper­
imental section by offsetting the process temperature input by +5 °C. This increase adjusts
for the heat loss in the machine, ensuring the correct process temperature. This adjustment
is used in all dissemination, communicating the actual powder cake internal temperature
and not the setting of the individual system. Powder cake heating is done from all six
sides, with the discrepancy between the internal temperature and the setpoint described
mainly considering the heaters on the build piston. Verifying the utility and adjustment of
the top heating lamps are therefore described in the following.

6.1.2 Top Heater Directionality

Top heating of the powder cake ensures that the build plane and newly produced layers
adhere to the process temperature as closely as possible. When selecting a material for use
in the PBF­LB/P process, a DSC analysis must be carried out to define the process tem­
perature. This process temperature must ensure minimal crystallisation of the polymer to
alleviate any internal stresses which ruin the build job as described in section 4.1. Even
energy distribution is essential when supplying heat from above the build plane. If the
build plane temperature varies, internal stress build­up or material degradation can occur
in areas that are either too cold or too hot, respectively. A narrow build plane tempera­
ture distribution is imperative for process stability, considering the processing regime of
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Figure 6.7: Unadjusted heaters producing an uneven energy distribution

the laser and that only just enough energy to push the polymer past the melting point is
delivered to the build plane.

Validation of the top heaters concerns the directionality and adjustment, realising an even
heat distribution. The adjustment must consider the directionality of the heater, trimming
it so the energy output covers an adequate area of the build plane, minimising cold or hot
zones as seen in Figure 6.7. Coverage of each heater must be considered by determining
the number of heaters, the desired processing region, and the energy distribution.

In the developed system, two ceramic heaters are located above the build plane. On top
of the heaters, a reflector shield is placed, directing the energy downward. The mounting
of the heaters allows for angular adjustment, trimming the heaters from side to side on the
build plane, as well as an up­and­down adjustment (vertical direction) option for setting
the focus of the heaters.

Trimming the heaters is a simple task utilising the thermal imaging system for verifying
the position of each lamp. One lamp is switched on and adjusted by monitoring the energy
distribution on the build plane in the software. After one side is calibrated, the opposite
side follows, by the same method of calibration. As seen in Figure 6.8, the heating can
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be directed into a more uniform heating of the entire build plane. The aim is to have an
even energy distribution in the middle of the build plane due to the issue mentioned above
concerning the build envelope.

Since the heating is non­uniform in the powder cake, the distribution of the energy from
the heat lamps is crucial. During cleaning and system maintenance, the top heaters can
be knocked out of alignment, causing a need for recalibration. The heater alignment is
checked prior to every build, ensuring an even heat distribution. The procedure is to pro­
duce a powder cake with an even build plane from the powder to be utilised. The powder
cake is irradiated by the heaters and checked in the thermal image for uneven distribution.
Based on the results, the system is calibrated by physically adjusting each lamp one side
of the time. After adjusting each lamp, both heaters are turned on, allowing the cham­
ber to heat once more. The second stage of heating is to verify the energy distribution
and coverage for both heaters simultaneously, ensuring an even distribution as seen from
Figure 6.9. By following this procedure, any thermal gradient in the build plane can be
minimised, producing a stable processing region. The powder used for heater alignment
must be discarded due to excessive degradation.

In the two figures 6.7 and 6.9, an increase in the heated area is evident by directing both

Figure 6.8: Top heater trimming resulting in an even heat distribution on the
build plane. The hot zone (bright yellow) are minimised
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Figure 6.9: Left: Energy from both heaters producing a stable processing re­
gion. Right: Focussed on the stable processing region of the build plane

heaters towards the centre of the build plane. A smaller thermal gradient in the processing
region can be realised by utilisation of this bleed of energy across the build plane. Two
cases can be seen in Figure 6.9. The Left image shows the heaters trimmed to a narrow
energy distribution producing an ideal processing region in the centre of the build plane.
Here the sides of the build plane, close to the build piston walls, are colder. This can
cause processing issues. The right is a zoomed­in image of the processing region, where
the thermal stability is excellent. For all experiments described in chapter 7, only the
central region has been utilised for powder processing, as shown in the figure.

The max temperature gradient of the images in figures 6.7 and 6.9 are shown in Table 6.1.
Even in the adjusted scenario, a significant temperature gradient is evident. This gradient
isminimisedwhen focussing on the processing region of the build plane, determined above
by the temperature stable region internally of the powder cake Figure 6.6. If the entire
build plane is to be utilised, an upgrade of the top heating array is necessary. This was,
however, not possible within the limitations of this project.

Table 6.1: Temperature deviation for each gradient map

Temperature gradient deviations from figures 6.7 and 6.9

Figure reference
Side to side Front to back

Deviation range °C Deviation range °C

Unadjusted heaters 10 30

Adjusted heaters 7 25

Processing region 3 6
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6.1.3 Powder Cake Cool Down Study
After a build job cycle, the powder cake is left to cool. A desired metric for this cooling
is threefold, concerning the temperature gradients arising in the powder cake, the cool­
ing rate of the cake, and the safe removal temperature. The temperature gradients in the
powder cake are influenced by the insulation of the machine and the build piston. Just
as the temperature gradient of the heated powder cake, the cooling rate is influenced by
the insulation properties of the build piston and chamber. A variation in cooling rates is
evident for the three regions in the powder cake, leading to a difference in the point of
crystallisation of the parts.

The safe removal temperature, in contrast, depends on the crystallisation (TC) and glass
transition temperatures (Tg) of the polymer used in the process. For speeding up produc­
tion cycle times, it is critical to know when the powder cake is cooled sufficiently below
the TC and Tg to be able to remove the parts with minimal risk of warping or other distor­
tions caused by internal stresses arising from uneven cooling.

Safe removal temperature
The crystallisation temperature of a polymer into ordered regions, mimicking crystal struc­
tures, is determined by the organisation of the polymer chains. The DSC curve in Fig­
ure 6.10 show a distinct peak during the cooling part of the curve. Two critical temper­
atures for the crystallisation behaviour of the tested polymer are the onset and end crys­
tallisation temperature ToC and TeC as mentioned in Table 4.1. Each critical temperature
location is highlighted on the DSC curve in Figure 6.10.

The onset crystallisation temperature is critical during processing since the process tem­
perature in the powder cake should be maintained above this to minimise the degree of
crystallisation. Secondly, the crystallisation end temperature is critical when considering
the safe removal temperature for parts from the powder cake. Removing parts at tem­
peratures above the crystallisation temperature cause excessive internal stresses and part
warpage due to uneven cooling and crystallisation. Finally, the Tg is essential to consider
when removing parts. When polymers are above the Tg, they are malleable and soft. An
elastic behaviour becomes available, making these polymers able to bend and stretch fur­
ther. When cooling the polymer below the Tg, this behaviour is reversed, and the polymer
is now prone to brittle fracture, showing only a minute elastic region. Depending on the
polymer, a cooling state below Tg is possible, as in the case of nylons.

The glass transition temperature of polymers can be above and below room temperature.
A classic example is Polyethylene having a Tg around ­100 °C with the opposite case
of Nylon 6,6 showing a Tg close to 50 °C [222]. The removal temperature should be
as low as possible, ensuring the greatest geometrical stability of the removed parts. In
mass manufacturing setups, this wait time can prolong the time a build job occupies the

144 Polymer Laser Powder Bed Fusion



6.1. HEATER VALIDATION

Figure 6.10: DSC curve for safe removal temperature identification

machine. Why a desire to reduce this is evident, enabling larger production throughput.
Therefore, knowledge of the individual polymer is critical. The DSC curve in Figure 6.10
is the analysis of a PA11 powder used in PBF­LB/P, showing the TC and Tg. In no case is it
viable to have operators or other personnel clean out parts close to TC due to the increased
risk of burns and other injuries. However, waiting until the powder cake is below the Tg

(if possible) can still be beneficial.

Allowing the entire powder cake to cool below Tg substantially reduces the risk of warping
and part distortion since parts are locked in the molecular structure below this temperature.
This is possible when utilising nylons in the process since most nylon types show Tg above
room temperature. The safe removal temperature can be determined based on the heating
and cooling experiment described above. By knowing the core temperature of the powder
cake, the temperature on the top of the build plate, and the build plate heater sensor, a time
frame and cooling regime can be constructed, describing how long the cooling of a build
job takes prior to safe removal.

Powder cake cooling curves are seen in Figure 6.11. In the graph, the entire cooling time is
presented, showing the extensive time for cooling the central location of the powder cake.
A cooling rate of 0.33 °C/min (20°C/hour) is observed in the centre of the powder cake,
with the cooling appearing much more rapid for the other locations. The sensor points in
the graphs are the same as presented for the heating study, seen in Figure 6.2, with an added
sensor point on the heater side of the build plate. Recording the temperature signal, which
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Figure 6.11: Cooling curves with sensors in the same location as for heating.
One extra sensor for under the build plate in the heater

can be read from the IIoT dashboard, shows that the cooling rate is rapid, leading to a
false indication of a safe temperature in the powder cake for part removal. The build plate
sensor is utilised in the system’s regular use since the sensors incorporated in the powder
cake (as seen in this investigation) cannot be fitted during production. In the graph, a dip
within the first hours of data collection is seen for the sensors located at the build plate.
This dip indicates when the heaters were switched off, not supplying heat any further. At
the beginning of cooling, the rate is observed to be very slow, only picking up after an hour
of no energy supply. This latency further skews the safe removal temperature. The outer
positions in the 100mm powder cake are seen to pass Tg within eight hours. However, the
central position only passes below Tg after ten hours of cooling the powder cake. In the
zoomed­in graph, these cross­over points clearly show the extended wait times needed
for safe part removal, not forcing any sudden quenching of the polymer. The readout
temperature of the IIoT dashboard must show 25 °C for the internal temperature to reach
below the Tg of the investigated PA11.

If the parts are to be removed after passing TC for the investigated PA11, a significantly
shorter cooling period is needed. Here parts can be removed after four hours of cooling.
Here operator safety must be considered seeing that the parts and powder at this point are
above 100 °C. For this the readout temperature in the dashboard corresponds to 60 °C.

The data presented above is valid for a powder cake of 100 mm height filling the entire
build piston. If a production run does not require this powder cake height, the cooling
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rate and time will change. Shorter and smaller powder cakes will cool faster, while bigger
builds will require longer cooling time to ensure complete crystallisation of the polymer
before removal. During unpacking, the powder cake rapidly loses temperature due to the
low density and large surface area­to­air ratio. For the production runs on the system, the
IIoT dashboard build plate sensor readout is utilised to determine the powder cake’s current
temperature. Here a temperature below 30 °C is considered the safe removal temperature
since the powder cake will have cooled sufficiently for stable parts to be recovered.

Temperature Gradients During Cooling
Considering the steep temperature gradient in the powder cake at process temperature, a
gradient is unavoidable during cooling. This gradient causes parts closer to the sides of the
build piston to cool faster than centrally located parts. A difference in cooling is evident
for large parts taking up the central part of the build volume. From the graphs, the tem­
perature variance between the centre and the middle sensors is significantly different (≈
10 °C). Hence the crystallisation of the parts is expected to initialise crystallisation from
the corners and towards the middle. The influence on the final part geometry caused by
the gradient can be mitigated by mindfully placing the parts during build job generation,
minimising inhomogeneous cooling and crystallisation. Secondly, the powder cake sur­
rounding the parts produced will lock the parts in the manufactured location during cool­
ing. This further aids the geometrical stability, minimising warping and curling caused by
uneven crystallisation. An investigation of the geometrical stability of parts produced in
the system by fibre laser is presented in section 7.3.

6.1.4 Validated heating setup
All the critical elements for heating, including the stable temperature processing range, the
build envelope, the top heater positions, and the cooling of the powder cake, are presented
above. Several valuable metrics can be extracted from this. One crucial aspect to consider
is the lack of heating at the build piston corner edges. This causes a temperature gradient
and a discrepancy between the setpoint of the PID controllers and the actual powder cake
temperature. Another critical element is the top heater alignment verification before every
build, which ensures an even energy distribution in the build plane, minimising part defects
and build failures. Finally, the safe removal temperature is critical for achieving parts with
the geometrical stability desired. Table 6.2 presents a list of the critical aspects for tuning
the heaters during system operation. The list functions as a guide for the safe and easy
operation of the system. Powder cake cooling is presented in Table 6.3, highlighting the
critical aspects for the safe removal of parts.
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Table 6.2: Powder cake heating guide for processing powder in the system

Critical element Utilisation Elaboration

Powder cake tem­
perature 5 °C below setpoint

During operation, the setpoint must be
adjusted +5 °C than the desired powder
cake temperature

Top heater adjust­
ment

Thermal image vali­
dation

Top heaters must be aligned prior to
starting each build to minimise temper­
ature gradients in the build plane

Build plane tempera­
ture gradient

< 6 °C across the
build plane

The gradient across the build plane is
minimised by the top heater adjustment

Table 6.3: Powder cake cooling guide for processing powder in the system

Critical element Utilisation Elaboration

Powder cake cooling
rate 20 °C/hour

Tall powder cakes cool slowly. Shorter
can cool faster (see removal tempera­
ture)

Safe removal tem­
perature

Build plate sensor <
30 °C

Only remove produced parts from the
powder cake after passing the safe re­
moval temperature

6.2 Laser validation
Validation of the laser takes three approaches. The initial approach is the determination of
laser power output, defining the loss of power in the optical delivery system. Second, is
a validation of the laser spot size determining the relevant factor for processing polymer
powder into dense parts. The third approach considers a method of defining the scanning
speed of the laser setup, determining the relation between the setpoint in software and
actual translation speed. Below all three validation strategies are unfolded.

6.2.1 Laser Output Power

Determining the laser power output is critical for validating the process parameters utilised
during laser powder processing in the system. Two metrics are essential for determining
power stability. One metric is the power setting vs measured power. The power setting is
done by a 1­10 volt signal from the Unified Systems Controller. The signal is determined
by the setpoint value, with 10v corresponding to the maximum power of the laser. When
selecting a percentage power setting, this is converted into the voltage signal in the con­
troller, which is then converted to laser power in the laser source. This conversion can
infer an error between the desired and the actual power level. Secondly, the laser trav­
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els through several optical components that absorb an amount of the laser energy. This
energy absorption is minimised by utilising equipment appropriate for the laser and wave­
length. The loss, however, must be measured to define the actual power delivered at the
build plane. A second metric is power uniformity across the build plane. An even power
distribution ensures less laser correction across the build plane. The correction can be
implemented in laser planning and programming but is preferred to be homogenous from
the laser system itself.

True Laser Power Delivered

Measuring the power delivery at the build plane is done by utilising a Gentec­EO pronto­
500 (Gentec­EO USA Inc.) laser power meter. Finding the laser power along the power
setting range is done by incrementing the laser power 10% and measuring each power
setting five times. The order of the measurements was randomised in power setting (%),
measuring a total of 50 times from power setting 10% to 100%. The power meter was
physically moved between each measurement to allow for energy dissipation in the mea­
suring device. The results presented are the average values of the five individual measure­
ments at each level, including the 95% confidence interval for each average.

Results from the power measurements indicate a discrepancy between the power setting
and energy delivered, as seen in Figure 6.12. An unstable region of the laser power can
be identified when utilising low power levels, where the most considerable deviation is
identified at the 10% power setting. The power level stabilises when moving towards
a 60% power setting, after which it delivers slightly more power than anticipated. The

Figure 6.12: Laser power measurement results
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large discrepancy at the low power setting shows an unstable laser source behaviour. It is
not recommended to use a power setting lower than 20% due to the significant deviation
between expected output and measured power.

From the power level reading, an offset factor is introduced during job file generation,
where the power level is input. The graph is utilised to determine the setpoint to input in
the job file to achieve the correct power level. The offset factor is determined by fitting a
line to the data defined by linear regression, as seen in Equation 6.1. Here x is the desired
power setting as a percentage of the total power. In publishedworks concerning processing
polymer powder by the fibre laser in the developed system, the true power is reported to
ensure correct dissemination of the power level utilised.

True Power (W ) = 3.245 · x − 21.27 (6.1)

Laser power Stability Across the Build Plane
When laser processing powder, the stability of the laser across the build plane is critical.
If the laser is less powerful in one area than the others, issues such as delamination or
insufficient sintering can occur. Contrary to too little power is too high power delivery
in an area. These areas will be prone to polymer degradation or powder­burning issues.
Hence minimising any gradient in the laser power is crucial for stable processing.

Two separate measurements were carried out to determine if any power gradient interfered
with the laser processing. Both follow the same methodology as presented above for the
power measurements, ensuring comparability measurements. In the contour plots shown
in Figure 6.13, a deviation can be seen for the power at different locations on the build
plane. The most significant deviation for the measurement at 20% power is a deviation
of 3.1%, while for the 50% power measurements, this was 3.9%. The most intense laser
radiation areas are located in the same place for the two measured power levels. This can
be caused by deviations in the laser delivery system, allowing higher power in this region.
The deviation in the measured values is seen to be small and on a similar level for the
datasets of both power levels measured. They are, therefore, not expected to interfere with
the quality of the process. Deviation across the build plane is a crucial aspect to consider
for laser processing. Taking into account that the optical components are sourced based
on a requirement of cost efficiency and can become less repeatable over extensive use.
Hence this calibration will need to be part of the regular system maintenance, ensuring the
stability of the laser processing equipment. From the measurements, it is found that the
deviation of laser power across the build plane will not influence the process at the current
levels.
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Figure 6.13: Power distribution at 20% and 50% power of the laser
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Laser power summary
Summarising the laser power delivered at the build plane considers the laser power stabil­
ity over (the possible) power range and power delivered across the build plane. Results
from the analysis presented above are shown in Table 6.4.

Table 6.4: Laser power delivery metrics

Metric Unit Laser power Measurement standard deviation
Average deviation over
power range W ­7.7 ­

Power at 20% setpoint W 41.7 2
Power at 50% setpoint W 142.5 2.6
Build plane stability (20%) W 40.8 0.4
Build plane stability (50%) W 142.6 1.8

6.2.2 Laser Spot Size
Defining the laser spot can be approached in two different directions. One is the theoretical
approach determining the spot size based on the f­theta lens and spot size calculation. This
method often underestimates the actual spot size measurable in the build plane. From the
theoretical approach, a spot size according to Equation 5.6 is for the current setup 0.029
mm, as seen below. However, this is a gross underestimation of the spot size compared to
the value measured by Light Optical Microscopy (LOM).

Spotsize = 1.83 · 1080 nm · 290mm

20mm
= 0.029mm

For the processing of polymer powder by the developed system, a different approach
is needed. Since the relevant spot size parameter is defined by the Heat Affected Zone
(HAZ), a method of defining this is required. A strategy utilising focus variation, shifting
the target away from the laser source in defined increments, is utilised. Here a plate is
engraved by the laser shifting the distance from the laser delivery system between each
engraving. From this, the line width of each line can be identified, correlating to the laser
focal plane and subsequent spot size measurement.

The focus verification of the system involved studying the actual spot size delivered to the
build plane. To determine the true focussed distance between the laser delivery system and
the build plane, a series of lines were scanned side by side on a black anodized aluminium
plate. By adjusting the target by physically moving the aluminium plate from above to
below the focal plane of the laser, a series of lines of varying sizes are produced, as seen
in Figure 6.14.
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Figure 6.14: Laser focus identification method by focus variation

During this process, the line width is initially thin due to only the central part of the Gaus­
sian power distribution delivering sufficient energy to mark the plate. The width of the
scan line grows with each incremental motion, representing the changing processing dis­
tance and increasing energy density due to the smaller spot size (Figure 6.14 widening).
When moving towards the focal plane, the line’s width gets narrower (Figure 6.14 nar­
rowing), revealing the true focus point as the thinnest line produced (Figure 6.14 focal
plane). As the target is moved further from the focal plane, the line width again grows
larger until the energy density becomes too small, causing the line to initially diminish
in size and finally vanish. The process and physics incurring the waveform distribution
of line width along the Z direction distance from the focussing optics are shown in Fig­
ure 6.14. This method measured the focal distance of the optics in the developed system,
which was applied for defining the focussed width of the HAZ, as presented below.

A black plastic plate was used to determine the laser width of the HAZ delivered in the
build plane. The black colourant promotes energy absorption for producing the imprint of
the scan line on the plate. The laser scanned this plate at settings similar to the processing
settings for build jobs in the system (50W& and 3000 mm/s). This produced scan lines in
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Figure 6.15: Keyence measurements
Left: Scan line 1 ­ Right: Scan line 2

the black plastic plate, measured by Light Optical Microscopy. The measuring equipment
is a Keyence VHX 6000, with a magnification of up to 200x. The measurement strategy
focussed on two individual scan lines, which were measured five times each at two differ­
ent magnifications minimising measuring error. The HAZ width is defined as the average
of these ten measurements.

The metric of interest when dealing with the laser delivery system and spot size is not
the theoretical method, but rather the HAZ. The width of the HAZ is determined as the
verification of the delivered spot size since the setup for producing the HAZ mimics the
conditions of the polymer powder containing a black optical absorber. The spot size is
used for determining the hatch spacing during laser processing, ensuring an even heat
input adequate for melting two tracks situated next to each other.

The results of the measurements of the HAZ are presented in Table 6.5. The scan line
width depends on the system and the scan settings, meaning that this test is only valid for

Table 6.5: Spot size measurements

Metric unit Spot size
Theoretical µm 29
Measured (HAZ) µm 142
Measurement standard deviation µm 2
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these specific settings. Moreover, the HAZ in the black plastic plate is an indication of
the spot size in this material and not a true definition of the HAZ in the powder and build
plane. It is, however, expected to be in close comparison of the true experienced spot
size, why the method has been utilised. For all experiments described in the following
chapter 7, a spot size of 150 µm has been utilised for defining the hatch spacing between
each scan line (unless otherwise noted).

6.2.3 Scanning Speed
Validating the translational speed of the laser spot between two points is essential for
system qualification. Just as the laser power, the laser speed significantly influences the
final part properties. As mentioned above in subsection 4.1.1, the translation speed of
the laser is used when determining the energy density or any other form of conveying the
energy input at the build plane ­ atmosphere interface. Industrial systems are available
for measuring the beam profile and scan speed. These are often significant investments,
which was not possible within the frame of this project.

To determine the speed, a measuring device was constructed. The speed­measuring device
was designed to measure the speed of the laser between two holes in a plate (Figure 6.16).
Both holes are designed with a specific size that is later measured and calibrated. The
distance between the two holes is also measured and correlated to the data processing.
These two critical dimensions are defined for improving the robustness of the scan speed
measurement by accounting for any deviation in the data processing. Beneath the holes,
a photodiode is located. This diode delivers a signal to a high­frequency oscilloscope

Figure 6.16: Scan speed measuring device and the hole for laser radiation of
the photodiode
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(Tektronix Inc. ­ TDS210) setup for recording the data from the diode.

The device consists of a top plate, a base plate, and a housing. The housing and base plate
are made from aluminium to conduct the energy away from the top plate during laser
scanning. The housing hosts two connections, one for the electronic connections and
one for flowing inert gas (nitrogen) through. The inert gas flow minimises the material
oxidisation during laser scanning. By flowing inert gas, the holes are actively cooled by
convection, ensuring minimal change in size or position caused by thermal expansion.
The top plate of the device is made from brass, containing a large concentration of copper.
Copper is reflective of the laser wavelength and does not react with the laser, since the
majority of the laser energy is reflected off the surface. The four holes are located in the
top plate. The scan speed verification test utilises two holes placed next to each other.
The remaining holes are spares for when the laser processing eventually compromises
the hole’s roundness or diameter. Each hole is Ø0.1 mm and is placed in a square pattern
measuring 10 by 10 mm. Around each hole is a brim designed for aligning the laser during
data capture setup.

The photodiode signal data is digitally recorded to individual data points containing a time
stamp and signal value. When passing the laser over one hole, a spike in the energy from
the photodiode is recorded on the oscilloscope. The laser then passes the distance over the
plate and traverses the second hole producing the second signal. This motion is carried
out for five cycles back and forward, producing ten measurements of the time between
the two recorded signals. The time between the two signals, the size of each hole, and the
distance between the holes are then used to define the scanning speed.

Figure 6.17: Scan speed measurements and comparison to setpoint
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The scan speed is calculated from the data processing of the two­peak signal obtained
during the experiment. The data analysis was carried out by a colleague (Magnus Bolt
Kjer), presenting the results here. Setting the scan speed in the controller software, and
communicating this to the Unified Systems Controller, produced laser movements close
to the setpoint velocity. The most significant deviation is seen for the slowest scan speed,
where a deviation of 1.7% is recorded. The largest discrepancies are recorded at slow scan
speeds (<1000mm/s). Here all speed settings produce an error of > 1%. Looking into scan
speeds close to the desired processing range (≈ 3000 mm/s), it is found that the system
provides accurate speeds, only deviating by 0.6%. This further decreases when analysing
velocities greater than the process desired scan speeds.

