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Abstract

Laser sintering (LS), an additive manufacturing (AM) technology, allows for the
production of 3dimensional parts by fusing together successive layers of
polymer powder without the need for tooling. Its potential and applicability,
however, is still constrained due to the limited repertoire of materials available
and the lack of detail in understanding both the important provassrial
interactions and consequbnthe requirements for the development of new
materials. Past research has mainly focusegapamide 12(PA12) as the
standard material, hence most of the empirically grown or theoretical, often
idealized, process models are based on this polymer. As a result, it was shown
that there are strong interactions between the material and the process leading to
an undesed deviation of part properties. Thermoplastic elastomers (TPEs) for
LS have gained more and more popularity for the production of, for example
flexible parts in the recent past but they are a group of polymers that is neither
well studied nor understoodgarding their use in LS. Therefore, this PhD
investigation has focused on TPEs in order to reveal their process specifics

throughout the processing chain in LS.

As the properties of parts manufactured by LS are, amongst others, influenced
by the packingand flow efficiencies of the powders, the bulk (static) and flow
(dynamic) characteristics of the observed TPEs were examined on the powder
scale as well as their effects on the process and parts. The resulting part
properties were evaluated in termsludit tensile properties, surface roughness
and density. In contrast to previous studies which have rarely taken into account
the characteristics of the +intered particles, this work provided a novel
approach quantifying and describing the interconnedbetween the powder
characteristics as well as its performance and the part properties, thus providing

valuable input on future material design.

As mentioned before, for typical sewrystalline thermoplastics such as PA12,

different idealized process mels describing thBre Processpecifics exist, but
I



they might not necessarily be applicable for thermoplastic elastomers with
significantly different thermal characteristics. Consequently, the important
interactions during processing of TPEs have baatiexd by high speed and high
resolution thermography helping to indicate the most important material
properties in combination with f@imetric analysis. The resulting
understanding of crystallization and melting behaviour helped to derive a design
of experiments revealing the possible range for the process management in terms
of temperature control as well as energy input and the resulting part properties.
Moreover, it is known that polymers used in LS change their intrinsic properties
due to processing conditions that are close to the crystalline melting temperature.
As a result, within this PhD investigation thgeingbehaviour of TPEs was
studied. Bothhe powder and the sintered parts were examined for chemical and
physicalageingeffects. The results showed that the materials observed could be
used without refreshing throughout the applied ageing cycles, however, changes
in the processing behaviour ag W | as in the partsd mect
evident. These changes were due to the diffexgeingstates of the Lpowder
showing an increase in the particle size affecting the bulk materials packing
density. In the literature, modifications in thieeological properties due to
thermal loads during LS are already known on basis of PA12. It was shown that
they tend to experience an increase in molecular weight with increasing
processing cycles. In this work it was found that TPEs exhibit the exaditgopo
trend in a slight decrease of molecular weight likely to reduce the mechanical

strength of tensile specimens.

By using novel process adapted methods in order to reveal vital interactions of
TPE powders for LS, this thesis makes a significant coritobuo an AM
database. In addition, the comprehensive observation and applications of these
methods over the whole processing chain helped expanding the understanding
of important requirements for the development of new polymers for LS and

builds a substaial basis for future work and quality assurance
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1 Introduction

1.1 Context

The term Additive Manufacturing (AM) covea variety of technologies used to
build parts directly from dhreedimensional digital file Powder Bed Fusion
(PBF)is a category of AMusing powders athe starting materiathat includes

the specific technology known as laser sintering (LE)LS iscurrentlyone of

the main additive processés produdng functional parts by fusing together
successive layers of polymer powd@|. The advantagef LS over other
additive processes is that it doesnot
reduced efforts iminpacking othe parts and for a higher geometrical freedom
[3]. Itis of interest to industry as it does not require tooling and therefore enables
manufacturers to offer parts with a high degree of design freedarpared to
conventional manufacturing technologies such as injeatmmulding This
opens nevapportunities towards an increased leMdlexibility in adjustingthe
design of partatan early stage of the product development cycle as well as the
degree impersonalization or individualization and reduces the high investments
for tooling within luxury or oneoff products. Furthermore, it is possible to
combine many individual parts of an assembly into a single component helping
to eliminate part numbers, iamtory, assembly steps, labour and inspeddpn
However, since therare many different requirements for polymer consumer
products, it is clear that the current repertoire of available polymers infd® is
sufficient. The most common polymers used in LS are-seystalline polymers
typically polyamides (PA12 or PA11l), p@midebased compounds as well as
some filled varieties and a small number of thermoplastic elastdime6.
Within industrial use, thperformane of components, mainly built froRA12,

is still limited concernig their near series propertiéhusthe generalaim of

the investigation in this PhEzsearch wat gainadeeper understanding thfe
requirementgor new laser sintering polymersgith the focus on thermoplastic
elastomers (TPES).

The work has been caed outcollaborativelybetween BMW AG, Germany and

the University of Nottingham, UKTherefore,one aspecof the investigation
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wason the applicability withinindustry when icame tothe choice of materials
and the specifioutcomeof the research finding$n particular the aim wat®
understand the complex nature of powders used jistt@&gly dependent on its
manufacturing methqdthe interactions of the polymer duriradl relevant
processingstagesas well as theesultingpart properties and efficiency of the
materias observed in terms of reu3énese processing stages can be divided into
the following subprocessesPre-Process taking into account the important
powder interactions and its analysi$én-Process observing the interactions
between process and polymer (packing, exposure, melting etc.) aRdghe
Processn which the mechanical properties and effects of theloaals on the
pol ymer 6s p ot earetdetarhinednecaryimgdoattsystematic
experimentshatalignedto thisLS processing chajithe qualification of suitabl
process adapteahalysis methods anbeirvalues allowing for quantification of
material propertiesvastargeted An additionaloutcomewasgiven byproving
the scientific validity andransfer ofpractical analysis methodsssential for
industryin terms of quality assurance

Processing of TPEs S, in particular, the effects of powder bulk and flow
behaviour of LS polymers on resulting parbperties isiotwidely reportedand

no empirical database exisi®herefore, this PhDaims toreveal ancelucidate
some of the complex relations between ypwr properties, processing
conditions and the resulting part properties as well as the reuse of the TPEs
throughout the single processing stefizus it is helping to indicate the scientific
challenges and the important interactions for a material timait igell studied
ultimately contributing to a substantial LS dbiase and potentially serving as

input for simulations.

1.2 Methodology and Thesis Structure

In order to generate substantial knowledgé allow for holistic understanding

of a group of pofmeis that has been subject to very little research to date, the
approach applied in this thesis aligns to the logic of.#processingleain.As

introduced in sectiod.lit starts withpowder handlingandt he r aw mat er |
most influerial properties on packing and flowabiliffPre-Proces$, to then

investigate the interactions during processimgHroces$ to finally examine

the outcome of the procesBadstProces$ in terms of mechanical properties
2



used for validation opre andn-process interactions and rewseageingof the
materiab observedseeFigurel).

PRE-Process IN-Process POST-Process

Powder Interactions Polymer-Process Validation of Process
Interactions Observations/Ageing

Figure 1: Approach aligning to additive processing chain

Applying the idea of the.S process patteyrthe principle stagesf this PhD
thesis are structureidto three stagedn the first stage a substantial literature
review was carried out in order to identify the major gaps in the current state of
researchand is presented throughout chagemhe second stage, thesearch
hypothesis and noveltfChapter3), were derived from the understanding of
stage oneThe hypothesidhuilt the basis for the third stagée research
objectives and itinvestigationghat arewere concludedwithin chapter9 and

chapter9.2 as recommendations féuture work



2 Literature Review

2.1 Polymer Laser Sintering

The LS process hageatpotential for the production of small seregsnponents

as it allowghemanufactue of mechanically resilient objects directly from three
dimensional (3D) digital data by slectively exposing successive layers of
thermoplastic powder without the need for tooling. This section gives an
overview of the polymers available in LS, the single processing steps as well as
the essential interactions between machinarpaters and matial properties.

As this process is well described in literature tofy], within the subsequent
sections 2.1.1- 2.1.95, only the relevant information in connection witie

thess topic is presented.

2.1.1 Polymers for Laser Sintering

The benefitghatresult from the layewise production of parts afeistrated to

some extent, by the scarce availability of new materials with properties sufficient
to meet the requirements of serigplécations. The most common polymers in

LS are semcrystalline thermoplastics. With regard to LS, they capdogially
recycled, meaning they can be reheated, reshapesbéidilied repeatedly due

to their secondary binding forces, and therefore helpave materialise In
addition to semcrystalline polymers, amorphous polymers such as polystyrene
can also be processed in [§. These polymers differ in the way their chains
are arranged and therefore show significantly different thermal progé&tigs

The manufacturers of the LS systems supply a range of polymer materials
designed for their machines such as Polyamide 12 (PA12, e.g. PA2200, EOS
GmbH), Polyamidell (PA11, e.g. Primepart DC, EOS GmbH), polystyrene (PS,
e.g. Primecast, EOS GmbH), and in feases thermoplastic elastomers (TPE)
[10-12]. As the currentlyavailable TPEs are not maddrom precipitation
crystallization they long for additional processing steps such as grinding to reach
the powdered stafd 3].



Trade name Distribute Type of po
DuraFBrex 3D Systems TPE (no
i nformatio
Desmosi nt Lehmanné&&CTPU
ALM TPE 21 Advanced TPU
Mat eri al s,

Table 1: Commercially available TPEs for LS

EOS released a PEEK material and Advanced Laser Materials (ALM) has
Polyamide 11, Polyamide 12 based products which are customnoizsdtain
applications by the use of additivgs]. Rhodia announced an intention to
challenge the limits of plastic part manufacturing by offering a PA6 and PA66
to the market, but the materials are still in the development ghdseAs
mentioned before, thermoplastic polymeas be classified into serarystalline

and amorphous. In principle, both polymers can be processed in LS, however,
due to the better mechanical properties senystalline polymers are the most
frequently used6, 15. Because of their wide softening range amorphous
thermoplastics lead to less dense parts and are therefore less preferable for use
in LS [16]. Currently, however, more and more applications occur gmaadd

a wide range of diversity in parts witAvourablemechanical properties and a
high density{17]. For that reason the currently available repertoire of materials
is not sufficient to conform to the requirements of seriexipction. Industry as

well asacademidas been trying to enable more polymers for the LS process.

2.1.2 Processing Steps

Laser Sintering is one of the most common and widely accepted AM processes
[18,19]. During the LS process, a layer of ffreated powder is depted across

the build platform. After being preeated close to the crystallite melting point
(for amorphous polymers close tg),lthe powder layer is exposed selectively

by the CQ-laser corresponding to the cresection of the CABpart fusing

togethermparticles and the underlying layer.
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Figure 2: Schematic representation of processing steps during Laser Sintering

During part production, LS does not require structures to support overhangs as

the unmelted powdesupports the melted polymdrmese processing steps are

repeated until the thredimensional part is completed so that the part cake and

the contained parts cool down and solidify. After the build is completed the un

sintered powder can be-vsed to a ertain extent depending on the type of

polymer[20-24]. The manufactured parts can now be used or refined conforming

to their later application.

2.1.3 Effect of Powder Properties diring Laser Sintering

Research carried out on LS powders has shown thahiramsic properties such

as particle size, shape, surfacediogy, powder bed density and flowability

have a great influence on the process and the quality of the manufactured parts.

For example Lirret al.[25] employedan alternative way of manufacturing PA12

powders with a comparable chemical structure by a high pressure wet process.

The powders, though, differed in particle size and distribution as well as particle

shape. Particles with a shape closer to a sphereb$heshowed enhanced

processabilitd ur i ng LS and t he

powder sd si

strong influence on the precision of the fabricatigh]. The influence of the

powder particl esd mor phol ogy and

characteristics of the laser sinteredipdas been observed by Hetoal. [26].
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The sintered density and porosity of the specimens were influenced by the
particle size and the processing parameters. Thepatéicle connectivity and

the pore size range of the specimens were found teedeminantly determined

by the particle size and to a lesser extent by the applied parameters. However, as
they applied higher energy densities with increasimgrageparticle sizeghe

effects on the properties of the specimens observed could notydvedihked

to the particle characteristics. According to Alscl#f the sintered density of

parts manufactured in LS can be calculated as follows.

Eq.1

” Density of sintered Part
” Density of Powder Bulk inside the LS Process
” Solid Density of Raw Material

Amadoet al. [28] presented an extensive study examining the propextias
selection of various commercially available powdersliras well as some
experimental polymer materialS'hey emphasised that current research is
mainly concentrating on intrinsic material properties but is lacking in the
correlation of the materials bulk and flow behaviour with properties of the
sintered partsAs a result of their research they proposed a characterization
indicator that could help to differentiate more precisely between varying
powders and their dynamic as well as their packing properties. The packing
properties aregbesides othergjghly degndent on particle size (see seci2od)

and therefore have to be taken into account when the behaviour of the materials
and their suitability fotthe LS process is being investigated. Higher packing
densities have been found to contribute to higher part densities and in addition
influence the size deviation and mechanical propertiaspécimerj29, 30]. In

the case of continuous particle size distribution such as LS powders, there is a
theoretical packing density of around 66.3%il]. However, real packing
densities of commercially available LS powders are in the range between 41 to
45.3%][ 29, 32]. A previous study published by Shi e{.2B] describes the effect

of the properties of the polymer materials, sushnaolecular weight, melt

viscosity, crystallization rate and the particle size of the powder, on the quality
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of laser sintered parts, proposing an optimal particle size distribution (PSD) for

the powders between 751 00 e m i n or der prdesssa@litysur e i
but commercial powders currently used
Goodridgeet al. [6] reported thathe desiredPSD for processing a material in

LS is between459 0 & m, based on results for po
PSDs. Studies on the influence of material ageing have shown a shift in PSDs as

well as in the shape of the powders observed. Assalt flowability of the

powders decreased and consequently affepiedessabilityand the parts
manufactured32, 34]. The effect of poor flowability on process stability and

part quality was also reported by Koo e{.3b] but they did not quantify the

relationship between the powder properties and their processing behaviour.

2.1.4 Quastlsothermal Laser Sintering i Energy Input and

Thermal Boundary Conditions
Quastisothermal laser sintering describes the idealized model fprdoessing
of semicrystalline thermoplastics in a twahase (liquid/solid) mixedone
meaning powder and melt coexist simultaneously during manufacturing. To
ensure this, the build chamber temperature has to be close to the crystalline
melting point of he processed polymer so that the laser only introduces the
remaining amount of energy to exceed the phase transition and therefore
selectively melt the material. In addition, the crystallization temperature of the
material used has to range at a lower terajurethanits melting temperature
and the delta between crystallization and melting has to be higher than potential
temperature gradients on the powder bed and the build chamber. Thus, a build
temperature higher than toimtevoulrdaduger i al s ¢
uncontrolled melting of the powder bed, whereas a temperature very close to or
lower than the crystallization temperature leads to shrinkage effects of the
previously melted layer during the process, an effect also known as ¢38]ng
After the build process is completed the crystallization process bagihe
powder bed slowly coel This idealized model, though, has not yet fully been
proven on existing systems, it was instead @erifrom differential scanning
calorimetry (DSC) dataFigure 3 provides a schematic representation of the
model based on PA13, 27, 32, 37].
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Figure 3: Model of the quastisothermal laser sintering in the twephase mixzone on
basis of a schematic display of a PA12 DS€urve, adapted from[32]

It qualitatively shows the curve shape during heating and cooling and indicates
the twophase mixzone between melting and crystzdition, a property that is

not necessarily inherent in many polymers.

If the polymer can be procesdeylLS the way the energy is being introduced
can be divided into two paths. On the one hand there is the heating of the build
chamber with the IReaterpn the other hand there is the energy introduced into
the powder bed by the laser in order to selectively melt the powder pd@igjles

An overview of the different heating methods in various LS systems is given by
Goodridgeet al.[6]. In a 3D Systems SinterstatriQ™ the powder in the
machine is heated from above (Part Bed Heater), from the bottom within the
build platform (Piston Heater) and with band heaters surrounding the
corresponding chamber (Cylinder Heater). Within the feed chambers the powder

is preheated in order to keep the temperature difference between the
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powder/molten layers within the build chamber and tive pewder supplied at

a defined and low level as it can affect the build profggs40]. For example,
newly applied powder from the feed that has a significantly lower temperature
than the material within the build chamber rapidly cools down the underlying
layer and consequently can lead to crystallization and cyditfjgSimilarly, the
previously described temperature delta can result in an overshoot of the heating
impulse as the tempdtae regulation unit aims to quickly reach the heater set
point possibly leading to uncontrolled meltifge].

The energy locally introduced to melt the material takes place with,Bl&@r
atawavele gt h of &=10.6 & m. The energy I
powder bed is divided into reflection, absorption and transmigdigin The
reflection results in a deflection of the laser beam which in turn leads to a direct
deflection into the build chamber or a reflection towards surrounding particles.
A simplified representation of this process is giveRigure4.

Scanning

Laser beam

Py

— Powder bed
surface

19

Figure 4. 2-dimensional Ray Tracking Simulation of the penetration characteristics of a
laser beam in a powder bed43]

A closa examination of the reflection behaviour of bulk powders, also taking
into account transmission effects, shows that this leads to a residual radiation
that in turn results in an indirect reflection. Tlsigsbstantiallymore complex
consideration of the petration characteristics is schematically represented for

the case of polyethylene (PE) particle$-igure5.
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Figure 5: Schematic representation of the penetration characteristics of a laser beam into
a PE powder bulk under consideration of transmission within the particle$42]

In the case of disperse systems such as LS powders a higher amount of the
inserted radiation is being absorbed so that the indirect reflection is significantly
lower. As shown irFigure6, it comes to an increased ratio of absorption of the
injected radiation in the PA12 butlue to the higher amount of fine particles

and the accompanying higher bulk density. As a result, less radiation is reflected

backto the surface compared to the more poroub®lk[42].

l direct reflection I I

powder surface

PA12-
particle

> surface
radiation

———p  reflectionon
particle surface

absorption/transmissi
on within particle

residualradiation after
transmitting through
particle

Figure 6: Schematic representation of the penetration characteristics of a laser beam into
a disperse PA12 powder bulk under consideration of transmission within the particles
[42]
Similar to the optical interactions beten a bulk system and a heat source such
as absorption, the effects of thermal conductiaity changingvith respect to
particle size and packing densttyat in turn lead tovarious forms of contact

areas between the particlegl, 45]. Gusarowet al.[46] found that heat transfer
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is strongly affected by formation and growth of necks between particles due to
sinterirg when the contact conductivity becontles main influencing factasn

the powder bedl ®ffective thermal conductivity. The contact size between
adjacent particles, which in turn depends on packing efficiency of powder beds,
was found to be of major imparice for the overall conductivity and neck
growth in LS. Their model describing the effective thermal conductivity
approximately agrees with analytical models, though, is dependent on the
assumption of mondisperse particles, a property profile that deetsapply to

the current LS powder#n general thermal conduction arises from temperature
differences in a material causing a heat energy transport towards the lower
energy level. In the case of electrically conductive materials, such as metals, the
energy can be transported by free electrons, hence Hlaeg a high thermal
conductivity[44]. In contrastmaterials with bound electrons have a low thermal
conductivity as the energy has to be transported by means of atom or @nolecul
vibrations, as is the case forlpmers[47]. Hence, polymers typically have a
thermal conductivity between 0.15 to 0.5 W/dK, 48]. Alscher[27] presents

the effects of thermal conduction in the contekiaser sintering. At higher

t her mal conductivity a-z obnreooa d e b nssiost ¢ |
agglutinated powdewas observedwhile the depth of the molten layer was
reducedThebenefits or disadvantages in the context of thermal conduction can

be cacluded as follows:

- Benefitsof highthermal conductivity:
1 increased geometrical accuracy due to decreased heat accumulation
at the phase boundary (melt/powder)
1 enhanced heat transfer between molten layers
- Drawbacksof high thermal conductivity:
1 increasedhermal loads of surrounding powder, probably affecting
material reuse of material
1 reduced depth of melted layer

overall hindered melt pool formation

12



- Benefitsof low thermal conductivity:
1 increased depth of melted layer
71 decreased thermal loads of sumding powder
1 more homogenous melt pool formation
1 shorter exposure time (increased scan speed), probably increasing
processing speed
- Drawbacksof low thermal conductivity:
1 decreased geometrical accuracy due to increased heat accumulation
at the phasboundary (melt/powder)
1 higher probability of material degradation in melt pool due to heat

accumulation

Ultimately for a comprehensive declaration of the LS process not only the
approach of multiple reflections has to be considered but also the sirtgteepar
and its absorption behaviour within the bulk system. However, witinén
literature generally the more simplified relationship between the different
parameters during energy introduction is used which is described by the so called
Andrew Number or alo referred to as area related energy density (EA) shown
in Eq.2[49, 50].