Themeasuring system shows a stable correlation between the set velocity and the recorded
scan speed, as seen in Figure 6.17 and Table 6.6. From the data presented above, it is
expected that setting a scan speed in the system controller delivers the specific speed,
with no adjustment necessary.

Table 6.6: Scanning speed metrics

Metric unit Scan speed
Average delta over scan speed range mm/s 8.6
Average deviation over scan speed range % 0.8

6.2.4 Laser Accuracy in the Horizontal Plane

The laser motion in the horizontal plane plays a pivotal role in the final part quality, deter­
mining the geometrical accuracy of the part produced. Reducing the error in the scanning
system is critical, as several aspect influence the final position and repeatability of this.
The Unified Systems Controller handles the setting of the laser point and interpolates the
X and Y position provided by the g­code format (in mm) into the correct command accord­
ing to the XY2­100 protocol. A detailed description of the controller unit and command
translation is found in [212].

An initial investigation considered measuring a scan line and tuning the embedded pro­
gramming of the controller to correlate with the desired motion. This method delivers a
result close to the true motion required for accurate processing but does not produce the
entire result for the final part geometrical accuracy.

Defining the geometrical accuracy of the final part in the PBF­LB/P fibre laser system
requires physical objects produced in the system. Several aspects influence the size and
fidelity of the objects produced, which are condensed in Table 6.7.

Different handles can control a selection of the factors influencing the geometrical ac­
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curacy of the system. The triangulation and mesh production can be tuned in the CAD
software, ensuring the level of detail and resolution required for the individual compo­
nent. The build plane position can be controlled by accurate conversion in the Unified
Systems Controller and by providing an adequate resolution of the scanning system, as
described below. The process temperature can be verified and controlled as described in
section 6.1.

Ensuring an adequate resolution of the scanning system is verified by determining the
minimum step size of the system, correlating the scanner, f­theta and focal distance to
the build plane. The resolution expected of the system is determined by the scan angle
of the galvanometer scanner and the digital resolution embedded in the 16bit XY2­100
protocol [223]. The Sunny galvanometer installed in the system provides a scan angle of
± 12.5 degrees. Considering the 16bit protocol of the scanner communication, the angular
resolution is estimated to:

angular resolution = 25/216 = 0.00038o = 6.7µRad

Utilising an f­theta lens for producing the flat focus scan field, a direct proportionality
of the positional resolution between the focal length and angular resolution [224] can be
constructed as:

Table 6.7: Factors influencing the size of a manufactured part

Factor Elaboration

Triangulated mesh Depending on the resolution of the triangulation, the
part can resemble the desired geometry closely

Build plane position conver­
sion

The conversion of set points from the job file to the
position in the galvanometer scanner protocol

Laser absorption
Laser absorption in the build plane is critical since
transmitted laser energy can cause part growth into the
bed

Process temperature and sta­
bility

Depending on the build piston temperature and gradi­
ent parts can either shrink or grow

Polymer swelling due to at­
mosphere

Depending on the polymer and atmosphere, moisture
uptake can distort or increase the part size (e.g. ny­
lons)

Polymer shrinkage during
cooling

During cooling, the polymer partly settles into crys­
tal structures which take up less space than the amor­
phous region causing shrinkage
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positional resolution = angular resolution · 290mm = 2µm

Sunny galvanometer defines the repeatability of the galvanometer scanner at ≤8µRad,
equating to ≈2µm.

The polymer powder has a significant influence on the smallest possible geometry. Seeing
that the resolution of the laser positioning is less than 1/5 of the smallest polymer powder
grain from an industrial PBF­LB/P powder. It is expected that the powder grain will influ­
ence the minimal feature size to a larger extent than the positional resolution. A minimum
feature size, as stated by HUBS, concerning PBF­LB/P is 0.8 mm [18], seeing the clear
influence of the powder sizing. The positional resolution is, by this, deemed adequate for
fine detail manufacturing by the developed system.

Lastly, the swelling of the polymer influences the final part’s geometrical stability and can
be minimised by introducing a dry, oxygen­depleted atmosphere when processing nylon­
type materials. By adhering to these guides, stable scanning and part production can be
achieved. However, the polymer shrinkage, which has a significant influence in an other­
wise calibrated system, must be accounted for by an empirical investigation as described
in section 7.3. The laser motion introduces an error in the geometric dimension of the
components produced. However, so does the physical motion systems. To investigate
this, a verification of the physical motions is presented.

6.3 Motion Control
Two main motion systems influence the process stability of PBF­LB/P. These are the
vertical­stage and the recoater. The vertical­stage and the accurate motion of this ensure
the correct layer height according to the profile selected during job file generation. The
recoater motion produces the new build plane for every layer during a build. It is critical
that both of these systems produce the required motion to ensure the highest possible
build plane fidelity. Below is an in­depth analysis of both systems, developing the metric
required for understanding and setting up the desired processing routines of these.

6.3.1 Build Piston Accuracy

In subsection 5.3.4, the theoretical capabilities of vertical­stagemotionwere defined. Here
an error in the positional accuracy was deemed irrelevant due to the positional bookkeep­
ing in the software control of the stepper motors. An experiment has been undertaken to
validate the accuracy of the vertical­stage considering the narrow (0.04 mm) layer height.
To define the vertical­stage accuracy, a measure of the layer height motion over 100 layers
was performed. The measurement utilised a digital dial gauge (sylvac ­ S_Dial WORK
BASIC 25/0.001), measuring the distance travelled between each layer motion over a
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Figure 6.18: vertical­stage measurement setup

range of 100 layer height represented by a total motion of four mm. The dial gauge was
placed in a measuring stand with the tip located on the bed. The measuring setup is seen
in Figure 6.18, showing the dial gauge location and setup.

A uni­directional motion moving the vertical­stage away from the build plane was utilised
for the measurement since the vertical­stage motion in the PBF­LB/P system only moves
in one direction during the process. Due to this motion, measuring the vertical­stage re­
peatability and error could be done in a continuous procedure of moving one layer height,
settling for 10 seconds, recording the data, and repeating the process. Two sets of mea­
surements were conducted to verify the quality of the lead screw. One data set concerned
the motion of the vertical­stage close to the top part of the lead screw, resembling the
initial 100 layers in a build. The second measurement considered the motion during a
build larger than 50 mm by moving the vertical­stage 50 mm further down, away from the
build plane. Both measurements followed the same method to minimise the uncertainty
between the two data sets.

From the measurement sets recorded over a four mm simulated build motion, a trend of
variation between each layer is evident. This error between each layer is measured to be
≈ 2µm, which does not amount to a significant error when considering other factors of
the process, i.e. the elastic reaction of the powder cake during recoating and the powder
grain size. The analysis results are presented in Figure 6.19.

From the build plane position measurements, a larger error of ≤ 5µm is seen. During
the recorded 100­layer cycles, a cyclic trend is observed. The cycle is seen as the large
variations in measured motion in Figure 6.19 occurring twice during the 100 layers. This
considerably large error in the motion is observed around Z­distance one and three mm.
The distance on the linear stage motion between the two cycles is close to 60 layers, ob­
served in the measurement data. This results in a spacing between the two areas of large
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Figure 6.19: vertical­stage deviation from intended layer height

variation of ≈ 2.5 mm, similar to the pitch of the lead screw in the system (described in
subsection 5.3.4). This cyclic error is presumed to be caused bywear in the system. Before
receiving the system for repurposing, it was utilised for several years in active proto­type
manufacturing. The cyclic behaviour is not observed when moving the build plate further
away from the build plane, hence backing the hypothesis of wear in the top section of the
lead screw.

When analysing the vertical­stage error from the data sets recorded 50 mm away from the
build plane, a more stable response is obtained. Here an error of≈ 2 µm is found, similar
to the behaviour at the build plane if disregarding the cycling behaviour.

The positional accuracy of the vertical­stage determines the actual layer height of the parts
produced by the system. From the analysis, it is clear that an error occurs for every layer,

Table 6.8: Factors influencing the geometric size of a part

Metric unit Build Plane Build Plane + 50 mm
Average layer height µm 39.4 39.7
Average error per layer µm ­0.6 ­0.3
Accumulated error over 100 layers µm ­60 ­31
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accumulating over the build’s extent as seen in Table 6.8. The error in the top part of
the vertical­stage motion is more pronounced than further along the lead screw. From the
results, it is observed that for every intended new layer, the vertical­stage will travel less
than one layer height. Caused by the tendency of the vertical­stage to perform a motion
that is slightly smaller than what is required. This is especially evident at the beginning
of each build job, with the error decreasing as the build progresses. The measurement
procedure and method identified a cyclic error in the top part of the lead screw, which is
deemed to be the wear of the components in the system. Causing a significant deviation
between the intended and recorded movement near the build plane. The accumulated
error at 50 mm from the build plane is still significant and does need further calibration
to ensure an accurate layer thickness. To further improve the system’s reliability, a new
stepper motor and lead screw should be installed. This has, however, not been possible
within this project’s scope. The error causing a decrease in layer height will influence the
final part’s geometrical fidelity. For verifying the main hypothesis of the utility of a fibre
laser in the PBF­LB/P process, the error is negligible. The error is, however, be further
investigated in section 7.3, where compensation for the Z­height error and shrinkage is
concluded upon.

6.3.2 Recoating Motion

Recoating motion is the predominant influence on the build plane quality as described in
subsection 4.2.1. Ensuring a constant motion and roller rotation is critical for the topogra­
phy of the plane produced during recoating. By utilising the counter­rotating recoater, an
array of particle morphologies and sizes can be used and processed due to the versatility
of the system. Counter­rotation ensures an even flow during recoating by constantly tum­
bling the excess powder in front of the recoater in an avalanche motion, as seen in Figures
5.29 & 6.20. Verifying the motion of the recoater has three critical components. First is
the recoater translation velocity (Vt), which is the speed at which the recoater traverses
the build plane. Second is the roller rotational velocity (Vr), and more importantly, the
rotational velocity at the boundary between roller and powder. Finally, these two compo­
nents interact, producing the resultant velocity of the recoater assembly (Vres) as seen in
Figure 6.20, producing the avalanche motion of the excess powder in front of the recoater.

Two trials investigating the avalanche behaviour of uncommon use modes of the roller
recoater have been conducted. One trial of switching the rotational direction was per­
formed. The resulting build plane showed large crevices and areas of high and low peak
topography, causing no further investigation into this mode. The recoater has also been
tested in an action of no rotation, acting as a wiper, as presented in subsection 5.4.4. Here
the angle of attack between the roller and the build plane caused powder packing in front
of the roller, leading to a rise in the recoater system, producing a plane skewed from one
side to the other. From this investigation, the recoater is always run in counter­rotation
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mode.

The roller recoater system can be tuned in the motion controller programming setting the
speed of the traverse motion and the rotation. For simplicity, this study has focussed on
one setting of both actions, presented below. If new materials or powder morphologies
are to be investigated in the system, a further study of the settings required for producing
the flat build is recommended For the individual materials.

The recoating system’s resultant velocity was assessed by measuring the time of travel for
the recoater to pass over the build plane. The measurement focussed only on the build
plane traverse motion since the start and end motion of the stage has built­in acceleration
parameters in the controller programming, which skew the actual speed over the build
plane. At both ends of the recoating movement, a zone of no build plane and no powder
contact enables the recoater to accelerate to the desired speed, as reported in this valida­
tion study. The acceleration aid the stepper motor in reaching the desired velocity while
minimising the potential error from missing steps due to elevated torque requirements at
the beginning and end of a motion.

The rotational velocity of the roller was assessed by filming the recoating motion with a
high­speed camera, counting the number of revolutions occurring over the build plane. A
physical marking on the roller allowed for the visual inspection and counting of rotations
over the build plane, which is afterwards correlated with the time for the build plane tra­
verse motion described above. By knowing the size of the roller and the revolutions per
second, the rotational velocity can be defined.

Determination of the traverse and rotational speed considered five measurements of each
parameter defining an average time for traversing the build plane, as well as an average
number of rotations recorded by the high­speed camera. The number of rotations showed
no deviation over the five samples. The recoater and roller analysis result is presented in
Table 6.9, presenting the relevant data for the resultant velocity of the two components in

Figure 6.20: Recoater resultant velocity (blue arrow) consisting of the transla­
tional and rotational speeds (brown arrows) of the recoater assembly. Inspired
from [155]
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Table 6.9: Recoater traverse and roller rotational velocity metrics

Metric unit At the build plane

Roller diameter mm Ø20

Roller circumference mm 62.83

Roller Revolutions 14

Roller distance covered mm 879.65

Roller revolution per second RPS 2.23

Roller rotational velocity (Vr) mm/s 140.3

Recoater motion mm 251

Recoater traverse time s 6.27

Recoater traverse time deviation s 0.1

Recoater traverse velocity (Vt) mm/s 40.7

System resultant velocity (Vres) mm/s 181.2

Recoater travel per revolution mm 17.9

Roller distance per mm traverse motion mm 3.5

Roller to recoater velocity ratio 3.43

the system.

Based on the results of the recoatingmotion, a resultant velocity similar to the one reported
in the counter­rotation recoater study [155] is found. In the study, a resultant velocity of

Figure 6.21: Build plane quality
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140 mm/s is found to produce the highest packing density in the bed. The study concludes
that this velocity also produces the flattest surface topography for PA12. This work has not
explicitly measured the surface topography and packing density. The system, however, is
seen to produce flat and even build planes, as shown in Figure 6.21. The quality of the
build is representative of both heated and cold powder beds, with a flat surface and full
coverage.

The system utilises a roller significantly smaller than what is typically found in industrial
systems. This causes a need for a much faster roller rotation than what is utilised else­
where. Fast rotation of the roller allows the powder avalanche to form and unify rapidly.
In doing so it is observed not to cause the powder to become airborne, producing a haz­
ardous atmosphere.

A cryogenic milled powder was tested to verify the integrity of the selected parameters.
A source of error in the experiment is that the powder did not fill the entire build volume,
which causes only the plane to be visually inspected. The coarse and uneven powder is
seen from the Scanning Electron Microscope (SEM) image in Figure 6.22b. As stated
in subsubsection 4.1, powders for PBF­LB/P processing is preferably spherical and with
a narrow size distribution. Coarse powders can, however, function if the flowability is
ensured by i.e. flow aids. Nevertheless, the system was capable of producing a flat plane
for laser processing from the powder, as seen in Figure 6.22, using the settings presented
above.

A stable behaviour of the avalanche effect from the roller recoater is seen in Figure 6.23.
Here the recoating cycle is presented, (1) showing the layer prior to new powder distri­

(a) Powder bed produced from powder be­
low

(b) Coarse powder grain

Figure 6.22: Build Plane quality of coarse and uneven­sized powder
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Figure 6.23: Recoating routine in three steps

bution, (2) the recoating action and powder avalanche in front of the roller, (3) and the
thin layer of ≈ 40 µm. In image 3, the previously processed layer is seen beneath the
freshly recoated powder, bearing testimony to the layer height of ≈0.04 mm being re­
produced during powder distribution. The black powder constituent causes the sheen of
black from the previously build geometry, making it visible through the newly distributed
powder layer. New build plane deposition has been observed to produce consistent and
even layers for the entire plane, ensuring the stability of the process cycle.

6.4 Build sequence excecution
From the analysis of the critical system elements and the validation of these, a build se­
quence must be verified. This test confirms the process steps acting as one system produc­
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ing the powder cake and build plane, heating this, laser scanning it, and repeating these
steps to produce an entire geometry, following the process cycle described by Figure 6.24.
To verify the build sequence as presented in section 2.1, a geometry designed to challenge
the system features and components, proving the capabilities of the developed system, is
utilised. This geometry was selected due to its simplicity while still delivering information
on the process capability and sequence as described below.

Verification of all the sub­systems working in unison focusses on producing a simple ge­
ometry that, to an extent, challenges the system’s capabilities. During this complete sys­
tem verification procedure, any misalignments in the system can be found by analysing
the sequence during the build, actively monitoring the process, and by the parts produced
by this build job. The geometry was explicitly designed to define errors in the process
while maintaining a small footprint in the build plane, hence allowing multiple parts to
be produced in one build job. The geometry is a double sphere connected in the cen­
tre, as seen in Figure 6.25. By having two spheres connected by an organic shape, the
system’s capabilities are challenged. The simple geometry challenges the process cycle
by evaluating the fabricated component on layer shifting, stair stepping, and mechanical
stability. Laser Based Powder Bed Fusion of Polymers is known for not requiring any
support structures in the build since the powder cake acts as the support in itself. During
the production of the geometry, one half will show downward­facing surfaces, while the
other will show upward­facing surfaces. Flat sections could have been introduced to opti­

Figure 6.24: Build cycle steps for Laser Based Powder Bed Fusion of Polymers
processing
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mise the geometry, showing the system capabilities for flat sides of the part or as a down­
or upward­facing flat surface. This was, however, not targeted for this verification build.

For the build sequence verification, a white PA11 from BASF (Appendix C) was used
for laser processing. The point of the initial build job was not to produce mechanically
stable and geometrically accurate parts. But rather a holistic process verification and build
sequence definition. The job file for the initial build was prepared in the job file generator
and controller software (subsection 5.4.1). During the verification build, an initial process
study was conducted, determining the adequate energy density and heater setting for the
process. The selected settings are presented in Table 6.10.

Nine parts were made for the build sequence investigation. Here the build sequence exe­
cution as well as the laser power, scanning speed, and heater’s utility, were defined. The
nine parts were produced at three different energy density settings. Since this build was
carried out in the early stages of the project, a full definition of the scanning speed capa­
bilities was not understood yet. Hence the selected scanning speeds are much lower than
what is later found feasible for laser sintering of polymers by fibre laser presented in chap­
ter 7. The settings selected for the build verification study were in part developed during
a Student project, which focussed on fibre laser scanning of polymer powders. The au­
thor supervised the project, which was conducted by ”Student ­ DTU­s206719, Sofronija
Sharlamanov”. During the project, more than 200 variations of scanning speed and power
settings were trialled, laying the basis of the settings presented in Table 6.10.

The selected process temperature was defined by a Differential Scanning Calorimetry
(DSC) analysis, shown in Figure 6.26. The analysis only focusses on the initial melt­
ing and crystallisation of the powder since these are most relevant for the process study.
This approach is not typical for a DSC analysis but is deemed fit considering the analysis
objective. The DSC analysis shows two distinct and narrow peaks. The melting tempera­
ture is defined as TM 201 °C at the melting peak (red curve) with the onset point of melting
ToM occurring close to 197 °C. Moving to the crystallisation temperature TC , a peak value

Figure 6.25: Barbell geometry for verifying build sequence and process strategy

168 Polymer Laser Powder Bed Fusion



6.4. BUILD SEQUENCE EXCECUTION

Figure 6.26: PA11 White DSC curve showing the initial heating and cooling
curve only

of 160 °C is found with the onset of crystallisation ToC occurring at 164 °C.

Between the two onset temperatures ToM and ToC , is the process window defined as ex­
plained in section 4.1. The process temperature was selected based on this process win­
dow. By aiming for a temperature located centrally between the two onset temperatures,
as seen in Table 6.10.

The build sequence verification job ran successfully, as seen in Figure 6.27, achieving all

Table 6.10: Job file settings for the build sequence verification

Metric unit At the build plane
Hatch distance mm 0.15
Heater °C 175
Layer thickness mm 0.1
Scan speed mm/s 100 ­ 150 ­ 200
Laser power (in software) W 70 ­ 75 ­ 80
Laser power % 23.3 ­ 25 ­ 26.7
Laser power (delivered) W 54.5 ­ 59.9 ­ 65.3
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Figure 6.27: Build Sequence verification with the laser processing the white
PA11 powder. Image from web camera monitoring build process

the metrics required for the laser processing of the powder. The build sequence followed
the cycle of initial heating, layer­by­layer laser irradiation, and a final cool­down stage.

The build sequence verification is summarised in Table 6.11, showing only two areas of
the tested sequence­producing problems. One is the white powder selected in the trial.
The absorptivity in the white powder is controlled by the absorption of the laser light
wavelength in the polymer, additives, and colourants. PA11 does not show sufficient ab­
sorption at the laser wavelength as shown in Figure 4.8 with the white colouring often
being a ceramic powder consisting of TiO2 [225], which also does not show good absorp­

Figure 6.28: White parts manufactured during the initial build sequence verifi­
cation
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Table 6.11: List of build sequences verified in the test

Sequence Go No Go Elaboration

Powder dosing (cold) X

Recoat motion (cold) X The build plane is produced prior to

Even layer production (cold) X heating

vertical­stage motion (cold) X

Heating powder cake X Heating prior to laser processing

Powder dosing (heated) X Powder flows at heated temperature

Recoat motion (heated) X Stable motion at heated temperature

Even layer production
(heated) X Powder distribution for highly planar

build plane

vertical­stagemotion (heated) X Seen from parts to be accurate

Safety circuit functional X Safety circuit shuts Off laser if trig­
gered

Laser On­Off X Laser turn On during active pass

Laser position X Laser moves to the desired location

Scanning speed (X) (X) Faster scan speed required for full
power range processing

Laser processing white pow­
der X Laser absorption too little in white ma­

terial

Thermal camera monitoring X Thermal camera can locate heated zone
close to processing area

PID controller temperature
monitoring X PID regulator shows build plane tem­

perature, defining safe removal

tion [226]. Any other additive is likely to be in such small amounts that any absorption
by these is negligible. Nevertheless, the system was capable of producing parts from the
white powder. This part production owes its success to the meticulous investigation of
the required parameters. The rigorous study developed a process regime allowing pow­
der consolidation to the extent of three­dimensional components being produced in the
system.

The parts produced during the initial build sequence investigation are presented in Fig­
ure 6.28. The image shows two parts, from the same build, with the left part showing the
downward­facing surface with significant defects caused by the low laser absorption. The
right part shows the upward­facing surface with minimal imperfections and significantly
better surface topography.
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From the build sequence verification, several conclusions are drawn. The first is the suc­
cessful processing capabilities of the system. It is shown how the system can produce a
flat build plane, sufficiently heat the powder cake, laser process the crossectional area of
a geometry, and repeat this cycle for the entire build. The second conclusion is that white
powder is not a viable solution for manufacturing geometrical and mechanically stable
parts. An optical absorber is required for this, capturing the laser energy and delivering
this in the form of heat (for powder consolidation) rather than laser reflection and trans­
mittance to the surrounding powder. The optical absorber and an investigation of new
materials is the focus of chapter 7, thus defining the use of fibre lasers in the PBF­LB/P
process.

6.5 Chapter Summary
To determine the efficacy of the installed sub­system, rigorous testing and validation have
been conducted. A discrepancy between the set point temperature for the heaters and the
actual powder cake temperature is found. The same is true for the laser power, where the
power is less than the setpoint. An offset factor is implemented for the heaters and laser
power to correct these discrepancies. The heating study further found the actual powder
cake temperatures and a region of minimal temperature gradient resulting in the creation
of a build envelope where any thermal gradient is negligible within its boundaries. Besides
a study of the heating, a cool­down period is investigated, developing the metric for the
safe part removal temperature as read from the build plate PID regulator or data collection
IIoT dashboard.

Besides the laser output over the power range, an investigation into the power stability
in different positions across the build plane is presented. The results proved excellent
power stability across the build plane. Fluctuation in power across the build plane is
comparable to the measured power at each setpoint, demonstrating the consistency of the
measurements with minimal deviation. Investigation of the laser spot size is, from theory,
expected to be much smaller than what is achieved in the setup. Here the measured spot
size is close to five times larger than the theoretical value. This is not problematic due to
the excess power provided by the laser source, allowing for a stable processing range at
this spot size. The theoretical value of the spot size is deemed too small to be effective in
the process due to the laser delivering power in an area smaller than the average powder
grain size. If this were the case, localised overheating would occur, leading to polymer
degradation in the individual powder grain or the selection of a power setpoint lower than
the stable region, which is undesirable.

An investigation of the achieved scanning speed is also presented, showing the capabili­
ties of the Unified Systems Controller and galvanometer scanner. Here close agreement
between the setpoint scan velocity and the measured scanning speed is found. Ensuring
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this close agreement allows for easy process qualification during part manufacturing, with
less added complexity. Lastly, a discussion of the laser positional accuracy considers the
fact of polymer laser processing and the added uncertainties, which can be minimised by
process and laser control. However, a final calibration of the system is needed to define
the shrinkage factor of the selected material. This shrinkage factor is dependent not only
on the laser scanning parameters but also on the general processing signatures of the sys­
tem. Hence a calibration for each material used in the system is needed for the fabrication
of high fidelity components.

A significant influence on the geometrical fidelity and final dimension of the parts pro­
duced in the systems is the accurate motion of the vertical­stage. This showed, during
the investigation, an error throughout a build. This error accumulates, causing the part
produced to be smaller in height. This error was only identified in the later stages of the
project and will receive attention in future work. The error is defined as more significant in
the initial phase of the build, caused by (what is assumed to be) wear on the vertical­stage
mechanism. The error in the mechanism is expected to be due to not replacing the original
lead screw and motor assembly in the machine during the repurposing efforts. The error
may have been minimised if this had been completed.

The specification of the lead screw is designated for use in an imperial framework and
unit system, shown by utilising 2.54 mm per revolution, equalling 10 threads per inch (a
common pitch in imperial units). Considering the likelihood that the embedded program­
ming of the original machine also observed this approach, an error in the setup could have
been smaller. This, coupled with the fact that the embedded programming on the motor
controller is done in a metric unit system, causes a misalignment in the number of steps
per mm (theoretical = 629.9 / empirically found for embedded program = 633). If the lead
screw had been in a metric standard, an even number of steps per mm would have been
utilised in the programming minimising the error in the positional bookkeeping of the con­
troller. When using micro­stepping, as is done for the vertical­stage, an error can occur
where steps are skipped or missed by the mechanical system. If feedback monitoring of
this potential error is not fitted, the system will not ”know” that this error is occurring and
will only move the designated number of steps. This can also be an influential factor in
the error of the vertical­stage. Skipping steps leads to the movement of the vertical­stage
being less than designated by the controller, even though the controller is set up with a
larger step count based on empirical calibration of the stage. The wear can have increased
throughout the project, which can be a root cause for the motion discrepancy between
the reported error and the initial calibration. Based on these conclusions, a change of the
vertical­stage linear motion assembly is needed for greater accuracy of the sub­system for
future experiments.

The investigation of the recoater stage found a total velocity of the recoating motion and
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rotational speed comparable to that presented as the optimal value in subsection 4.2.1. A
flat build planewithminimal topographical errors is produced during the recoatingmotion,
permitting better layer­to­layer adhesion based on the flat layer produced. The resultant
velocity has not been investigated further in this study due to the surface characteristics
produced initially. The system’s open architecture allows for changing and tweaking close
to any parameter and setting. Due to this, future exploration of the recoating system is
planned. Hence an investigation concerning the change of rotational and traverse velocity
and the installation of a blade recoating system.

An effort to prove the entire systems capabilities focussed on the build sequence verifi­
cation. Here a build job was fully processed, utilising the systems described above for
producing the job file, making the powder cake and build plane, heating this, and laser
scanning layer­by­layer producing the final parts. This proved that the entire system is
capable of producing parts from polymer powder, utilising a fibre laser for consolidation.
The build sequence ran as planned, creating new powder layers and scanning these with
the laser. Several parts were produced as shown in Figure 6.28, with the predominant issue
being the low energy absorption in the white material. To develop the system’s capabili­
ties and prove the fibre laser’s utility for polymer processing, an investigation of optical
absorbers is required. This investigation, including a conclusion on the versatility of a
fibre laser for processing polymers, is presented next in chapter 7.
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Fibre Laser Utility in Polymer Powder
Processing
Fibre laser processing of polymers has been regarded as challenging due to the low ab­
sorption properties of the material, leading to doubts about the feasibility of producing
functional parts. The results obtained from the previous tests demonstrate that fibre lasers
can indeed process polymer powders that, to some extent, resemble the original design
in the CAD file. Nonetheless, one significant issue identified in the previous tests is the
uncontrolled absorption in the polymer, resulting in the irregular surface finish of the fab­
ricated parts.

During laser processing of white powder, an observation of fully melted nodule formation
is seen in the powder. These are influenced by altered absorption properties in the melted
nodule. The white barbell parts showed these nodules on the downward­facing surfaces,
causing an irregular surface finish. The variation between absorption in the powder and
melted regions of the nodules results in these growing larger with each new layer, produc­
ing the nodules into the powder cake as shown in Figure 6.28.

This chapter investigates the application of fibre lasers in polymer powder processing, with
a major focus on the introduction of an optical absorber to enable the stable production of
polymer powder parts. The initial study delves into the utilisation and optimal amount of
the optical absorber required for achieving stable fibre laser processing. The second part
concentrates on evaluating the geometrical accuracy of a benchmark geometry produced
by the system. Lastly, a new material suitable for the Laser Based Powder Bed Fusion
of Polymers process is introduced, demonstrating the feasibility of producing conductive
polymer parts through fibre laser processing.
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7.1 Fibre laser absorption in polymers - A recap
In subsection 4.2.4, an explanation of the difficult processing regime between fibre lasers
and polymers, specifically PA11, was described. The wavelength interaction between
fibre lasers at 1080 nm and the polymer molecule is exceptionally low. Due to this, the
energy from the laser is not absorbed in the polymer but rather transmitted and reflected.
This process causes the laser to diffuse into the powder bed producing the results shown
in section 6.4.

An optical absorber can be employed to enhance the interaction between the laser and the
powder, effectively transferring heat into the powder bed from the laser. By absorbing
the laser energy and transforming this to heat, an optical absorber allows otherwise un­
processable materials to be processed by the laser wavelength. Utilising these absorbers
means that the excellent fibre laser beam properties can be converted into a useful tool
for processing polymers. A selection of optical absorbers is available as various additive
compounds or colourants, described in the following.

7.1.1 Optical absorbers available
A range of materials is suitable as an optical absorber for fibre laser (1060­1080 nm)
processing. Often the composition varies widely, with the most low­tech solution being
carbon black, which absorbs the majority of the energy delivered by the laser light, con­
verting this into heat [227, 228]. Other solutions for optical absorption include graphene,
carbon nanotubes, and the commercial products Clearweld LWA 983A from the American
company Clearweld and PeroLab from the German company Sindlhauser Materials.

Clearweld and PeroLab are both green chemical formulations which allow laser energy ab­
sorption specifically at wavelengths relevant for Ytterbium Fibre lasers (1060 ­ 1080 nm).
The chemicals can be compounded into the desired resin allowing for effective laser pro­
cessing. Depending on the concentration required for laser processing, a green hue of
the final part can be expected if either the Clearweld or PeroLab compounds are utilised.
Both providers of optical absorbers recommend that the concentration be found empiri­
cally since the utilisation is not yet widely disseminated. Based on the success of utilising
the systemwith knownmaterial compositions, these additives are desired for further inves­
tigation in the developed system but have not been possible to incorporate in the presented
work.

Using graphene and carbon nanotubes as the optical absorber encompasses the charac­
teristics of utilising carbon black, based on the constituent element and chemical bonds
prevalent in the compounds. The main focus of this study has been on PA11, which was
preferred due to the bio­sourced feedstock material for the production of the polymer.
Both compounds are compelling and worth investigating, considering fibre laser process­
ing into final thermoplastic parts. However, for this work, it has not been possible to find
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or produce relevant material containing either.

All the above­mentioned materials or compounds are interesting solutions for obtaining
fibre laser absorption in the PA11 material utilised in this study. The study has, however,
concentrated on the use of two kinds of PA11. One white and one black, investigating
the material properties of both materials separately and in conjunction. The study strives
to characterise the useful case of mixing two similar polymer grades, with one main dif­
ference being the colour. By using the same kind of polymer, lower complexity in the
material preparation, study, and classification is achieved. This has allowed an in­depth
analysis of the two materials, which is the focus of the following.

7.2 Optical Absorbers in Polymer Fibre Laser Processing
Optical absorbers are used widely for laser welding of clear polymers, allowing energy ab­
sorption for wavelengths which otherwise do not interact with the polymer. Incorporation
of an optical absorber in a polymer can be carried out in several ways. A low complex­
ity method for introducing the optical absorber is by physical mixing of two distinctive
batches of a polymer, with one containing the absorber and one pure. The utility of a black
optical absorber­filled material mixed with a white base material is investigated. The in­
vestigation seeks to describe the functionality of fibre laser processing in a mix of two
alike materials. The study further examines the level of black constituents required for
successful part production by mixing the two materials. Evaluating the efficacy of mixing
includes a study of the rheological behaviour of the constituent powders defining the pro­
cess of laser absorption in the black constituent and subsequent consolidation behaviour
of the powder mix.

7.2.1 Mixing PA11 White and Black for Optical Absorption

The initial study of employing PA11 black (Appendix D) as an optical absorber mixed
with PA11 white investigating the manufacturability was presented at the ”2022 Annual
International Solid Freeform Fabrication Symposium” ­ University of Texas, Austin. The
peer­reviewed publication is found in Appendix E, from [229]. To clarify the applicability
of a fibre laser in the PBF­LB/P process, a method of consolidating a white and black
PA11 mix is used. The PA11 constituents in the mix are henceforth denominated as white
and black. The approach follows a framework of material and powder characterisation,
process development for the different compositions of white and black, and process and
part characterisation, analysing the mechanical properties, and surface characteristics of
the parts produced.

Five mixed compositions have been tested within the framework as seen in Table 7.1.
Batches 1 through 3 have been tested within this section, with batches 4 and 5 described
and tested in the following subsection 7.2.2. Working from an initial hypothesis that pure
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Table 7.1: Powder mixing ratios for the optical absorber study

Batch No. White content (wt%) Black content (wt%) Designation
1 50 50 50­50
2 80 20 80­20
3 95 5 95­5
4 98 2 98­2
5 99 1 99­1

white cannot be processed by fibre laser alone and that pure black absorbs too much en­
ergy for the available process range described in subsection 6.2.3. Processing pure white
results in an uncontrolled process of a mix of the different powder binding mechanisms
presented in subsection 4.1.2. Causing the parts to show limited mechanical stability with
highly degraded surface characteristics. Processing pure black PA11 leads to polymer
degradation and a potential fire hazard due to the energy absorption of the powder being
much higher than required leading to an exceedingly high energy melt ratio as presented
in Equation 4.8.

Material charecterisation

Characterisation of the materials provides a basic understanding for determining the initial
processing conditions in the system. Several aspects are relevant for processing mixed

Figure 7.1: DSC analysis of the black PA11 powder
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Table 7.2: DSC analysis results. Critical temperatures concerning the process
settings, including the process window for both materials

Characteristic Abbr. Unit PA11 White PA11 Black
Melting onset ToM °C 197.3 197.0
Melting TM °C 201.0 200.6
Melting end TeM °C 203.0 203.1
Crystallisation onset ToC °C 163.8 171.0
Crystallisation TC °C 159.1 167.9
Crystallisation end TeC °C 153.5 164.2
Process window Twindow °C 33.5 26

powder batches. The melting and crystallisation behaviour and temperatures, the powder
morphology and size, and the amount of black constituent in the material. To develop the
process parameters, a DSC analysis for both materials was conducted. The results of the
analysis are shown in Figures 6.26, 7.1, and are summarised in Table 7.2. Data concerning
the analysis methods are presented in Appendix E.

From the DSC analysis, it is evident that the two colours of PA11 are in close resemblance.
By analysing the critical temperatures, it is seen that the process window is significantly
narrower for the black type PA11, which will be used as the determining factor for setting
up the build job in the system. The density and powder size is critical to ensure that
the mixing of the powder will produce a homogeneous blend. In table Table 7.3 and in
Figure 7.2, the critical sizes as well as the powder morphology are displayed.

When analysing the mixing properties of two materials, three main components are crit­
ical [230]. One is the powder morphology. Homogeneous powder morphology reduces
the risk of powder sticking and clumping, causing higher gradients of one material com­
pared to the other. Second is the sizing which influences the homogeneity by producing
segregated mixes if the grains are of different sizes. Third is the density of the two com­
ponents. If these are far from each other, another segregation mechanism occurs, causing

Table 7.3: Powder specification and sizing

Polymer Unit PA11 White PA11 Black
Dv (10) µm 20,3 23,8
Dv (50) µm 44,1 46,7
Dv (90) µm 78,5 79,9
Density (TDS) kg/m3 520 540
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(a) PA11 White morphology (b) PA11 Black morphology

(c) 50­50 W/B morphology (d) 80/20 W/B morphology (e) 95/5 W/B morphology

Figure 7.2: Morphology comparison between the different batches of powder
(Keyence optical microscope 200x)

an uneven mix. From the analysis of the two separate powders and the mixed batches,
no uneven mixes have been produced. From the mixing analysis, it is expected that the
material will produce uniform parts resembling the mixing ratio of the powder blend.

Defining the process temperatures and ensuring a homogeneous mixture of the blends per­
mit further investigation of the processing by fibre laser. Both materials are produced by
the same company, as shown in section 4.1 and Table 4.2, and are also from the same ma­
terial vendor (BASF), causing them to be nearly identical. The processing of the material,
therefore, considers the mix as one material instead of an investigation concerning the
individual constituents. By this, the results are presented for the mixed batches, showing
the results of process optimisation, production, and mechanical properties.

Process development of mixed powder
Process development of the different batches was rooted in the material study presented
above. The volume energy density (Equation 4.4) was decided to be used for dissem­
ination of the process settings (ensuring an understandable metric) commonly used for
dissemination of laser power, scanning speed, and other relevant parameters for the pro­
cess. Only two of the possible parameters to vary during the investigation were selected,
minimising the process complexity. The hatch spacing and laser power were varied over
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Figure 7.3: Exemplification of the iterative approach for the process optimisa­
tion, here shown with parts from the 50­50 batch

the course of the process optimisation, producing a number of trial­and­error attempts for
powder consolidation before reaching a point of satisfactory process settings.

The study utilised a process optimisation routine inspired by the design of the experiment
approach varying the two parameters, tracking the result obtained by the variation. An
exemplification can be seen in Figure 7.3. Here the arrows indicate how the parameter
was changed for each iteration. Between iterations two and three, a change of higher
power and less hatch spacing was needed, achieving better parts compared to the previous
iteration. An excessive power setting was selected, causing over­sintering of the parts.
This led to the fourth iteration of marginally lower power. Resulting in the fabrication of
parts closely resembling the desired test geometry.

The process development resulted in three different processing routines as seen in Ta­
ble 7.4, one designed for each batch. Based on these process settings, a build job con­
taining eight tensile specimens of the size ISO 527­2 5A [231] were produced for each
powder mix batch. The powder cake and build plane temperature settings were main­

Table 7.4: Process parameters for the batches of the material tested

Parameter Unit 50­50 80/20 95/5
Scan speed mm/s 3000 3000 3000
Layer thickness µm 60 60 60
Hatch spacing µm 300 234 200
Laser power W 35 35 60
Top temperature °C 180 185 185
Build temperature °C 175 175 175
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tained at a similar level, with a minor adjustment to the top heaters, when introducing
lower amounts of black powder. The effect of a whiter powder mix is twofold. One is
the fact that the white powder absorbs less energy from the heaters than the black, due to
the higher reflectance of the white powder. Secondly, the greater emissivity of the black
powder causes a different temperature to be read from the pyrometer, causing an error
for the PID regulator controlling the temperature. An increase of the build plane heaters
of 5 °C, was observed for enabling the stable production of the batches containing larger
amounts of white than 50­50.

Parts which could be tested for mechanical properties and surface characteristics were pro­
duced using the process parameters found in the study. The parts were built in the YZX
orientation, which minimises the cross­sectional area in the build plane. This orientation
further ensures that the recoating motion traverses the parts in the longest direction making
these less prone to shift in the build plane caused by the dragging motion of the recoater
[232]. Figure 7.4a shows an exemplification curve of a tensile test for an 80­20 (W­B)
composition specimen. Figure 7.4b presents the build direction and the areas where the
surface characterisation is conducted. The exemplification tensile test curve show engi­
neering stress and strain, since no equipment for testing true stress­strain behaviour was
available at the time of testing. The powder cake temperature was maintained at the same
level for all experiments, just above the crystallisation temperature for the black powder.
This ensures lower polymer degradation during processing by using the lowest possible
setting, while maintaining the processed part in the uncrystallised state.

(a) Representative stress­strain curve (b) Tensile test specimen

Figure 7.4: Tensile curve and the part build orientation, showing the surface
roughness measurement locations

Charaterisation of the produced parts
Analysing the results of the parts produced from the three batches described above follows
two routes. One route characterises the mechanical properties of the parts, defining the
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success of the part stability. The second route investigates the surface topography of the
parts determining whether the parts are influenced by defects arising from the powder or
the laser processing. From the white part production, large nodules were found on the
surface caused by the laser processing. The investigation concludes on the root cause of
the surface topography in parts containing black PA11.

Mechanical properties of materials are defined, among others, by the tensile properties.
The tensile properties of manufactured parts varying in white­black composition are pre­
sented in Figure 7.5. A significant deviation is seen between the fabricated components
and the datasheet values of the as­printed results from the supplier. The data shows how
components processed by fibre laser in the system display mechanical properties resem­
bling those of the conditioned samples in the datasheet values. Here a close correlation
between the ultimate tensile stress of the manufactured samples and the datasheet is found.
Considering the strain at break values, a similar relation between the manufactured parts
and the datasheet values is determined. Here a larger strain at break is found for the man­
ufactured samples. This discrepancy is expected to be caused by the uncontrolled at­
mosphere in the machine, resulting in material degradation, into shorter polymer chains.
These shorter chains rearrange easier during the tensile test allowing the crystal regions
to deform and stretch, allowing larger deformations prior to breaking.

Figure 7.5: Engineering Stress and strain results for varying Black to White
powder ratio. Far left and right columns concern supplier datasheet values
(White & Black)
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(a) 95/5 W/B side surface (b) 95/5 W/B bottom surface (c) 95/5 W/B top surface

(d) 80/20 W/B side surface (e) 80/20 W/B bottom surface (f) 80/20 W/B top surface

Figure 7.6: Surface topography comparison of parts with lower content optical
absorber

Analysis of the mechanical properties supports the fibre laser’s capability to process poly­
mer powder into fully consolidated parts, resulting in robust components that closely re­
semble those produced by industrial machines. However, in the case of PA11, material
degradation caused by hydrolysis or oxidation occurs during processing facilitated by the
atmospheric conditions within the system. The study presented in subsection 7.5.2 reports
on the influence of the atmosphere on material behaviour, with a focus on the rheological
differences between virgin and degraded powder. Having confirmed that the mechanical
properties align with the supplier’s datasheet values, a test of laser processing stability
based on surface morphology is conducted.

Three regions of interest were identified for studying the surface topography of the parts
manufactured as seen in Figure 7.4b. The regions correspond to the sidewall, the top
of the part where the powder is added during the final stages of the production, as well
as a downward­facing surface, which are the initial layers produced onto powder in the
build plane. The topographies are obtained by using a focus variation microscope and
are shown in Figure 7.6. Results from the three sides are represented for the two visually
lightest compositions (80­20 and 95­5, W­B). The surface topography stems from powder­
sized defects, which are caused by the solid state sintering of powder to the surface. The
numerical result of the surface topography mapping for the three different material blends
can be seen in Figure 7.7. From the mixing ratios, it is observed that the surrounding pow­
der and the effect of solid state sintering is the main cause of the rough surfaces detected
on parts. From these findings, the appropriate level of black absorber required for stable
processing is determined, resulting in an adequate surface topography determined by the
surrounding powder.
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Figure 7.7: Surface topography, for varying mixing ratios

Only the top surface shows a random distribution of the surface profile, with the side
and the bottom being affected by the laser scanning. For the side wall surfaces, an effect
of laser scanning can be seen as a cyclic repetition of tall ridges among lower valleys.
Analysing the cyclic profile found a period between two cycles of 300µm resembling ev­
ery 6th layer. During laser scanning, the hatch scan direction is rotated by 67o. Every time
a scan line is set to start at the edge of the component, an error in the laser and scanner
control causes local overheating. This is due to a delay setting mismatch in the controller
programming, leading to over­sintering occurring in this repetitive cycle. Rotating the
hatch direction by 67o is common practice in laser sintering (Figure 7.8). The rotation
ensures a constant overlapping of the previous scan tracks, minimising the risk of ’dead’
areas where the powder is left unsintered for multiple layers. If ’dead areas are produced,
then these will cause lower densities and weak points in the part produced. Over­sintering
occurs due to an issue in the laser control managed by the unified system controller, caus­

Figure 7.8: Exemplification of the hatch rotation
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Figure 7.9: DSC analysis with two melting peaks in the first ramp, showing
the sample from a side wall containing powder and melted polymer, which are
fused by solid state sintering. Also in Figure 4.12

ing a peak in energy at the start of each scan line. This initial peak causes a larger area of
the powder cake to rise above the melting point of the polymer causing part growth. Sec­
ondly, this heated region allows for solid state sintering of powder grains onto the part as
described in subsubsection 4.1.2. The effect of over­sintering is also evident in the bottom
surface, where the contours of the part are seen to rise taller than the central part.

Partial melting of particles, fixed in place on the side, is seen when analysing a manu­
factured part by DSC analysis, as seen in Figure 7.9. In the DSC analysis, two distinct
peaks are present, resembling the original degree of crystallisation and melting point and
the modified degree of crystallisation, where the melting point is shifted to a lower tem­
perature.

Over­sintering causes large variations in the data of the surface topography profile be­
tween the locations measured. However, the batches are found to be in close agreement,
except for the side profiles, which, as stated, are not determined by the powder but are an
effect of an error in the laser control. The error is not unique to fibre laser processing and
would occur for any laser controlled by the Unified Systems Controller. Since the time
of this study, the error has been improved and updated in the Unified Systems Controller
software, based on feedback from this and other experiments. The surface topography
seen in Figure 7.7 is the average deviation from the median plane, as specified for the
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Figure 7.10: Test geometry produced from the 95/5 batch and parameters found
by the study

measurement of surface roughness. However, the measurement does not include a sur­
face area large enough to qualify as a surface roughness measurement, due to the limited
area at the up and downward­facing measurement points. Hence the surface characterisa­
tion is focussed on topography instead. Both the top and bottom surfaces show a surface
profile resembling half the average powder grain size, with close agreement between all
the different tested mixing ratios.

It can be concluded that fibre laser processing is possible for polymer powders from the
analysis of part production utilising different mixing ratios of black and white PA11. The
study found that the system is capable of producing parts resembling the datasheet me­
chanical properties and that the surfaces are dominated by powder grains stuck to the
surface by solid state sintering. Utilising the fibre laser allows darker materials to func­
tion well in the system, permitting the laser energy to be absorbed by the polymer powder.
Two test geometries are presented in Figure 7.10, showing the stable processing regime
developed for the 95­5 material system. The parts show the ridges along the edge caused
by the rotation of the hatch scanning.

From the study, it can be seen how the 80­20 (W­B) mix produces the highest mechani­
cal properties and the lowest average surface topography. The 95­5 mix, however, also
produces high­quality parts, showing that the breakdown level of optical absorption is not
met, at 5% black material. An investigation of when the black content becomes too low
is therefore investigated as described in the following.

Polymer Laser Powder Bed Fusion 187



CHAPTER 7. FIBRE LASER UTILITY IN POLYMER POWDER PROCESSING

7.2.2 Breakdown Level of Black Optical Absorber
The breakdown level of black powder in the white powder matrix has been investigated
during a student project conducted under the supervision of the author, by ”Student ­ DTU­
s212567, Inigo Trueba Merino”. The work followed the methodology described above
for the initial study of utilising black and white powder mixed for fibre laser processing.
The project elaborated on the processability of the materials, investigating the use of 5, 2,
and 1 % black powder in the mix. The 5 % mixture resembles the data found previously
but was incorporated due to upgrades of the laser system, as compared to the previous
section. The results of the 5 % black content are comparable to the ones shown above and
are therefore not included herein.

Investigation of the breakdown level of blackmaterial has focussed only on themechanical
properties of the parts produced, characterised by tensile testing. For this study, only
the power level was changed, maintaining the remaining process parameters the same as
seen in Table 7.5. The process parameters presented below show the effect of the laser
delivery system upgrade, where a hatch spacing of 0.15 mm was utilised as described
in the systems development chapter, subsection 5.4.2. A sweep of different laser power
settings found the most suitable power setting for each composition, as shown in Table 7.5.
By stepping 10 W between each level in software resulting in the steps shown below.
The resulting power settings are converted as described above in subsection 6.2.1 and are
converted by the power conversion calculation Equation 6.1. An increase in temperature
was incorporated in the process parameters based on the finding of the required change in
temperature as presented above. This increase in temperature ensures stable processing,
minimising internal stresses and curling, which was required for processing the batches
containing low amounts of black PA11 powder.