: L Eq.2
© v O

Ea Area related Energensity [J/mm?]

Po Laser Power [W]

Vs Scan Speed [mm/s]

H Hatch Distance [mm]

The E thereby describes the nominal power introduced on the surface by the
laser independent of the material processed. In order to take into account the
influence of the layer thickness the Ean be extended to a volume related

energy density considering thariable for layer thickness shownkgj. 3.
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0 Eq.3

°© ¥ 0 0
Ev Energy Density based on Volunr [J/mm3]
PL Laser Power [W]
Vs Scan Speed [mm/s]
H Hatch Distance [mm]
Jiayer Layer Thickness [mm]

The approach is often criticised as amongst other parameters the absorbance of
the laser energy throughout the 100 um layer is dependent on vaai@useters

such as the above mentioned packing density of the material and it assumes the
penetration depth of the laser complies with the thickness of the produced layer
which is generally not the cafel, 52].

Moreover, due to the Gaussian temperature distribution of the laser beam the
heat introduced into the powder bed is not homogenous throughout the laser
diameter as the highest temperature wouttlipoat the innermost regioRifure

7 (a)). Thus, the particles being hit by the centre (targeted area) of the laser beam
are exposed to higher tempienas than the ones at the edg=3§.

ConsideringEg. 2 in combination withFigure7 (b) it can be observed that in
dependence of the diameter of the laser beam and the hatch distance there is an
overlap of the single scan paths of the moving heat source (laser spot), thereby
some points get exposed multiple times. This overlap is represented by the area
shown between the curves at t =0 ardltfor constant scan speed a. If the beam

is moving with an increased scan speed (a + Xx; where x is positive) the
overlapping area deeases due to the reduced time the powder is exposed by the
laser[53]. As a result of these effects, it becomes clear that the equations are
simplified and limit the direct correlation to the real process as the build
temperature was treated as a constant parameter and the time of exposure was
only described in the\Eapproach in dependence of laser power, hatch space,

scan speed and layer thickness.

14



Direction of laser beam movement

Moving with Moving with
scan speed = a scan speed = (a + x)
att=0 atr=t, ati=+r

Targeted

Overlap of heat received by powder particles

Figure 7: Temperature distribution of a CO:z -Laser beam (a)and sintering model of a
moving laser beam (b)53]

Another important influential factor is the size of the exposed area, as the heat
conduction within large melt pools is slower compared to smaller sized melt
spots. As a result, the polymer melt in the larger pool is capable of flowing for a
longer periodf time, thus, building a more homogenous film and connection to
the underlying layef54]. Consequently, the heatiramnd cooling rates of the
exposed areas are dependent on the size of the corresponaisgection.
According to Scholteet al.[55] the specific amount of heat loss resulting from
convection and radiation as well as the incoming rate of heat flux of the part bed
heater, the cyhder heater and the piston heater are negligible compared to the
highrintensity laser radiation during exposure of the materiBluring pre
heating and applying a new layer but also the time between the exposure phases,
though, the rate of heat loss frooonvection and radiation as well as the
incoming rate of heat flux do play a dominant {@#&. Therefore, a temperatur
gradient should only be present during exposure with the laser in any other case
an even energy balance desired The balancing of the heat flows can be
represented simplified as followsky. 4.
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“ g — ——— Eq4

Incoming Heaflux Amount of Heat Loss

N absorbed Laser Radiation
absorbed Radiation of Part Bed
Heater

absorbed Radiation of Cylinder
Heater

absorbed Radiation of Piston Hea
Rateof conductive Heat Loss
Rate of convective Heat Loss
Rate of radiation Heat Loss

=

e DR i | R S N

Although, the effects of varying build chamber temperature on the mechanical
properties of sintered parts have bedadicated they often hav
quantified[56, 57]. Starret al.[58] used a tal energy approach for the first time

in describing the effect of the build temperature in dependence of the material
properties as shown iBq.5. The aim of the study was to measure not only the
effect of energy introduction by the laser but also the energy introduced by the
IR-Heater as well as the influence of material parameters on mechanical
properties of laser sintered specimen and to deterheeange of conditions

that provide consistent mechanical performance. For that purpose he set up the
energy melt ratio (EMR) that puts the voluin@sed energy densitiq. 3) in

relation to the energy needed to fuse a single layer (Energy to Melt Layer).

. O Eq.5
1 !Y o~ n
ou [OXV)
EMR Energy Melt Ratio [-]
Ev Energy Density based on Volume [J/mm3]
EML Energy to Melt Layer [J/mm3]

In the following the derivation of the EML is given, consisting of the specific
heat capacityHq.6) and the enthalpy of fusioig. 7) [59, 60].
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0 Eq.6

a 'Y

Cp Specific Heat Capacity [J/gK]
Qp Amount of Heat needed to increase - [J]

Temperature of a certain Substance frortoTl»
m Mass of Substance [0]
T Absolute Value of Temperature Increase K]

. 0 Eq.7
7 &

hy Enthalpy of Fusion [J/d
Q Heat of Fusion [J]
m Mass of Substance [g]

The totalamount of heat needed to melt a certain mass of a certain substance at
a defined starting temperature is described by summarizing the amounts of heat
given in the specific heat capacityd. 6) and the enthalpy of fusiol{. 7). By
expressingeq. 6 andEq. 7 by Q one can insert them in the summation formula
for the total heat quantity below.

0 O 0 Eq.8

Qotal Total Amount of Energy needed to melt a Subste [J]

In order to describe the energy needed to melt one layer in LS, the mass m of the
substance is described by the densityich is dependenhupon the packing
density. On the basis of this simplified assumpEon9 can be set up describing

the EML, the energy that is needed to melt a lagema specific volume in

dependence of material properties.
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000 oY Y 4 " 7 Eq.9

EML Energy to Melt Layer [I/mm?]
Tm Melting Temperature of Polymer [°C]
To Powder Bed Temperature [°C]
hy Melt Enthalpy [J/g]
" Solid Density of Raw Material [g/cn]
” Packing Density of Powder Bed [g/cm?]

The EMR can now be described as showkagn10 depending on process and

material properties bysertingeqg. 3 andEq.9. in Eq.5.

0 Eq.10

e v O Q
OL'Y —— — =
w Y Y Y " "

EMR Energy Melt Ratio in dependence of Process and Mat [-]
Parameters

In the research conducted by Sttral.[58] they found that the volume eiggr
density, which includes the effect of different layer thickness, is a more general
approach to correlate processing conditions to mechanical properties and
therefore introduced the new dimensionless parameter EMR. It was shown that
it is a useful paramer to relate process conditions to the physics of powder
melting and furthermore to use it to predict potential changes of part properties
by changing the powder bed temperatiasqueZ 13] applied the EMR on the
overall energy approach for TPEs and found that it is a useful mathematical
model in order to derive suitable process parameters in dependence of material

properties

In critically reviewing the approach it can be noted that itudhes the same
simplifications as mentioned in context with tBe in Eq. 3. In addition the
specific heat capacity, besides the packing densitygharying due to different
thermal expansion of the material, is not a constant paraast&hangesvith
temperature. The problem here is, that measupag a function of temperature

is complex and to analyse thesitu thermal expansion of the tan powder
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bulk is not currently possibldn addition, due to thermal gradients over the
powder bed it will also not be castent.

As described before, the heating within the build chamber has a significant
influence on the processability of the material and the properties of the parts
manufactured. After the laser scans each layer the melt cools down to the build
chamber temperatuead there is a delay whilst a new layer of powder is brought

to the build platform before the next layer is going to be exposed. Gooeétidge

al. [6] described the effect in their publication and describe that the length of
delay time is system dependent and only partly controlld&iemet al. [61]

found that applying high laser powers at low bed temperatures can result in
increased delay time potentially causing curling due to loss of themasady in

the form of conduction intthe powder bedr radiation and convection at the
powder surfaceJainet al. [62] descrbed the layer delay time as the time
between scanning two adjacent points on successive scanning lines for PA12.
They found that this delay time changes in dependence of part orientation as the
length of scan paths change alongside with varying sizeafrapp 6 ssectton.o s s
They found that part strength increased with an increase in delay time to a certain
extent reaching to decrease again after reaching its optimum due to thermal
degradation. On the other hand, short scan paths causing shorter detay time
were found to lead to poor bonding between the particles that again reduced part
strength However, the proposed approach of aiming for a specific angular
orientation of parts in the process is at most feasible for standardized and simple
geometries. Ima typical day to day manufacturing environment with higher
production values of varying and complex geometries this approach will not be
practical. The approach can rather be consideredgomum orientation of
critical sections that have to take highds within i.e. functional testing.

Besides the previously described effects, within multiple part builds the delay
time can also increase due to increasing amount of-esxs®ns that have to be
exposedFor that purpose Goodridge al.[6] conducted an experimental build

for PA12 (PA2200) and two elastomeric materidur@Forn® Flex and an
experimental elastomer) including single and multiple part sections to later

detect and compare tensile strength of the specimen. Thereby, a part built in the
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multiple part section experienced longer delay times compar@aketplacedn

the single part build. They found that an increase in delay time had a minimal
effect for PA2200 an®uraForn® Flex whereas for the experimental TPE they
found a drop in tensile properties by over 30%. They suggested that increasing
the delay time between ealetyer reduces interpenetration between successive
layers. As the polymer cools down its viscosity increases, thus achieving
acceptable cohesion between the layers gets more difficult in this unpressurized
process. They state that different polymers hafferdnt melting characteristics

which are responsible for the observed differences.

2.1.5 Geometry and Orientation of Parts

The resulting properties of parts manufactured in LS are not only influenced by
the material properties and the process parameters @&pplie also by the
orientation of the parts in the build and its geom§g#@}. As LS is an additive
process the parts built consist of, depending on s many individual layers
between which delamination (detachment of single layers) could occur as
indicated byFigure 8 [21]. The probability of delamination thereby increases
proportionally with the amount of layers. This effect, though, is superimposed
by notch effects emerging at the boarders of the garised by the laydyy-

layer structure (stepffect) and the Gaussian intensity distribution of the laser
shown inFigure8. Analogous to the delamination effect, the notch effect and
therefore a potential component failure increases proportionally to the amount
of layers[64]. Moreover, the surface roughness which has a direct impact on
mechanical strength of the parts is affected by the step effect that in turn is most

significant at curved or angled ard&s8, 65].
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Gaussian Intensity -~~~ Nominal Geometry
Distribution of Laser Beam

V — Actual Geometry
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Notch-Effect s Gaussian Intensity Distribution
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of vanious layers . W . Empty Spaces caused by
Interconnection of \\ layer-by-layer structure
_Layers ™

Figure 8: Layer-by-layer structure of a LS part indicating areas of notch effect and
interconnection between the layers at which delamination could occpadapted from[63]

The effects of orientation and anisotropic properties of LS parts are well
described in literature and therefore are only briefly discussed here to indicate
their importancg64, 66-70].

2.2 Polymers and Polymer Ageing

This section provides some general information on polymers and their
classification As within thePostProcess observations of this thesis the reuse of
TPEsand in particular the newly developed TR¥As examined, additional
information onthe principles of polymer ageirgnda deeper insight into the
nature of thermoplastic polyurethane in terms ofnus&y, properties and its
applications is given.

Polymers arerganic or semorganic substances with a high molecular mass
thismeanghey contain large molecules (macromolecules) which determine the
polymers specific property profi[@1]. Their basic materials are oil, natural gas
and coal as caer of carbon (C), hydrogen (H), oxygen (O) and substances that
include nitrogen (N), chlorine (CL), sulphur (S) and fluorine (F). There are
variouspossibilitiesto manufactue such polymers, leading to high variation in
their final propertie$72].

2.2.1 General Classification of Polymers

A

Apol ymer sd0 propert i e sconstiuson dstwellfagthem t hei
physical structure, i.e. linear or branched molecule ch#iesmoplasticsand
lightly crosslinked or heavily crostinked molecules (elastomers and
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thermosets]73]. In Table 2 the general classification of polymeasd their

corresponding propertieserepresented.

Type Struc Features Ex ampl

Thermoplastics  linear Un-crosslinked polymers Po |l yam
crystallind  with high strengthantbw Po |l ypr o
amorphous strain under load. Softeno Pol yet |

melton heating, and do nc
lose their ability to be re
melted on warming, even
after repeated heating an:
cooling cycles

Elastomers
crosslinked Lightly crosslinked Vul can
polymers, exhibit highly nat ur al
reversible strain under low
stress. They cannot be re
melteddue to crosdinks.

crystalline/  Combine the processing Pol yet F
amorphous properties of thermoplastic Po | y ur «
and the performance ofcree Po | yet

linked elastomers. Thegan

be remelted and are highly

reversible under low stress:

Thermosets heavily Exhibit high mechanical Cur ed
crosslinked strength and low strain afte resin
curing. Remelting after Pol yes
curingis not possible.

Table 2: Classification of polymers[74, 75|

2.2.2 Physical Structure of Polymers

At temperatures above their crystalline melting point polymers exist as

amorphous melt. This means their macromolecules are present in a disordered

pattern as the segments of the polymer chain exhibit a relatively large degree of

mobility when molterj 76]. When the polymer undergoes cooling, the molecular

mobility decreases and the viscosity of the material increases. Exceeding the
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glass transitioiemperaturéTg), the viscosityincreases by several decades as
the mol ecular rearrangements fAfreezeo
solid remaiing. Below itsTq a polymer is hard and relatively brit{&7, 78].

Being stored between their melting temperature Bjgolymers can undergo
crystallization & the elongated molecules are forced to fold back on themselves.

In this process of chain folding the chains are often present as layers of lamellas
with amorphous material or material that is no longer able to further crystallize
between thenfamorphous egions) Polymers with alternating crystalline and
amorphous layers are referred to as senystalline polymerswhereas polymers

that are unable to crystallize are amorphjgi#. Figure9 shows he schematic

structure of amorphous and seonystalline arrangements.

a) Disorderedamorphous b) SemiCrystalline structure
structure including disordered amorphot
structures and ordered areas
chain alignment

crystalline region

amorphou
region

Figure 9: Example of a) amorphous and b) semgrystalline structures [79]

Depending on the structure of the macromoleculeschain folding or parallel
alignment of théamellais pronounced to a greater or lesser extent. This process
of chain arrangement and the principle structure and length of macromolecules
determins the crystal size anché melting temperature of a seamystalline
polymer[78, 80].

2.2.3 Thermoplastics

Thermoplastic polymers have the special ability to be plastically malleable or

brought to flow when heated. As described in secfdhl this process is

reversible so that the polymer solidifies after cooling. They consist of linear
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macromolecules that are spatially-cnosslinked and are subjected to only low
intermolecular forces (Van der Waals forces). These molecules are either
randomly coiled fiamorphous thermopl ast
i s eanystalline thermoplastic$80, 81].

Amorphous thermoplastiere characterized by a completely unstructured and
entangled order dheir molecule chaingseeFigure9 a). As depictedn Figure

10 a, kelow their Tg amorphous polymers are stiff, rigid even brittle and
remain in that condition as far as exceedihgir Tq. When the introduced
thermal energyprevails overthe intermolecular forceghe softening of the
polymer begins and it becomes viscoelaslihis process is not happening
abrupty ratheri t 6 s 0 caccertain rangegdimie and varyingemperature.

On further heating, the viscosity decreases without a distinct melting[ fgjnt

a) b)
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L}
1
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g—
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S
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Modulus [MPa]
1
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T

m

Low
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Stiffness
1
1
! Low
' Stiffness/ |
i\ Melt
H Stiffness/ |
i 1 M n :

Temperature [°C] Temperature [°C]

Figure 10: Schematicrepresentation of the possiblegange of states represented by
modulus vs. temperature ofa) an amorphous thermoplasticand b) a semicrystalline
thermoplastic, adapted from[76, 83

The operating temperature of such polymers should be significantly lower than
the Tgin order to have useful material performance.

Semicrystalline thermoplasticsonsist of highlyorderedmacranoleculeswith
amorphougegions between the crystédls (seeFigure9 b). Besides the glass
transition, this structure inducesadditional softening area with a sharp melting
point (Tm)84].

The melting behaviour and the specifig: 5 of great importancdor its
processing and the parameters used. The melting temperature is the temperature

where the last crystallitagelt and is determined by the size distribution of the
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crystallites (small crystallites melt firsés shown inFigurel10b, these types of
polymers show useful properties above the; Bnd arefully molten when
exceedinghe Tm[85]. While being heated or cooled down atepending on the
density of chain alignment semicrystalline polymers change their specific

volumeto a higher etent than amorphous polymers [@®)].

2.2.4 Crystalli zation

Whena semicrystalline thermoplastiis melted and aaed it can recrystallize
under the influence of different process variables such as tempecatoliag

rate, pressure and additives. When a relaxed melt is cdoiled disorganized
macromoleules from the molten state reaching temperatures below their
crystallization temperature can go back to an orderly structure while their
specific volume decreases disproportiondltythe processing of polymers this
change in volume is known as shrinkd@®, 76]. The crystalliation process
takes place over three sectiagnst 6 s b e i n g nucledtidnthahleadsd by t
to crystal growth which represents primary crystallization and thest
crystallization or secondary crystallization. As a consequence of nucleation
successive lamellar layers of the polymer chains fold togethdyegyid to grow

in a radial direction during the primary crystallizatidie cohesion of the single
macromolecules is thereby achieved by secondary valence {@6e&7]. A

schematic representation o$pherulite is given ifrigurell.

Figure 11: Schematic representation of a spheruié consisting of lamellarly arranged
macromoleculeq86]

From a thermodynamic persyiere, he parallel chaiarrangemenncreases the

order of thesystem that in turn decreases the degrees of freedom meaning the
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entropy of the system. The driving force behind this constitutional change is the
free Gi bb[88& Enthal py

y Y 4293 Eq.11
y Free Enthalpy [J]
aH Inner Enthalpy [J]
as Entropy with S[JKT

At a very small value for &G the syste
is being accomplished during the parallel arrangement of the macromolecules.

As shown inFigure12 enthalpy deeases withncreasingemperaturdor both

the amorphous and the crystalline phase, although at a diffatent

Free Enthalpy G

LY
. @,

[
-

T Tmo Temperature T

Figure 12 Schematic course of free enthalppf an amorphous phase G and a crystalline
phase G depending on temperature[27].