Processing polymer powders containing minute amounts of black optical absorber using
fibre laser proved to be problematic. The laser energy absorption did not lead to stable
parts, and a clear tendency of breakage or other defects were observed during the experi­

Table 7.5: Process parameters for the breakdown level of black powder for fibre
laser procseeing

Parameter Unit 98/2 99/1
Scan speed mm/s 3000 3000
Layer thickness µm 40 40
Hatch spacing µm 150 150
Laser power (setting) W 50 ­ 100 70 ­ 120
Build plane temperature °C 185 185
Build temperature °C 185 185
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Table 7.6: True power settings tested

Parameter setting Unit True laser power
50 32.9
60 43.7
70 54.5

Laser power 80 W 65.3
90 76.1
100 86.9
110 97.8
120 108.6

mental phase. Only a few samples produced in the 99­1 batch proved successful, resulting
in large deviations as seen from the resultant data of Figure 7.11. The figure illustrates
significantly deteriorated process capabilities in both batches. A trend of improving part
performance is identified when moving towards higher powers. However, excessively
high­power causes material degradation and uncontrolled part growth into the powder

Figure 7.11: Mechanical properties of the tested power levels for 98/2 and 99/1
parts
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Figure 7.12: Mechanical properties of the batches containing varying levels of
black powder

cake, as observed during the processing of pure white.

The study demonstrated that reducing the black content to lower than 5 % is not feasible.
The material degradation resulting from elevated laser power during processing, along
with issues like warpage and uncontrolled part growth, makes these batches undesirable
for fabrication purposes. Figure 7.12 presents the significant deterioration of the mechan­
ical properties when utilising lower black contents. A steep decrease is seen between the
5 and the 2 % batch. The difference is close to a 40% decrease in the ultimate tensile
strength.

Based on the study, a black content of 5 % is employed throughout the project. Utilising
this percentage enables the production of mechanically sound components within a stable
process regime. Using this percentage produces fully black components with a slightly

Figure 7.13: Cross­section view of a part produced from the 95­5 batch
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grey hue, as seen from Figure 7.12. The white hue is expected to be caused by particles
fused to the part by solid state sintering and does not inflict mechanical stability. When
investigating the cross­sectional area of parts produced by the 95­5 composition, a full
black component is visible, as seen in Figure 7.13. The black powder in themix is expected
to show very low viscosity when heated, further aided by the main energy absorption of
this powder constituent. To understand the process of using black powder mixed with
white, a study of the low shear viscosity has been undertaken, as described in the following.

7.2.3 Polymer Rheology of White and Black PA11

Dominantly black components were produced even when low amounts of black absorber
was used. From initial visual inspection, it seemed that the black would seep into the
white powder and distribute, causing the colouration. An investigation into this behaviour
of the black has therefore been conducted with a focus on testing the viscosity of the two
materials, defining the difference in flow behaviour at low shear rates, which mimics the
process conditions.

The rheological test was conducted on an Anton Paar MCR502 utilising the CTD600 ther­
mal cell for heating the polymer above the melting temperature, as described by the DSC
analysis presented above. All the settings of the three experiments conducted concerning
the polymer rheology are described in Table 7.7. To conduct the test, disks were moulded
by hot pressing in an oven heated to 240 °C. All visually identifiable degraded polymer
was removed prior to rheology testing. The disk moulded was necessary to remove any air
present in the powder sample. The same method and process was utilised for all samples,
minimising any difference in polymer degradation caused by the moulding step.

An initial test of defining the Linear Viscoelastic Region (LVER) of the two powders
observed that a one per cent oscillation strain to be adequate. Based on this, a frequency
sweep defining the viscoelastic behaviour at different shear rates was conducted, as shown
in Figure 7.14. The frequency sweep was performed at 230 °C, ensuring a molten state

Table 7.7: Process parameters for the breakdown level of black powder for fibre
laser procseeing

Parameter Unit Amplitude sweep Frequency sweep Temperature sweep

Angular
amplitude (γ) % 0.1 to 100 1 1

Frequency Hz 1 ­ ­

Angular
frequency (ω) rad/s ­ 0.01 ­ 628 0.1

Temperature °C 230 230 240 to 180
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Figure 7.14: Viscoelastic behaviour of the two PA11 powders of different
colours and the mixed batch

relevant to the laser processing. From the trials of minimising black content, a laser pro­
cessing temperature was identified close to the region irradiated by the laser. The tem­
perature was measured by the thermal imaging system resulting in a rise in temperature
between 220 and 240 °C. Peak temperatures in the laser spot can reach higher tempera­
tures, reaching towards 250 °C. However, to maintain a stable polymer, this temperature
was selected for the study. The temperature spike captured by the thermal imaging camera
also shows how the energy is retained in the area after laser processing. The experiment
is designed to mimic this heat retained after laser exposure, where the polymer powder
coalesces into the final part.

To study the rheological behaviour of the viscoelastic polymer, a frequency sweep was
employed. From the analysis of the frequency sweep, a lower complex viscosity can be
expected from the black sample compared to the white. This is especially evident at low
shear rates, which is the region of interest considering the laser processing inducesminimal
shear of the molten polymer. It is clear from the analysis that the mixed batch powder
reacts as expected by showing a viscosity response located between the two pure samples.
Seeing that the complex viscosity appears different in the two powders, an investigation
of the temperature dependant viscosity was introduced. A sweep across the relevant build
temperatures was conducted, heating the polymer sample to above the expected process
temperature previously defined as 230 °C. To investigate the viscosity response 230 °C,
the start temperature was set to 240 °C, and the sweep was carried out down to 180 °C.
Ensuring a steady state of the measurement when collecting the data in the range of interest
between 230 and 180 °C.
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Figure 7.15: Viscoelastic response of the two PA11 powders, at low shear rates
over a range of temperatures

Figure 7.15 shows how the two similar polymer systems behave differently based on
colour. The black material is seen to produce very low viscosity compared to the white
when considering the temperatures relevant for laser processing. This behaviour is be­
lieved to cause the polymer to flow easier, filling the area around the white powder and
thereby distributing the heat uniformly in the laser­processed area. The black, when
seeped into the powder cake, produces a boundary layer which will absorb the energy
faster during the next layer scanning. The effect of enhanced flow in the black polymer
when molten is expected to cause the parts to become fully black, as shown in Figure 7.13.
By surrounding the white particle in the black matrix, these can be melted in the next layer
cycle, considering the thin layer height utilised in the system. As seen in the recoating
routine presented in Figure 6.23, the thin layer is translucent to the black­coloured layer
beneath the build plane. This means the processing stabilises further with the new layer
deposition, where a large black surface is present for laser absorption. This is not an ideal
case considering part production in the powder cake directly, which can lead to a dimin­
ished surface quality of downward­facing surfaces. This has not yet been encountered as
an issue but should be investigated further.

An investigation into the black powder and a determination of why this behaviour arises
has not been conductedwithin this study. The behaviourmerits an investigation. However,
for defining the fibre laser processing capabilities within PBF­LB/P processing, it has been
deemed unnecessary at this point. Utilising an evenly dispersed black powder of the same
powder size and morphology causes the powder mix to be homogeneous. However, other
solutions are possible candidates for incorporating the optical absorber with the powder,

Polymer Laser Powder Bed Fusion 193



CHAPTER 7. FIBRE LASER UTILITY IN POLYMER POWDER PROCESSING

such as a film coating on the particles, as a filler in the individual powder grain, or as a
two­component system as explained in subsection 2.2.4 and subsubsection 4.1.

As mentioned above, both of the optical absorber systems require further investigation
in the PBF­LB/P process and are not included in this work. Instead, further focus on
the processability of the 95­5 powder mix has been investigated. Developing a stable
processing routine and defining the laser scanning requirements for producing components
resembling the geometrical data and size defined in the CAD model. The processing
routine and geometrical accuracy of produced parts are described in the following.

7.3 Benchmark Testing at the Optimal Level of Black
From the study above, a stable processing regime was observed for the 95­5 white­black
powder composition. This composition was found to produce mechanically sound com­
ponents, which show adequate geometrical fidelity, considering no true size investigation
has been conducted. The following study, therefore, characterises the geometrical accu­
racy of a benchmark component produced by the 95­5 mixed material processed by fibre
laser in the developed system. The study is based on the contribution for the conference
”euspen ­ Special Interest Group: Advancing Precision in Additive Manufacturing 2023”
­ KU Leuven, Belgium. The paper is presented in Appendix F from [233], where refer­

Figure 7.16: The benchmark geometry including the areas of interest
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Table 7.8: Shrinkage measurement of the initially produced benchmark geom­
etry

Dimension Unit Nominal Average Std dev. Delta Deviation (%)
Length mm 76 73.94 0.04 ­2.06 2.8
Width mm 51 49.96 0.09 ­1.04 2.0

ences for the production of the benchmark part, measurement equipment and procedure
are found. The study focussed on defining the required job generation and process settings
for producing parts resembling the CAD file data. The part produced is a benchmark com­
ponent originally intended for use with PBF­LB/M processing [234–236]. Utilising the
benchmark geometry for polymer powder laser processing, inferred changes to the layout
of the geometry. By hollowing the part to a shell thickness of 1 mm, a part capable of
laser processing in polymer powder is achieved.

An initial study produced the part with no changes in dimensions, not accounting for any
shrinkage or other defects originating from fibre laser processing of polymer powder.
By measuring this geometry, a size difference between the nominal and produced part
can be achieved, as shown in Table 7.8, defining the shrinkage of the part manufactured,
caused by the reorganisation of the polymer chains during crystallisation as shown in Fig­
ure 2.4. Due to a failure during manufacturing, the part was not produced in full, and the
Z­shrinkage factor could not be determined. A decision was made to use the same shrink­
age for the vertical axis as for the minor build plane dimension in the job file generation.

Using the shrinkage corrections factors found in Table 7.8, the job file was generated for

Figure 7.17: Manufactured benchmark geometry produced by the developed
system in 95­5 material composition
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Figure 7.18: The validation table of the measurements for the benchmark ge­
ometry measured by CMM and callipers (Z)

the final production run of the benchmark geometry. An improved method of utilising the
Autodesk software Netfabb Premium for job generation ensured a more robust processing
profile in the job file. The job file generation was realised by Magnus Bolt Kjer, who
also utilises the software and Unified Systems Controller for the metal LPBF system. The
benchmark geometry was produced by parameters determined by the process and powder
composition study, achieving a satisfactory result for the number of features reproduced
as seen in Figure 7.17.

Qualification of the produced benchmark geometry was conducted by an optical coordi­
nate measuring machine. The critical parts and areas of interest are possible to measure
by either using the top or the bottom light approach. The Z dimension was measured by
callipers, which have a higher intrinsic uncertainty than the Coordinate­Measuring Ma­
chine (CMM). The CMM was not suitable for measuring the Z dimension, which is why
the callipers were selected. The results of the part inspection considering the dimension
measured and the visually inspected geometries are presented in Figure 7.18. Here each
category refers to an area of interest as shown above in Figure 7.16. A green mark means
a full representation of the features as described by the CAD file, with red marks show­
ing missing features. Beneath a red mark, a number represents the minimum feature size
completely produced and verified by visual inspection. For a feature to pass, the entire
component must be present. For through holes, this means a hole through the entire ge­
ometry. For pins, a verification of the presence and full height is considered. Aiming for
consistent reporting of the results has led to the presentation of two decimal resolution
(.01). The majority of results are presented by this, with the exemption of the standard
deviation, which was observed to be so low that a four decimal resolution (.0001) was
required. This resolution is not indicative of the actual measurement since this equipment
does not allow this resolution and is, therefore, only presented for the standard deviation.

The results from the manufactured benchmark geometry show how large­scale features
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Table 7.9: Stable geometrical feature sizes and tolerances when processing
polymer powder by fibre laser radiation

Geometrical feature Denominator System stable size

Major dimension % < 1

Through holes build plane direction (XY) (Ø) % < 20

Through holes build plane direction (XY) (Ø) mm < 2

Through holes vertical direction (XZ) (Ø) % < 12

Through holes vertical direction (XZ) (Ø) mm 1.5

Pin vertical direction (XZ) Ø mm 1.0

Unsupported wall mm > 0.7

and geometries are in close agreement with the inscribed size of the CAD file. However,
when investigating smaller geometries and features, these are significantly different from
the intended geometrical size. The largest deviation is seen for the wall section (A), which
has grown to more than twice the intended size in width (A1 measurement). This growth
is related to the scanning of the laser, where during the hatch scanning of the area, the
laser will traverse the wall at an angle close to the normal, with reference to the length,
resulting in minute scan lines resembling laser dots rather than actual line scanning. This,
coupled with the contour scan surrounding the wall, causes excessive part growth into the
surrounding powder. To optimise this, a study of thin walls is required to define the opti­
mal laser strategy concerning scanning and power. An investigation utilising no contour
scanning during the production produced a wall (A) which measured 0.51 mm in width.
This is still much larger than the nominal geometrical size, proving that a thin wall of
less than 0.5 mm is not feasible in the system when utilising a fibre laser consolidation
source. By improving the scanning parameters, it is possible that thinner geometries can
be realised in the system. These are, however, not investigated further in this study.

HUBS, a global print service provider in the AM industry, has produced a guide for min­
imal features and general tolerancing expected by the majority of AM processes. Fig­
ure 7.19 highlights the feature sizes of conventional PBF­LB/P processed features based
on the knowledge base of HUBS presented in the book ”The 3D Printing Handbook” [18].
Through the analysis of the benchmark, the stable feature size has been found for several
different geometries. Table 7.9 describe each type of feature and the minimal geometrical
size considering the results of Figure 7.18. The table presents the measured and visually
inspected results from the benchmark part. Presenting the average tolerance achieved as
well as the minimum feature realised in the system.

Comparing the minimum feature sizes achieved in the system with the recommendations
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Figure 7.19: The design rules and production guide fro PBF­LB/P from HUBS.
Adapted from [18]

and general rules from HUBS, some features are found to be close to the expected dimen­
sions. The overall dimensional stability is also close to what is expected from industrial
systems, with a possibility of further improvement through iteration­based optimisation
of the benchmark study. This involves defining even tighter shrinkage factors for all axes
and optimising the scanning of small features.

During the investigation, an error in the scanning routine was discovered, causing a skip­
ping pattern in the laser power when producing curved sections in the contour. This find­
ing indicates that the laser is only stable for straight lines. This error needs further in­
vestigation to ensure even more stable processing. However, it is evident that adequate
dimensional fidelity can be achieved by processing polymer powder using fibre laser radi­
ation. Nonetheless, conducting additional, comprehensive studies may have the potential
to further enhance the process.

A desire to compare the results of the developed system with an industrial system led to a
comparison using the benchmark geometry. To investigate the state­of­the­art production
capabilities within PBF­LB/P, an inspection was conducted on the part produced by the
industry­leading EOS Formiga P110 FDR system. The EOS system utilises a 55W CO
laser source, along with the EOS software and hardware solution. The material used is
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Figure 7.20: The validation table of the measurements for the benchmark ge­
ometry produced by an industrial machine measured by CMM and callipers (Z)

a PA11 grade from EOS (PA 1101) in white. The part was produced at nominal settings
provided by EOS for the selected material, incorporating the years of research and de­
velopment of the company, aimed at the highest part quality in the polymer powder AM
industry. The same geometry with the enhancements for PBF­LB/P was utilised for the
industrial system capability study.

The benchmark part production was executed by an industrial partner, who subsequently
delivered the parts encased in powder from the build. Receiving the parts encased in
powder enabled us to perform post­processing in a manner consistent with the initial
benchmark study, thus eliminating potential sources of uncertainty from this process. Fig­
ure 7.20 shows the geometrical fidelity achieved by the state­of­the­art system from EOS.
The major dimensions are kept well below what is expected, according to HUBS. Only the
Z­axis is seen to be slightly larger than what is expected. However, this tolerance still falls
below what can be expected in terms of production capabilities concerning the absolute
tolerance of 0.3 mm.

Note that the small through holes in the XZ direction of the industrial benchmark exhibit
limited production capabilities. During the cleaning process, it was observed that the
powder in these small holes was compacted to a hard solid, making these areas difficult
to remove and clean, resulting in measurements that resembled the powder rather than
the intended manufactured size. This issue arises due to the consistent cleaning method
and rigidity employed, which avoids removing powder stuck to the part with excessive
force. The same challenge applies to achieving the minimum feature size in any through
hole, as the powder can become too densely packed within these holes to be effectively
removed. It is worth considering that the original geometry was intended for powder metal
processing, and the tight packing of polymer in these holes differs from the flowability of
metal.

Polymer Laser Powder Bed Fusion 199



CHAPTER 7. FIBRE LASER UTILITY IN POLYMER POWDER PROCESSING

The benchmark part produced by the industrial systemwas seen to incorporate finer details
than what was achieved by the system processing using a fibre laser. Figure 7.21 shows the
two benchmark parts produced for the study. The right image shows how the two samples
are very alike, with only minor differences. The industrially produced part contained all
the small features, whereas the fibre laser processed component was missing several of
the fine pins visible on the surface facing the camera.

In Figure 7.21, the left image reveals that both systems caused warpage of the component,
primarily attributed to the challenging production of the large flat surface area. Tomitigate
this warpage, a method can be implemented: producing the parts on a slight incline of 5o,
resulting in a smaller cross­section of the part during production. This approach leads to
lower levels of internal stress as the laser scans smaller areas per layer. This effort was
not carried through during this investigation. In the part manufactured by the developed
system, the through holes are observed to have collapsed during the fabrication, resulting
in oval­shaped holes that do not meet the required specifications. This collapse is notice­
able in the layers towards the top of the part, occurring in the middle of the build job. The
oval shape is anticipated to be a consequence of the vertical­stage error, as detailed in sub­
section 6.3.1. The lack of appropriate layer height motion is expected to be a contributing
factor, resulting in the oval shape due to insufficient Z­motion per layer. An additional
contributing factor could be insufficient powder packing during recoating, leading to the
part’s collapse. It is less likely that the laser processing significantly influenced the oval
shape of the holes; rather, inadequate motion control is considered the primary cause.

A higher level of geometrical fidelity can be achieved by incorporating a shrinkage com­
pensation factor during the job file generation, as demonstrated in the above study. The
findings of the study also indicate that the major dimensions closely align with the accu­
racy presented by a prominent actor in the AM industry.

Figure 7.21: A comparison between the benchmark parts produced by the in­
dustrial (CO laser) and the developed system (fibre laser)
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Although even higher geometrical accuracy could potentially be attained through process
re­iteration and a comprehensive shrinkage factor study, such endeavours were not fea­
sible within the constraints of this study. An alternative approach could have involved
producing various objects of different sizes and defining the span and shrinkage factor on
a more generic level rather than being specific to a particular geometry. However, this
approach might not have included the small features that received significant focus during
this study, leaving other geometrical aspects unaddressed.

Given these considerations, the study adopted the presented approach while considering
the potential for further investigation in the future.

The studies presented above focus on PA11 as the material characterised, both in the opti­
cal absorber and the geometrical fidelity investigation. To broaden the prospect of utilis­
ing fibre lasers for polymer powder processing, the characterisation and understanding of
more materials are required. To broaden the horizon of fibre laser processing, a material
with the potential for realising electrically sensor components produced by a conductive
polymer blend is presented in the following.

7.4 Conductive Polymer Part Production by Fibre Laser
A study of conductive polymer blends has been undertaken to study the efficacy of utilis­
ing other polymers than the previously investigated PA11. The work presented is based on
the contribution to ”euspen ­ 23rd International Conference & Exhibition, DTU, Copen­
hagen, Denmark”. The contribution is shown in Appendix G from [237]. The relevant
information on the methods of powder production as well as powder and part quantifi­
cation, is available here, including descriptions of the equipment utilised throughout the
study.

Figure 7.22: Coarse powder grain (also in Figure 6.22b)
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Figure 7.23: The conductive network manufactured by fibre laser processing
of coarse powder

Manufacturing conductive polymer parts can prove to be useful in sensor components,
where a perfect fit significantly influences the measurement and sensor output. By utilis­
ing the PBF­LB/P process, complex geometries with no additional support structures can
be realised. The aim of this study has been to identify whether the fibre laser processing of
a conductive polymer powder can be a useful tool. To verify this, an approach of material
compounding and micronising was utilised for producing the powder used in the process.
The powder was cryogenically milled, causing issues with the coalescence behaviour, as
explained below. The verification utilised the developed system for consolidating the
powder into a Two­and­a­Half Dimensional (2.5D) component, which could be tested for
conductivity. By analysing the part produced, a conductive polymer was realised, show­
ing the capabilities of the system and fibre laser processing. The study focussed on a
two­pronged approach, one processing the powder in an unheated environment to verify
the consolidation behaviour when no additional heat is supplied. The second considered
a heated environment, heating the polymer blend to a stable region inside the process
window, found by DSC analysis.

The polymer blend designed for the experiment consisted of conductive carbon black filled
polypropylene (PP) and a propylene elastomer, producing a flexible conductive polymer,
as described by Grønborg F. et al. [238]. The two components were mixed in a ratio of
60/40, respectively, ensuring the high content of carbon black filler providing the conduc­
tivity of the blend. The cryogenically milled powder had a coarse yield powder, which was
separated into a size distribution similar to the PA11 utilised above. The coarse powder
shown in Figure 6.22b proved to cause large issues with the final parts produced.
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Figure 7.24: Crakcs and areas of less conductivity in the conductive network
manufactured by fibre laser processing of coarse powder

The production of the parts utilised a similarmethod for process development, as explained
above, shifting the energy density and verifying the consolidation of the powder. The parts
produced showed an inherent conductivity and were able to be measured as shown in the
publication Appendix G, but were found to break up when handled. By stretching the
parts, areas of nonuniformity were found. This behaviour was investigated by SEM to
characterise the structure of the produced components. The SEM analysis was possible
since the conductivity minimised the charging effect, often seen when imaging polymers.
The result of the analysis is the high­resolution images seen in Figure 7.23. The network
structure was unexpected, as the processing resembled normal laser processing of a black
powder but with two major differences compared to the previous experiments

One significant difference was the colour of the powder, which was entirely black due to
the amount of conductive carbon black filler. This allowed for excessive laser absorption,
requiring low power settings and rapid scan speeds. Secondly, the powder did not fill the
entire bed due to the difficulties of producing large amounts during the cryogenic milling
process. The two differences, combined with the coarse powder, resulted in a lack of
packing density in the powder cake and build plane and a high energy absorption. This
led to the network­like structure in the sample, resulting from the laser processing.

The conductivity of the samples produced was found to be highly inconsistent, showing a
large standard deviation during the measurements. It was concluded that the network­like
structure deteriorated the conductivity in the samples, further aided by the fact that the
network showed cracks in the structure, as highlighted in Figure 7.24. Secondly, it was
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found that the two materials in the blend behaved differently, unveiled by the two different
processing regimes of the unheated and heated build environment. Part analysis by SEM
imaging showed how the network formed in both experiments. It was, however, clear
that the unheated part was not maintained in the molten state for long enough to allow
the polymer to flow evenly, causing only one of the polymers to produce the network
bridges between two powder particles. The network was, therefore, mainly consisting
of the black conductive constituent, which had separated from the blend and produced
a shell­like structure around the other polymer component. This behaviour resulted in
higher conductivity, with a larger chance of the network structure fracturing due to the
less elastic behaviour of the black polymer, compared to the elastic component mixed in.

Fibre laser processing of a conductive polymer blend yielded positive results, resulting
in a conductive part. However, the network structure is less than ideal for achieving the
desired final part quality and can be attributed to material properties and packing density.
By ensuring a spherical particle shape, it is expected that the issues encountered during
part production could be alleviated by achieving an increased powder cake density.

Challenges arise when processing the black material due to its high energy absorption,
necessitating the use of low power. To improve stability and enhance part properties,
higher scan speeds or lower power settings could be employed. Additionally, utilising a
larger spot size may also help lower the energy density to a more suitable level. Overall
the fibre laser processing was successful, with several steps presented for improving the
outcome of the parts, not relating to issues in fibre laser processing. The black content
holds the responsibility of laser absorption, as presented for the optical absorber study. The
blend contains two kinds of propylene, which, as reported by Nguyen N. et al. [239], does
show a slight absorption of close to 5 % at wavelengths of the Yb fibre laser. Nevertheless
is, the black constituent of the material the main reason for the successful manufacturing
of components, showing conductivity.

7.5 System Material Processing Capabilities
The system exhibits promise in producing high­fidelity components and facilitating mate­
rials investigation, especially considering the open platform’s ability to accommodate any
material. Nevertheless, a significant limitation is the lack of control over the atmosphere
within the system, leading to uncontrolled polymer degradation. Hence, the following
investigation focusses on the laser processing and system capabilities comprehensively,
determining the overall efficacy of the PBF­LB/P processing system.

7.5.1 Fibre Laser Processing of Polymer Powders

Based on the studies conducted above, it is evident that fibre lasers can be effectively
utilised for polymer powder processing. By incorporating an optical absorber, the process
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can be stabilised, leading to the production of high­fidelity components. However, major
challenges are encountered in the powder handling and heating system rather than in the
laser processing itself.

It has been shown how the open platform allows for material integration of any kind.
The basis for new material introduction relies on rigorous testing of the material prior to
introduction in the system. That is developing the required knowledge of the material’s
thermal behaviour, as well as the specific powder constitution. A list of the critical material
understanding prior to processing is described in Table 7.10. Here the three components
are outlined and explained, including the relevant test for each metric.

Table 7.10: Knowledge of the material parameters critical prior to laser pro­
cessing in the open system

Knowledge metric Common metric Elaboration

Thermal behaviour TM and TC

DSC analysis of the powder
elaborates on the process win­
dow and critical temperature
ranges

Laser absorptivity Absorption and reflection

By knowing the absorptivity
of the material, a decision on
the use of absorber agents can
be carried out defining the ab­
sorber system, and concentra­
tion

Powder character Size, distribution, and shape

Ensuring a spherical powder
increase the packing density
of the bed, increasing the final
part density

Thermal properties

Conducting a common DSC analysis sweeping the temperature range at a heating and
cooling rate of 10 °C/min allows for critical knowledge of the thermal behaviour of the
material. By further extending this to an isothermal DSC analysis, particular knowledge
of the temperature changes relevant to the process can be obtained, as described in sec­
tion 4.1. Of particular interest is the shift in crystallisation temperature, as described by
Drummer D. et al. [97]. Secondly, a sweep of much higher temperature rates is of interest,
considering the steep temperature gradients experienced during the laser scanning cycle.
During laser scanning, sharp peaks in temperature are induced locally, pushing the poly­
mer past the melting point, making it less viscous, and allowing the powder to coalesce
into the desired geometry. An elaboration of the process cycle as described by Drummed
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Figure 7.25: Temperature cycle during processing, Adapted from [97]

D. et al. [162] shown in Figure 4.20, are developed in Figure 7.25. Mimicking these sharp
peaks of material melting and subsequent cooling to above the crystallisation temperature
can be conducted by utilising high sweep rates. However, to truly conform to the process
cycle and time scale of events, a method of laser­induced heating rates in a DSC analysis
setup can be used. Such an approach has been demonstrated [240, 241], finding a change
in the crystallisation temperature caused by the rapid heating of the polymer. By this, a
change is induced due to maintaining the elevated temperature and the scanning routine,
inducing an extremely high­temperature gradient.

This heating regime is similar to fibre laser processing, with one minor change, in the
process, being the optical absorber. Incorporating the optical absorber in the otherwise
optically translucent polymer (at 1080nm wavelength), a different heating approach is
obtained. Here the black constituent in the powder mix will experience extremely rapid
heating rates and will, by this, deliver the energy to the surrounding powder, as described
above. These rapid heating rates can result in thermal degradation of the optical absorber
component.

Laser Absorption Properties
Depending on the absorber system utilised, fibre laser processing can be regarded as a
laser processing sequence resembling that of a conventional system. The added benefit
from the optimised beam profile aids the stable processing and allows for low absorber
contents to be used. As shown here for a two­component system using only 5% to produce
stable parts with adequate surface roughness.

Defining the absorptivity of the selected polymer is commonly carried out by a Double­
Integrating­Sphere System, as presented by Schuffenhauer T. et al. [242]. The analysis
method is used for detecting the amount of a laser reflected and transmitted by a material.
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This is done by irradiating a sample located between two internally reflective spheres with
a laser beam. By measuring the amount of reflected light in the same sphere as the laser
input, and transmitted light in the sphere located after the laser has passed through the
sample, a measure of the amount of laser light absorbed can be determined. The method
is laser or light­type agnostic, making it ideal for the investigation of laser sources and
the inherent absorptivity in materials. The clear definition of laser absorption in the pure
polymer, as well as for any absorber component, aids the processing capabilities.

Powder Morphology and Size

The powder size and morphology have a significant impact on the final part properties.
This was highlighted by the study of cryogenically milled conductive powder. The powder
was unstable in size and with rough edges, causing a lack of packing and a low density of
the powder cake. The ideal shape for polymer powders is fully spherical since this allows
the powder to pack closely. An SEM image of a commercial PA11 black powder from
BASF is shown in Figure 7.26a. Here it is evident that the powder is not fully spherical
but slightly rough. This is caused by the manufacturing method of grinding the polymer to
the final size as mentioned in subsubsection 4.1. By introducing powder grains in varying
sizes, besides the major narrow distribution, the packing can be enhanced.

A narrow size distribution promotes flowability and packing during recoating. The com­

(a) SEM image of PA11 black (BASF) (b) Powder sizing

Figure 7.26: Commercial powder morphology and size distributions of an array
of powders relevant for the PBF­LB/P industry
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mercial powders tested during this project have shown a narrow size distribution for the
majority of the powder blends, as seen in Figure 7.26b. None of the powders show a
distinct bi­modal distribution. It can be noticed how the two PA11 grades incorporate an
amount of small powder seen to the left side of the curves. This can either be by design
to increase the packing density or, by default, from the size separation method, not fully
removing any small powder constituents. The particle size analysis was done on the Mas­
tersizer 3000 from Malvern Panalytical following the method described in Appendix E.

All the tested powders have been seen to flow well and produce a flat build plane during
recoating. Even the irregularly­shaped conductive powder produced a flat build plane,
with lower packing density, due to the powder morphology and insufficient powder to fill
the build plane. By utilising the counter­rotating recoater, a wide selection of powders can
be processed by the recoating system. However, by analysing the powder before using it
in the system, an educated decision of how to recoat can be made. Moreover, an option
is to round irregularly­shaped powders prior to processing a possibility, ensuring higher
packing density and flatter build plane surface topography.

Enhanced part quality can be achieved by pre­defining each of the three metrics before
processing the material using a fibre laser system. This knowledge is obtained through
a comprehensive analysis of the material in four main aspects. The first involves LOM
analysis to characterise the powder morphology. The second analysis focusses on pow­
der sizing, ensuring a narrow size distribution of the powder. The third analysis focusses
on understanding the thermal behaviour of the material to determine appropriate process
temperatures. Lastly, the fourth analysis examines the absorptivity of the powder at the
laser­specific wavelength. By diligently following these four general steps, process opti­
misation and effective part production can be achieved. When introducing a multi­modal
or two­component mixed powder system, adherence to general rules for powder mixing
is essential to minimise segregation. During counter roller recoating, the avalanche be­
haviour enforces similar physical interactions to tumble mixing. Adhering to the analysis
suggested successful production of parts from polymer powder by fibre laser radiation
is possible, as presented above. However, issues in the system cause excessive pow­
der degradation, as seen from the mechanical properties and the discrepancy between the
datasheet and obtained values. The root cause of this discrepancy and the powder degra­
dation is presented next.
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7.5.2 Polymer Degradation During Processing

Several methods can be employed when investigating polymer degradation behaviour.
Commonly used is the Melt Flow Index (MFI) or Melt Flow Ratio (MFR), determining
the amount of polymer flowing through a specified crevice at a certain temperature for a set
amount of time. By analysing the change in the amount which has flowed, a determination
of the polymer degradation type can be determined. Another method is the previously
mentioned DSC, which determines the change in melting and crystallisation temperatures
and defines the change in the structure of the polymer. Finally, a method of rheological
testing can be employed, investigating the change of average molecular weight and the
distribution of this [243].

The molecular weight and distribution are closely related to the zero shear viscosity, as
seen at very low shear rates in the test of complex viscosity. Given the susceptibility
of Polyamides of hydrolytic degradation and chain scission, a measurement of complex
viscosity can be employed to determine if such degradation occurs during the processing
of the PA11 powder in the system.

It is essential to note that the system lacks an inert or dried atmosphere, resulting in a sig­
nificant presence of water vapour during processing. The relative humidity, measured in
the system, decreases as the process chamber temperature increases, as seen in Figure 7.27.
However, the overall amount of water vapour remains constant during processing, provid­
ing sufficient water for the hydrolysis of polyamide bonds.

Hydrolysis in polyamides results in a decrease in average molecular weight, which leads
to a lower no­shear viscosity [244]. The change in the low shear viscosity of the tested

Figure 7.27: The relative humidity in the build chamber. Relative humidity
decrease as the chamber heats up
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mixed batches of virgin and used, as well as the pure virgin polymers, are presented in
Figure 7.28. The method of testing, including the relevant settings, are found in Table 7.7.
Here it is clear how the used 95/5 mix has been altered by being held at an elevated tem­
perature for an extended period of time. The dark blue curve shows the smallest low­shear
viscosity of the presented samples indicating a significant change in the molecular weight
and distribution.

To investigate the change further, the storage and loss modulus plot is presented in Fig­
ure 7.29. Here a shift in the initial cross­over point between the storage and loss modulus
indicates the average molecular weight and the molecular weight distribution. A shift
towards the upper left corner indicates a higher average molecular weight in a narrower
distribution, with the inverse result when moving towards the lower right corner.

Analysing the cross­over points of the curves revealed a significantly lower molecular
weight with a slightly wider distribution, as expected from the used mix batch. This cor­
relation aligns well with the degradation behaviour of hydrolysis, leading to chain scission
and the production of shorter molecules with a more random distribution. Such degrada­
tion behaviour is particularly prominent in polyamide polymer systems. To assess the
impact of this degradation behaviour caused by the lack of an inert atmosphere, further
investigation of other polymer types is necessary. This will help determine whether the
absence of an inert atmosphere poses a critical error, rendering the entire system ineffec­
tive.

In the event that the lack of an inert atmosphere is deemed crucial, appropriate actions

Figure 7.28: The shear dependant viscosity curves of the pure materials and the
mixed batches, showing virgin and used powder mix
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Figure 7.29: The shear dependant modulus curves of the pure materials and the
mixed batches, showing virgin and used powder mix

must be taken to mitigate this issue and preserve the system’s functionality.

Minimising Polymer Degradation

The state of research (subsubsection 4.1) presented themain degradationmechanism expe­
rienced by polymers utilised for PBF­LB/P processing. Three mechanisms predominantly
influence the polymer. For the developed system, a lack of inert atmosphere leads to hy­
drolysis and chain scission. This is aided by the elevated process temperatures, causing
greater mobility of the polymer molecules, as well as the water molecules penetrating the
polymer and degrading these.

During processing, the system has been noted to run at very high process temperatures
compared to industrial machines. Besides the introduction of an inert atmosphere, a higher
degree of thermal tuning can be implemented to improve the processing and powder sta­
bility of the system. The entire system would benefit from lower heating implemented for
the build piston while maintaining excellent powder processing capabilities. This must
be investigated further, developing a metric for adequate heating and possibly a heating
routine of lowering or shutting down the build piston heaters after a set build height is
achieved.

7.6 Chapter Summary
The chapter presents several studies focussing on materials processing in the system using
a fibre laser.
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The initial study demonstrates the utilisation of optical absorbers to enhance laser absorp­
tion in the polymer powder. Incorporating a black PA11 into a white PA11 enables stable
processing of the powder. The stability in the production is investigated by analysing the
mechanical properties of parts produced in the system. The functional breakdown level
of the black optical absorber is found by utilising very low amounts of the absorber. Low
levels of the optical absorber led to inadequate laser energy absorption, resulting in part
failure and deteriorated mechanical properties. This led to the conclusion that 5 % black
material is an adequate solution for the fabrication of stable components.

The study finds that the rheological properties of the black material aid the processing ca­
pabilities by showing significantly lower viscosity when heated, resulting in a black ma­
trix flowing around the white particles, causing the production of fully black components.
These components are found to inherit the stability and processability of the constituent
powder, explaining the need for a dimensional fidelity study.

The geometrical sizing and fidelity study showcase how complex geometries can be pro­
duced in the system by fibre laser radiation. Intricate features and fine details are replicated
as per the CAD file, proving the efficacy of fibre laser processing of polymer powders.
The component produced is compared to the same CAD geometry produced on a flagship
system by EOS, showing the resemblance and lack of fidelity. This comparison highlights
the potential of the system and identifies areas for further development.

To develop the knowledge of fibre laser processing of polymer powders, an investigation
of a conductive polymer blend is performed. Here parts are realised, showing a conductive
network. The analysis focusses on the difficulties of processing coarse and irregular pow­
ders and showcases how the black constituent of the powder acts as the optical absorber,
allowing fibre laser processing. The results of the processing show promise and further
investigation of the material in the process is planned for the future.

Finally, the chapter concludes by evaluating the processing capabilities of the fibre laser
and system. The analysis and identification of the change in the molecular weight re­
veals the impact of the lack of an inert atmosphere on the processed nylon, leading to
the presented explanation. A potential solution for future research involves focussing on
hydrophobic materials to minimise the risk of hydrolysis and thermal degradation.

The capabilities of the fibre laser have been shown not to cause any of the issues observed
in the aforementioned studies. The main distinction between conventional and fibre laser
processing of polymers lies in the requirement of an optical absorber to facilitate energy
delivery from the laser to the polymer. Through the incorporation of this absorber, a stable
process has been established, as evidenced by the studies on mechanical properties and
geometrical fidelity.

The chapter has identified several areas of interest for the extension of the study. The

212 Polymer Laser Powder Bed Fusion



7.6. CHAPTER SUMMARY

extension or desire to study a process further is often necessary for large complex projects
that analyse a process holistically. The experiments and material challenges projected
for this extension are outlined in the following chapter, along with the rationale for their
relevance and the proposed methodology.
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Conclusion & Perspectives
During the project, a holistic approach to PBF­LB/P has been utilised for developing
the experimental infrastructure and conducting experiments for verification of the main
hypothesis. The main hypothesis concern the definition of the utility of fibre lasers for
processing polymer powders into mechanically sound and geometrically accurate compo­
nents. Over the past three years, the project has approached this hypothesis from various
perspectives, striving to ensure a holistic approach in the project definition and execution.

Three phases of the project are identified throughout the thesis.

• The initial phase broadened the understanding of the process, developing the knowl­
edge and metrics of how the industry and research approach PBF­LB/P. During this
phase, a study of the process and intimate workings of the PBF­LB/P process and
systems were developed, defining the critical elements and aspects relevant to the
next project phase.

• The project’s second phase considered the development of the experimental infras­
tructure. The infrastructure development was rooted in the findings of the previ­
ous project phase, ensuring the developed system delivered the desired processing
capabilities. The systems development phase concludes by proving the system’s
capabilities through a thorough sub­system validation practice and a holistic build
sequence analysis.

• The final project phase sought to develop an understanding of fibre laser process­
ing of polymer powders through a practical approach. Here two different polymer
powders were investigated. An initial investigation concerning a PA11 PBF­LB/P
polymer was conducted, focussing on the activation of fibre laser absorption in a
powder mix of white and black powder. A second polymer powder explored the
possibility of processing a non­commercial material in the system. This polymer
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powder was developed to demonstrate the efficacy of producing conductive parts
by laser processing, further expanding the metrics for powder coalescence in fibre
laser processing.

The intended purpose of this work has been to establish the processing capabilities of a fi­
bre laser in Laser Based Powder Bed Fusion of Polymers. Therefore, a processing system
that addresses the main hypothesis must be capable of translating information from a dig­
ital model into a physical object through conversion in a job file generator and processing
system. A prerequisite for this process is the accurate translation of geometrical charac­
teristics from the digital file to the physical realm. The three main phases described above
have been employed to bring forth these capabilities. This has ensured the capable fibre
laser processing system presented herein, based on the knowledge of the critical elements
and the process characteristics incorporated in the developed system.

The introductory part described the recently published research and the common use of
PBF­LB/P. The study identified an evident gap in the research between the two processes
of metal and polymer powder laser processing, showcasing the discrepancy and lack of
research within the field of polymers. A further dive into the industrial PBF­LB/P process­
ing systems highlighted the lack of fibre laser utilisation. This lack of information on the
utility and proof of validity was the primary motivation for developing the experimental
infrastructure designed to examine the main hypothesis.

Process understanding and knowledge of the critical elements and aspects of PBF­LB/P
processing laid the foundation for developing an experimental infrastructure. From the
analysis, several aspects of an PBF­LB/P system were defined and implemented in a re­
purposed binder jetting machine. Repurposing allowed the rapid development cycle for
the initial experimental infrastructure, which was further developed through several iter­
ations defining the developed system. This system encompassed the critical elements of
heating the powder cake sufficiently above the crystallisation temperature, the capability
of dosing powder and distributing this to an even build plane, with the narrow Z­layer
height adjustment required for the process. Furthermore, a laser processing system was
installed, introducing the fibre laser capability of the system.

The developed system utilised a Ytterbium fibre laser to process polymer powders. Sev­
eral other types of lasers have been identified for their increased capability of polymer
processing. One such laser is the thulium laser which produces a laser beam with a wave­
length of≈ 2 µm, which interacts with the molecular agitation frequency often present in
polymers, enabling the laser energy transformation from light to heat. By this, the thulium
fibre laser could have been a superior choice for polymer powder processing. However, a
desire to introduce the Yb laser in the process was a driver for this selection. This desire is
closely tied to the cost­efficient nature of the laser type. The Yb laser has seen extensive
use in other material processing applications, contributing to this technology’s significant
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advancement and cost reduction. Due to the stabilisation of this technology, the laser and
beam delivery equipment can be acquired at a fraction of the cost of a thulium laser and
beam delivery equipment for this wavelength.

The concluding part of the work focussed on utilising the developed system, describing
the achieved processing conditions of fibre laser polymer powder processing. An optical
absorber requirement was identified early in the project during the process understanding
phase. Several methods can realise optical absorption in the powder. An approach of
physical mixing of two colours of one type of polymer was selected, utilising a black
material for obtaining optical absorption. Following this methodology, a PA11 powder
with a grey hue was produced from amix of white and black PA11. A study of the required
mixing ratio defining the lowest possible amount of black is presented. The investigation
tested several different compositions of white and black mix to determine the adequate
amount for stable production of components. The defined mixing ratio is found to be
5% black material content in an otherwise white powder. Utilising this level of black,
an investigation into the surface characteristics and geometrical fidelity was undertaken.
This investigation proved the feasibility of using 5% black powder in the production of
parts adhering to the geometrical size as inscribed by the CAD model and realised by the
developed system. When processing the mixed material by a fibre laser, entirely black
components are fabricated. This led to an investigation into the cause of the black powder
colouring the entire part, even when a low mixing ratio of 5% was used.

A study of the flow and viscoelastic behaviour of the twomaterials showed a low viscosity
of the black material compared to the white. This behaviour is observed to cause the black
powder to start flowing and distributing among the white particles instantly after being
heated by the laser, leading to fully black parts. During the flow of the black material, the
energy is transferred from the black to the surrounding particles allowing these to melt.
If any particles are not molten in the initial layer processing, these will be molten in the
next, where a dense matrix of black material surrounds and lock in the white particles. If
the laser is allowed to transmit through the build plane layer and onto the previous one,
an instant laser absorption is produced by the fully black colour of the previous layer.

The low viscosity flow behaviour of the black material can cause detrimental effects on
the part’s geometric fidelity. If the black material seeps into the powder surrounding the
component, uncontrolled part growth can occur. This effect is likely part of the cause
for the ripples seen along the side walls of the components, where the laser causes an
overheating impact resulting in very low viscosity of the black polymer. From this, a solid
state sintering effect in the powder can occur, locking un­molten particles to the surface
of a part. The geometrical fidelity is highlighted as an area of interest for the perspective
work of the project.

Fibre laser processing of polymer powders delivers interesting new perspectives to the
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PBF­LB/P process. The laser can enhance the process by allowing a narrower spot size and
a larger Rayleigh length, enabling the production of high­fidelity components. As seen
from the industrial study, a company have recently brought a fibre laser­based polymer
processing system to the market. Allowing high scanning speeds and large production
throughput. Another company have based their Fine Detail Resolution capabilities around
a different laser source, utilising the enhanced processing capabilities. The laser improves
the processing by utilising a shorter wavelength, permitting a smaller spot size and larger
Rayleigh length. Both of which are further enhanced in the fibre laser wavelength.

When deciding on pursuing a holistic approach for tackling the problem of fibre laser util­
isation in LPBF polymer systems, some areas of this utility cannot be fully covered. This
is the case for the complete identification of the fibre laser capabilities. As presented, the
fibre laser beam properties are unmatched compared to those of the traditional CO2 laser.
This study has not fully demonstrated the utilisation of this beam profile or the extended
Rayleigh length. The study has proven how the laser can be utilised in the developed sys­
tem. The study, however, lacks a clear definition of how and if the enhanced beam quality
can increase the quality achieved by PBF­LB/P. This is a significant deficit of the study,
also highlighted in the extensions and perspectives below.

A clear tendency for fibre laser utilisation is the requirement of an optical absorber. This
absorber is a requisite for stable processing, evidenced by the atrocious downward­facing
surfaces produced by the white components in the build sequence study (section 6.4).
Optical absorption does not necessitate black colourant, with technical optical absorbers
presented for the extension of the work presented by this study.

Extensions & Perspectives
Any extension of the project can include several prospect investigations described here for
presenting the recommended direction and steps of the project. Each potential investiga­
tion delves deeper into the development and utilisation of the experimental infrastructure,
thereby enhancing the comprehension of the capabilities of fibre laser processing and the
materials involved.

By iterating the developed sub­system, a fully developed system perform to a higher stan­
dard. However, the iterative process of an experimental infrastructure is never final since
a new iteration is always possible. By this, the developed system is a dynamic entity that
evolves further as research is conducted utilising the experimental infrastructure. Five ar­
eas of particular interest have been identified during the project, requiring extended focus.
These areas of interest could not be integrated during the project. Still, they will receive
priority for further uncovering the efficacy of the fibre laser to enhance the research infras­
tructure integrity and processing capabilities. Each of these is described below, including
a methodology for the execution.
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The clear­cut definition of the enhanced beam quality of the fibre laser over the CO2 was
not possible to achieve during the limitations of the three years of work. During the project,
substantial attention has been granted towards the systems development and validation. If
a different approach, only focussing on the fibre laser processing, had been selected, it is
expected that the outcome of this study would have been different.

An approach for studying the fibre laser in a closed system where the true utility of the
fibre laser was defined is possible. The study could have utilised a simpler setup where the
laser penetration, absorption, reflectance and transmittance were identifiable. This setup
would most likely not be capable of producing complex geometries as those presented
in the work. It would, however, be capable of answering a different array of questions
relevant to defining the fibre laser utility.

The decision to develop a system capable of complex geometry production was selected
based on the project’s relation to the Open Additive Manufacturing Initiative. The system,
therefore, caters to a different set of research questions and capabilities, focussing on the
dissemination of industrially relevant AM processes.

Heaters

The heating system integrated into the developed system produces an even heat distribu­
tion only for a central part of the build plane and powder cake. The investigation of the
heating system presented in section 6.1 suggests two areas of critical improvement. One
is the implementation of heating elements wrapping the entire build piston and the further
insulation, minimising the thermal gradients towards the corner edges. This results in a
larger build envelope capable of processing powder to components.

The second critical improvement is the top heating system. The two ceramic heaters are
identified as sufficient for testing the main hypothesis. However, these must be improved
to develop a system with greater capabilities. A study performed by two students and
supervised by the author presented a possible solution for enhancing the top heater stability
and uniformity.

For the further improvement of the developed system, an iteration concerning the design
and implementation of the heater array developed by the student is recommended. By
executing these improvements of fully wrapping contact heaters, extended insulation, and
better adjustability of the top heaters, the potential for achieving a more substantial and
stable build area becomes a viable prospect.
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Recoater further investigation

The investigation of the recoater system only extended to finding one set of parameters
which produced an even build plane. A study of the build plane’s quality is required to
define the recoater function’s efficacy fully. Such as study can utilise several approaches,
with two relevant measurement procedures presented here.

One approach for determining the build plane quality is either fringe projection or laser
line profilometry, as done for metal systems by Berez J. et al. [245]. This approach can
produce a numeric value in terms of a height map, presenting the actual surface topography
of the build plane.

Secondly, Meyer L. et al. [155] presents a method of determining the powder cake density.
Here canisters produced by laser processing containing unsintered powder from different
resultant recoating velocities can be extracted from the process and analysed by weighing
the filled and emptied canisters. Utilising this method in the developed system allows
for detailed knowledge of the recoating routine and possible optimisations. A study con­
cerning the packing density will not yield a unified speed and recoating rotational setting,
but rather a material­specific metric, which must be defined for each new material in the
process.

The studies will either allow for the production of a flatter build plane or a greater powder
cake density by studying the recoater motion, rotation and resultant velocity. By incorpo­
rating a material­specific study, even greater fidelity of fabricated components is expected.

Other optical absorbers

In section 7.2, a thorough investigation described the utilisation of mixing two PA11 ma­
terials of different colours achieving processing by fibre laser irradiation. Two other ab­
sorber types were mentioned as possible absorbing agents.