At their intersection poinfTmo they reach a faurable energetic state, the
equilibrium melting temperatuydollowing the theory ofa perfect polymer
crystal [59, 89]. This theoretical superposition leading to complete
crystallization, though, is not possible innarrideal environment. Thus, for
example, amorphous areas emerge between crystals and free chdii0knds
The shape of crystals thereby is influenced by nucleation and germ growth. A
distinction can be made between homogenous nucleation, which results from the
close arrangemerand amounbf perfect chan segments, and heterogeneous
nucleation, whichis the more probable to be observé&tbt only canthe
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heterogeneags nucleation be initiated from, for examglentamination within

the polymer meltbut alsocadditional nucleating agents or crystals that wete

fully melted can cause crystallizatiof86, 90]. In the case where a germ
exceeding the critical minimum size emeggethe germ growth is initiated.
Therefore, molecules have to be transported towards the interface of the germ
by means of diffusion and subsequently accumulate .tbere to the fact that

the diffusion and the accumulation run at different speeds, the total speed of the
germ growth is Inited by the slower of the processes. It is for that reason that

t he germ growth can b e-c ocnattreoglolre dzoe d g r
(nucleationp r oces s ) amaln tArdd If If audsd ogrocese)The (t r ar
product of nucleation and crystgtowth represented as crystallization rate G,

is shown inFigure 13. Thereby, crystallization towards lower temperatures is
limited by Ty not allowing moleclar motion exceeding this point and therefore

no diffusion process could take pla€en the other hand, at high temperatures
above the | no stable germs can foriithin the range betweeny@nd Tn the
diffusion rate increases with increasing temperatures while the nucleation rate
decreases, so that a maximum crystallization rate is given in the miditiie of
glass transition and melting temperature. The crystallization rate G can take
identical vales at different temperatures although fiigndifferently sized
spherulites As aconsequence, at lower temperatures many small splesrulit
form whereas at higher temperatutasyer but lower amounts o$pherulites
emergeg 86].
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Figure 13 Resulting crystallization rate G from nucleation rate and transport in

dependence of temperaturé86].

After the primary crystallization is completed it is followed by post
crystallization in which further lamellas in the remaining gaps of the spherulites
can be formedThereby, amorphous moleculescamulate at the parallelized
chains of the crystalline structures around the transition point between crystalline
and amorphous regiof86, 91].

Due to the thermodynamically favourable terms, nucleation preferably starts
within areas of stronger hypothermia and the crystals primarily grow towards the
highest temperature gradient as showrrigure 13. Besides temperatutbe

time available for crystallizatiors also of great importanc¢92]. As already
indicated, crystallization has to be initiated by hypothermia belawithout
passing the rangestween T, and Ty too fast as otherwise the macromolecules
rate of diffusion is not sufficient to allow for the orderly structura ofystal.

The relationship between crystalline volume ahd the maximum attainable
crystalline volume ¥ of a polymer a#r infinite tempering time is defined as
degree of <c[B)stallization U

6 Eq.12
R —
6
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The prediction of the crystallization is difficult due to the strarggerature and
time-dependencyOn the basis of an isothermal crystallization the primary
crystallization can be described by the Avraguation. Assuming a constant
nucleation ate alongside a constant and linear germ grakdhAvrami can be

presented as follows:

80 p A ° Eq.13
wo Degree of Crystallization [%0]
n Avrami-Exponent [-]
k Reaction Rateén dependence of temperature [s-1]
t Time [s]

The spherulitegresulting from crystallizatioman be made visible in polarized

light having a diameter ranging from 1um up to a few millimef8&. Many

of a partds properties thereby are hig
behaviourand its resulting structuréeThe mpact of an increased degree of
crystallization is shown iffable3.

l ncrease of: Decrease of:
1 Melting Temperature 1T El ongation at
1 Density T Ceefficient of
1 Tensile Strength f Transparency
1 Hardnessnd Young Y Melting Range

Modulus
I Resistance toward3olvents

Table 3: Effects ofthe degree of crystallization on part propertieg 76, 93]

The crystallisation behaviour of @aolymer alongside the correspding
processing conditions e.demperature andime always have a significant
influence on the part propertissmany of the polymer processing technologies

and have to be considered when designing compofiéntd4, 95].
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2.2.5 Thermoplastic Elastomers(TPES)

An elastomer is a polymer that exhibits high elastic or viscoelastic deformation.
However, this advantagm material performanceés offset by its complex
manufcturing procesf96]. As a result TPEs have been developed, combining
the processing properties of thermoplastic polymers alongside with the
application performance of elastom¢g]. Their macromolecules atmked
physically not croséinked as they are within typical elastomers, i.e. natural
rubber (sedable2). The linking points, formed by the segrystalline areas,

ease when heated as they do for typical thermoplastics and reagietiasally
formablestate with a further increase in temperafui® 97]. These reversibly
linked elastomers therefore are fusible providing many processing options but
also some limitations concerning their operating temperat(@d$ In
comparison to pure and highly crdssked elastomerthe maximum elongation

of TPEs is also lower. Their special properties are a result of theiphase
composition[98]. Regarding their structuteTPEs can be dividethto two
groups, the elastomealloys/polymer blends and the block copolymgrd].
Elastomer alloys consist of tarosslinked or crosdinked elastomer particulate
domains in a matrix of thermoplastic re$8#9]. Their molecule chains consist

of differentsectioneduilding blocks the secallediihardb andfisoftd segments.

As these different blocks are incompatible among themselves it comes to a
segregation of these areas on a microscopic or sub microscopic level. Thereby,
the matrix is formed by the soft segments in which the hard segment is present
as a dispersd phase. The hard segments are physically connected (thermo
reversible) building the amadnpus or crystallinegicrosslinkingd (t her mal |
labile, physical interactionyr reinforcement area in the TPE mat[Bg]. As
examples of these thermoplastic elastomers, gopers orthe basis of styrene
(TPES), polyetherester (TPEE), polyetheresterjblock-amides (TPEA) and
polyurethane (TPU) could be namd, 100 .

2.2.6 Thermoplastic Polyurethane

PolyurethaneRU) is a general term used for a class of polymers derived from
the condensation of polyisocyanates and polyalcdiol 102 . PUswerefirst
discovered by Prof. Otto Bayer and registered for patent approval ifa837

Theyhave a broad property/diversity spectrum due to the variation possibilities
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of theirraw material@ndthepossilbe waysfor manufactuing them These types

of polymersaretherefore present in many aspects of modern lifehandfound
usein a wide spectrum applications in medical, automotive and other industry
fields especially for seals or abrastoesistant pplications[103 104]. In the
following sections the chemistry, properties and applicatiasfsPU will be
described in more detail.

2.2.7 Chemistry of Thermoplastic Polyurethane (TPU) and
TPEs

TPUs areblock copolymers consisting of aromatic polyurethbtoeks (hard
segment) and aliphatic polyester or polyethiecks (soft segment)74]. As
indicated by Figure 14, the connection between the segments of a
macromolecule irthe form of urethanebinding resuls from a nucleophilic
addition reactioetween the cyanate and alcohol group of its raw maféfpl

@
OCN—R—NCO + HO—R-OH —— "'—R\N)J\O/R'—"-
= BN Ill
Diisocvanate Dialcohol Polyurethane

Figure 14: Formation of a polyurethane by addition reaction between diisocyanate and
dialcohol [98]

By adding a surplus of diisocyanate during the reaction the resulting linear
polyurethane strands are linked together under allophanate formation to a
chemicdly reversible polyurethane elastom#rat can be thermoplastically

processedseeFigurelb).

0]
1]
et~ @ - @ oo

Diisocvanate

developing Polvurethane strand

Figure 15: Allophanate formation as a side reaction of polyurethane production98]
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Besides its chemical linkagiere are physical links present in the form of semi
crystalline hard segment blocks that emerge between the aromatic diisocyanate
groups and the low molecular didi84]. Depending on the nature, length and
structure ofts component§.e. the applied polyisocyanate or possible additives)
the physical, chemical and mechanical properties of thermoplastic polyurethanes
are decisively influenced. The hard segments of TPUs are generated from
aromatic or aliphatic diisocyarein combination with chain extenders that in
addition function as physical netwarin the semicrystalline regior[76]. The

soft segments of TPUs are represented by polwiis a molecular weight
between 200 and 10000 g/mdllcohols with a varying amount of hydroxyl
groups are used order to control thievel ofchemical linking Amongst others,
water scavengers, catalysts or inhibitors, stabilizers, emulsifier andtantfac

are used as additivgsl, 105.

2.2.8 Properties and  Applications of Thermoplastic

Polyurethane
As mentioned in &ction2.2.6 PUsaresome of the most multipurpose polymers
in existence todaylhey can be turned inf@U-foamsor TPUsthat can show the
property profile of a soft and flexible material but also afyarpolyamidelike
polymer[76, 106]. The globaldemandor polyurethaness expected to grow at
a Compound Annual Growth Rate (CAGR) of 5.8% from 12,018,579 tons in
2010, to 16,882,412 tons in 201807. Some exampledor its actual
applicationsare spring seats, seals for any type of component, dashboard
membranesand abrasiomesistant coatings up to activated carbon fil{f&&.
The properties of TPUsary depending on their basic building blocks. As
described in sectio®.2.7, TPUs exhibit a alternating sequence of hard segment
consisting of paflisocyanates plus chain extenders and soft segments comprising
long-chain polyols.
As illustrated inFigure 16, an increasing share of soft segmdints dialcohol
with long chains)within the polyurethane network elasticity and chemical
resistance is enhanced while an intensified proportion of hard seg(hents

dialcohol with short chaindg¢ads to higher hardness and strength.
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E=eE + -/-U-. soft, viscous products

Diisocyanate Dialcohol
(long chains)

=T + Ml hard, brittle products

Diisocvanate Dialcohol
(short chains)

= e + lfl—(. + B=m  ——> hard. ductile products

Figure 16: Possible variation of polymer structure within a thermoplastic polyurethane
[98]

TPUs have relatively high impact strength aneéar propagation resistance
damping characteristics as well as abrasion resistance. Their optical appearance

rangedrom translucent to opaque or crystal clg&s, 106].

2.2.9 Ageing Behavour of Polymers

The term ageingummarizesall chemical and physical changes opaymer
overtime. Thesehangesnfluence the durability of a polymer or the time given
to process iunder certain conditions like heat, oxygen content and moisture
[108. The DIN50035 for example defines the ageing of polymeric materials as
the entirety of all irreversible, chemical physical changes, also considering
thermoreversible effect{often referred to as physical ageing effects) a
material in the course of timA. distinction is made between inner and outer as
well as chemical and physical ageing effeattich will be explainedn more
detail within this sectiofil09. However, a distinct differentiation between these

effects is notlways possible akeyoften go handn-hand[91].

So callednner ageing processes are best described by instable thermodynamic
states of the polymer which can cause material ageing without external
influences. These include incomplete polymerisation of monomeric components
of the polymer as well as residual stresses thufast or irregular cooling,
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inhomogeneous density distribution or anisotrogicinkage. The ternouter
ageing processes, refers to chemical, physical as well as microbiological based
environmental influences on the polymer. They can be induced byphigtit
radiation, chemical influences and mechanical stresses. In addition weathering
can affect the polymers durability in combining the effects stated above in

combination with the damage caused by microorganjS1<409.

Chemical ageing processes cause irreversible changes in the chemical
composition of the polymerds mol.ecul ar
Induced by thermal load, radiation or reactions with oxygen, ozone or water it
comes to chain scission, crdsiking or formation of cyclical bindingsThe

main changes due to chemical ageing can be summarized in three [drbps

117):

1. Change in molecular structureeduction of the molecular weigh
variation in molecular weight distribution; formation of branche:
crosslinking

2. Formation of functional groups

3. Separation of low molecular weight-pyoducts:depolymerisation:

separation of side groups

In combinaton with heat and oxygen it comesth@rmacoxidativedegradation,

while the decomposing effect ithhe presence of water is callddydrolysis
Within the process of LS, working at t
point, thethermally inducedhgeng or degradation might be the most relevant.
Dueto the increasing shrinkage of the atoms at higher temperatures, it comes to
splitting of the main chains of the macromolecules leading to a shortening of the
chains inthe first stageof thermal degradatin. The chain scission preferably
emerges at weak links of the polymer clsand is statistically distributed over

the whole molecule. Therefore, not only short polymer crai@$ormed, it also
comes to the formation of low molecular weight, volatile afeposition
products such as methyl or hydrogen groups. The resulting products can promote

the further oxidative breakdown possibly introducing cilogsng or ring
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formation increasing the overall molecular mass of the polyaj. During

the degradation of polymers, for examfie polyamidesit can come to chain
scission and chemical post crdsking in additionincreasing the molecular
weight and the viscosity of the materjalLZ].

A pure thermally induced degradation of macromolecules, the so called
pyrolysis can only take place in andrt atmospheren the absencef oxygen

and water. In practice this process is usually accompanied by oxidative reactions
and hydrolytic splitting of polymer bonds. Besides temperatines thermal
degradation is dependent on the chemical compostiot herefore the
intermolecular binding energie$ a polymer{113 114].

Despite chemical ageing process#g/sicalageingcan lead to reversible as well

as irreversible changds the microstructure, molecular order, concentration
ratios of certain components or the outer form and structure as well as the
physical properties of a polymédt.doesnot affect the chemical comgition of

the macromolecules. These physical changes can be the foll@4irdly:

Relaxation or decrease in physical tension
Postcrystallization: change in degree of crystallization a
characteristics of crystals

1 Segregation or phase seap#ion in multtcomponent
systems
Loss of plasticizers due to diffusion out of the polymer
Agglomeration: becomes apparent in the polymer in

form of efflorescence or the sweat out of single compor

Physical ageing that specifically influences the polymers morphology often
appears when it is cooled down from a temperature abovgtisaftemperature
that is lower than its g The polymer loses its thermodynamic equilibrium due
to its increased entpy or the enlargement of the specific voluy@4, 116. This
material state is reversiblgponmelting it agai{109.

Postcrystallization of semcrystalline polymers is faured at higher

temperatures but it can also be present at room temperature for thermoplastic
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elastomers or rubbers. Thereby, poststallization leads to an increase in the
degree of crystallization, the thickness of the lamellas as well as a derigegpac
between amorphous and crystalline aré&gentations of macromolecules or
physical tension between them that emerged during processing of a paymer,
injection moulding, do settle at temperatures above thduigo hand in hand
with shrinkageof the materia[91].

The chemical and physical ageing phenomenon can laavenpact on the
material characteristicsand thepart performance Visible and measurable
effects can b§109 113:

1 Deformation or crack formation:e. dwe to tension or
fatigue

Change of mechanical properties

Change of melt rheology

Different shrinkage behaviour

Fracture formation:due to local embrittlement or fatigue
Discolouration

Change in surface gloss level

= =2 =4 A4 A4 -2 -

Different chemical performance in termsdi$solving

In principle, chemical ageing processes lead to a change in the molecular
composition of the polymer which are linked directly to its mechanical
properties, such as tensile or bending strength, elongation at bretakighdess

[76]. Alternatively, mechanical performance is also influenced by physical
ageing.

Due to the formation of functional groups induced fby instancethermal
degradation adiscoloration can occur, in addition tochanged electrical
conductivity, whereas the separation of components with a low molecular weight
leads to odour formation and differenechanical properties. Most importnt

with respect to the LS process, chemical changes can influence the flow
characteristics of the polymer melt and its viscoagyt affects its molar mass

A clear relationship betweenolar massnd the zeroiscosityis often described

by the power lawn Eq.14[91, 117].
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s + " Eq.14

s Zero Viscosity [Pas]
K Constant
Mw Average MolaMass [g/mol]

From this mathematical relationship it becomes obvious that even a slight
modification of the molar mass due to thermal loads can highly influence the

viscosity of the polymer melt.

2.2.10Ageing Behaviour of Thermoplastic Polyurethanes

Most polyurethanes shownaoderate thermal stability degrading at temperatures
from 206300°C[74, 76]. In general estelbased thermoplastic elastomers show
enhanced resistancewards oxidation, whereas, ethéased TPEs are more
resistant towards hydrolysis while showing more pronoupgéthtive reactions
when exposed to thermal loads in atmospheric oxyg&8 119. The thermal
weak point of polyurethanes the hard segment of the macromolecutés,
urethane bond It becomesunstable and tersdto dissociate at elevated
temperature$12(. Grassieet al. [121] examinedthe thermal degradation of
polyester based polyurethane with a variable hard and soft share and found that
for polyurethanes with a negligibly loghare irsoft segment the decomposition
peak occurs at around 308°CTheir thermal stability was imeasing to a
maximum of 400°Qvith apolyester conterdf 90.7 %building the soft segment

of the polyurethane. The same trend in the polytheéegradation behaviour
could be observed in thermogravimetric analysis (TGA) (10pergsample,
Heating Rate of 10K/min) under dynamic nitrogen supply (70 ml/s) as the
macromoleculeslegraded at significantly lower temperatures for TPUs with a
higher share in soft segment compared to the lower proportion of polykkier

At the same time, theeating rates applied thesestandard analysis methods
might not be quantitatively transferralttethe dynamics within laser sintering,
the principle context of the material composition at higher heating thtagyh,
should be giverfurther TGA measures were undertaken by Petehat.[127]

in analysing the effect of different soft segment chain lengtti€ancentrations
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on the activation energy of degradatipojnting out that the initial process of
the loss in mass is dominatey the hard segment degradati®o this end they
noted that e interpretationof the results onthe complex decomposition
processes of segmented polyurethasedifficult when trying to take the
structurecompositionrelationinto accountHowever, it can be concludéiem
theseobservations that polyurethabased polymers with a higher shafesdt
segments show a lower initial mass loss tetnset temperatures of thermally
induced degradation are higher under the applied conditions.

A distinction on thermal decomposition of polyurethanes has to be made
depending on the surrounding atmosphbeeprocess takes place[dR3. For
decomposition in nitrogen atmosphere there are two pathwayes considered

and within oxygen atmosphetaree pathwaydn the first decomposition stage

in anitrogen atmospherelissociation of isocyanate groups under formation of
CO:2 occurs.In the second stage the decomposition products between polyester
and polyether base polyurethanes differ considerably from each éihex.
consequence, polyether based TPUs form water, hydrogen cyanide, acetonitrile
and a mix of 1,4utandiol ad polyether bonds. Polyester based TRldsvever,
create a broad variety of decomposition products, mainly including methane,
water and nitrile cyclopentanoneDuring the decomposition of the urethane
bond it must be differentiated between two substapt@tesses. These are the
depolymerisatiorback to its initial components alcohol and isocyanate and the
splittingo f  u r e tChband im 8 yclical mechanisumder the formation of
primary aming, olefin and CQ [105 124. Other studiesreport on the
development of secondary amines under the separation oh@Gsecond step
[125 126].
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Amongst othershie temperature ranges of the single patsxd decomposition
aredependent on the chemical composition of the polyuretffdneethree major

steps of TPU decomposition agiven below[125, 127):

1 Dissociation: rearrangement of hydrogen to isocyanate
alcohol
-R-NH-CO-0-R64 -R-NCO + HORG

71 Dissociation into primary amines, olefin and carbon dioxide
-R-NH-CO-O-R¥4 -R-NH2 + CO2 + CH2=CHRG

{1 Formation of secondary amines under separation of cail
dioxide
-RNHCO-O-R 4 -R-NH-R 6 + CO2

The thermal degradation under formation of (often yellow) fume was observed
by Woolley[12§. He found that at temperaturiestweer?00-300°C rapid loss

of the tolylene diisocyanate urotcurredunder the development of a volatile
nitrogen containing yellow smoke leaving a polyol residue. With a further
temperature increaslke molecules increasingly split into low molecular weight
products with fume containing nitrogenous, toxic molecules like acetonitrile or
hydrogen cyanide. These findings where later supported by other authors whom
examined the thermal decomposition of PU WItBA-MS (thermogravimetric
analysis coupled with a masgectrometer)129, 13(. Moreover, the yellowing

of polymers exposed to high thermal loads is a known phenomenon.eshieh

[105 investigated the thermoxidative decomposition of a thermoplastic
pol yur et h a n-Bipherglsmethdn Doisocyahatel(MpPl) and found that

it shows a tendency towards yellowish to brownish discolorafibe studies

have shown that this is referring back to a rearrangement of the conjugated
double bonds of the single molecule chaifitiey also observed another
important effect, the scission of molecule chains into small components of TPUs
during thermal decompositio.he thermally induced chain degradation that
leads to a reduction of the molecular mass detected and verified using gel
permeation chromatography (GPCQhe molecular weight reduction increals
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with duration and temperature of the thermal streasesr both nitrogen and

oxygen atmosphese

2.2.11Ageing Behavour of Polymersin Laser Sintering

As it is highly connected to the process stabiihd efficiency as well as the
quality and properties of parts producedLf, the ageing mechanismsof
polymer powers for LS is a often discussetbpic andan importantfield of

AM research in recent yedis4, 131, 132). Thereforethis section discussdise
current state dinowledgeon the ageing of LS polymers. As polyamides are the
most commonly used materials in LiBe majority of previous literature sa
focused on this materialn addition the current state of researeparding the
degradation of TPEsithin LS will be discussed.