The first is an absorber often used for laser welding of polymer sheets by fibre laser named
Clearweld. This absorber is either delivered in a nano­powder or in a solution. The nano­
powder is possible to compound into a polymer matrix for laser processing. While the so­
lution potentially could be used for coating the powder, as mentioned in subsection 2.2.4.
Studying the capabilities obtained for fibre laser processing by incorporating the optical
absorber is a top priority for extended research utilising the system. The study is ex­
pected to show the system’s capabilities further, possibly presenting new ways of achiev­
ing lighter­coloured components from the system.

The second absorber type is already found in materials developed for the process. A ma­
terial developed and compounded by Sindelhauser with the PeroLab optical absorber in­
corporated exists and is planned for further testing.
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The work going into this thesis has not included these optical absorbers since a method of
mixing a powder with a black absorber was utilised. It can be presumed that the inclusion
of either optical absorber would have steered the project in a different direction, resulting
in the discovery of alternative processing regimes compared to those identified for the
white and black mixture. Considering the main hypothesis of whether the fibre laser can
be utilised for polymer powder processing, an observation of successful processing can
be made. Seeing this, the next step is to focus on incorporating these optical absorbers
allowing for the processing of commercial, experimental, and exotic materials.

Polymer Shrinkage Factor, a Generic Investigation

As stated in the benchmark study presented in section 7.3, one iteration of fabricating
the benchmark and defining the shrinkage factor was performed. The results yielded a
benchmark component significantly closer to the nominal dimensions. If a second iteration
of this process had been conducted, a component even closer to nominal dimensions is
expected.

The polymer material and the overall dimension of the part determine component shrink­
age. A unified factor describing shrinkage is, therefore, not adequate for ensuring the
geometrical fidelity of any component. If a generic shrinkage factor is implemented, the
geometrical accuracy of manufactured components increases towards nominal. However,
this general factor will only be valid for the specific material and geometry combination
by which this factor was developed. And will not guarantee true accuracy for any other
geometry or material combination. By iterative production and calibration, better geo­
metrical accuracy can be achieved for the components manufactured by the developed
system. By these iterations, influences from the geometry as well as the material can be
defined and countered, ensuring the geometrical accuracy required. Polymers are known
for significant shrinkage in all conventional fabrication processes. The shrinkage of poly­
mers is, among others, defined by the chain organisation into crystallites, as presented in
subsection 2.2.1. Polymers will crystalise differently depending on the molecular struc­
ture, significantly influenced by chain branching [246]. A high degree of chain branching
or other molecular abnormalities causes lower degrees of crystallisation, resulting in less
shrinkage.

All of the above­mentioned project extensions would have further enhanced the proof of
utilisation of the fibre laser in polymer powder processing. The study successfully de­
termined the efficacy of processing PA11 in a white and black mixture to a high­fidelity
component showing adequate mechanical properties. Several studies of the process, sys­
tems, and materials have been incorporated for this examination, showcasing the wide
spectrum of research and holistic approach utilised during this project.

While this study has extensively sought to define the utility of fibre lasers in the process,
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it is important to acknowledge that opportunities for further refinement and enhancement
remain.

A critical aspect of the utility of fibre lasers in polymer processing is that polymer pro­
cessing is a relatively new field. Technical polymers such as nylon have only been around
since the 1930’ies [247]. A lack of knowledge of processing polymers is evident, espe­
cially when compared to similar process regimes for metals, as seen in the number of
research publications concerning each process (section 1.4). Metal processing has been
established for centuries, enabling a vast knowledge of the aspects and results when pro­
cessed. An example is the normalised enthalpy described in subsubsection 4.1.1, a widely
understood metric for the laser processing of metal powder derived originally from the
knowledge of welding. A metric at the same level is not widely available for polymer
processing.

Polymer processing is still being developed, despite being one of the original materials
utilised for additive manufacturing. The development will see new metrics for power de­
livery and other critical elements of the process being developed, enabling more ground­
breaking research within the field. The developed system harbours the capability of aid­
ing this development, further enhancing the field of Laser Based Powder Bed Fusion of
Polymers processing. The open architecture and the grander Open Additive Manufac­
turing Initiative will further aid this development. The developed system resides within
the Additive Manufacturing group at DTU, enabling the further study of fibre laser­based
polymer powder processing.
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APPENDIX B

Chamber Heat Calibration by
Emissivity Measurements in an Open
Source SLS System
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INTRODUCTION 
The goal of this research is to determine the 
thermal stability of the powder cake produced 
during the Selective Laser Sintering process. This 
will be used for process optimisation and 
verification on a purpose-built Open Architecture 
Polymer laser powder-bed fusion (L-PBF) system 
developed at the Technical University of 
Denmark (DTU). Furthermore, the emissivity of 
PA11 powder is determined throughout the 
heating cycle, studying the true temperature 
readout by means of an infrared (IR) camera 
(Camera Model – Optris XI400), which is present 
for process control during build jobs.  
The paper presents two experiments. One is 
focussing on finding the temperature stable build 
envelope in the build chamber. This is done by 
using K-type sensors placed in the powder while 

heating and cooling the powder cake. And a 
second experiment is to determine the influence 
of powder temperature on emissivity, used for 
non-contact temperature readings done by 
infrared measurements. This will be used for 
calibrating the temperature readings with the 
actual temperature. 
 
EXPERIMENTAL SETUP 
The Open Architecture Polymer L-PBF system at 
DTU is a rebuilt ProJet 4500 now re-engineered 
for Selective Laser Sintering materials 
investigation. The machine has been rebuilt in its 
entirety, only maintaining the stock mechanical 
powder handling subsystems, including the 
powder delivery, powder distribution, and the 
build piston axis of the machine. The entire 
system is controlled centrally by a unified 
systems controller [1], with the capability of 
controlling both linear motion, laser scan head, 
and laser power modulation. The chamber 
temperature control is currently controlled by six 
PID controllers (RED Lion PXU21A20) each 
managing one of the heating elements of the 
system. The heating elements are bespoke to the 
system and produced to match the layout of the 
build chamber, with four heating elements placed, 
one on each side, and one located below the 
build platform as presented in [Figure 1]. All the 
heating elements are designed with an energy 
density of 0.77w/cm2, resulting in total heating 
power of 2.1 kW. This is distributed to the build 
chamber from the five sides physically in contact 
with the powder cake.  In addition to this, an open 
side is located on the top of the build chamber. 
Here two 400W ceramic heaters are placed. 
These are installed to heat newly distributed 
powder layers during the build cycle. The 
resulting heating power achieved on all six sides 
of the build-up powder cake is in the order of 
2.9kW. One PID controller is installed for every 
heating element, taking the input temperature 
from a PT100 thermocouple placed on the 

Figure 1. Build chamber with the location and size 
of the heating elements on each side of the build 
chamber. The ceramic heaters are shown above 
the build chamber, along with the pyrometer and 
IR camera 
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heating elements as seen in [Figure 1]. To 
measure the top surface temperature a 
pyrometer is installed in line with the ceramic 
heaters. The pyrometer initially has a set 
emissivity of 0.95, which will be evaluated based 
on the findings from the experiments conducted. 
This Pyrometer is used as input for the top 
heating PID controller. 
 
MEASUREMENT SETUP 
Two separate experiments have been conducted, 
to investigate the powder cake temperature 
distribution and the emissivity of plastic powder. 
The powder used for all experiments was a white 
PA11 powder [2], used as a ready for production 
mix.  
 
TEMPERATURE DISTRIBUTION 
Two sensor arrays were designed to locate the K-
type thermocouples in the powder cake. The 
arrays presented in [Figure 2] were placed in the 
middle of the powder cake having a total 
thickness of 100 mm. The two experiments were 
carried out in two separate heating cycles. One is 
to determine the homogeneity in the entire build 
chamber, using an array [Figure 2 LEFT] of 
evenly placed thermocouples along the edges of 
the build chamber and in the middle. A second is 
measuring the temperature gradient from the 
middle of the build chamber to the edges. Using 
higher sensor density, spanning in a triangle as 
seen in [Figure 2 RIGHT] from the middle to a 
corner measuring 1/8th of the build area. The 
approach was inspired by the work of Josupeit, S. 

et al [3]. Here they installed sensors that allow for 
continuous measurement during manufacturing. 
This research instead focuses on mapping the 
temperature profile of the bed for verification of 
the machine. The sensor arrays contain up to 16 
K-type sensors, logging the data as a mean every 
10 seconds with a sampling rate of 1Hz. The 
arrays were produced in a plastic frame, to 
mitigate the risk of thermal conduction, whilst 
ensuring the position of the sensors was kept. For 
all experiments, a sensor is placed in the centre 
of the build plate. Data from this sensor will be 
used for determining the time of the machine's 
cooldown time, compared to the cooldown time of 
the produced parts. The two experiments have 
been run for 24 hours of heating and 24 hours of 
cooling, with all heating elements set to the same 
temperature of 180 °C. Between each heating 
cycle, the powder was removed and refreshed.  
 
INFRARED TEMPERATURE READINGS 
To measure the influence of temperature on 
emissivity, an IR camera was used to measure 
the surface temperature. The IR camera is 
mounted as seen in [Figures 1 & 5]. The mounting 
angle might influence the acquired temperature, 
which is resolved in the IR camera experiment. 
The temperature change of the powder might 
influence the emissivity, causing a shift in the 
readout of the IR camera compared to the actual 
temperature. The emissivity of the powder during 
heat up and cool down of the build job was 
measured for a full heating cycle to correlate with 
temperature. These heating cycles were only 

Figure 2. Sensor array one and two. LEFT - The array used for determining the stability 
towards the sides of the build chamber. RIGHT - The array used for determining the 
temperature gradient through the powder cake. 
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using the heating elements physically in contact 
with the powder, resulting in heating from 5 sides. 
The IR heaters were not used, to ensure that the 
measurement was not influenced by the radiation 
and reflection. However, measurements at the 
actual build temperature were made and used 
later for build job temperature observations. The 
experiment was carried out using a 10mm tall 
powder cake to shorten the duration of heating 
before reaching the setpoint temperature. The set 
temperature was 180 °C, as with the previous 
experiments, however, the temperature only 
reached 110 °C as measured by a K-type 
thermocouple located in the top layer of the 
powder. This K-type thermocouple was used to 
determine the measurement error of the IR 
measurement.  
 
BUILD ENVELOPE RESULTS 
From the heating cycles, it was found that the 
build envelope of the machine differed from the 
actual size of the entire build chamber. An accept 
criteria was set up for the build envelope, 
ensuring a region of temperature stability and low 
deviation compared to the setpoint. This accept 
criteria was set at a maximum deviation of 10°C 
from the setpoint temperature.  A significant 
temperature variation was observed when 
moving toward the sides of the chamber as seen 
in [Figure 3]. The most severe temperature 
deviation was expected towards the corners. The 
corners of the build chamber are the least heated 
and insulated, with an evident gap between the 
heating elements, as well as no extra insulation. 
To check the boundary temperatures of the 
powder cake two thermocouples were placed on 
the two horizontal surfaces, collecting data from 
the build plate and the top surface open towards 
the laser path. Both temperatures were found to 
correspond to the setting of 180 °C with only a 
minor deviation as seen in the table below. 
 
 Measured °C Deviation °C 
Bed 179,7 0,3 
Top  178,9 1,1 
Center 175,4 4,6 

 
A deviation was found when investigating the 
centre temperatures measured during the 
experiments. Here the temperature would never 
reach the desired setpoint, due to thermal losses 
towards the sides of the build chamber. The 
thermal loss towards the sides and corners of the 
build chamber is very clear from the heat map 
shown in [Figure 3].  The heat map shows the 
temperature recorded during the experiment. A 

large deviation towards the corner is evident in 
the plot showing the temperature gradient 
through the powder cake as can be seen in 
[Figure 3]. Based on the temperature gradient 
towards the sides of the build chamber, the 
current setup has a build envelope different from 
the entire build chamber presented in [Figure 4]. 
The resulting build envelope ensures small 
temperature deviations but only uses half of the 
entire possible build volume. The build envelope 
would not be round, but instead cut off the 
corners and stretch towards the sides. This will 
leave an octagon shape build envelope, based on 
the current setup and data. However, the exact 
size for this build envelope will need to be 

Figure 4. Top view of the build chamber showing 
the entire build area, the build envelope, based 
on the findings from the experiments, and the 
pyrometer measuring area placed in the middle 
of the build envelope. 

Figure 3. Heat map showing the temperature 
variation of the build chamber.  
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determined by further investigation, looking into 
temperature deviation at both higher and lower 
temperatures. For the current setup, the safe 
zone for a build job is determined to lie within the 
boundaries of sensors five and six as seen in 
[Figure 4]. This build envelope will ensure a 
minimum temperature of 170 °C during a build 
job, providing minimum crystallisation before 
cooling the entire build job when using the PA11 
powder investigated in this paper. The octagon 
shape can be improved both in size and towards 
a more circular shape, by adding new heaters 
surrounding the build chamber, as well as better 
insulation.  
 
IR MEASUREMENTS IN POLYMER POWDERS 
Both the IR camera and the pyrometer rely on 
accurate infrared thermal measurements. The 
sensors will be used for process control and 
monitoring, ensuring that newly distributed layers 
are heated before sintering with the laser, and for 
process monitoring and defect detection. For this 
the actual emissivity for polymer powders, 
specifically used in the Open Access Polymer L-
PBF platform, has been measured during several 
heating cycles.  For polymer powders, a previous 
study found that Nylon 12 powders have an 
emissivity of 0.95 [4]. This corresponds well with 
the pyrometer being fixed at this emissivity, which 
has proved to provide the correct temperature of 
the powder top surface as seen above. The 
pyrometer measures an average surface 
temperature as shown in [Figures 4 & 5]. The 
measurement is on a slight angle that extends the 
area towards the front of the build area as seen 
in [Figure 5] however, based on data it functions 
as intended. The IR camera also views the build 
surface at an angle as seen in [Figure 5]. 
However, this angling effect is negligible when 
the angle is above 15° [4], from a view parallel to 
the build plane. For the current setup, this angle 
is 48°. The resulting image view can be seen in 
[Figure 5].  
 
To track the temperature development during the 
experiments, two different approaches were 
adopted. First, three pieces of Kapton tape were 
laid out in the; back, middle, and front of the build 
surface, considering the camera position. 
Secondly, two thermocouples were placed in the 
top layer of the powder. This setup was used for 
producing the error plot in [Figure 7]. These 
thermocouples were used for validating the 
readout of both the pyrometer and IR camera and 
can be seen in [Figure 9]. The readout of the 
pyrometer most likely has been influenced by the 

thermocouple wires and Kapton tape placed on 
the powder cake. However, based on the data 
obtained by the IR camera, it is expected to show 
the correct reading, which is further supported by 
the small deviation between the setpoint and 
measured temperature, found during the initial 
heating experiments, as shown above.  
 

Figure 5. View angle and area for the pyrometer 
and IR camera in the system. Angle A = 48° 

Figure 6. Difference in measured temperature 
between Kapton tape and powder surface. Top 
left corner is Kapton showing lower temperature 
initially. 
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The amount of energy emitted from a surface 
varies with temperature and surface morphology, 
and it is, therefore, vital to estimate the emissivity 
for the ability to accurately monitor the process. 
The emissivity was determined using the 
following equation (1). 
 

𝜀𝜀𝑟𝑟 = 𝜀𝜀𝑠𝑠
𝑇𝑇𝑟𝑟4 − 𝑇𝑇𝑎𝑎4

𝑇𝑇𝑠𝑠4 − 𝑇𝑇𝑎𝑎
  (1) 

 
Here Ta is the ambient temperature, Ts is the 
absolute surface temperature measured by the 
thermocouple, and Tr is the radiative temperature 
from the measured surface [5]. In the black body 
method [5] the absolute surface temperature is 
replaced by the temperature reported by the 
camera at the black body temperature. The black 
body is in this case the 3 pieces of Kapton tape 
placed on the powder surface. The emissivity 
study found minor changes in the emissivity over 
the temperature range when heating the polymer 
powder as seen in [Figure 8]. The shift seen in the 
low-temperature range is assumedly caused by 
the Kapton tape heating slower than the powder 
surface, causing a deviation in the temperature 
readout. For the emissivity measurements it is 
assumed that the actual temperature is the same 
for both bodies. This is also clear when viewing 
the image data obtained during the experiments, 
as seen in [Figure 6].  
 
From the experiments, it was found that a small 
deviation between the temperature measured by 
the camera and the temperature measured by the 
thermocouples. As seen in the error plot [Figure 
7] a deviation of 10° was found. This error can be 
caused by several factors in the experimental 
setup, with the sensor placement and Kapton 
tape heating being the most predominant. It is 
expected that the sensor might have shifted 
during heating since they were not fully restricted 

from movement. Furthermore, the Kapton tape 
might not have reached the same temperature as 
the powder simultaneously. To mitigate this error 
further calibration will be needed. However, the 
intended purpose of the camera is not to monitor 
the overall temperature, but rather to monitor the 
temperature shift caused by the laser processing. 
For this purpose, an error of 10° is acceptable, 
seeing that this error can be filtered when 
comparing heated and molten polymer.  
 
CONCLUSION 
An octagon-shaped build envelope was 
constructed based on the findings in the heating 
experiments. This results in a large quantity of 
powder being used and discarded with every 
build cycle. Depending on the refresh rate, this 
will influence the cost of running the equipment. 
A solution to this is to install better heaters, with 
better coverage and more insulation covering the 
entire build chamber. 
To improve the experimental setup, a locating 
mechanism for the K-type sensor array, should 
be implemented. Ensuring the location in the 
powder bed, to further enhance the reliability of 
the results. However, direct contact between the 
sensor array and the heated wall is also not 
desirable. The use of plastic suggests low 
thermal conductivity, which might function even in 
point contact with the build chamber walls.  
The paper presented what the measuring area of 
the pyrometer looks like, and that it is located 
within the region of the build envelope, resulting 
in proper heating of the top layer.  
Finally, the paper presented a measurement 
method for finding the actual emissivity of the 
polymer powder used in the process, including an 
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Figure 8. The emissivity vs temperature plot 
showing initial change to the emissivity.  

Figure 9. The build surface with the two ceramic 
heaters shown in the top corners. The pyrometer 
is seen in the middle top, looking onto the build 
platform. On the build platform three pieces of 
Kapton tape are placed as well as two K-type 
thermocouples. 
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error plot concluding a 10 °C deviation between 
the thermocouple and IR measurement. This 
deviation is for the current setup deemed 
acceptable but can be improved by further 
experiments.  
 
FUTURE WORKS 
To further ensure the powder cake temperature 
stability, it has been planned to carry out several 
heating cycles to different temperatures, to see 
the deviation at both higher and lower 
temperatures. Another interesting question arose 
during the experiments, as to whether different 
materials will react differently in the machine, 
especially considering the temperatures found 
with the IR camera. If so, it would mean that the 
investigation done is to be done for every single 
new material.  
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Technical Data Sheet for Ultrasint® PA11 Version No.: 1.3, revised 04/2021 

 

BASF 3D Printing Solutions BV                       sales@basf-3dps.com      www.basf-3dps.com  

General information  

 

Components 

Polyamide 11 powder for Laser Sintering 

 

Product Description 

Ultrasint® PA11, a bio-based material (castor oil), is an interesting alternative to PA12. Parts produced with this 
material show a high elongation at break, elasticity and high impact resistance. Typical applications are in 
environments where high deformations (e.g. film hinges) and/or exposure to special surroundings (e.g. chemical, 
detergents, oil) may occur. Due to its high ductility, it does not splinter in most crash situations. Ultrasint PA11 
can be used for skin contact applications. It is processable on most common LS printers. Parameters for printing 
will be provided. 

 

Typical applications are: 

▪ Car interior parts 
▪ Bumper components 
▪ Film hinges 
▪ Functional prototypes and spare parts 
▪ Medium-loaded series parts 

 

Delivery form & warehousing 

Ultrasint® PA11 powder should be stored at 15 – 25°C in its originally sealed package in a clean and dry environ-
ment. 

 

Product safety 

Mandatory and recommended industrial hygiene procedures and the relevant industrial safety precautions must 
be followed whenever this product is being handled and processed. Product is sensitive to humid environment 
conditions. For additional information please consult the corresponding material safety data sheets. 

 

For your information 

Ultrasint® PA11 comes in solid white color. Electrical properties (e.g. volume resistivity, surface resistivity), 
chemical properties (e.g. resistance against particular substances) and tolerance for solvents are available upon 
request. Generally, these properties correspond to publicly available data on polyamides. 

 

Notice 

The data contained in this publication are based on our current knowledge and experience. In view of the many 
factors that may affect processing and application of our product, these data do not relieve processors from 
carrying out their own investigations and tests; neither do these data imply any guarantee of certain properties, 
nor the suitability of the product for a specific purpose. Any descriptions, drawings, photographs, data, 
proportions, weights etc. given herein may change without prior information and do not constitute the agreed 
contractual quality of the product. It is the responsibility of the recipient of our products to ensure that any 
proprietary rights and existing laws and legislation are observed.  

The safety data given in this publication is for information purposes only and does not constitute a legally binding 
Material Safety Data Sheet (MSDS). The relevant MSDS can be obtained upon request from your supplier or 
you may contact Forward AM directly at sales@basf-3dps.com.  
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Technical Data Sheet for Ultrasint® PA11 Version No.: 1.3, revised 04/2021 

 

BASF 3D Printing Solutions BV                       sales@basf-3dps.com      www.basf-3dps.com  

General Properties Test Method Typical Values 

Bulk Density / kg/m³ DIN EN ISO 60 520 

Printed Part Density / kg/m³ DIN EN ISO 1183-1 1020 

Mean particle size d50 / µm Laser Diffraction 40-50 

Melting Temperature / °C ISO 11357 (10 K/min) 203 

Crystallization Temperature / °C ISO 11357 (10 K/min) 158 

Melt Volume Flow Rate / cm³/10min ISO 1133 (220 °C, 2.16kg) 28 

 

Thermal Properties Test Method Typical Values1 

HDT/A (1.8 MPa) / °C ISO 75-2 76 

HDT/B (0.45 MPa) / °C ISO 75-2 176 

Vicat/A (10 N) / °C ISO 306 191 

Vicat/B (50 N) / °C ISO 306  177 

 

Skin Contact Test Method Typical Value 

Cytotoxicity ISO 10993-5 Pass 

In vitro Skin Irritation Testing ISO 10993-10, OECD Guideline No. 439 Pass 

In vivo Sensitization Testing ISO 10993-10, OECD Guideline No. 429 Pass 

 

Mechanical Properties Test Method Typical Values 

X-direction 

Typical Values 

Z-direction 

  Dry1 Cond.2 Dry1 Cond.2 

Tensile Strength / MPa ISO 527-2  52 45 54 46 

Tensile Modulus / MPa ISO 527-2  1750 1100 1800 1250 

Tensile Elongation at break / % ISO 527-2 28 45 24 31 

Tensile Strength / MPa ISO 527-2 31 28 29 26 

Tensile Modulus / MPa ISO 527-2 370 300 420 360 

Tensile Elongation at break / % ISO 527-2 > 150 > 150 51 54 

Flexural Modulus / MPa DIN EN ISO 178 1750 1250 1800 1300 

Charpy Impact Strength (notched) / kJ/m² ISO 179-1 5.1 8.3 3.9 4.5 

Charpy Impact Strength (unnotched) / kJ/m² ISO 179-1 184 198 85 85 

Izod Impact Strength (notched) / kJ/m² ISO 180 6.5 7.7 4.8 5.2 

Izod Impact Strength (unnotched) / kJ/m² ISO 180 No break No break 54 86 

 

Detailed material data and support for FEA simulations available on request (sales@basf-3dps.com). 

 
 

1) Measured after drying 14 days at 80°C / vacuum. Water content is about 0.05% acc. to DIN EN ISO 15512 

2) Measured after conditioning 14 days at 70°C / 62% r.h. Water content is about 0.9% acc. to DIN EN ISO 15512 

All values measured with virgin material. 
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Technical Data Sheet for Ultrasint® PA11 black Version No.: 1.2, revised 04/2021 

 
 

BASF 3D Printing Solutions GmbH                      sales@basf-3dps.com      www.forward-am.com  

General information  

 

Components 

Black Polyamide 11 powder for Laser Sintering 

 

Product Description 

Ultrasint® PA11 black, a bio-based material (castor oil), is an interesting alternative to PA12. Parts produced with 
this material show a high elongation at break, elasticity and high impact resistance. Typical applications are in 
environments where high deformations (e.g. hinges) and/or exposure to special surroundings (e.g. chemical, 
detergents, oil) may occur. Due to its high ductility and toughness, it does not splinter in most crash situations. 
Ultrasint® PA11 black is processable on most common SLS printers. Parameters for printing will be provided. 