During LS the polyrar often spends hours close to the crystallite melting point
and istherefore exposed to high thermal loads. Although the process is running
in an almost inert atmosphere rigsults inageing of the polymer powder
hindering its reuse for subsequent production cydiesorder to guarantee
reproducible part propertigafirefresh rate (defined aghe ratio between virgin

and used material) of around 50% for PA12 has proven itself in th¢l32st
133. Theageing or degradation effects manifest themselvasigcomposition

of the polymer. Chemical changdae to ageing areven further supported by
the oxygen and water moleculesntained within the polymerKihnleinet al.

[132) described th@geng process of polyamides thind to chain scission as
well as chain branching or crebsking undergoing recombination processes
starting wih the formation of radicals amperatures close to the melting point
The radicals emerging in this-salled autc-oxidation process can continue to
react in different ways and build out crdsing or chain scission. When two
radicals recombine it comes to crdsiing that coincides with an increase in
molecular weight and termination of the reactj@B84]. Accordingly, a shift in
crystallization and crystalline melting temperatures was determined, two key
paraméers for stable processing in LS of segrystalline polymers. Depending

on the type of polymer applied, chain breaking or ctioésng dominate the
oxidation process. Generally, chemical and physical ageing processes are
manifested in changing meltingyystallization and flow characteristics of the

polymer melf135.
40



Phamet al.[24] investigatedheeffects ofthedeterioration of polyamide powder
during laser sintering.They foundthat powder with a lower melt flow rate
(MFR) producd a poor 6orange peel 6 texture
PA2200 they proposedhat an acceptable powder quality, which would
guarantee a relatively good surfidaace f i
blendof virgin and used powder witaMFR highe than 2527 g/10 min .
Refreshing the PA powder with virgin material hstip control the material state

but also leads to inhomogeneous powder compositioraotherpublication
Kuihnleinet al.[135 showed that the storage of A& powder in an oven with
conditions aligned to the one in the build chamber of a LS system lead to
distinctive changes in particle size distribution and the corresponding bulk
behaviour. It was shown th#ttere was a decrease in mean particle diameter
[135. A study published in 2012 by Wegnetral.[21] investigated the ageing

of PA 12 in the LS process over four ageing cycles in an EOS Formiga P100.
The effects on the powder properties were measured with the Hausner ratio (HR)
on bulk scale, melt flow wamnalysedy means ofmelt volume rate (MVR) and
mechanical properties were measured using tensilengesA significant
increase in MVR with an increasing number of processing cycles was found due
to crosslinking and posfpolymerisation reactiong he sharpest drojm MVR

at around 200 ciL0O min equalling 55% of the initial valwé the virgin powder

was reahbed in the first ageing cyclthat lasted 25 hoursThis significant
decrease of the MVR over ageing cycles is the result of-tirdssg and post
polymerizationreactiong21]. After a processing time of 75 houtse value for

the MVR decreaskto a lesser exterand leveled off at 60 cn#/10 min. In
characterising the pader flow they found a continuouacrease in HR that
excee@dthe threshold from high flowability to reduced flowabilitysatalue of

1.25 in the second ageing cycle. Similar to the MVR restlitss most rapid
increase in HRook place from virgin mateail to powder that was processed one
time. The observedhanges in the flow behaviowereexplained by the change

in particlesize distribution (PSD) and particle shape. Moreover, they found that
the mechanical properties of the manufactured specimen changed with
increasing processing cycles. Depending on the energy density appked, t

ultimate tensile strength (UT&)r specimes built in the x-y-direction dropped
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more or less rapidly from 50 N/nfnfvirgin material)down to 30 N/mrf (four

times processed materi@)n d s o di smodutue as ¥ deareasEoOm

1800 N/mn? down to 1100 N/mr

This correlates with another studoublished by Kihnleinet al. [136
investigating the effects on mechanical properties of PA12 (PA 2200 by EOS)
being conditioned at buil ding temper a
modulus ad percentage elongation at bre&HaB decreased over multiple
processing cycles due to the ageing induced changes of the material such as a
shift in the crystalline melting towards higher temperatures leading to
insufficient melting

Similar experimentexamining the changing powder and part propermies

PA12 (DuraForm®PA by 3D Systenmyera build time of 300 hounsnder the
influence of varyindaser powefhigh, medium, lowhave been carried out by
Chorenet al.[13]]. The objective was to determine the maximum powder life
cycle. An increase in the laser power relative to its ageing state was aimed to
maintain part quality. The laser power was increased with additional ageing
cycles in order to reach a constantréegn melting as viscosity increases. They
found that the notched impact strength increased up to an ageing duration of 168
hours to then drop significantly after exceeding this point even at higher levels
of laser power marking the point at which theiagenduced effects dominate

the possibilities of energy input

The ageang and its correspondingecyclability scenariosof thermoplastic
polyurethane during the LS process is sparsely reported in literature $o far.
2012 Plunmeret al.[137] published a study on étrecyclability of a TPU with
respect to changing particle size dist
thermal and mechanical propertiés the scope of the study four LS builds
where performed and samples were taken after each build.sThenp | e 6 s
recyclability was investigated byeans ofparticle size analysis, diffenéal
scanning calorimetry, hattage microscopy of particle pairs, melt flow index,
tensile test sample manufacture and tensile testingas concluded that the
observedTPU showed that processing the thermoplastic polyurethane bed
powder in LS was possible over the four builds without any significant

degradation or reduction in properties.
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2.3 Particulate Systems

As LS is one of the main powdbed based additive processtse materials
used are solids consisting of fine particles with various properties. This section
introduces important characteristics and interactions within such particulate
materials which take a exceptional position regarding their chemical and
physial properties[138 139. Depenént on theenvironmentalconditions,
powders have a divee range of properties in thiaey can deform elastically
and plastically like a solid, flow like liquidsnder the influence of shear stress

or can be compressed like gagdet), 141]. Manyofabul k syst emés
arehighly dependent on the particle size. With increasing particle diameter the
bul ks éity gnad the inteparticular bonding strength decreases while
flowability is enhanced. Generallgry powders are considered rRoohesive or

free flowing when their particle size exceeds u@® and show cohesive
behaviour below that mafik427. Saving as a value for qualitstandards within

food or pharmaceutical industry, flowability is of high technical interest. Besid
the particle size, flowability is influenced by many other factors. The most
important ones are the chemical and phygicaperties such as particle shape,
adhesive forces, surface qualitthe proportion of fine grainsand the
environmental conditionthe powders are processed[139, 143145. With
respect to the amount of fines, adhesive forces are of particular importance for
the flowability of powders as it shows a functional dependence on the present
adhesion forces' he adhesive forces almost behave inversely proportional to the
particle size so that fine powders show a high tendency to agglomg43e
144. Thus resultingfrom inter-particular interactions a majority éhe bulk
materials indwell a tendency to form agglomerations and insufficient flowability

leading to difficulties during processify47].

2.3.1 Particle Characteristics

The field of granulates made up of large sized patrticles is well stwdidd, the
physics ofvery smallparticles such as fine or superfine powders condds
majority d industrial application$148 149. Thefollowing particleproperties
arenormally studied and used for correlation withik behaviouy as they are
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known to affecproduct performancg@rocessabilitystability andappearance of
the end produaind ard150-153:

Particle size
Size distribution

Shape

= =4 4 -

Surface morphology

Not only doeghe shape of particlasfluence theperformance obulk solidsin
many waysit alsocan be characterized bywide range ofaluesandparameters
that are described elsewhdddb4, 155. The values to quantify shape applied
within this projectwere dependent on the analysis method applied and the most
reliable ones were derived within a preliminary sensitivity stisgy appendix
A.1.1). Manyresearchers argue tharticlesize, size distribution arghapehas

a major influence onthe rheological properties of powddiE56-158, while
others say particle shape and surface textymemarily impact thebonding
mechanisms and the surface energy betwbenparticles and as a result
influencei trideslogy[153 159. The mechanical strength of granular medium
relies on friction between particles. In general, angular particles with low
sphericity tend to mobilize more friction than rounded ipkes. On the other
hand, rounded or spherical particles often tend to pack together more
effectively to create denser bulki60, 161]. In the subsequeskctionsa deeper

insight into particle interactions is given.
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2.3.2 Inter -Particular Forces and Interactions

Inter-particular forces are occurring between particles of a bulk system.
Althoughthere issignificantpublished work existingn this topic and research
activities have been carried out for decades, especialtymiite pharmaceutical
industry, it is still impossible to accurately predict the forces between fine
powders[144, 162 163. One of the reasons is the lack of knowledge on the
following topics[148 164]:

1 The exact magnitude of the molecular forces involved
1 The exact morphoby of the contact

1 The mechanical properties of the materials in contact

In addition, experimental results have shown that the figures indicate high
deviations up to a factor of 1000 in terms of total force that can occur for particles
of the same siz®ue to theexperimental difficulties duringnalysisthese high
deviations are not yet explained in any detail neither are shégfactorily
explained Therefore, more indirect, secondary factors, such as particle size
distribution or shape are normally studied and used for correlations with the
particle interactions. In the followirggctionghe most important definitions and

forces affecting the bulgerformance are going to be explaif&é5s 166.

Bonding surface area and surface energy

The dominatingbond mechanism and tteurface areaver which they can
interact are the two primary factors on the igarticular interactions and the
behaviour of the bulk systems i.e. in terms of packiri®, 167, 16§. The term
bonding surface arealescribes the effective surface over which the inter
particular interactions take plade.the case of solid bridges, this surface area
can be defined accurately and corresponds with the true contact area between
two particles.On the contrarythe surface area for intermolecular forces is hard

to define and can seldom be estimated from any direct measurement especially
for fragmented of eveporous particle$165 169 170. Thus,in addition,the
surface area is a function of secondary factach as particle size, particle size

distribution as well as plastic and elastic deformatiGy
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In general forces obonding mechanism@ithin a particular system can be
divided into interactions due to contact that is established between adjacent
particles (referred to as solid bonds) and bonds that act over distances (referred

to as intermolecular bonds).

Van der Waals forces

The most importanand predominardttractionforces between solidurfaces
such as powder particles, are a consequence of the attradtiebenolecules
and are calledan der Waals forcedn dry bulk systems they are omnipresent
and dominate the intgrarticular interactiongl71, 1727. Van derWaals forces
can be understood aslass of molecules possessing different types of electronic
configurations giving them dipoleharacter and consequently attract each other
They conclude three types of forcethe Debyeforces (induced forces) arising
between one induced and one permanent dipole, the Kefesoes (orientation
forces) between two permanent dipoles and the Lofolmes (dispersion
forces)[164, 173. London whosetheory is based on the interactions between
two induced dipdds, obtained the following equatidry a quantum mechanical

treatmentof this phenomenofor the mutial attraction energy V betwedwo

molecules
5 C—IEH L Eq.15
T A
6 Attraction Energy between two Molecules
U Constan{polarizability)
30 Characteristic Frequencyresponse towards i.¢
electromagnetic radiation)
d Separation Distance
h Pl anckds Constant

These dipolalipoleforceshave a short range of approximately 100 nm and their
attraction force decreases with the sixth power of increasing separation distance
[174,175.

By assuming the individual intermolecular interactions are additive, a
microscopic theoryis given by Hamaker. The mathematical expression

calculates the interaction energy between two gefimite solid bodies at a
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separation distance H, by summarizing all the possible individual molecular
interactions The macroscopic matial properties of the two solids observed are
taken into account by the Hamalarefficient [176. Another macroscopic
approach for the interaction energy between solid bodies in vacuum and in a
liquid medium based on the opticabperties of the interacting solids is given

by Lifshitz [171, 177). Both theories lead to a meastioe the van der Waals
forces. In Eqg. 16 the relation between the matera@nstant A following

Hamaker and theifshitz-coefficient,kd is given

o Eq.1
| — a.16
TA
A Hamakercoefficient (a measure to establish tl

magnitude of the dispersion forces)
Circle Constant Pi 3.1
Kk Lifshitz-coefficient

This theory today is accepted and from a physical perspective is more useful but
hard to applywith the need for the additional optical data. Thus, generally the
microscopic Hamaketheory is applied. Van der Waals forces shall only be
effective in case their contact distances are small and the particle size is below
100um, otherwise the weight fms prevai[175 17§.

Capillary forces due to moisture

Within highly humid environments it comes to adhesanpowdersdue to
capillary condensation of the fluid ithe gap between two paies at low
separation distances illustrated irFigure17[179.
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Figure 17: Capillary condensation of a liquid between two spherical paitles with the
radius R1 and R2, adapted from[18( (left) and sketch for the water capillary formation
between two silica nanoparticletaken from [181]

While in dry bulk systems the previously described van der Waals forces prevail,

the capillary forces replace them as the dominating attraction at an ambient
humidity of approximately 60%182, 183. Unlike the van der Waals forces

l' i qui d bridge bonds can be fadj ust ed
conditions, such as temperature and relative humidity, and the properties of the
liquid tha is present in the free gas phase of air. Moreover, moisture bonds are
more complex compared to van der Waals forces due to theirs static (surface
tension) and dynamic (viscosity) characteristics. Surface tension can contribute
both positively and negatvl v t o a powder ds relative
However, increasing viscosity of the liquid always creates an opposing force to

t he powder Geducingts flowahiety[172 184, 185.

Electrostatic forces

Electrostatic forces can also have a strong influence on the cohesion of particles
and their bulk behavio due to triboelectric chargindparticle-particle or
particlewall contac} causing potential differences between the particles
resulting in charges and electrostatic forces. In principle the force F interacting
between two charges Q1 and Q2 with the distangeisddescribed by the

Coulomb equation as shownHhi. 17.
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p 11 Eq.17

AR Ay
Fel Electric Force between two Point Charges
’ Circle Constant Pi 3.1
G Vacuum Permittivity/Electric Constar
R UYpovzpm &AGRAOAOD
Q Electrostatic Charge
di2 Distance between two Point Charges

For triboelectrichargedetween a spherical particle of radius R haviobarge

Q interacting with an adjacenhcharged patrticle at separation H, the maximum
electrostatic force on a particle basedon the classical Coulomb equatias
follows [184:

1 ( Eq.18
pon( " IR (
Fel Electric Force between two Point Charges
’ Circle Constant Pi 3.1
¥} Vacuum Permittivity/Electric Constar
R U(Ywuvapmnm &SAGAAOAO
Q Electrostatic Charge
H Separation Distance
R Particle Radius

/%\

H
He———

Figure 18: Electrostatic forces between two particle®ver a distance Hfollowing [187]

As a general remark, in powders #ectrostatic forces on a particle are usually
lowert han the capillary forceslowvesthanpart i c
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the van deWaals forcesforpat i c | es s ma[lL4g ¢88. Moreozey 3 0
humid environmerst cause a discharge of the system and therefore lead to a
significant eduction of the Coulomb attraction fordé$2 173 189.

Solid State Bridgesand Sintering

Besides adhé@ge bonds without elemental material connection, the connections
creatingsolid state bridgesn particularenhance the binding strendtktween
particles. They can arise from sintering or chemical reactDus to friction it

can come to plastic defortian at roughness peaks and contact points within
bulk powders sometimes locally even reaching the melting temperature of the
material. Thereby, the areas of contact are increasing and lead to melt bridges
[190, 197]. Alternatively, solid state bridges can also arise from increase in
temperature promoting the mobility of the atoms that lead to diffusion processes
as a consequen¢&92 193. The basics of sintering technology for a variety of
materials are well described in literat(it®4, 195 so that the focus here is kept

on polymer sinteringAn inter-particular neck caused by sintering forces can
become permanent and withstand breakage forces caused by the relative
movement of solids and gases within the bulk system. This indicates how
important the sintering behaviour of a material is during processindoarlde
mechanical capabilities of the manufactured parts. Thereby, the sintering process
is faster at higher temperatures or pressuies.consolidation behaviour of two
polymer particle was optically observed by Bellehumetiral. in 1996[196].

In 1949, Eshelby corrected the Frenkel model, whichaised on Newtonian
viscous flow under the action of surface tension, by satisfying the continuity
equation. Thenodel,subsequentlyeferred to agrenketEshelby modelhelps

to quantify the subjective impression during the imaging observation of the

paricle coalescencas follows[196 197].
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o & Eq.19

Half Neck Thickness

Particle Radius during Sintering
Sintering Time

Surface Energy

Viscosity

Initial Particle Radius

Qo vt o X

In Figure19this model is graphically described by assuming spherical particles.

Figure 19: Idealized representation of two polymer particls 8 neck gr owt h duri
sintering, adapted from [196]

The initial stage of the model describes the contact of the two solids,
subsequently starting to build out a nedkngside with aeduction of their

initial radius until a homogenous melt film originateghe final stage

Mechanical interlocking

The termmechanical interlocking is used to describephgsicalhooking and
catching of particleseading to increasedohesivitywithin a bulk systemAs
depicted inFigure 20, this effect ishighly dependent orthe shape of th

particles.
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Figure 20: Representation of mechanical interlocking between two particles with
irregular shape and surfaceexhibiting strong interlocking (left) and more spherical shape
and smooth surfacewith weak interlocking (right), adapted from [187)

Irregular shaped particles with irregular surfaces have a higher tendency to
interlock thersphericaparticles A similar effect, more closely related to surface
roughnesscan also causkictional forces that inhibit powder flop158 198

199.