 

Typical applications are: 

▪ Car interior parts 
▪ Bumper components 
▪ Living hinges 
▪ Functional prototypes and spare parts 
▪ Medium-loaded series parts 

 

Delivery form & warehousing 

Ultrasint® PA11 black powder should be stored at 15 – 25°C in its originally sealed package in a clean and dry 
environment. 

 

Product safety 

Mandatory and recommended industrial hygiene procedures and the relevant industrial safety precautions must 
be followed whenever this product is being handled and processed. Product is sensitive to humid environment 
conditions. For additional information please consult the corresponding material safety data sheets. 

 

For your information 

Ultrasint® PA11 black comes in solid black color. Electrical properties (e.g. volume resistivity, surface resistivity), 
chemical properties (e.g. resistance against particular substances) and tolerance for solvents are available upon 
request. Generally, these properties correspond to publicly available data on polyamides. 

 

Notice 

The data contained in this publication are based on our current knowledge and experience. In view of the many 
factors that may affect processing and application of our product, these data do not relieve processors from 
carrying out their own investigations and tests; neither do these data imply any guarantee of certain properties, 
nor the suitability of the product for a specific purpose. Any descriptions, drawings, photographs, data, 
proportions, weights etc. given herein may change without prior information and do not constitute the agreed 
contractual quality of the product. It is the responsibility of the recipient of our products to ensure that any 
proprietary rights and existing laws and legislation are observed.  

The safety data given in this publication is for information purposes only and does not constitute a legally binding 
Material Safety Data Sheet (MSDS). The relevant MSDS can be obtained upon request from your supplier or 
you may contact Forward AM directly at sales@basf-3dps.com.  
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Technical Data Sheet for Ultrasint® PA11 black Version No.: 1.2, revised 04/2021 

 
 

BASF 3D Printing Solutions GmbH                      sales@basf-3dps.com      www.forward-am.com  

 

General Properties Test Method Typical Values 

Bulk Density / kg/m³ DIN EN ISO 60 540 

Printed Part Density / kg/m³ DIN EN ISO 1183-1 1030 

Mean particle size d50 / µm Laser Diffraction 40-50 

Melting Temperature / °C ISO 11357 (10 K/min) 203 

Crystallization Temperature / °C ISO 11357 (10 K/min) 165 

Melt Volume Flow Rate / cm³/10min ISO 1133 (220 °C, 2.16 kg) 18 

 

 

 

Thermal Properties Test Method Typical Values1 

HDT/A (1.8 MPa) / °C ISO 75-2 62 

HDT/B (0.45 MPa) / °C ISO 75-2 177 

Vicat/A (10 N) / °C ISO 306 192 

Vicat/B (50 N) / °C ISO 306  175 

 

 

 

Mechanical Properties Test Method Typical Values 

X-direction 

Typical Values 

Z-direction 

  Dry1 Cond.2 Dry1 Cond.2 

Tensile Strength / MPa ISO 527-2 (23°C) 52 45 52 45 

Tensile Modulus / MPa ISO 527-2 (23°C) 1750 1150 1700 1200 

Tensile Elongation at break / % ISO 527-2 (23°C) 26 42 27 34 

Tensile Strength / MPa ISO 527-2 (80°C) 32 28 28 26 

Tensile Modulus / MPa ISO 527-2 (80°C) 390 330 360 300 

Tensile Elongation at break / % ISO 527-2 (80°C) > 150 > 150 87 120 

Flexural Modulus / MPa DIN EN ISO 178 1750 1300 1700 1300 

Charpy Impact Strength (notched) / kJ/m² ISO 179-1 7.6 11 7.7 11 

Charpy Impact Strength (unnotched) / kJ/m² ISO 179-1 193 No break 56 75 

Izod Impact Strength (notched) / kJ/m² ISO 180 7.9 9.3 8.0 9.9 

Izod Impact Strength (unnotched) / kJ/m² ISO 180 No break No break 48 63 

 

 

Detailed material data and support for FEA simulations available on request (sales@basf-3dps.com). 

_______________________________________________________ 
1) Measured after drying 14 days at 80°C / vacuum. Water content is about 0.02% acc. to DIN EN ISO 15512 

2) Measured after conditioning 14 days at 70°C / 62% r.h. Water content is about 0.8% acc. to DIN EN ISO 15512 

All values measured with virgin material. 
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Abstract

Industrial laser processing is rapidly shifting towards fiber lasers with wavelengths between 780nm
and 2200nm. This can be largely contributed to the excellent beam properties and, ease of operation.
However, for Additive Manufacturing of polymers, CO2 lasers at wavelengths of 10,6µm are pre-
dominantly used. CO2 lasers provide unmatched energy absorption by the C-H bonds of Polyamide
(PA). To remedy this, the current study investigates using a high-power fiber laser (1080nm) for
consolidating PA11 mixed with a black optical absorber. Several compositions are produced by
mixing commercially available white and black powder. Aiming at finding the optimum optical
absorber loading and the corresponding process parameters, allowing the highest possible compo-
nent fidelity, while achieving the lightest hue of grey possible to allow for later colouring. The
experiment is conducted on an in-house developed Open Architecture Laser Powder-Bed Fusion
system. The parts are examined through, surface roughness, and mechanical characterisation.

Introduction

Laser Powder Bed Fusion (L-PBF) is rapidly increasing its popularity in industry. Several mate-
rials can be used in the process, with the most predominant materials being polymers, metals, and
ceramics. Typically, polymer sintering machines use a CO2 laser, because polymer bonds react to
the wavelength of the laser, leading to heating, sintering, and melting of the polymer [1].

Commercial polymer L-PBF systems like that of EOS and 3DSystems are equipped with CO2
lasers. However, two main limiting factors in terms of the resolution are the layer thickness (ver-
tical) and the laser beam spot size (lateral). A fiber laser source holds certain advantages over a
CO2 laser. Such as a gaussian beam profile, and a high-power laser, while being a cost-effective
solution. Furthermore, the beam delivery system into the scanner via fiber allows for a finer beam
spot size, which helps improve the lateral resolution. Another advantage of a fiber laser is the high
stability and good beam profile achieved during pulsing. These effects are utilised in the Open Ar-
chitecture Polymer L-PBF system at the Technical University of Denmark (DTU) by incorporating
a fiber laser into a re-engineered Powder Bed Fusion machine, now allowing research for Polymer
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Selective Laser Sintering (SLS) materials.

Research in the past has shown that the absorptivity of polymeric materials is very low when
attempted to be processed by a fiber laser (1080nm) [1]. Whereas the absorptivity of polymeric ma-
terials is much higher when processed with a CO2 Laser (10,6µm) [1][2][3]. Molecular vibrations of
polymeric materials define their optical response to electromagnetic waves at different wavelengths
[1]. Organic polymeric materials with aliphatic carbon-hydrogen (C-H) bonds have molecular vi-
brations in response to electromagnetic waves between 7,5 to 12,5 µm, hence polyamides display
high absorptance at 10,6 µm [3]. Since the absorptance for the selected fiber laser is low, most of the
energy delivered by the laser is lost in reflectance and transmittance. To improve the absorptance of
the powders for CO2 laser wavelengths, additives such as silicon dioxide (SiO2) & titanium dioxide
(TiO2) are used for polyamide powders [3]. Similarly, work has been carried out to explore the
potential of sintering polymers loaded with carbon black as an optical absorber [4][5]. Similar to
carbon black any optical absorber (effective at the 1080nm wavelength) theoretically can assist in
the consolidation of the powder layer using a fiber laser. This work will explore the last mentioned
effect, and how minimising the amount of optical absorber effects the functional production of SLS
parts.

Experimental methods

Two kinds of the same PA11 material were used for the experiments. The materials were charac-
terised prior to mixing and laser sintering. To develop the process parameters used during sample
manufacturing the individual powders were characterised by, Differential Scanning Calorimetry
(DSC), Thermal Gravimetric Analysis (TGA), and powder sizing. These methods inform important
aspects of the manufacturing process, the black optical absorber content, and the mixing reliability.

The materials used are the same type of PA11 from BASF Ultrasint®. The major difference is
that a black optical absorber is added for the one batch colouring this black. The two materials have
previously been processed on the Open polymer L-PBF platform developed at DTU. However, with
little success due to either too low or too high absorptivity. To mitigate this the two powders have
been mixed. The goal is to achieve the lowest black optical absorber loading possible, to have the
lightest grey colour of the final parts. Having a light grey colour will in turn open the possibility for
direct manufacturing with coloured plastic powders in L-PBF, or easy dying into a desired colour.

DSC analysis has been conducted on both polymer types using the Waters Discovery DSC, to de-
termine the melt and crystallisation temperature. The DSC was done at standard conditions in a
nitrogen atmosphere, heating at 10.00°C/min. Heating from 0°C to 230°C, with a subsequent cool-
ing ramp at 10.00°C/min to 0°C. The extracted melting and recrystallisation temperatures have
been used for determining the process settings, considering the chamber heating and the final de-
sired melt pool temperature. Based on the DSC curves it was found that the melting temperatures
are very close, which is expected to cause the polymers to melt into a homogeneous plastic and not
a two-component mix of molten plastic 1 with inclusions of plastic 2. This fully melted plastic part
is only expected when the energy absorption in the black part is large enough to obtain and deliver
the energy from the laser, onto the white powder, ensuring a fully melted region. The melting and
crystallisation temperatures can be seen in Table 1 as well as in Figure 1.
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Polymer Melting (°C) Crystallisation (°C)
PA11 White 200 159
PA11 Black 200 168

Table 1: DSC results

Based on the results an initial chamber temperature of 185°C was selected, with the top heaters
set to 195°C. The resulting temperature for the build job will by these settings be 175°C, as deter-
mined by previous experiments [6]. This temperature will ensure that the polymer stays in a molten
state and will only crystallise a little before the entire build is done and the machine is set to cool
down. The powder cake cools down for a minimum of 12 hours, after which the parts are removed.

(a) PA11 White (b) PA11 Black

Figure 1: DSC analysis of the two powders used for mixing.

A TGA analysis was carried out to identify the amount of filler in the black PA11 material. It is
assumed that the major constituent in the filler is the black optical absorber. The analysis was done
on a Waters Discovery TGA showing the composition between the PA11 and filler loading in the
powder. The TGA was run at standard conditions in a nitrogen atmosphere, heating the sample at
10°C/min to a final temperature of 800°C. The filler composition has not been explored further
since the material is a proprietary blend from BASF.

Figure 2 shows the filler is constituting 6,9wt% and is assumed to be the black part in the poly-
mer blend acting as the optical absorber. Optical absorption of the laser will be aided by the black
optical absorber, which even at low filler contents is expected to have a large influence on the final
part colour. The test of optical absorption will be determined by the manufacturability of the dif-
ferent batches of powder mixes.

To determine the powder size aMalvernMastersizer 3000 with the dry dispersion method was used.
The powder size will influence the mixing homogeneity and the flow properties of the powders [7].
To ensure that the two powders are alike before mixing separate tests were carried out. The results
of the powder sizing can be seen in Table 2.
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Figure 2: TGA plot for the PA11 Black

Polymer PA11 White PA11 Black
Dv (10) µm 20,3 23,8
Dv (50) µm 44,1 46,7
Dv (90) µm 78,5 79,9
Density (TDS) kg/m3 520 540

Table 2: Powder specification and sizing

Three different batches of powder have been produced. The batches are White/Black 50/50, 80/20,
and a 95/5 batch. Based on the powder properties a tumble mixer was selected. Tumble mixing
is suit- able when the powders to be mixed are like each other in size, weight, and particle shape
[7]. Considering the densities, and powder size are alike according to Table 2, the only differ-
ence can be in the powder morphology. This has been investigated by light optical microscopy as
shown in Figure 3. Both powders have the same rough and uneven morphology, likely caused by
the manufacturing method. This leads to an expectation of complete random mixing between the
two powders. A random mixing will ensure a homogeneous mix throughout the batch. The same
mixing routine has been used for all batches.

The mixed powders can be seen in Figure 4. The mixing appears uniform, for all batches, with
the white hue intensifying between every batch, ranging from W/B 50/50 to 95/5. Based on these
results the mixed powders have been used for process optimisation, part production, and testing.

Mixing the powders result in a smaller amount of the black optical absorber ensuring a lighter
colour compared to the 100% black powder. The optical absorber loading will for the batches tested
be 3,45%, 1,39%, and 0,35% for the W/B 50/50, 80/20, and 95/5 respectively.
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(a) PA11 White morphology (b) PA11 Black morphology

Figure 3: Morphology comparison between the unmixed white and black powder (Keyence optical
microscope 200x)

(a) 50/50 W/B morphology (b) 80/20 W/B morphology (c) 95/5 W/B morphology

Figure 4: Morphology comparison between the different batches of powder

Test samples were produced on the Open Architecture L-PBF for polymer powders, developed at
DTU. The machine is a re-engineered Projet 4500 originally from 3D Systems. The open platform
uses the stock powder handling, and build piston axis, with changes to all other subsystems. Thema-
chine uses a 300W CW fiber laser source with a 0,2mm spot size [8] to produce the parts. Machine
control is achieved by a unified systems controller [9], controlling laser movements and power, as
well as the linear motions. Heating for the build chamber is done from all six sides, with heating
elements placed on all four sides, and under the build bed, as well as two ceramic heaters placed
above the bed. The machine has been developed as a materials investigation platform, challenging
the traditional use of CO2 lasers, by using a fiber laser source. The atmosphere is uncontrolled,
causing material degradation, but is not expected to influence the processing capabilities of the ma-
chine. The heaters will maintain 180°C in the powder cake build area, ensuring little crystallisation
before cool-down. The process is monitored by an infrared camera (Optrix Xi400), to obtain the
build bed temperature and ensure steady process control throughout the build. This is currently
controlled by operator input during the run-in of new materials. The recoater is a roller recoater,
rolling in the opposite direction of the recoater movement, ensuring good packing and distribution
of the powder across the powder bed.

The batches of powder used in the process are new introductions to the Open polymer L-PBF plat-
form. Because of this, all batches have required process optimisation for final part quality. The
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process optimisation was done by varying the parameters influencing the energy density of the
laser equation 1. Here P is laser power in watts, h is the hatch spacing of the laser scan tracks, s is
the scan speed, and l is the layer thickness. Furthermore, the build temperature has been tuned to
align with the DSC results.

vED =
P

h · s · l
(1)

Several factors influence the final sintering of the powder when varying the energy density. To
ensure that complete sintering has been carried out, trials for powder consolidation with different
parameter combinations of varying laser power and hatch spacing were assessed.

Figure 5: Iterative approach for the process optimisation, here shown for the 50/50 batch

Process optimisation of all batches investigated several different process settings before finding
the right fit. Iterative process optimisation was adopted varying the parameters considered by vED.
This process allowed for production of parts at different energy densities, and a conclusion based on
the build and sintering quality, as seen in Figure 5. The best fit process parameters were the initial
settings used for the next batch. From this baseline, a process optimisation was carried out. For all
production runs the temperature settings were kept constant, ensuring a build chamber temperature
of 180°C and a top bed temperature of 185°C.

Part characterisation

The manufacturability of the batches was initially determined in the first step of the process op-
timisation. Several different parameters were explored. The assessment of process stability was
inferred from; the change of colour during laser processing, measurement of melt temperature, the
flatness of the part in the bed, and stable recoating.

To quantify the different manufacturing strategies and compare the batches, tensile tests and surface
roughness measurements were carried out on the final parts. The tensile testing specimens were as
per ISO 527-2, design type 5A. In total 6 test specimensweremanufactured, 5 formechanical testing
and 1 for surface roughness characterisation. The specimens were built such that the largest cross-
section area was along the XY plane, see Figure 6b. The tensile test specimen was characterised
using a Mecmesin Multitest-i, with a 1000N load cell. A characteristic curve of the tensile testing
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is shown in Figure 6a. The tensile testing results are compared to the supplier datasheet values to
determine if the part production is successful. Both the surface roughness and tensile test results
are compared between the different batches, to check whether the batches with low optical absorber
content can produce comparable parts.

(a) Representation of the typical tensile test
for the 80/20 batch.

(b) Tensile test specimen, build orientation and
surfaces for characterisation.

Figure 6: Tensile curve and the part build orientation, showing the surface roughness measurement
locations

The planar surfaces of the tensile test specimens were used to characterise the surface roughness
for varying concentrations of the optical absorber. The data was acquired using a focus variation
microscope, Alicona InfiniteFocus G4 and was analysed using SPIPTM. The inspection was carried
out at a single position on each face of the tensile test specimen, see Figure 6b. The datawas acquired
over an area of 2,85mm x 2,16mm, with a lateral resolution of 2,2µm, and a vertical resolution of
410nm. The data was processed in SPIPTM to correct for the inclination of the component while
measuring, and any curvature of the measured surface. The surface roughness was quantified by
extracting the areal arithmetic mean height (Sa) as defined in ISO standard 25178-2, see Equation
2.

Sa =
1

A

∫∫
Ã

|z(x, y)|dxdy (2)

Results

The initial hypothesis was that lowering the amount of optical absorber would significantly narrow
the processing window and produce parts that would show more instabilities and larger deviations
considering the mechanical properties. The added expectation was a rougher surface comprised of
more adhering particles.

The production of each batch saw a sharp increase in the energy density required for processing
the powder. Two parameters from the energy density were kept constant, to allow for variation
of the other two. The two constant parameters were the scan speed and the layer thickness. The
parameters for each batch including the constant parameters can be seen in Table 3. The scan speed
was locked due to limitations of the galvano mirror device, and the controller. While the layer
thickness was kept constant, to avoid changes in the material behaviour caused by increasing the
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possibility of several powder grains stacked on top of each other. The influence of both scanning
speed and layer thickness can be investigated further. The scan tracks were initially determined
to benefit from not overlapping. To accommodate this a hatch spacing of 300µm was used. This
was done to ensure a low enough energy density, since the equipment cannot go low enough in
power, and the speed could not be set any higher. This was eventually minimised to match the spot
size of the laser, as the energy density requirement was greater for the batches having more white
powder. The top temperature was also subject to change when moving from the 50/50 batch to the
80/20. The temperature change was needed due to curling and warping during the initial layers of
production, which was induced by the thermal shock of the laser. The temperature was set to 5°C
higher than for the previous batch, solving the problem.

50/50 80/20 95/5
Scan speed mm/s 3000 3000 3000
Layer thickness µm 60 60 60
Hatch spacing µm 300 234 200
Laser power W 35 35 60
Top temperature °C 180 185 185
Build temperature °C 175 175 175

Table 3: Process parameters for the batches of the material tested

An increase in energy density is needed for achieving consolidation of the batches containing
small amounts of the optical absorber. The melting and consolidation of the powder were seen to
allow the optical absorber to flow out into the entire layer of the part, even when using the 95/5
batch, turning the entire part black internally. The process optimisation proved that sintering pow-
ders with a black optical absorber content close to 0,34% are possible while achieving consolidated
parts.

When lowering the optical absorber content it is seen that a change in hatch spacing is needed
since each black powder particle is spread further apart. A wider hatch spacing with a narrower
spot size causes a gap between two scan tracks, which increases the risk of missing a black powder
particle completely, causing less energy uptake. The shift is evident between the 50/50 and 80/20
batches, where the same laser power was used, but a significant change in hatch spacing was ob-
served. However, when looking into the parameters of the 95/5 batch the number of black powder
particles has been decreased to a point where the chance of hitting a black powder particle (Figure
4) must be optimised. This is done by having the scan tracks adjacent to each other. Processing the
95/5 batch also inferred a large increase in the laser power, due to the low absorptivity of the white
powder particles dominating the batch.

The manufactured parts suggest that even lower amounts of the optical absorber can be used
when dealing with a fiber laser if the power output and scan speeds can be adjusted accordingly.
For the current system, this has not been dealt with further due to the scan speed limitations cur-
rently in place. Lowering the optical absorber content could, however, infer that not enough energy
is absorbed into the powder, causing the energy to dissipate further into the powder bed. This energy
dissipation into the powder bed has previously been seen to cause large instabilities of the desired
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geometry of the parts.

Verification of the mechanical properties was used for determining the part quality, in terms of the
consolidation between layers, and the overall manufacturing stability. There was a slight deviation
between the batches, with the 80/20 batch showing the best mechanical properties. The mechanical
properties of the parts are determined by the melt zone and how much the white powder has melted,
as well as the layer-to-layer consolidation. Both are controlled by the energy absorption in the
powder, as well as the rheological properties. The two constituent powders have not been tested for
their rheological properties but are expected to start flowing even though the shear in the process
is very low. This flow of the black molten polymer was observed during manufacturing. The flow
caused by melting the black powder will allow for it to surround the white particles and provide
heat for either melting or fusing them. The results presented in Figure 7 suggest that the 80/20
batch is the best batch produced, providing good mechanical properties even, when compared to
the datasheet values from the supplier. This is contributed to the flow and relatively high content
of the black particles in the mix, allowing for proper melting of the parts during production.

Figure 7: Engineering Stress and strain results for varying Black to White powder ratio concerning
supplier datasheet (White Black)

The parts produced from the 95/5 batch showed comparable results to those of the 50/50 batch,
leading to the conclusion that even lower optical absorber levels could be used to produce parts.
These parts would be expected to show comparable, if not slightly lower mechanical properties,
but at a much lighter grey colour. The strain results from the tensile tests proved that the parts
behave differently from the datasheet values. The deviation in mechanical properties is attributed
to the machine used for production not having an inert and dry atmosphere during manufacturing,
causing moisture uptake in the manufactured parts. The moisture ingress during the manufacturing
process cannot be avoided due to the limitations of the current machine setup. This moisture uptake
will for PA11 cause a hydrolysing effect, leading to chain scission and a change in both the tensile
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strain and strength [10][11]. This effect can also be the influencing factor, as to why the stress levels
for the manufactured parts were lower than the datasheet values found. The effect of the optical
absorber content on mechanical properties is still unexplored.

The surface roughness, Sa, characterised for the varying mixing ratios of black to white powder
is shown in Figure 8. From the three faces characterised, the surface roughness for the XZ plane
(vertical) was found to be the highest. This can be attributed to the caterpillar effect which can be a
function of the layers and the layerwise scan track rotation. The waviness profile of the caterpillar-
ing effect (see Figure 9a & 9d) has a period of 300µm which is equivalent to 5 layers of 60µm each,
i.e. every 6 layers there is a formation of the bulge in the lateral dimension. This can be mitigated
by optimizing with contour process parameters for the individual mixtures.

The surface roughness for the top and bottom surface was significantly better as the scan tracks
would bring the entire layer to a melt. Even though the bottom face was built on the powder bed
directly, it is almost equivalent to that of top face. The almost similar Sa values are representative
of well identified process parameters for the mixtures used.

Figure 8: Surface roughness, Sa, for varying mixing ratios

Just like the powder particles being stuck in the blackmoltenmatrix discussed above, the surface
roughness is also typically caused by powder particles sticking to the side of the parts. These powder
particles are not fully molten due to too low energy but will adhere to the surface of the underlying
molten matrix, typically causing the surface roughness to be a function of the size of these powder
particles.

The 80/20 batch overall had the most uniform surface roughness. The comparison of areal plots
between the 80/20 to the 95/5 batch can be observed in Figure 9. The side faces for both show the
caterpillaring effect (in the form of lines along X in the XY plane) mentioned above. In general,
when comparing all three faces, it is evident that the texture of the faces is relatively the same with
the difference being that the 95/5 mix consists of more satellite powder particles sintered along the
walls. The results presented are comparable to that of industrially manufactured and post-processed
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(a) 95/5 W/B side surface (b) 95/5 W/B bottom surface (c) 95/5 W/B top surface

(d) 80/20 W/B side surface (e) 80/20 W/B bottom surface (f) 80/20 W/B top surface

Figure 9: Surface comparison of parts with lower content optical absorber

PA12 SLS parts [12]. To process the 95/5 batch the laser power (effectively the energy density)
was scaled up to compensate for the low optical absorber content, hence possibly dissipating more
energy along the walls. Indicating the need for a further study into optimising the parameters and
identifying the benefits/losses in functionality going lower or higher in optical absorber content.