Comparison between the intesparticular Forces
As described in thabove sectiongarticle interactions aref a complex nature
andhighly dependent on a variety oharacteristics. As an illustration for the
magnitude and range of intparticular forceswith regards to bulk properties
such as particle size and separadistancethere are sevalidealizedmodels
(representinginteractions between plaf#ate, sphereplate, spherespherg
existing in literaturg144, 200. The models relevant for the scope of this thesis
and the LSprocess are thdealized models faphereplateand particleparticle
interactions and are going to be described in more deithiln this sectionA
comparison of the different intgrarticular forces in dependence of the particle
diameterfor the particlewall adhesn is shown inFigure21. The hatchedrea
indicates the range in particle sizes for LS polymer powder betweerl@0
pum with a percentage of pariés below 10 pm being less than 3%. The capillary
forces consisting of liquid moisture bridges represent the dominating force in a
humid environment. For dried materials the van der Waals forces dominate the
bulk behaviour for particles smaller than 90 .4por particles exceeding this
mark the electrostatic forces surpass the van der Waals intera¢imnthe
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sphereplate relationship the weight forces have a negligibly low influence. In

theory and nder ideal conditions every smoaphere with a diameat&éelow 1

mm would have to sticlon aflat andideally smoothwall. All adhesiveforces

have in common that they linearly decrease with decreasing particlgl4ize

201, 207.
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Figure 21: Magnitude of the adhesionforcesdepending on particle diameter, adapted

from [32, 144, 188, 207]

For a powder bulk and the interactions between its partitias directly

influence is performance i.e. flowability and packiregmodel referring to the

spheresphererelation is of higher relevand03 204]. A comparison of the

adhesivdorcesin the sphexspheremodelbetweesn two particles in separation

distance Hs given inFigure22. It shows that that besides the nature of the force

the distancdetween the interaction particles is decisive for its strefligi@ .
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Figure 22 Comparison of the adhesive forces in dependence of particle distance H
presented by the spheresphere model, adapted from[180]

The van der Waals forces again are the dominating force for small particle
distances H decreasing rapidly with increasing separation distance and reach a
negligibly low magnitude at around 18én. In contrast, the electrostatic forces

are effectie up to distancesroundlmm, though their amount iapproximately

2 magnitudes lower than for van der Waals forces. Electrostatic forces do have
a positive influence on compaction processes but are not of major importance at
very close particle contacts #hey are dominated by van der Waals forces. In
moist powderscapillary forces due to liquid bridges are the dominating forces.
For dry bulk materialghe gravitational force surpasses the impact of Coulomb
forces at distances at around 10 [#80, 205.

Not only the separation distance but also the size of the interacting particles does
impact the predominant forces. At constant separation distances it becomes
obvious that the van der Waals forces are the dominating forces in bulk systems

as shown irFigure23.
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Figure 23: Inter -particular forces in dependence of particle radiusat constant separation
distance adapted from[18(]

Theinfluenceof the gravitational forceehavegroportional tathe increase in
particle radius and according to ttieeoretical spherspheremodel begins to
dominate the adhea forces initially aparticle size of approximately 4 mm.
Previous studies, though, have shown that this effect could occur at much smaller
particle sizeswhich is due to the idealized apptbaof the model not taking into
account the particl@surface roughnes®ther studies, investigating the packing

of coarse particles, have been primarily concerned with particle packing
dominated by the gravitational force, which under certain packinditons, is
mainly controlled by the particle size and shgp#& 206. Moreover, wth
increasing surface roughnessturnincreasing particle distance, tsieengh of

the adhesive forcegespeciallythe van der Waals forceselative to the
gravitational forces decreasasd packing increas¢$74]. Within engineering
applicationsthe capillary and the van der Waals forces have been identified as
the most importani207]. These two forces of cohesive nature cause restricted
movement of particles and thus often lead to formation of agglomerates, in turn
affecting the packing of bulk powders remarkgdlg2 208. How to take these

forces into account and especially how to control them during processing of
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powders is one of the biggest challenges within powder technpl@gy 209,
21Q.

Effect of Flow Additives

The relationship between adhesive fordbe bonding surface area and the
separation distanchas beentaken advantage of withithe pharmaceutical
industry [147]. Thereby, the inteparticular forceshave beemreduced by the
addition of nanescale particlesFormer studies attributed their positive effect
onpowder f I owa-bearingetf yf etcd 6a wimhb alhl mi ght
powders that tend to mechanigainterlocking[144, 211]. Today it is known

that flow regulatordunction as a artificial surface roughness and lead to a
reduction of the adhesive forces by increasing the separation distance and
reducingthe contact areas the forces would be able to be effedthare is
limited data existing on the field of research regarding flow regulators and
therefore their application is manly based on empiridis#s, 211, 212. Figure

24 gives a qualitative repsentationof the effect of flow regulators for two
different particle pairs. The Flow Energy in mdieasured with a powder
Rheometerthereby equals the force and torque absorbed by a blade moving
through a defined volume of powder over a certain distartoe.Flow Energy
behaves inversely proportional to the iaparticular adhesive forces indicating
enhanced flovat low flow energy[213.

e

_——"

m D Flow Additive, %

Figure 24: Flow Energy vs. Additive & Morphology, adapted from[187)

Flow Energy, mJ
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From A to C the degree in surface covering with a flow agent is increased for
rather spherical shaped and smooth particles. As described before, for these types
of particles the van der Waals are ttheminating adhesive force and their
adhesive powder is decreased with an increasing amount of flow additives due
to the increased separation distance of the particles. As shdwguie?22, the
magnitude of the adhesive forces decreases rapidly with increasing separation
distance as to be seen from A t¢IB5 180, 214. At C it reaches an optimum
astheinteparti cul ar forces canét be effect
a further addition of flow additivéhey lose their spacing effect armkgin to
interact underneath each othirning around their operating principle. Besides

the fact thaflow agents oglidants tend to have poor flow themselves tay

can be difficult to readily disperse onto host pé&tisurfaces uniformly as
indicated by sample D180, 215 216. By comparison, the particles marked by

the characters E B represent rather rough surfaces and jagged particle shapes.
As surface roughness represents a fAnat
van der Waals forcesan be reduced for particles that are smaller or similar in
size compared to the asperitidr particles larger than their asperities the
particle sizeand its corresponding intg@articular adhesive forces as wellths
mechanical interlocking also play an important {@&7-220. In the last case

the particles illustrated by the characters E tre not influenced by the flow
additive as either their adhesive character or the friction between the particles
are still dominating their flow regime to rapidly drop from F to G reaching their

optimum amount allowing the particles to sligast each oén more easily.

Summary i Powder Characteristicsaffecting Bulk Behaviour

Identifying the flow properties of particulate materials constitutes a complex and
difficult area of research due to the amount of parameters forming the bulks
behaviou{179, 221]. In order to give an overview of the particle characteristics
and material properties influencing powder fldvigure25 concludes the most

important interactions.
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Particle characteristics and
material properties influencing
powder flow

Moist granular
(cohesive flow)

(free flowing)
Fine powder
(cohesive flow)

Dry granular

Restitution properties:

*  Elasticity (storage modulus)

+ Danping (loss modulus)

OO

+  Plasticity (yield)
Particle characteristics:

+  Particle size

*  Polydispersity, size distrbution

*  Shape

*  Roughness

Interaction coefficients:

*  Hamaker constant (van der Walls)
+  Dielectric permittivity (electrostatic)

+  Friction . ()

Liquid properties:
¢ Viscosity (fluid)

*  Surface tension (3-phase, w/ fluid)

»  Lubrication (friction reduction)

Figure 25: Overview of particle characteristics and material properties affecting the
various types of bulk flowbehaviour (the darker connection points indicate significant
relationships), from [186]

The modelghat have beemtroduced in therevioussections are helpfudbr
building correlations and are used to predict flow behaviouetample for
scaleup in industrial applications. However, due to the fact that every material
might behave differently from what the models predict or what former data on
similar material indicateghe effects of particle size, size distribution and the
consolidatio on bulk flow are not evident from single particle characterization.
In reality it requires statisticalnalysison ensemble particle packing to create
useful linkages between micrssale characteristics and bulk behavi@a?.

2.4 Major Findings and Knowledge Gap

Compared to the world of conventional polymer processing, the existing
database for LS, mainly based on PA12, only touches the surface in terms of
materials available as well as the knowledgeualihe key process/material

interactions, consequently the process requirements that have to be fuffilled.
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order to contribute to a deeper understanding of new polymers for LS as well as
a substantial L$latabase, alternative polymers have tan&y®dto the same
extentin order togather an equal understanding. Furthermore there is still
demand in finding the righprocessadaptedmethods toanalysethe process
behaviour of polymers used in Lis orderto reveal the important interactions

as describd in sectiorll.1 In the following sections the major gaps identified

within the literature review are going to be addressed

2.4.1 Pre-Processi Powder Interactions

As discussed in secti¢hl.3 the importance and the magnitude of propeuies

the bulk material as well as the dynamic flow of powders processed in LS has
only been observed in previous stuglilm a small extent However, no
investigations thatveredirectly correlating and quantifying the bulk properties
and its effects on part quality have been carried out.

The main fields of research identified here are:

1 identifying suitable analysis for theuantification of the powder
characteristics as well as their static and dynamic flow properties in order to
reveal important interactiorsetween process and powder

| experiments looking into correlating the obtained laboratory scale
guantitative data witprocessing behaviour and quality of the resulting parts for

validation of the magnitude of powder properties

2.4.2 In-Processi In-situ heating rates and effects on polymer

during exposure
In addition to the deposition of powder, the temperature control asasétie
actual melting of the material during the buglck vital for the quality and the
property profile of the manufactured paff&, 56, 223. The idealized process
leads to the model of quaisibthermal laser sintering in which melt and powder
both exist alongsideach othef224]. When taking a closer look at the thermal
processes in LS, material properties such as glass transition, crystallization and
melting rank among the most importamtes[32, 225. In order to detect these
material properties cumé researchers apply DSC analysis at a heating rate of
10 K/min. Conventionally applied heating rates in other fields of research often
range between 1 K/min and 20 K/nj22€. However, in the study at hand the
59



actual insitu heating ratesluring LS were found to go up to 7,200 K/min
depending on the material as well as the processing parameters and therefore
differ significantly from the capabilities of conventional DSC r{@27, 22§.

Thus, the data from the DSC at lower heating rates aredinettly nor
quantitatively transferable to the dynamics in LS as the melting end r
crystallization characteristics can change significantly at different heating rates
and maximum temperature applied during the anag&229 230 .

The use of TPEs in LS implies different and new interactions and reaction
mechanisms that demand for specific analysis. TPEs for example have a broader
melting peak at lower overall crystailiyand the idealized scenario of the quasi
isothermal LS is not given for this type of polymer not holding the often
described e g u i r e méenmo-phase mixetl Toee {iFsgere26) of typical
semtcrystalline LS polymers such as PA12.

PAL2 two-phase //TM TPU 7 no two-phase
'.'z mix-zone / "2 /miX—Zone
Heating % / TM
41, Heating
: Ziz i
2 2
|59 &3
5 +AT = -AT
15} 5]
: 2 Y %
v 1.0 /J
2 Cooling \/‘// g Cooling Ty Toc
<3| % = /
T A %
Temperature T Temperature T
a) P b) i

Figure 26: Schematic comparison of DSC run and the delta between onset of melting and
onset of crystallization of a) PA12 and b)TPU, adapted fron{32]

As a consequence, the effects of changing build chamber temperatures on the
overall energy input and part properties need to be detected and described
specifically for this type of polymer. As degmed in section2.1.4 for this
purpose the Energy Melt Ratio (EMRas already been applied on three
different TPEs by Vasqud43]. However, only the effects of different energy
densitiesapplied during laser exposune part properties were investigdbut
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no evidence has been presented whether the approach is valid for varying build
temperatures.

The main fields of research identified here are:

1 Determining the irsitu temperatures and quantification of the
corresponding thermodynamic phenomenon eaafgc the isothermal
crystallization of the TPU compared to PA12 in a process adapted manner

1 Experiments to assess the effects of varying processing conditions
especially the build chamber temperatures on the part quality in terms of tensile
properties andrystallinity

2.4.3 PostProcessi Ageing of LS Polymers

As introduced in sectiod.2, the PostProcess observations in this thesis are

considering the ageing behaviour of the observed TPEs. Simildretn-

Process, the current state of research is mainly based on PA12 powders.

Previous studies were useful in order to indicate the tendency of TPESs to ageing

in the LS process but the numbers of

sufficient in order to remsent an actual manufacturing environment that is

striving for a high material efficiency and the accompanying reusability. In

addition, it suffers from excluding the analysis of possible cherargahysical

changes of the polym&observed. In consequexadhere is an important gap in

knowledge when it coss to the ageing of TPEs in LS.

The main fields of research identified here are:

1 Investigationof the thermal stability, the potential chemical or physical

changesand the powder life of TPEs as well e qualification of

suitable analysis.
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3 ResearchAim and Novelty

3.1 Aim of the Research

To evaluate the specific processing characteristics of thermoplastic elastomers
(TPESs), a group of polymers novel in their use in powder bed fusion, throughout

the lasesintering processing chain.

3.2 Objectives

The research objectives this thesisare going to be presented following the
logic of the LS processing chain as introduced in sedtidand are representing
the essence from the understanding of the literature review (ctZptEnis
holistic approach was appli@iiming todeterminghe important interactions on
the powder scale, materpfocess scale (isitu LS) and the effects on the parts

as well as the materiguality after being processed.

3.2.1 Pre-Process

1 To undertand the effects of varying powder qualit@stheir static and
dynamic bulk properties.

1 To characterise the effects of powder properties on process and parts by
interconnecting the bulk and flolehaviourwith the part qualityin
terms of tensile propees,in-situ powder packinghermal conductivity

and part density.

3.2.2 In-Process

1 To investigatethe temperaturegin-situ LS) and the corresponding
heating/cooling ratesin order to understandand quantify the
thermodynamigphenomenon especially the isothermal, taependent
crystallizationin a process adapted manr@onsequentlydisclosing the
different crystallization behaviour betwe#mermoplastic polyurethane
andpolyamide 12.

1 To reveal the important process parametduring the processing of
TPEs in LS in order to describe the matepaicess interactions and to
evaluate a methaallowing for prediction of part properties.
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3.2.3 PostProcess

1 To investigate the thermal stability of the TREghe insitu processing
conditions.

1 To characteris thephysical and chemicalgeing ofTPEsin LS in order
to gain a deeper insight into the polyrageingbehaviourand the use of

suitable analysis methods following that aim.

3.3 Methodology and Contribution to Existing

Knowledge

As described throughout chapt@r there is very little literature available
describing powder behavioof LS materialsand how it affects the proceas
well as thepart® q u hn lthis stydy thenagnitude of powder properties on
processability as well as the resulting part quadityzvestigateds represented
in Figure27. This will help tocontribute to the knowledge @aquirements and
design onewLS powders

Materials

PRE-Process
TPU  Duraform Flex (DF)
T

In-situ Packing
0
Y
Fractioned into three u E S; . -
different particle size - £ Tensile properties and
distributions E _ % part density
F0, F25, F45 > % £
TPU DF  PA200 "~
Fractions Fractions (Benchmark) Thermal conductivity

!

Comparison on bulk scale

Particle size Characterisation
andShape  ofstaicand  TTTTTTTTTTTTRTressesses
dynamic flow

properties

Figure 27: Overview of Pre-Process Objectives
Although there is significant understanding of the processing specifics and

requirements for PA12 in LS, there is very little awareness of other polymer

types, which not only hold totally different powder characteristics but also
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various intrinsic propemis such as melting and crystallization. By determining
the insitu heating and cooling rates as well as melting temperatures, the
calorimetric differences between TPEs and a typical ®eystalline PA12 are

investigated for the first time by high speedrthal analysis.

Based on this increased understanding of the material behaviour a DOE
employing anoverall energy approachas derivedas indicated irFigure 28.

The effects of temperature control on resulting part properties were investigated
in order to reveal the most influential process parameters and allow for

prediction of part properties

- PA12
Materials l
Desmosint TPU DuraformFlex(DF) TPU SLS 4
Investigation on
l crystallization
IN-Process L
Th h
Polymer-Process DOE on basis of the EMR-approach in dependence of :Jm:i::ﬁ y
Interactions process and material parameters temperatures
and heating rates
v T
LS Process Fast_scanning
calorimetry and
v DSC
. . ¥
Investigation of part properties In-sita
L 1 crystallization
Tensile Properties Part-Crystallinity k'mitlcs
v v Process
Approach to describe part properties in dependence understanding/
of important material-process interactions/ Influence of
process parameters crystallization

Figure 28: Overview of In-Process Objectives

Previous studies oageingof TPEs within LSdid not investigate the physical or
chemical degradation effects. In thisesis these effects are examined by
repeatedly processing the materials without refreshing them with virgin powder
The changes in part and powder properties as well as the changes of the material
on a macromolecular scale served to validate and characterise the ageing
behaviour. A schematic overview of the RBsbcess execution is given in

Figure29.
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Materials

TPUSLS 4 Duraform Flex (DF)

POST-Process v v
Validation of Process Repeated processing of the powders
Observations/Ageing ina LS build

v

Powder Samples/Specimen taken for
each ageing state

¥

Investigation of the physical and
chemical ageing behaviour

v v v
Tensile Melt
Testing/ || Viscosity/ Powder
Part Molecular || Properties
density Weight

Y

Ageing of TPEs during LS/ Approach to
investigate ageing of LS polymers

Figure 29: Overview of PostProcess Objectives

Consequently, thecomprehensive analysis d®re-Process conditions, In-
Process parameters and?ostProcess effects to understand the material
requirements for successful laser sintering of new -b&fed LS polymers
presents the novel contribution to existing knowledge. In addition, b
investigatinga newgroupof polymesfor the ug in LSapplyingprocess adapted
analysis, this researdontributes by furthering the knowledgen accessibility

of alternative materialand feed intdhe existing_S database
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4 Experimental Methods and Analysis

In accordance with the overall thesis structure, this chapter introduces the
experimental methods and the analysis applied throughoutitia¢ as well as

theprinciple inwestigations of the PhD studies.

Thermoplastic Polyurethane
TPUSLS 4
Desmosint TPU

Thermoplastic Elastomer
- Durafrom@ Flex

Materials

Semi-crystalline Polyamide 12
-PA2200

—  Particle Shape and Size  ———¢ Camsizer XT (camera based)

- Hausner Ratio (HR)
Bulk Properties > Revolution Powder Analyzer (RPA)
(static/dynamic) - Powder Rheometer FT-4

- Volumetrically Density

— Moisture Content —& HR83 Moisture Analyser

— Optical Evaluation —& Scanning Electron Microscopy
- Thermography
> Dif'ferentiaI_Scanning Colorimetry
- Fast Scanning Calorimetry
Laser Flash Analysis

Thermal Analysis

‘ . - Tensile Testing
——  MechanicalTesting ~ ———&_ o "5

Analysis and Test Methods

. . - Nano Computer Tomography
——  Microstructural Analysis ———@ X-ray Diffraction

- Melt Viscosity (MVR)

: - High Temperature Gel Permeation
—— Macromolecular Analysis ——& Chromatography (HT-GPC)

- Extraction Method

Figure 30: Experimental Methods used in this study

Figure 30 provides an overview of the materials and experimental methods
applied in this study. The analysis mads used helped to characterise the
materials prior and after processing and helped&racterise and validate the

different experiments in terms of material properties and processing parameters.
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4.1 Materials

The materials investigated in this study are introduced throughout this section

and an overview is given ifiable4.

Tr ade Di stri Pol ymgme l nvestiga
t hroughou
TPU SL no-n TPU (therrPr,e-l nPost

commer pol yurethéeProcess O
DurafFo 3D Sys TP-E cdpolyester Pr-e-l nPost

FI ex compoundd no Process O
of ficial [
avail abl e

Desmos Lehman TPU (therrli#rocess
Voss & pol yuretheObjective
PA2200 EOS Pol yami de Pr,e-Rrmoces
Objective

Table 4: Materials investigated in this study

As previously introduced, tHecus of the PhD project was on the investigation
of thermoplastic elastomers combining the processing properties of a typical
thermoplastic polymer with a rubbkke material. A detailed description of
TPEbased polymers was giventimsections2.2.51 2.2.8 The fact that TPEs

are plastically deformable makes them particularly interesting for the use in LS
while offering supplementary part property profiles to RA1

TheTPU SLS 4(Freudenberg Forschungsdienste SE & KI®) is an aliphatic,
esterbased (building the soft segment) block copolymer (polyurethane building
the hard segment) without ether linkagAs it was developed in the scope of
this project it is nocommercially available. However, to this state it offered a
new type of TPE for LS and an interesting benchmark towards the commercial
DuraFornf Flex (hereinafter referred to &F) as it also allows for production

of flexible, rubbery parts by the Lfrocess and has very similar mechanical
properties at ambient temperatuf@k is distributed by 3D Systems and was the
first commercially available TPE for the use in 0®e IR-analysis carried out

in this study suggests that the DF also is a block goped based on aromatic
ester blocks (building the hard segment) and aliphatic ether blocks (building the
soft segment)Desmosint (Lehmann&Voss&Co) is a TPU type elastomer and

first came to the market as a commercial LS powder in 2012. Regarding its
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chemia@l basis it is known that it is an esteased TPU and therefore constitutes

a chemical equivalent to the TPU SLE281]].

PA 2200(hereinafter referred to as PA 12) served as benchmark LS material in
terms of powder performance as it is known for stable processing anthidpea
properties of the manufactured components in terms of mechanical capability
and surface roughneps 28]. For the purpose of finding reliable shape indices

in the scope ofn initial experiment in sectiof.2.2 additional materials are
introduced providing a range of different powder shape characteristics. As they
are only relevant for the initial experiment they are not being introduced here.
Within the initialIn-Process investigations sectiord.3.2 the PA 12served as
reference material aswas of major interest to disclose the diffeces in the
crystallization kinetics as well as the-pnocess thermal dynamics of a
thermoplastic elastomer compared to a typical sgystalline polymerThe
comparison of the TPU SLS 4 and the DF made patrticularly setise course

of thePostProcess observatiorass theydiffer from a chemical perspectivAs
theTPU SLS 4is an estetbasedolymerand the DF as agtherbased TPE they

are expected to show different degradation behaviour being exposed to repeated
processing cycles within LS.

4.2 Pre-Processi Investigation of the Bulk and Flow

Behaviour

4.2.1 Introduction

As described in sectioB.1.3 the properties of parts manufactured in b8 a
amongst others dependent on the flow and packing efficiencies of the processed
powdersAt first, sectiord.2.2introduces an initial experimetd assess reliable
shape indices for the subsequent correlations of shape and its effects on the
powder behaviourSubsequentlyin accordance with thenain objectives
(section 3.2.1), the experimental methods and analysis applied in order to
investigate the influence of the bulk and flow characteristid@®af SLS 4 and

DF on the resulting part propertiese introducedAll powders thereby were
usedin their virgin state. In addition, throughout the Pr@cess investigations,

the TPU SLS 4 and the DF powder samples were modified in terms of particle

size distribution beforanalysisin order to detect the effects of different size
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distribution on the packing and flow characteristics. Therefore the original
batches were divided into three different particle size fractions (FO, F25 and F45)
by applying an air classification process. The fraction FO therefore refers to the
standard disibution out of the manufacturing process; F25 and F45,
respectively, indicate that most of the fine particles below 25 um and&re

sifted out.In order to allow for comparison on powder scale, the materials are
going to be compared to the standardpo®/der PA12.

4.2.2 Initial experiments to assessPowder Quantification

Indices

As introduced throughout secti@?3.2there are several factors that influence
the static and dynampowder behaviousuch as packing and flowabilitfhe
nature ofeach powdeis different and even the manufacturing processach
polymer powder can affect its intparticleinteractiong39]. In order to allow

for quantification of the effects of particle shape on bulk behaviour for fine
powders it is essential to apply accurate and reliable analygsegsatial to

find an appropriate analysis method to quantify the characteristics of fine
powders. Vithin static image analysisor examplethe particles are applied on

an object slide and are captured by a camera as shdwguire31a. The picture
generated thereby only shows the particle in adweensional representation.

A second disadvantage of this approach is that it can only explore several
hundred particles that are of very low statistical relev§p8g 233.

a) b)
ATar .
canera Particle flow
) \ ~ particles
| | ) -~y
AR ‘G Z camera
PO A 2 ‘/./l‘ o )
: ) EL'I . -
 particles l - P
l 7___:_;/ r ®
- < e -

1

microscope slide

Figure 31: Comparison between a) static image analysis according to ISO 13322nd b)
dynamic image analysis acc. to ISO 13322, adapted from[234]
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In contrast to the twdimensional imge based systems, the dynamic image
analysis devices specified ligure31 b, captures the particles during free fall
which enables it to provide a rdedimensional representation of the
investigated powder at a reduced number of overlapping particles. The
disadvantage compared to the static method is that this is only possible with a
moderate depth of sharpness. However, resulting from the movingepowd
stream, it is able to capture millions of particles with a maximum error below
1% according to ISO 14488:2007 and therefore gives a representative and
statistically relevant result for the observed samip82, 235 23¢. The aim of

this preliminary study on quantification indices is to find the most precise shape

parameter othe dynamic image analysis applied.

Materials

For the purpose of finding reliable shape indizethis initial experimentsix
materials significantlyiffering in terms of particle shape were compared. The
materials observed are listedTable5 in the order from rather jagged edged

shape (DuraForftFlex) to most spherical particles (iCoPP).
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Tr ade Di stri butTypepoolfy Powder
Manuf act L Manufactu
process
DurafFo3D SystenTPE Cryogenic

FI ex (no offi(no offic

i nformatinfor mat i

avail ablavail abl e
TPU SLFreudenbeTPU Cryogeni c
Forschunc
SE & Co.
Ril san Ar ke ma PA11 Mi Il ling (
Bl ack i nformat.i
avail abl e
PA2200 EOS GmbH PA12 Precipita
Orgaso Ar ke ma PA12 Probably
precipita
of ficial
avail abl e
i CoPP Trial CorPP Probably
precipita
of ficial
avail abl e

Table 5: Materials used for shape indices comparison

These materials have been chosen on the basis of SEM/incident light microscope
pictures that were taken for preliminary optical evaluation prior to analysis of
their particle shapes. From this rather subjective approach it was possible to
identify powder particles that already differ significantly in terms of their shape
derived from the SEM pictures in order to relate it to the results from the dynamic

image analysis.

Particle ShapeAnalysis
In order to identify the shape characteristics of the powder particles a Camsizer

XT (Retsch Technology GmbH, Haan, Germany) was employed according to
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the Machinery Directive 2006/42/E[232, 237]. It applies a high resolution
camera system that consists of two digital cameras, one to detect the size and
shape characteristics of fine particles, while the second camera is optimized for
the analysis of large pales.

For the analysis of fine bulk powders, especially for those with a broad particle
size distribution, it is very important to ensure representative sampling.
Therefore, each powder sample is taken with a sample splitter according to DIN
51701 befordat was analysed in the Camsizer X23§. The software of the
Camsizer is able to evaluate a range of different shape characteristics that are
briefly introduced inTable6 below.
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a particle projection

Symmetry(Symm): 3UI I
0 . .0
- p | Eg
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centre of area S to
the borders

Convexity(Conv): 5

- I' 0€cU

Ratio of the real are:

of the particle

projection and its

convex area.

Table 6: Shape Indices imagebased Particle Analysis (Camsizer XT]232

Following below in the results section, the most precise and reliable shape factor

was aimed to be identified by comparitig different available characteristics
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over a range of varying powder particles that are clearly distinguishable already
from an optical evaluation on basis of the SEM pictures.

4.2.3 LS System and Production of Test Samples

A DTM SinterStatiofi 2500 plus(3D Systems, Rock Hill, USA)s well as the
parameter setughownin Table7 was employed for the fabrication of specimens
for mechanical testing and tlevaluation of shore hardness and part density
according to ASTM F2921(2011]]. The parameters were qualified within the

scope of a preliminary study described in appe’dix2.

Parameter descrifParamet e

TPU DF
Left and right fe55AC 55AC
Part heater set fl125AC 160AC
Powder | ayer thicO.1 mm 0.1 mm
Left and right fe0O. 38 mm 0.38 mm
Fill |l aser power 18.75 W 18.75 W
Fill scan count 1 1
OQutline | aser povs W 5 W
Outline scan courl 1
Slicer fill scan 0.15 mm O0.15 mm
Scan speed 5 m/sec 5 m/sec

Table 7: LS parameters used for the production of the TPU and DF test specimens

In order tocounteract the influences due to storage, as well as agglomerates and
inhomogeneity of the samples, all the powders were sieved (mesh sigen200
before being processed. Five type S2 tensile test specimens were fabricated
according to DIN 53504:20090 (2009)[239 and hternational Standard ISO
37:2011[24Q in XY Z-direction according to ASTM F29211e3 (2011]1] in
orderto assure a flat build not demanding for a high amount of powder. Five
cylindrically shaped specimeris later also referred to as shore cylindérs
(diameter 35 mm and thickness 6 mm) were used for the evaluation of the shore
hardness according to DIN 156191 (2012)[241]. The ensile specimens were
alsoused to detect their surfageality measuring three points along the long
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si desd oereeathof¢he $amples top and bottom surface. The mean
values have beenalculated for the representation of the results. Finally, a
centrallypositioned cube with an edge length of 4 cm was manufacturéuefor

determination of the part density.

4.2.4 Conditioning and Sampling

For the conditioning of LS powders no quantitative data exists within literature
and there are no standardized scenarios within industry describing their
conditioning. Thegfore, within a previous study conducted Byeudenberg
Forschungsdinste SE & Co. KGHFD) in the scope of this projecthe TPE
based powdersodo flowability was invest:i
Thereby, the powders especially the TPU SLS 4 showed a tendency towards
electrostatic charges due to tribltectrial effects in a dried condition. It was
found that at their equilibrium moisture (between-0.8 %) they showed the

best performancf242. On account of this and in order to achieve similar and
homogenous exposure towards environmental humidity, the powders were
conditioned prior to the investigations for approximately1I5hours in a stable
environment of the standard atmospheres forditmming and testing of
polymers as described by DIN EN ISO2243 and ISO 23529244]. Before
analysinghem, eery pavder sample that was taken out of the powder reservoirs
was selected using a powder sample splitter to ensure that the powder samples

were representative of the entire powder bulk in terms of [238).

4.2.5 Moisture Content

For the det er mi n aistureoconteoffC),ta MR83 kiastuer i al s
Analyser Mettler-Toledo AG Laboratory& Weighting Technologies,
Greifensee, Switzerlandyas employed. The operating principle is based on

drying of a powder sample using a thermocoupid measuring the released
moistue of a materiaht a resolution 00.001% MCby monitoring the change

in weight with a precisiobalance with aesolutionof 0.1 mg[24Y5.
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4.2.6 Optical Evaluation

A scanning electron iroscopgSEM), FEI Quanta 200 (FEI Company, USA),
was used for the initial optical characterization @f plarticleshapes and surface
morphology.

4.2.7 Particle Size and Shape

For the identification of the phisl charactestics of the powder particles
dynamic image analysisCamsizer X7, was employedaccording to the
Machinery Directive 2006/42/E237). The particle sizevithin this study is
presenteds xmin [LM] that equalshe shortest maximum chord af a particle
projection measurelr om al | directions in space
particlepr oj ecti ono) . Th e fragiiry disgibufomg3>x ent e d
[%/um] based on volume. The diataes Dio, Dso, Dgo correspond to the particle

sizes equal olower than10%, 50% an®0% of the PSD, respectiveljs a

result of a preliminary investigatiorshown in appendixA.1.1, the particle
sphericity(SPHT)wasused as measure ofhe particle shapas it represented

the most reliable and sensitive shape va@RHTIs defined as the ratio between

the diameteof a sphere with the same volumetlas measured particle and the

diameter of the circumscribed sphgtéy.

4.2.8 Bulk and Flow Behaviour i Static and Dynanic Powder

Behaviour
For the calculation of the packing density as well as the flow efficiency under
dynamic conditions, three experimental methods were apphkedorief
indication on the working principles is given figure 32. The Hausner ratio
(HR) test was performecceording to ASTMD7481 (200944 with manual
tappang of a powder sample as describedLiny et al.[247 andSchmidet al.
[248. The ratio between the poured and tapped bulk densities, called HR,
therebyclassifiesthe powders flowabilitys described i&g. 20.
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poureddensity of powder sample

tapped density of powder sample
W poured volume of powder sample
@ tapped volume of powder sample

As the HR ishighly dependent on the user due to the manual tapping of the
powdersampleg 249, threerepetitionswere completed fothis technique in
order toincrease its statistical outconihe Flowability Tesbf the Revolution
Powder Analyer (RPA)(Mercury Scientific Inc. Newton, USA )was operated

in accordance with thASTM D7481 standard (2009244 and the manual
provided by MercuryScientific Incorporation (2010])25(. Its operation,
described by Krantet al.[25]] and Amadcet al.[28], is based on the calculation
of the avalanche angle and the surface fractal for a powder sarsjle the
rotating drum with the aid of a digital camefhe avalanche angle thereby
serves as a measure for cohesion and thus givefiectionon the flowability

of the powder analyse@he surface fractal corresponds to the fractal dimension
of the free surface of the powder and provides an indicationwfrbogh the
powder surface iR2§].

HR RPA

= = FT-4

7% o] B Ap \ Rotating “Torque

.5"', ------ TN drurn — —

'.'; ‘fl % N

iy \ -

7] 4 g -] —_

: ‘:‘ ;' r-ﬁ-"’--;: ..,'e “ ] i &
Bulk  Tapped Avalanche Folee =

density  density Angle —

Figure 32 Working principles of the powder analysis methods used in this stugydapted
from [248 251, 252
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The Stability Tet of the FT4 Powder Rheomet¢Freeman TechnologyUK)

was operated in accordance with /&TM D7481 standard (2009246 and

the manual of Freeman Technology (20252 . The BasicFlowability Energy

(BFE) [mJ]is the energy required to eslish a compressive high stress flow
pattern in a conditioned, preciselume of powdeilinside the vessandit is
calcdated during the downwards mawent of theblade through the powder
bulk. It correlates with the cohesive character of a pow@erthe other hand,
theSpeci fic Energy (SE) [mJ/ g] is a meas
the mechanical interbking between the powder particles in an unconfined stress
environment and is calculated during the upwards movement of the blade. The
Conditioned Bulk Density (CBD) [g/ml] corresponds to the density of a precise
volume of powder measured inside the vesdethe FTF4 after the initial
conditioning cycle of the bulkhus gives indication on packing efficiency of a
powder[213 253 254]. Due to the high repeatability of the resuttbtained

from theRPA and F¥4, tworepeatsvere completed with theseethods The
operating principles and the characterization indicekeaxfe three experimental
techniques were described in more detsliterature[249. According torecent
studies the values of the corresponding analysis methodsadaguatelybe
correlated wittbulk or powder properties respectively as shownhahle8[249,

255.

Analysis methods/ Packing Cohesion Flow efficiency
Powder efficiency
characteristics
HR Poured/tapped HR[-] -
density of HR
[9/mi]

RPA - Avalanche Surface

angl e Fractal[-]
Rheometer CBD [g/ml] BFE [mJ] SE [mJ/g]

Table 8: Analysis methods and characterization indices used to identify the powder

properties
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4.2.9 Effects of PSDon In-Situ Packing, Mechanical Properties,

Part Density and Surface Roughness
For the investigatiorof the packing density inside the build platform small
Adensity cub e s ésinterdd ipawder wenecblil&aliredensity
cubes where distributed over the centre of the build chamber, as in this area the
deviation of powder betémperature is found to be the lowest, hence effects of
temperature on different packing were reduédter the completion of the build
job these cubes were opened and the density of the powder was measured.
Thereby, the density was calculated as followisst the density cubes with the
powder inside were weighed in a balance (accuracy of 4 decimal digits) and their
mass was noted. The cube was then cut open in three atadesh parts of the
walls at constant dimension have been replaoamtder todentify theas is wall
thicknessof the cube equalling the axis in the LS process (D: Depth, W: Width,
H: Height, sed-igure33). Thewall thicknessvasdetected in order to allow for
the calculation of the actual volume as it might differ from the information of
the 3D digital model and this would lead to a higher error in the calculation due

to e.g. different shrinkage or curlifgl].

T y-axis

Figure 33: Positioning of density cubes in the LS procesa correlation to Figure 92 (top)
and procedure for cutting the density cubes in order to allow for replacement of inherent
powder and later measurement of actual wallhickness(bottom)

79



After calculating the actual voluméhe empty cubes with the spare parts were
weighedagain in the balance. The difference of the two masses was the mass of
the powderThe same process was followed for each cube of the TPU und DF
fractions.

The mechanical properties were determined by means of tensile testing with a
S2 shoulder bar according to DIN EN ISO 53504 harmonized wit8ISZD05

[239. First small plates are manufactured and the actual specimen is
subsequently punched out using a standardized punchirfg @i 020, Zwick
GmbH & Co. KG, Ulm, Germany) This procedure ensures constant and
reproducible dimensionglinear and width)over all specimens and was
performed in consideration of ISO 23529 (201P44]. The ultimate tensile
strength (UTS), percentage elongation at br@aEAB) and Emodulus were
measured using a tensile testing macizifes (Zwick GmbH & Co. KG Ulm,
Germany) equipped with a 5 kN load cell and an optical extensometer
(lightXtens®, Zwick GmbH & Co. KG, Ulm, Germany) at a testing speed of 200
mm/min. TheShore hardness was measured withiggital shore handess testing
deviceand was calculated according to DIN EN 1SO868 (2023% andDIN

ISO 76191/-2 (2012)[241, 257]. A 3D laser scanning coloured microscope of
the VKIi 9700 SeriegKeyence CorporatigrBelgium)was employed to optically
determinghe surface quality of the specimd@$8. The values for roughness
were determined over three central poiotsthe top and bottom sides of the
longitudinal axis of the sintergohrts. For each side of the specimens the mean
value for R, Ry andR; was calculated from the three measipeints A more
detailed description for these values and the measurement procedure is given by
Westkamper and Volk259 26(. The densities of the digred cubeswvere
calculated volumetcally (ratio of mass to volume). Akis method of density
measurement can lead to a significant measurement error as a result of the rough
surface of the parts and small pores that are hardly taken into account while
weighing the samples, it was decided to also measure the densithievitid of
computer tomographfCT). A computer tomograph GE Nanotom 18®0 kV

/ 15 W nanefocus Xray tube)GE Sensing &8nspection Technologies GmbH,
Huerth, Germany) with a molybdenum targstitable for the detailed

examination of plastic componentsas used[261, 262. CT allows the

80



generation of 2D and/or 3D reconstructions of the internal microstructure of an
object[263. In capturing numerous layers of a specimen and stacking them

together in a thredimensional xray image, it is possible to detect differences

i n the partso6 defR6&4i269yTheaimatde dan bk @suajizegpp or o s

as a grayscale or as a psewotored image, depending on the best contrast that
can be generated for@&aobject. To achieve a high resolution and contrast, it is
necessary to set a proper threshold between the gray levels of air (no attenuation)
and polymer (attenuation due to sample) that leads to a differentiation within the
gray level histogranj265. While analyzing samples out of just one type of
material, as was the case in this study, it is possible to eeaeximum error of
around 0.019%266, 267]. For this analysis, cubes with an edge length ahih®

were used to achieve a CT resttn of around 3um throughoutthe sample
dimension.The evaluation of thescanned datavas accomplished witlthe
Software VG Studio Max 2.volume Graphics GmbHeidelberg, Germany)

4.2.1Effects of PSD onmAbsorption and Thermal Conductivity

As introduced in sectio@.1.4 during LS the thermal conductivigs well as
absorptiorhas a decisive influence during exposure as well as for the distribution
of the inserted enerd®7, 46, 269. The absorption wasnalysedn a previously
conductedstudy, in which he diffusive rélection of the materialsvas detected
employing the integrated sphere method and the absorption was calculated
subsequenthas describedn literature [269-272. However,the results (see
appendixA.5) did not showa clearsystematictrend nor did they indicate a
significant change for the matesabbserved in dependence of PSD. Therefore,
and as in literature contact conductivity is ddsed as the main influencing
factor on the powder beddés effective
section2.1.4), the focuswas consegently set on the ptnomenon of thermal
conduction For the determination athe influence of varying PSDs on the
thermal conductivity of the two powdeasid their corresponding PSDs (TPU
SLS 4/TPU FO, F25, F45)he thermal conductivity was determinedestd and

build chamber temperature using laser flasalysis (LFA) according to DIN

EN 12667:200905 [273. Thereby, the LFA is an indirect analysis method

detecting the thermal diffusivity at the preferred temperature. Inserting the
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specific heat capacity,@s well as the bulk density of a material of interest in
Eq. 21 subsequently allows for calculation of the thermal conductkji74.