Conclusion

everal ratios of white and black powder were mixed and manufactured successfully on the Open
Architecture Polymer L-PBF system developed at DTU. All the batches processed showed mechan-
ical properties comparable to the supplier data sheets. Reducing the optical absorber (as a function
of the mixing ratio) was successful considering the manufacturing of parts. The parts produced
showed both mechanical and surface roughness characteristics comparable to results found in the
literature. The conclusion is therefore two-fold; 1. The batch processed to the highest quality by the
measures in this investigation was the 80/20 mix. 2. Depending on the final part requirement it is
possible to go as low as 0,34% optical absorber while producing parts with good surface finish, and
functional mechanical properties. The study proved that it is feasible to manufacture parts with low
amounts of optical absorber while using a fiber laser at 1080nm wavelength. The investigation was
carried out in an uncontrolled atmosphere, and for future work, it is desired to test the capabilities
in a controlled N2 atmosphere, as well as the influence on the final part properties. The current hue
of the parts shows potential for post-colouring. The study suggests that optical absorber content
can be lowered further, however, this can lead to detrimental effects of over-sintering the parts. By
lowering the optical absorber content further, it will be possible to achieve lighter colours when
developing the process. To make a precise estimate of by how much to reduce the optical absorber
content, the optical properties of both black and white PA11 powder will be characterized for the
near-infrared wavelength and its role in the consolidation mechanics will be explored in the future
work.
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Abstract 
This study aims to benchmark a fibre laser powered Open Architecture Polymer Laser Powder Bed Fusion (LPBF) system, which has 
been developed to offer complete process control. It enables researchers to investigate the process and materials development for 
the Polymer laser powder bed fusion process by providing control over critical parameters during the additive manufacturing process. 
To verify the solution, a benchmark study was conducted to investigate the system’s capabilities. The investigation involved 
manufacturing a known benchmarking geometry that challenges the polymer powder additive manufacturing process. The results 
indicate that the Open Architecture Polymer LPBF system can reproduce the benchmarking geometry successfully. The findings of 
this study demonstrate the potential of the Open Architecture Polymer laser powder bed fusion system for research and development 
in the field of additive manufacturing. 
 
Open-source, laser powder bed fusion, L-PBF, open-architecture, polymer, Selective laser sintering, sls 

 

1. Introduction 

Additive manufacturing of plastic components employs 
various methods, with laser powder bed fusion of polymers 
being one of the most widely used. It selectively melts polymer 
powder layer-wise with a laser to create 3D objects. An Open 
Architecture laser powder bed fusion system for polymers has 
been developed to enhance user control and allow research into 
fibre lasers. Traditionally, CO2 lasers were used for polymer 

powder processing, but this work implements an optical 
absorber in a powder mix to enable consolidation using a fibre 
laser. [1-4]  

  This work presents the capabilities of a laser powder bed 
fusion system for polymers developed at the Technical 
University of Denmark by producing a benchmark geometry with 
intricate details and complex geometries. The work is part of a 
joint collaboration with the authors of benchmarking of an open 
architecture metal laser powder bed fusion system. This work 
utilises the same method and benchmarking geometry, with the 
major difference being the material and processing system 
presented in the work. 

2. Methodology      

  The benchmark geometry was manufactured on the Open 
Architecture polymer laser powder bed fusion system 
developed at the Technical University of Denmark [2]. The 
system utilises a fibre laser with a spot size of 150 µm. The 
system is a repurposed 3D Systems binder jetting machine 
(Projet 4500) now capable of laser powder bed fusion of 
polymers.  
 

 
2.1. Benchmark manufacturing 
 The benchmark was manufactured using a blend of white and 
black PA11 Ultrasint polymer powder from BASF. The powder 
mix consisted of 95% white powder and 5% black powder, as 
detailed in a previous publication [2]. The process parameters 
utilised are listed in Table 1. The manufacturing strategy 
involved hatch and contour scanning, with a 10-second 
temperature stabilisation period after each recoating. 

 Feedrate Power Hatch  Layer 
Hatch 3000mm/s 55W 150µm 40µm 
Contour 1500mm/s 35W   

Figure 1 The benchmark geometry and the zones of interest highlighted 
 

Table 1 Process parameters used to manufacture the benchmark 
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Originally designed for metal powder bed fusion [3], [4], the 
benchmark geometry was reconfigured and modified for 
polymer powder laser processing. The entire geometry was 
shelled to a thickness of two mm, and holes were incorporated 
into the large flanges to minimise bloating and reduce gas 
entrapment. None of the benchmark features were modified 
during this adaptation. The build job was created using Netfabb 
Premium (Autodesk, USA), and the geometry was shrinkage 
compensated by 2% in both the X and Y directions, based on a 
trial run of the geometry with no compensation included. The 
Netfabb build file was then converted to a custom G-code-
inspired syntax compatible with the system controller. 
 
2.2. Benchmark measurements      

The benchmark components underwent evaluation on two 
tracks. Firstly, an overall inspection was conducted to identify 
the minimum feature within each geometrical category (Figure 
2) and detect possible surface defects. Secondly, selected 
features were measured using a DeMeet 220 (Schut 
Geometrical, Netherlands), 3D CNC coordinate measuring 
machine to compare their dimensions with the CAD file's 
nominal values. The parts were inspected in their as-printed 
state, with only loose powders removed prior to measurement. 

3. Results      

The manufactured parts demonstrated the system's capability 
to produce mm-sized features with expected accuracy. Visual 
inspection and measured results are presented in Table 2, where 
green indicates passed features and red indicates missing or 
damaged features. The inspection window shows the minimum 
feature size of failed geometries, reflecting the system's 
capabilities, considering the material and process. Measured 
features, including mean (μ), standard deviation (σ), nominal 
parameter (nom.), absolute (Δ) and relative (Δ) deviation, 
roundness (R), and roundness standard deviation (σR), are 
shown below the inspected features. The wall (A) was 
structurally stable but oversized, which was clear from the mean 
of A1. Cylinders (B) were within an expected range, with a 
minimum feature size of 1 mm. Z-direction holes (C) exhibited 
roundness issues due to uncontrolled part growth in the heated 
build environment. X-direction holes (D) showed decreased 
roundness, resulting in oval-shaped holes. Crosshairs (E) were all 
present, and overhang angles (F) displayed good capabilities 
without surface defects. Overall dimensions (G) closely matched 
nominal values, correlating with the utilised shrinkage factor but 
lacking full compensation. The Z direction lacked shrinkage 
compensation, exacerbating the oval effect for features 
perpendicular to it. The system successfully produced intricate 
details in geometry. 

4. Analysis 

The benchmark geometry was reproduced successfully, 
showcasing many of the fine intricate features. The system could 

not reproducible all the pillars in B with the breakdown level 
being less than 1.5mm. The majority of the holes were well 
formed in both the X and Z direction. The minimum feature size 
for the through holes travelling the length of the part is 2mm for 
X and 1.5mm for Z. Enhancing the thermal process control of the 
build volume temperature and homogenising the black optical 
absorber, can improve the results further, which is planned for 
future work. 

5. Summary and conclusion 

The benchmark component was produced successfully, 
producing the majority of the intricate features. Despite the low 
energy absorption in the polymer at fibre laser wavelengths. The 
smallest features were impossible to produce due to the process 
and material limitations. For robust features to be produced by 
polymer laser powder bed fusion, larger features are needed in 
order to consolidate the powder particles. Laser irradiation in 
very small areas leads to too little energy delivery, not melting 
the particles fully. Aided by the very high energy density 
required for consolidating the major geometries. This, in 
conjunction with large wait times between successive scanning 
in small feature areas, cause the minimum feature size to be in 
the mm range. The mechanism is inverted for holes with small 
holes growing over because of too high heat intensity in this 
area, not leaving behind unsintered particles. The main 
hypothesis of utilising a fibre laser to obtain finer detail 
resolution is not fully met. However, it is clear that fine details 
can be produced, with a potential for further optimising the 
material and optical absorber. 
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Abstract 
The efficacy of manufacturing conductive plastic components by the Material Extrusion (MEX) method has been shown previously 
by Grønborg et al. [1]. To increase the effectiveness of additive manufacturing of these sensors a study utilising Polymer Laser Powder 
Bed Fusion (L-PBF) technique has been undertaken. The study investigates; the conductive networks created during manufacturing 
and the influence of processing parameters on the conductivity of the parts. The test specimen has been manufactured on the Open 
Architecture Polymer L-PBF system developed at the Technical University of Denmark. Utilising the capability of full-scale process 
control, and the implemented high-power fiber laser to achieve consolidation of the powder. The feedstock material has been 
designed to allow high energy absorption at the fiber laser wavelength (1080 nm), and thermal properties to comply with the L-PBF 
process. A conductive network manufactured by the Polymer L-PBF process is demonstrated. The parts produced have been tested 
by measuring the material's conductivity at the initial unaltered state, and further investigated by SEM micrographs to conclude on 
the stability of the manufactured parts. 
  

 

1. Introduction  

This work presents the current state of Additive 
Manufacturing (AM) of flexible polymer parts, which show 
conductivity, by Polymer Laser Powder Bed Fusion (PL-PBF). PL-
PBF is a method of AM, processing powdered polymer into parts, 
by selectively sintering a geometry layer by layer using a mirror-
guided laser beam [2]. Utilising the PL-PBF technology allows for 
building 3D parts without support structures or other unwanted 
attached geometries. The parts can be post-processed 
depending on the desired finish but can be used directly from 
production with minimum post-processing. PL-PBF can be used 
for direct manufacturing of wearable sensors, which fit perfectly 
for the individual, where a close fit will benefit the sensor’s 
capabilities.  

Athreya et al.  (2009) [3], conducted a study on the 
manufacturing of conductive polymer parts from the PL-PBF 
process and successfully manufactured conductive parts made 
from a blend of  PA12 and Carbon Black. Athreya et al.  (2009) 
[3], investigated the effect of coating PA12 with a nanoparticle 
carbon black powder to produce a conductive PA12 part. The 
conductivity was for the case of PA12 coated by carbon black by 
five orders of magnitude. The study also concludes that no 
significant change in the crystalline morphology was observed.  

The present research has been conducted as a proof-of-
concept for consolidating a powdered flexible polymer blend 
composite into electrically conductive parts. A blend of a 
conductive polypropylene with a high loading of carbon black, 
and a flexible thermoplastic polyolefin elastomer, is developed 
for the study. The work consists of developing the polymer blend 
composite with consideration towards the PL-PBF process 

requirements, micronisation of the polymer pellets and 
qualifying this powder. As well as investigating the electrical 
conductivity of these parts. The study uses two different process 
parameter approaches for the production of parts, which will be 
used to conclude the influence of these process parameters, on 
the conductivity of the parts.  

2. Materials and Methods      

  The experiments considered several factors for defining the 
efficacy of producing conductive parts by PL-PBF. The materials 
were developed and produced to align with the process 
capabilities of the Open AM machine. The production process 
was designed for the specific powder, with two separate process 
parameter sets developed. Furthermore, the electrical 
conductivity of the parts produced was tested to conclude the 
effect of process parameters.  
 
2.1. The Open AM PL-PBF setup and parts produced  

The conductive test specimen was manufactured on the Open 
Architecture PL-PBF system developed at the Technical 
University of Denmark [4]. The Open Architecture allows 
complete control of the processing parameters, including; 
scanning speed and strategy, as well as control of the chamber 
heating. The system uses a high-power fiber laser (1080nm), 
contradictory to an industrial system using a CO2 laser (10,6µm). 
The fiber laser allows for better laser tuning and a gaussian beam 
profile, with a high energy absorption into the black constituent 
of the powder [3,5]. The parts produced on the system were a 
10mmx50mm rectangle, produced as a single layer. The single-
layer approach was selected for the proof-of-concept for 
manufacturing consolidated parts, that show conductivity, from 
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a material designed for PL-PBF. The parts are produced in the 
atmosphere without saturation of inert gas.  
 
2.2. Material development 

A conductive polymer blend composite consisting of 60/40 
wt% Cabelec CC6057 conductive concentrate from Cabot 
Corporation with a Conductive Carbon Black content of 40% 
(MFI 1g/10min 230°C/5kg), and Vistamaxx 6502 from 
ExxonMobil (MFI 45g/10min 230°C/2,16kg), respectively was 
compounded for the study. Cabelec CC6057 was chosen for its 
ease of handling and good electrical conductivity (~9,0*102 
Ω/sq, according to the datasheet). Vistamaxx 6503 was selected 
for its flexibility and compatibility with the conductive 
concentrate. Both materials showed a promising thermal 
processing window for PL-PBF. The compounding of the 
conductive polymer blend composite was performed on a 
Thermo Fisher Eurolab 16XL Twin Screw Extruder with a set of 
medium shear mixing screws with an output of 2 kg/h at 75 RPM. 
The temperature profile of the extruder was, from the die: 200-
200-200-200-200-200-200-170-130-80°C. The Cabelec 6057 was 
dried at 80°C in a hot air dryer for at least 12 hours ahead of 
processing. The extrudate was cooled in a water bath and 
subsequently pelletised and dried to remove any water from the 
cooling bath.  

From the pelletized material, a powder was produced. The 
Powder was made by Cryogenic ball Milling using a Retsch 
CryoMill, running at -196°C with 2 minutes of cool-down time 
and 30-second intervals of grinding and cooling, respectively. 
The powder obtained was sieved, and the fraction below 96µm 
was used for part production. The powder was quantified by 
laser diffraction using the Malvern Panalytical Mastersizer 3000 
with the dry cell attached. 
 
2.3. Process development for SLS  

An understanding of the processing capabilities of the powder 
is developed based on the DSC analysis of the conductive 
polymer material. The DSC scan was carried out at standard 
conditions in a nitrogen atmosphere, with a heating rate of 
10.00°C/min from temperatures of -95°C to 230°C followed by a 
cooling down to -95°C at the rate of -10.00°C/min. The measured 
melting and recrystallisation temperatures are used for 
determining the process settings. The DSC analysis reported 
exhibits both the initial heating curve as well as the cooling 
curve, traditionally not reported. However, for the purpose of 
process development for SLS these curves show the most 
dominant characteristics considered. 

The baseline for fundamental process variables such as laser 
power and scan speed was based on feedback via thermal 
imaging in the system during pilot experiments to consolidate 
polymer powder using single-layer line scans. The process 
optimisation followed the method of varying one influential 
parameter and keeping the remaining constant, as suggested by 
singh, et. Al. [5,6] A homogeneous part achieved by well-
consolidating powder and true to the original geometry was the 
visual qualitative metric used to iteratively optimise the process 
parameters when fusing single-layer area scans. For process 
development, initial experiments were carried out using 50mm 
line scans followed by 10mm x 10mm area scans and finally, 
10mm x 50mm area scans, i.e. identical to the test part 
geometry.  
 
2.4. Conductivity qualification  

To accurately measure the conductivity of the samples, a 4-
wire (4W) measurement is preferred. The 4W measurement 
injects current through a set of contacts (Force) and measures 
voltage through a separate set of contacts (Sense). This 

separation between the Force and Sense contacts means that 
any contact resistance should be bypassed and hence the 
intrinsic resistance of the samples can be measured directly. A 
Keithley 2450 SourceMeter was used for the measurements. 
Each sample was measured 50 times, roughly 2 seconds apart. 
The mean of those 50 measurements was used for the 
conductivity calculation, which is done with the following 
equation: 

𝜎𝜎 =
𝑙𝑙
𝑅𝑅𝑅𝑅

 

Where 𝜎𝜎 is the apparent conductivity, l is the distance 
between the sense contacts, A is the cross-sectional area of the 
sample and R is the mean resistance described above. 

3. Results 

Several methods are used to determine the conductivity and 
possible sensor capabilities of the parts. The parts are quantified 
by microscopy providing additional information on the level of 
consolidation of the powder. These efforts are described below. 
All parts were allowed to condition in an open atmosphere for 
at least one week before the investigation of part stability and 
electrical conductivity. 

 
3.1. Material production and qualification 

A DSC analysis was carried out to indicate the process 
parameters of the material. The elevated chamber temperature 
was selected based on a DSC scan of the material as seen in 
Figure 1. The DSC analysis showed the primary material melting 
peak at 167°C, along with a small endothermic shoulder at 33-
55°C. These are the other components of the designed polymer, 
providing the characteristics of the flexible conductive polymer 
part. The analysis also shows the crystallisation temperature of 
the main constituent polymer, at 128°C.  

 

 
Figure 1 – DSC analysis of the PL-PBF tailored material 

 
3.2. Powder characteristics 

The processed powder was analysed by light optical 
microscope (LOM) and Scanning Electron Microscopy (SEM), to 
determine the morphology of the powder particles. Due to the 
nature of cryogenic ball milling, the main constituent of the 
powder is oblong flakes, as seen in Figure 2. These flakes cause 
issues in the spreadability of the powder, due to the adhesion 
and interlocking of the particles. This was evident in the heated 
process parameter test, where large agglomerates would 
disturb the powder bed. The agglomeration is further aided by 
the Vistamaxx component turning soft and sticky at the process 
temperatures. The powder contains a large number of small 
particles. The small particles are highlighted by the red circles in 
the SEM picture showing the variation in particle size. These 
particles also influence the agglomeration of the powder. 

The powder particle sizes for the fine and coarse powders 
were analysed to have a  D50 of 72,6 ± 0,182 µm and 290 ± 4,63 
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µm respectively. As seen from Figure 3 the fine powders include 
a fraction of very fine (<10µm) particles which add to the 
agglomeration of powders and hence a lower cut-off from the 
final powder will be carried out in powder production for future 
investigations. 

 

 
Figure 2 – Powder particles. Large flakes and smaller particles. Top 100x 
LOM picture. Bottom 390x SEM picture. 
 

 
Figure 3 – Particle size curve of the manufactured powder. Fine is the 
sieved powder used for part manufacturing. Coarse is the discarded 
portion after sieving. 
 
3.3. Process parameters 

The process parameters developed for producing conductive 
parts were different by the chamber temperature, which is a key 
parameter of PL-LBF. The chamber temperature setting has a 
large influence on the laser power input required to achieve 
consolidation of the part. The level of internal stress is also 
reduced by elevating the chamber temperature minimising the 
risk of warpage and curling during laser scanning. The chamber 
temperature was set to 130°C for the heated sample 
manufacturing and left unheated for the other parameter set 
resulting in 20°C in the build chamber. 

The elevated chamber temperature was selected based on a 
DSC scan of the material, as seen in Figure 1. The process 
window for the material proved to be rather large, extending 
from melting at 167°C to recrystallisation at 128°C.  Vistamaxx 
softens at a temperature of around 50°C, according to the 
datasheet. The two polymer phases seem to be only partially 
miscible as seen from the small shoulder in the DSC around 50°C. 
This shoulder indicates the glass transition of the material. Thus, 
a small part of the Vistamaxx could be softening, causing a very 
sticky powder to be formed at elevated temperatures. Based on 
this, the preheating setting was chosen. The temperature setting 
allowed for minimal shrinkage during processing, while not 
producing a consolidated matrix from the entire powder cake.  

 

 
Figure 4 – scan strategy per scan pass from scan one to six 

 
The process optimisation developed two process parameter 

sets for the two trials. The process parameters are seen in Table 
2, showing the main difference in scanning speed. The resulting 
energy density is also presented in the Table, showing a 
reduction of 1/3 of the energy input between the unheated and 
heated run. This lower energy input still ensured consolidated 
parts that maintained dimension, during processing and after 
cooling to room temperature. The parts were produced by 
scanning the same part 6 times while rotating the scan direction 
67 degrees. This variation in the scan direction is seen in Figure 
4. This ensures consolidated parts while minimising the risk of 
unsintered particles or areas.  
 
Table 1 – Process parameters 

  Unheated Heated 
Scan Speed mm/s 2000 3000 
Power W 30 30 
Scan rotation Degrees 67 67 
Hatch spacing µm 150 150 
Scan repetitions  6 6 
Energy density J/mm2 0,1 0,066 

 
The production of parts was done in the atmosphere, leading 

to possible moisture ingress. The atmosphere is considered not 
to be problematic. The constituent materials are not prone to 
hydrolysis or other degradation caused by moisture uptake from 
the atmosphere. Furthermore, the powder is handled with 
minimised contact with the atmosphere before part 
manufacturing. 
 
3.4. Part Characteristics 

The parts manufactured showed large variation between the 
two process parameter sets. The unheated parts exhibited 
shrinkage and geometric variation compared to the intended 
size.  

 

 
Figure 5 – SEM image of the laser-processed plane of the parts showing 
the comparison of the two networks for unheated (top) and heated 
(bottom) 

The unheated parts were thinner than the heated ones with 
an average thickness of 373µm and 674µm, respectively. The 
variation in thickness is caused by energy penetrating deeper 
into the heated samples due to the lower loss of energy in the 
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initial powder layer, due to the increased temperature of the 
powder cake. The melting effect on the unheated and heated 
samples is also evident in the SEM picture in Figure 5 showing a 
smooth surface with less evidence of the powder particles in the 
heated sample compared to the unheated one. The melting 
behaviour and flow of the particles into a smooth network point 
towards the heated sample experiencing the melting of both 
polymers, with time above crystallisation long enough to flow. 
Where the tendency of the unheated sample points to only 
melting of one of the components. This is evident by the shape 
retention with the unheated part network resembling the 
powder structure.  
 
3.5. Conductivity 

The results from the conductivity measurement can be seen in 
Tables 2 and 3 for the heated and unheated samples 
respectively.  Five samples were tested for each, however, one 
of the unheated samples tore completely before the 
measurement could be done. 

The unheated samples were relatively consistent with samples 
B, C and D having similar apparent conductivity. Sample A, while 
having the highest conductivity overall, is assumed to be an 
outlier. The heated samples are more inconsistent. Sample A 
and B are very similar, as is sample C and E, but the two pairs are 
quite different from each other as well as sample D. 

The measurement was done with crocodile clips. The cables 
used outweigh the samples and it is possible that the 
measurements were influenced by the strain put on the sample 
by the cables. Additionally, any tears in the samples due to the 
strain will have a significant influence on the measured 
resistance and conductivity. 
 
Table 2: Heated samples 

Sample Resistance 
[𝑘𝑘Ω]  

Area 
[m𝑚𝑚2] 

Length 
[𝑚𝑚𝑚𝑚] 

Conductivity 
[𝑚𝑚𝑚𝑚𝑚𝑚−1] 

A 71,37 6,7 24,0 49,9 
B 66,81 6,7 24,0 53,3 
C 158,7 6,7 25,5 23,9 
D 109,2 6,7 24,0 32,6 
E 141,8 6,7 25,1 26,2 
Avg/ std 109,6 / 41   37,2 / 13,6 
 

Table 3: Unheated samples 
Sample Resistance 

[𝑘𝑘Ω] 
Area 
[m𝑚𝑚2] 

Length 
[𝑚𝑚𝑚𝑚] 

Conductivity 
[𝑚𝑚𝑚𝑚𝑚𝑚−1] 

A 101,3 3,0 23,32 77,1 
B 132,8 3,0 21,08 53,2 
C 137,5 3,0 20,97 51,1 
D 133,2 3,0 22,63 56,9 
Avg / std 126,2 / 16,7   59,6 / 11,9 

4. Analysis  

The parts manufactured were initially expected to be dense 
and not show porosity, however during the investigation of the 
parts, it was clear that the sintering process developed a 
network-like sponge. This sponge structure has a large influence 
on the structural integrity and the conductivity of the parts. The 
sponge structure develops due to the process not allowing the 
flow of material into the voids during the scanning. The material 
exhibits a high zero shear viscosity, which is known for most 
polymers [7]. Highly loaded composites typically show an 
increase in viscosity, with the carbon black loading known to 
cause this. The effect is evident when comparing the MFI of the 
two miscible polymers, with a significantly higher MFI reported 
for the carbon black loaded polyolefin compared to the 

Vistamaxx. This high viscosity causes the powder particles to 
stay in place even when molten due to the limited external 
forces, besides gravity acting on the powder. From the SEM 
pictures, it can be seen that the flow behaviour is improved in 
the heated samples with a smoothed surface of the network. 

The conductivity of the parts is influenced by the network 
structure. The apparent conductivity for the unheated samples 
is higher than for the heated samples. However, both process 
parameters created parts with large variations, proving that the 
powder, packing and process should be further optimised. The 
higher conductivity of the unheated parts can be due to the 
Vistamaxx polymer having a lower viscosity allowing a flow of 
the material and creating a network that is more ductile causing 
a better conductivity in the network after the parts have been 
handled in the measurement setup. The flow behaviour and 
optimisation of the process and powder are planned for future 
experiments.  

5. Conclusion 

Manufacturing of parts which show conductivity when 
measured using the 4W approach was successful. From these 
parts, a simple sensor function can be expected. However, from 
the network structure seen by SEM pictures, it is clear that the 
manufacturing process needs to be optimised. This includes 
consideration of the material and the zero shear viscosity, and 
the powder manufacturing, making a more uniform and less 
flaky powder. As well as finding an even more suitable set of 
process parameters. 

The two parameter sets both proved viable for producing 
parts. The result is conflicting with the heated samples showing 
the highest geometric and structural stability, with an internal 
network that has been smoothed during manufacturing. These 
samples, however, also show the lowest conductivity with the 
standard deviation being more than 1/3 of the average apparent 
conductivity. The unheated samples were showing a better 
average apparent conductivity with a smaller standard deviation 
in the measurements. These parts were highly irregular, showed 
large shrinkage and a not fully melted network. 
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