N |27z Eq.21
k Thermal Conductivity [W/mK]
| Thermal Diffusivity [m?/s]
" Bulk Density [kg/cm?]
o Specific Heat Capacity [J/kg K]

The bulk densyt used for the calculation hengs the irsitu density determined
from the cubes described in secti2.9in order to apply a process adapted
value. The specific heat capacity was determined @dD§C 204 F1 Phoenix®
(NETZSCHGeratebau GmbHSelb, Germany)A LFA 457 MicroFlasf
(NETZSH-Geratebau GmbH, Selb, Germany) was applied foatiaysis of
thermosphysical propertie§hermal diffusivity) In order to heat the sample, it
wasirradiated frombelowwith short beam pulses afNd:YAG (Energy up to

18 J, Pulse Width: 0.3 msh temperature deltavas detected orthe sample
surfaceand the thermal diffusivity wasthen calculateétfom the chronological
sequence of the temperature increase of a sample with a defined th[j@i#ess
277). The samplevasplaced inasample holder (two aluminium plates, coated
with graphite for increased absorption) without applying external stresses. Each
material, the TPU SLS dndDF and their corresponding fractiongerefired
and measur eslhoitndo aprifmicvel e andwast he

calculated from the mean valoéthe individual measurements.

4.3 In-Processi Investigation of the ProcessMaterial

Interactions

4.3.1 Introduction

Within this section the investigations on the proemsgerials investigation are
described. In thescope of an initial experiment the crystaltina kinetics
between TPU SLS 4 and PA12 were aimed to be studied at pixtased

conditions.It was of major interest to disclose the differences indgbthermal
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crystallization kinetics as well as the-pnocess thermal dynamics of a
thermoplastic kstomer compared to a typical seenystalline polymer, the
PAl12which has been well described in literature.

For the investigation of important process parameters and its effects on the part
qualities an overall energy approach was applied and is goibg introduced

in more detail in the course of this secti®bhe materiad thereby observed were

TPU SLS 4, theDesmosintTPU as well as DFComparing these polymers
makes particular sense, as the two TPUs are equal from a chemical perspective,
while showng a significantly different degree in crystallinity (TPU SLS 4 =
20%; Desmosint = approximately2 %) and different melting characteristics
manifested by a broader melting peak Desmosint (onset of melting
approximately 30K lower compared to TPU S48t acomparable melting peak
temperature at around 150155°C). On the other hand, the DF differs from a
chemical perspective compared to the TPUs, though having a similar
crystallinity as the TPU SLS 4 combined witlpassibleprocessingangethat

is comparable to the one of Desmosint (approximately 30 K). Hence, the
materials provide useful references in ordergather information on the

processing specifics in dependence on material properties.

4.3.2 Initial experiments to assess the k$itu Heating Ratesand

Simulation of In-Situ Crystallization Kinetics
Within section2.1.4 build chambetemperature was found to be one of the most
influential proess parameters in LS not only affecting process stability but also
the quality of the manufactured parts e.g. with regard to degree of crystallinity
or part densityHence, the irsitu temperatures for the polymers observed were
investigated using infrarethermography (IT). IT is an image based method
allowing the contactless measure of surface temperatures. The aim of the
investigations was to detect the temperature distribution over the exposed areas
and the characteristic temperattirae-profile duringmelting of the powder bed
surface during LS. The heating and cooling rates that could be calculated from
these investigations served as input for a fast scanning calorimeter (Flash DSC)
that is capable to adapt to this highksitu thermal dynamics durinfgeating or
cooling respectivelyFast scanning calorimetry (FSC) is an advancement of

conventional differential scanning calorimetry (DSC) and research on
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substances like polymers will benefit from its capability to not only use a
spectrum of scanning ed of around 10times broader (seEBigure 34) but

especially the very high scan rates up to 40,00QX78 279.

0.1 K/min 10 K/min 200 K/min 2 400 000 K/min
| ]

Conventional DSC Flash DSC

Overlap

v ey ML | MERLRALLL | ey
10? 10" 10° 10' 10° 10° 10"

Heating rate in K/s

Figure 34: Range of scan rates of Flash DSC (Mettler Toledo AG, Schwerzenbach,
Switzerland) of more than seven decadd278

As the structte of polymers is dependent on the cooling conditions and
reorganization of crystals at specific heating rates, it is important to be able to
apply the insitu dynamics in order to get feedback on the actual material
behaviour in the process applig¥g. Another advantage of high heating rates

is the suppression or minimization of the previously mentioned reorganization
as not enogh time to reorganize is allowd@78 280-287. In Figure 35 the
conventionally applied heating rate for the detection of the melting enthalpy of
10 K/s is compared with a significantly higher heating rate of 5000 K/s in order
to indicate its effect on the resulting melting enthalpy and the melting peak
formation for the TPU SLS4ue to minimized reorganization in the form of
annealing of small polymer crystals, a broader melting peak can be observed that
also leads to a slighytlhigher enthalpy in this ca§@81, 287. This already
indicates the different material behaviour for higher heating rates as present in
LS [283. In addition, due to the limitation of the cooling rates and the signal
time constant of a conventional DSC, isothermal crystallization can only be

studied for slowly crystallizing materials. For polymer samples which have been
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processed, hence crystallized at very high cooling, reorganization of the

crystalline portion upon heating is a major issue

2,0
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Figure 35: Comparison of heating rates 10 K/s vs. 5000 K/s for TPU SLS¥leasured in
the Flash DSC 1 (Mettler Toledo AG, Schwerzenbach, Switzerland)

Due to the crystal perfection during the comparatively low heating in a
conventional DSC, the melting behaviour subsequently measured is no longer
related to the initial crystatiie structure. On the contrary, in the literature fast
scanning DSC was found to prevent or minimize the effect of reorganization
during the heating measurement subsequently to crystallization as a result of the
high heating rates applicaljl281, 282 284].

Consequently, in employing this process as a characterization method of the
melting and crystallization behaviour, it should help to gather more useful results
for a deeper process understanding and important material behavidhe for

TPEs processed in the LS process.

The aims of thisnitial study were:
- to disclose the differences in the thermodynamic kinetics between TPU
SLS 4 and PA12 at
a. high cooling rates
b. isothermal crystallization subsequently to high heating/coating
order to indicate magnitude of influence of crystallization during
LS
These studies were carried out under adaption-stunLS heating and cooling

rates respectively.
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Thermography

By means of infrared thermography (IT), the temperatures of the pdsyehs

prior to, during and after melting were measured for TPU SLS 4. For that
purpose the material was processed with the optimum parameter set from section
4.2.3(Table7) on a DTM SinterStatidh2500 HS with an implemented high
speed thermal imaging system Infra Tec Image IR 5300 at the University of
DuisburgEssen, Institute of Product Engineeri@&83. In order to guarantee

that the results were transferable to the machine (DTM SinterSt2560 plus)
used for all further trials at BMWO6s F
laserand heater outputs were harmonized in a preparatory step. Thereby, an
additional pyrometer detected the temperature deltas between the two systems
throughout a test job in order to adjust the processing temperatures of the DTM
SinterStatioff 2500 HS for tle later thermography measurements on the level of
the DTM 2500 pl us. For the alignment o
power measuring device (OPHIR F150A, Ophir Optronics Solutions Ltd ) was
applied to measure fill and outline laser power a@ IhTM 2500 plus and
disclose potential differences that would be harmonized subsequently on basis
of the intended parameter set. In final step, the properties of specimens in terms
of shore hardness, tensile properties and scaling factors have been doimpare
order to validate the comparison between thelt&vgystems. All the results for
these harmonization steps between the two systems can be found in appendix
A.l

The camera system implemented in the DTM 2500 HS has an optical resolution
of 320 x 256 Pixels, a maximum temporal resolution of 3000 Hz using quad
frame mode and a wavelength range fromi2s5. 5 e m. The camer a
adjacent to thecanner head with an observation angle of 29°, allowing for the
measurement of the melt temperature during exposure with the lasErgisee

36). Compared to the systems described in the literature so far, the setup applied
within this study allowed for characterization of the temperdtiuane profile

before, during and after exposure at various points of the field of view. It
therefore delivered formation about the heating, the heating rate, the maximum
melt temperature, the cool down and consequently the temperature after the melt

cooled down to ambient conditions.
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Figure 36: Cross section schematic of the experimenitaetup for measuring the surface
temperature in a SinterStatiorf® 2500 HS[285

For this purpose, a telephoto lens with a focal distance of 200 mm and a 500 mm
close up lens was employed, resulting in an optical resolution of 0.147 mm at a
distance of 490 mm, which is the ideal resolutiortiierlaser focus diameter of
0.45 mm. As a result of that setup, the effective field of view was limited to a
size of 11.8 by 9.4 mm. This only allows for measuring temperatures in single
points or a small area of real parts but allows for determinatidheofnelt
temperature during exposure. For the final calibration of the imaging system it

was necessary to determine:

- the emissivity of the polymer observed in dependence of the camera
wavelength in powder state and melted state at the corresponding
procesing temperatures

- transmission of the observation window

- reflected temperature of the heater tray

- ambient temperature of the imaging system

The direct measurements of emissivity were performed at DLR (German
Aerospace Center, Institute of Planetary Research, Berlin, Germany) in detecting
the polymers radiation wavelengths using a F$fectrometer. According to
DLR this setup allows for wavetgth dependent analysis of the emissivity at an
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error below 1% between wavelengths of 1 to 16 um. A more detailed description
of the measuring arrangement, its calibration and capabilities is given in
literature [286:289 and in appendixA.3.4 For the determination of the
maximum temperatures dang the fill and outline scan, cuboids with an edge
length of 8 mm and a height of 1 mm were analysed and the data was taken from
three cross sections, though, excluding the very first layer due to the fact that it
faces different thermal and measuringhditions [285. Five single points
uniformly distributed over the analysed field of view were evaluated for each
layer. The measured data was used to determine the maximum temperature of
the melt during laser exposure as well as the average melt temperature within the
observed area ten secoradter laser exposure. Thereby the effect of the outline
scan was neglected as the energy density used during this step of exposure does
not significantly influence the peak temperature of the generated melt pool. On
the basis of a temperatdtiene-curve t was also possible to calculate the heating

and cooling rates during and following exposure.

Differential Scanning Calorimetry i Fast Scanning and Conventional DSC

As mentioned in sectiof.3.2 FSC can go up to extremely high heating (up to
40,000 K/s) and cooling rates (up to 4,000 K/s). In contrast to conventional DSC
its working principle is based on dynamic powempensation. Thereby, the
heatng of the samples takes place in two separate devices and the temperature
difference established during heating is then compensated by the power control
[279, 29(. The measured difference in heater output consequently equals the
change in the heat flow of the materdl’]. Instead of using an oven as for
conventional DSC, the FSC applies small sensors Kgpee 37) to heat the
samples up using a heay resistor (Flash DSC 1 manufactured by Mettler
Toledo AG,Schwerzenbach, Switzerland). In order to eliminate any interfering
influences on the measurement caused by heat capacity or thermal conduction
of the sample crucible itself, the samples arectlyeapplied on the sensor and
therefore thehermal lagduring melting is limited to the actual sample being

analysed
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Figure 37: Flash DSC 1 sensor a) and schematic cross section not at scale b) (Mettler
Toledo AG, Schwerzenbach, Switzerland)279, 290

Thereby, the size of the sample has to be selected in such a way that
measurements at higher heating rates are still possible while the sample is still
representative for the bulk material. According to Schawe the optimum sample
mass for many applidans is between 20 and 200 [@80. As the absolute
sample mass in the range odonvemtpnalt o Og
balances, within this study it was estimated on the basis of the thermal properties
such as the melting enthalpy, the glass transition step height, or the heat capacity

to estimate the sample m4291].

Parameter Value

Temperature Range -95 °Ci 420 °C

30 K/min. (0.5K/s) i 2 400 000 K/min
(40 000 K/s)
-6 K/min. (0.1 K/si -240 000 K/min {4

Heating Rates (typically)

Cooling Rates (typically)

000 K/s)
Signal Time Constant 0.001 s
Resolutlon.of Temperature 2 5 mk
Signal
Sampling the of Temperatur 10 kHz
Signal
Sample Size 10ngi1 ¢€g

Table 9: Specifications of Flash DSC 1 (Mettler Toledo AG, Schwerzenbach, Switzerland)
[279 290
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In order toguarantee a good thermal contact between the sample and the sensor,
the sample needs to be fused on the sensor before the actual experiments. In this
case, the original state (e.g-used particles with thermal history) of the sample

is lost. Alternativey, the sensor can be covered by a thin layer of a contact
medium (e.g., silicon oil). This allows for a reproducible contact between the
sample and the send@80, 291]. However, in following the prenelting of the
sample ontohte removable sensor Mathett al. [279 showed that even under
various conditions an excellent repeatability of measurements on cooting an
heating of a polypropylene sample was achievable.

The samples used for the measurements were also fused onto the sensor (melting
with 100 K/s up to 180°C; cooling to 25°C with 100 K/s) for a reproducible
contact and weighed between-28D ng.In order b simulate the time dependent
quastisothermal LS also taking into account thesitu dynamics of the
melting/exposure prior to crystallization, in the next step the crystallization
volume at different isothermal holding temperatures was investigategliSgm

was performed analogous to the experiments on the thermal stability introduced
above. Prior to the isothermal runs, the sensitivity towards increasing cooling
rates was studied for both polymers in the first instance. Therefore, the PA12
and the TPLSLS 4 were heated from room temperature up to 250°C and 220°C
respectively to reach full melting without degrading. In the next segment the
melt was cooled down with varying cooling rates between 0.1 and 1000 K/s and
the resulting crystallinity was detemad semiquantitatively in a subsequent
heating run. The intention was to see whether crystallization may have taken
place during the cool down step from the maximum melting temperature. For
the determination of the time dependent crystallization duringHeSassociated
isothermal FSC runs were performed as showrFigure 38 for PA12 at
Tiso=169°C and TPU SLS 4 atsf=105°C respectively. In order tndicate the
crystallization kinetics of the TPU under process adapted conditions an
additional heating run with a maximum temperature of 290°C, equal to-the in

situ peak temperature, was performed for the TPU SLS.
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Figure 38 Schematic representation of the temperature programme for the analysisf
melting enthalpy as a function of isothermal crystallization time (to) for a) PA12 and b)
TPUSLS 4

In conventional DSC, RietzgB2] has shown that at relatively low temperatures
(01671 168°C) the crystallization for PA12 occurred during cooling of the
sample down tohte isothermal holding temperature, as a consequence the
calculation of the peaks was impossible. At an isothermal temperature of 168°C
and higher, a clear peak for calculation was detected and therefore a temperature
of 169°C was used for the FSC measunaisién this section. For the calculation

of the crystallization volume, the isothermal runs were interrupted after discrete
intervals and the resulting crystallizatiagHc (t)] was analysed in the resulting
heat flows fHm (t)] = [oHc (1)].

The heatingnd cooling rates for the TPU SLS 4 were calculated from the results
of the thermography measureme(sise sectioB.2). The corresponding heating

and cooling rates for the PA12 FSC runs were aligned for the corresponding
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processing parameters in coordination with observations carried out by Wegner
for PA 12[227, 283 292.

The reference measurements for the conventional DSC have been performed
using sample sizes betweer89ng at heating/cooling rates of 20 K/min and
40K/min respectively (gas flow 50 ml/min JN employing a DSC 204 F1
Phoenix® NETZSCHGeratebau GmbHselb, Germany) according to DIN EN

ISO 11357 (2010)22€]. For the analysis of the isothermal crystallization
kinetics, the relative crystallinity X(t) (weight fractioerystallinity) can be
achieved by an integration of the transient normalized heat flow (isothermal

crystallizaton exotherms) over the course of crystallization §i58 293 294].

4.3.3 LS System and FPoduction of test samples

The LS System applied for studigasaDTM SinterStatio® 2500 with a heater
upgradeas presented isectiord.3.2 The lower temperature deviations over the
build platform helpdto reach a precise feedback on the effects of varying build
chamber temperature on part properties. All matenialeinvestgatedfor their
minimum and maximum build temperatures in prelimirsngdieqsee appendix
A.1.2) (lower limit | curling; upper limit] glazing tenperature).This was
performedexperimentdy, as even for the PA12 based polymarsreliable
analysis or model is available to predict these temperailinesanges for each

of the materialgreshown inTable10.

Material TPU SLS 4 Desmosint DF
min. build temp. [°C] 115 90 130
T [°C] 10 30 30

max. build temp. [°C 125 120 160

Table 10: Experimentally determined minimum and maximum build chamber

temperatures

In order togain evidence on the development of the effect of increasing
temperature, the areas with the most homogenous temperature distribution
within the LS system were chosen, in order to be able to relate effactson

the build temperature variation. The build setup contained Type S2 tensile
specimesin accordance to secti@gn2.3 In addition massive tes(35x35x20

mm) were built in order to measure the degree of crystallinity by means of X
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ray diffraction as well as the determination of the Shore A hard{sess
appendixA.8).

Parameter Desmosint TPU SLS4 DF

Laser power (L) 11;16;21; 6,2;10,4; 6,2; 10,4;

[W] 26; 31 14,6;18,8; 14,6; 18,8;
23 23

Build chamber 90; 105; 120 115; 120; 130; 145;

temperature (T) 125 160

[°C]

Table 11: Machine parameters that have been varied within thelesign of experiments
(DOE)

The partsveremanufactured at varying energies (L15) at a constant build

temperature (T) as shown Trablel1landTablel2.

Nr. of experiment Build temperature Laser power
1 T1 L1
2 T1 L2
3 T1 L3
4 T1 L4
5 T1 L5
6 T2 L1
7 T2 L2
8 T2 L3
9 T2 L4
10 T2 L5
11 T3 L1
12 T3 L2
13 T3 L3
14 T3 L4
15 T3 L5

Table 12: DOE for the determination of varying parameter combinationson part
properties
T171 T3] levels of variation for build chamber temperature
L17 L5 ] levels of variation for laser power

Thereby, it was aimed to validate varyiegergy melt ratigeMR) described in

section2.1.4with build chamber temperature as well as laser power. Hence, in
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a separate experiment the influence of hafmdicingwas validated as the EMR
maybe influenced by changirtbis parameter.

For a holistic description of the results, the EBiEScribed irEq. 10 wasused.

In using this approach, it was aimed to investigate a complete energy based
description of the resultsith variation inmaterial and machine parameters. The
required input variabke for the EMR were either taken from literature or

determined with suitable analysis methadsshown in appendi.8.2.

4.3.4 Mechanical Properties

Themechanical testingy means of tensile testing and shore hassiwas
performed in accordance to sectb.9

4.3.5 Determination of Part Crystallinity

For the determination of the degree of part crystallinity as a result of the different
parameter combinations;pay diffraction was used. The method uses the effect
of coherent scattering in order to detect the crystallinity of sampladasis of

the aising diffraction interferences. More specifically this means that the atoms,
excited by the Xays, emit electromagnetic waves that are dependent on the
nature and size of the crystalline structurera) diffraction thereby measures
the differencebetwe=n emitted radiation and the radiation that arriaethe
detector. The intensity is a measure for crystallinity andglatted in a
diffractogramwith the angle between radiation sourcer@y tube) and the
detector. A more detailed description of the method and validation of results is
given in literaturg295.

4.4 PostProcessi Investigation of the Ageing of TPEs
in LS

4.4.1 Introduction

As described in sectigh2.11it is known that plymers used in LS change their
intrinsic properties due to processing conditions that are close to the crystalline
melting temperature.The aim of the PodProcess experiments was to
characterize thegeingprocesses of the newly developed TPU SLS 4 and
compare it with the commercial elastomeric refereBegaForn? Flex (DF).
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Both thermoplastic elastomers (TPESs) allow the production of flexible, rubbery
parts by the LS process and have very similar mechanical properties at ambient
temperatures. However, the chemical resistance and characteristics differ due to
their chemical bsis as introduced in sectiohl Therefore, it is aimed to
evaluate the tendency of the two polymers to be affected by the thermal loads
within a LS build. In the scope of an initial experiment the stability, hence
potential ageing effects, were studied in a proeelsgpted approach using fast
scanning calorimetry (FSC). From this experiment, the rnmaiestigationsof

this section were derived. Ty, the effects of ageingon the intrinsic
properties, such as molecular weight, as well as the changes in the bulk material
have been examineth order to represent a real manufacturing environment, in
which the materials have to reach maximum efficjeivze materials have been
processed 14 times generating 15 differageingstages of powder without
refreshing with virgin material. The methods applied have aimed to gain a deeper
insight into the polymer aing processes and the use of suitable arglysi

methods following that aim.

4.4.2 Initial Experiment on Thermal Stability

The hermal stability of polymers i®ften observed by thermogravimetric
analysis (TGA) in measuring weight gain or loss as a function of temperature
and time using a highly sensitive microbalafz&(. However, considering the
kinetics of a LS process, it also reaches the limits of its capabilities in terms of
maximum possible heating rates that usually are equal to the commonly applied
heating rates of DSC analysis. In addition the TGA measuresaeattivhich
gaseous reaction products arise. As beginning depolymerisation is primarily
characterized by shortened polymer chains that does not necessarily affect the
overall weight, it cannot be determined by T@EA, 134]. However, mechanical
properties, flowability of thegymer melt as well as its ability to crystallize are
highly dependent on a change in the chain build up, hence thermal stability and
the crystallization behaviour were studied in dependence of-#ituidynamics

of the LS process by fast scanning caieiry[113 114, 28(. It was therefore
aimed to givean indication on thermal stability and potential degradation

phenomenon (e.g. creiaking, depolymerization, oxidation, etc.) during laser
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exposure and to reveal whether thisypdes a reasonable objective for the main
investigations of this thesis.

Fast Scanning Calorimetry (FSC)

For the investigation on the maximum temperature at which the TPU SLS 4
would still remain thermally stable (does not degrade) the temperaturerrogra
shown inTable13 was performed in the FSThe configuration of the system
was the same as introduced in secdd®2 The determined melting enthalpy
thereby served for evaluation of the thermal stability. In order to allow for a
guantitative interpretation of the results the peaaaf the endhermal heat

flows was calculated. This area equals the melting entlgahbyax.iafter heating

t0 Tmax,i
Eigment Program Comment
1 0.1 sat 25°C stabilize
5 heating from 25°C with 1000 K/s to heating to max.
Tmax,1 temperature
dwell time at max.
3 10ms at Tax,1 temperature (Hax, =180
°C)
cooling down to 180°C
4 cool down from Thax,1with 1000 K/s with high cooling rate
to 180°C in order to suppress
crystallization
5 cool down from 180°C with 5 K/s to constant conditions for
25°C all crystallization runs
6 0.1 s at 25°C stabilizing
7 heating from 25°C with 1000 K/s to analysis of the melting
Tmax 2 curve
8 similar to segment 3 but withmkx 2

repetition of segments 4 to 7, althoughudiincreases by 10 K
after completion of previous segment in the range between
180AGx@® 3T40AC

Table 13: FSC Temperature program for detection of the maximum temperature at
which the TPU SLS 4 remains stable
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The ratio betweetthe melting enthalpy after heating ta.ak and the enthalpy
after heating to 180°C qua¥ cabkb-c) characterizes the potential changes in

the sample.

4.4.3 LS System and Production of test samples

As before aSintersatior® 2500 plus with the parameter setup from section
A.1.2 Table22 wasused to generate the different ageing states and produce
tensile test specimens for each of the materials obsekgath, ype S2 tensile

test specimenwere produced in accordance to sectb2.3 Specimes were
produced according to ASTM F2921e3to reduce the amourdf powder
required[1]. For CT analysiscubes with an edge length of 10 mm were
manufacturedAs previously mentionedisthere is neither a specific scenario
described inthe literature as tohow to condition LS powders for optimal
processing, nor is it known how moisture affects the process, the powders for all
builds were processed at equilibrium moisture betwegii 0.4% in order to
ensure comparable starting conditioasd represent actual maacturing
environments A total of 14 builds led to 14 different ageing states of tensile
specimen and 15 different states for powder samples including virgin and aged
powder. For the analysis of the fine powders, it was important to ensure
representativesampling. Therefore, each powder sample was taken

accordance to the representative sampling scenario described in 4edon

4.4.4 Mechanical Prgperties and Part Density

The mechanical testing as well as the detection of part density by means of
computer tomography (CT) was performed in accordance to sécfdhDue

to the amount of data and the measuring expendftureach material a sample
manufactured out of virgin material, one for ageing state seven and one for

ageing state 14 were anadys

4.4.5 Analysis of Ageing Effects orMacromolecular Scale

For the correlation of potential changes in molecular weight with the change in
the viscous flow of the polymer melt, the melt volume rate (MVR) was measured
with a GOTTFERT M4 (GOTTFERT WerkstoffPrifmaschinen GmbH,
Buchen, Germanynelt index tester according to DIN EN ISO 1133. The test
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load applied for both polymers was 2.16 kg with amedt time of 4minutes
TheTPU was tested at 17090 m = 150°C)and DF at 230°¢Tm= 190°C)due

to their different melting temperatureéll powder samples were measured at
equilibrium moisture between 0i20.3%. The moisture content was anadygs

with a HX204 halogen moisture analy{®&tettler-Toledo AG Ch). In order to
detect potential changes of macromolecules, the malemass distributio was
measuredver all 15 ageing states applying high temperature gel permeation
chromatography (HIGPC)[91, 135. The separation column used was a PLXT

20 Rapid GPC (stationary phase was highly chog®d polystyrene with
defined pore sizes) with orthesol used as the solvent for TPUL40°C and
trichlorobenzene for DF at 160°C.

For the investigation of low molecular weight fractions within the polymers,
potentially emerging due to thermal cracking at chain ends, an extraction method
was applied. The samples used were the remainingetspscimen. The polar,
volatile and aprotic solvents applied (tetrahydrofuran (THF) and acetone) served
to leach out the monomers and oligomers of the samplelpadi not dissolve

the high molecular weight chains of the original polymers. Withrtteghod it

was investigated whether the concentration of low molecular weight fractions
increased with ageing of the material over multiple processing cycles. An
analysis balanc@Mettler-Toledo AG,Ch) with an accuracy of 0.1 mg was used.
The sample partwith the corresponding ageing states were dried by heating in
an oven for 30 min at 80°C and subsequently for 30 min at 100°C. In order to
further dry the samples they were sorted in a desiccator on top of hygroscopic
concentratedulphuricacid at roomémperature for 18 hours. Fractions of the
parts were put into glasses that also were dried for 3 hours at 100°C beforehand.
The test samples (n=3 per ageing state and solvent applied) were then fully
covered with the respective solvent and mildly agitdted18 hours. After
allowing loose particles to settle the solvent was decanted carefully and fresh
solvent was applied. Afterwards the samples were stored for an additional two
hours under mild movement. The particles that might have been replaced from
the samples surface were allowed to settle for an hour and the solvent was again

decanted off. After being dried for three hours at 80°C and subsequently for 1
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hour at 100°C the weight of the samples was determined again and the material
percentage weight®os compared to the sampl eso
With Fourier Transform Infrared Spectroscopy (FTIR) it is possible to detect
both chemical and physical changes of polymers, especially the ageing induced,
oxidative degradation reactiofi8l, 296, 297]. The spectrometer employed in

this work was a Nicolet 5700rhermo Electron Corporationyith an ATR
Crystal in reflective mode with a spectral resolution of 0.4-1cragain

investigating all 14 ageing states of the test pieces for both typesyoiguol

4.4.6 Analysis ofageingeffects on Powder Scale

In order to identify the physical characteristics of the powder particles, a
Camsizer XTintroduced in sectiod.2.7was employed. For the quantification

of changing bulk propertigbe FT-4 Powder Rheometgoreviously introduced

in sectiord.2.80f this thesisyas used measuring the Conditioned Bulk Density
(CBD) [g/ml] relative to the singlageingstates As a general remark, it &n
important requirement for the analysis of fine bulk powdeseeially for those

with a broad particle size distribution, to ensure representative sampling.
Therefore, samplewere always taken out of a previously tumbled and well
mixed bulk before being lead through a chufler in order to generate
representatie samples. Frortheliterature it is known that the sampling with a
cute riffler is a practical method leading to the second smallest standard

deviation of approximately 1.10%elowthe state of the art splitting techniques

[299.
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5 Pre-Processi Powder Characteristics, Bulk

and Flow Behaviour

5.1 Introduction

In this section theresults of the initial experiments on powder quantification

indices are presented to derive the most reliable and accurate shape factors.
Subsequently,thef f ect s of varying bul k proper
dynamic flow properties of TPU SLS 4 (H5), DF (FOF45) and PA 12 are

i nvestigated. I nitially the powdersod (
content, particle size, size distrtboi on and t he particl eséo
Subsequently their static and dynamic powder behaviour is studied. PA12
thereby serves asvaluablebenchmark material on the bulk scateit is known

for goodflow properties and stable processihgter theeffects on process and

part quality of thewo TPEs and its corresponding fracti@reinvestigated in

terms of the irsitu packing, thermal conductivity as well as the resuliémgile

propertiesandpart densities.

5.2 Initial Experiments to assess Powder Qantification

Indices

The results for thecomparison of the shape indices is presentdgigare 39.

The convexity (Conv) values dwt differ signifiantly for all powders®bserved
despite a clear differenggven bythe optical SEM assessmehboking at the
breadth to length ratio (b/l) valutecan be seen thatamost follows the trend

of the visual assessment, although, it shows a dwo@PA220Q Thereby
PA2200 is on the same level of the TPU SLS4 which however differs

significantlyaccording taheresultsof the SEM analysis.
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Figure 39: Comparison of Camsizer XT shape indices; Sphericity (SPHT), Symmetry
(Symm), breadth to length ratio (b/l) and Convexity (Conv) over a variety of significantly
different particle shapes in accordance with the corresponding SEM pictureis (the
abbreviation FO in TPU SLS 4 FO stands for original size distribution as manufactured)

Thesphericity (SPHT) and the symmetry (Symm) values follow the same trend
that also matches the visual assessment of the observed powder Sakipes.

a closer look at the Symm values it can be seen that they vary in a narrow range
(0,042) from least rountb roundest particle compared to the SPHT results
(0,072).

5.3 Powder Characteristics

Optical Evaluation

For reasons of optical evaluation of the powdershmfirst instance,SEM
imagesweretakenfor all the materials compared in this study (PAIRU SLS

4, DF and corresponding fractions of the TPH$)e SEMimages of PA1and
TPUSLS 4(F0, F25 and F45) are preseniedrigure40(ai d) acomparison b

DF and PA12 irFigure4l(ai d) and an overview ofhe surfaces odll three
materials inFigure42(ai c). As a general remark, PA12 particles presented a
smooth surface texture and a more spherical shape than the edgy and angular
shaped particles of the TPU SLS 4 and the DF fractions as a censeaf their
manufacturing process. The PA12 is a precipitation product whereas the other
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two powders were cryogenically millg@99. This manufacturing process per

se leads to more jagged and edged particles. However, taking a closer look at the
TPUSLS4fract i ons the fine particles in the
irregular surface compared to the bigger grains and appeared less round and

spherical than larger particles includi@ its original distribution.

Figure 40: SEM images (10Qum resolution top four images and 5 pm resolution for the
bottom two imageg for TPU SLS 4 fractions(ai c¢) compared to PA12d) (SEM for PA
12 is taken from[32]

This became even more obvious when TPU FO was compared to F25 and F45
respectively. Within the powder fractions containing a lower fine proportion, the
particles thatvere still edgy but less rough with clear eddadurther sieving out

particles between254 5 e m, the PSD of TPU F45 inc
045 & m s howe dnodal distabutioreas is knawn for PA12. Without

the claim to be representati for the whole bulk, the surface morphology in
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Figure42 indicates the differences between TPU SLS 4 and PARE TPU

SLS 4still showed artefactsf the cryogenic milling while the PALsurface
seemed as a result fmagglutination of small polymer particles. similar
pattern as for th& PU SLS 4was observed when comparing the DF fractions.
The reduced amount of fine particles became obvious ftioen optical
observation for both polymers, although the particles in DF F25 and DF F45
respectively remained rather j-laigiged
areas not showing the smodtagmentsat the edges as for the corresponding
TPU SLS 4fractions.

Figure 41: SEM images (100 pm resolution top four images and 5 pm resolution for the
bottom two images) for DF fractions(ai c) compared to PA12d) (SEM for PA 12 is
taken from [27]

When compeng all figures Figure4lai d andFigure42ai d representing
shape and surfacEjgure42ai c depicting surface morphology) it is clear that
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the ground materials result in irregular paes and depending on the processing
characteristics and ductility of the polymer mighedk up with varying levels
of brittle fracturethat in turn results in rather sharp or fibrous/streaky edges

respectively.

Figure 422 SEM images (100 pm resolution top three images and 5 pm resolution bottom
three images) for comparison of TPU F@&), DF FOb) and PA12c)

The images within this section are aimed to provide basic comparison of the
surface texture and tishape of the particles by optical observation. It allows for

a first impression of the influence of their specific manufacturing processes

especially in terms of shape and surface morphology to support later discussion
on the quantification of the shaps well as the packing or the dynamic flow

behaviour.

Quantification of Moisture Content, Particle Size and Shape

Within this section, the results for the powder characteristics by means of
moisture content, particle size distribution and shape are preséntéidure

43a the normalized frequency distribution based on volume in dependence of

particle size for PA12 in comparison to fiieU SLS 4fractions is shown.
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Figure 43: PSDs of the a)TPU SLS 4and b) DF fractions over particle size in comparison
to PA12

TPU FO showed a muithodal PSD while TPU F25 was-tviodal and TP F45
becane monemodal similar to PA12. The morghat fine particles were
separated from the original bulk FAbhe narrower became the corresponding
PSD. Approximately 90% of the particles for TPU FO were betwéeh®® pm

and for TPU F25 approximately 90% of the population ranged betweeh®b

pm. The particles of TPU F45 were in a narrow range 0i26 uym ad as a
consequence approximately 90% of the population ranged betwéd®@um.

For all theTPU SLS 4fractions the percentage of particles that lay between 100
and 120 um was approximately 10%. With the decreasing amount of fine

particles within theTPU SLS 4fractions, the corresponding modality (number
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of peaks) of their PSDs exhibited a decline and they aligned more and more to
the PSD of the commercially available material PA1ZTdble 14 the average
values for Do, Dso and Dy are shown for all powdersheTPU SLS 4fractions
showed differences regarding their particle shapes as shown by means of
sphericity (SPHT) inTable14. The average SPHT for TPU FO was 2.81% lower
than it was for TPU F25 and 3.86% lower than for TPU F45. The fine particles
below 25 um inside TPU FOigplayed a sharp surface and an irregular edgy
shape (SPHT = 0.855) as indicatedthhy SEM image inFigure40. The larger
particles with sizes abo&b um displayed SPHT values approaching the shape
of a sphere and a smoother surface morphology for the optical evaluation,
especially when comparing TPU FO and TPU F45. A progressive decrease of
fine particles between 25 and 45 um led to a PSD with ewwe spherical and
symmetrical particle shapes. Consequently, TPU F45 reached the highest SPHT
value at0.888 with less irregularities and edges over its particle surface. The
SPHT value of TPU F45 was very closé?412(0.891).

Material PA12 TPU TPU TPU DF DF DF

CUEIEECRIE FO F25 F45 FO F25  F45
D1o 365 179 311 477 353 458 66.7
Dso 50.9 457 522 628 69.4 777 1012
Doo 663 741 762 842 1087 1196 132
SPHT 0.891 0.855 0.879 0.888 0.842 0.835 0.835

Moisture  0.512 0.309 0.283 0.307 0.27 0.278 0.272
content

Table 14: Powder characteristics for PA12, TPU FeF45 and DF FOGF45

The maximum PSD for the original DF fraction (DF FO) ranged bet@é&etv5
pum, the PSD of DA-25 ranged from 2% 175 pm and the PSD of DF F45
between 451175 um All the DF fractions presented multimod@hultiple
peaks) PSDs as depictedfigure43pb. Their modalitypresented a small dine
as the amount of fine particles was redud¥tlile theamount of particles above
150 pm was negligibly low for DF FO and DF F25, for DF F45 it was
approximately 10%In contrast to the PSDs @iPU SLS 4 none of the DF
fractions &gned to a pattern of the benchmark PAMNoreover, he DF
fractions showeddifferences regarding their particlshapes and surface
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morphologiegresented irFigure41. The fine particledelow 25um thereby
exhibited a sharp anftbrous surface texturewhile the particles above 25m
displayed aather smooth surface texture. Howevke averag&PHTof DF FO
was 0.84% lower than tIf&PHTof DF F25and DF F45 which showed tharse
value.

When comparinghe particle sizes oT PU SLS 4and DF fractions fronfrigure

43a and bt can be seen that the DF fracti@mclosed particles with sizes above
120um. This especially applies f@F F45 approximately 30% of its particles
were above 12(m. Forall of theTPU SLS 4fractions 120 pumwasthe largest
particle sizeoverall Moreover, from the values ifiable 14 it becameobvious
that the average patrticle diameters of the DF fractions were largefaththe
TPU SLS 4fractions and in addition the SPHT values of all the DF fractions
were lower.

Besides the physical characteristics of the particles, moisture was moiiitered
differences in moisture between thwfract.i
significant variations, while between the same fractionsRif SLS 4and DF

the differences in moisture absorption ranged betvi®ein 12% as shown in
Tablel14.

5.4 Effect of varying Powder Properties on Bulk and

Flow Behaviour

Within this section the results of the varying PSDs on the powders bulk
behaviour in terms of packing efficiency and their dynamic behaviour in terms
of flow efficiency arepresentedccording to the method introduced in section

4.2.8 In Figure 44 the results for the poured and tapped bulk densities

determined during the HR measurements are depicted.
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Figure 44: Bulk density of the powder samples in poured vs. tapped states measured by
the HR methodof PA12 compared to a) TPU F&F45 and b) DF FOF45

According toFigure 44a, TPU F45 presented the highest packing density in
ambient conditions within its own fractions (in poured state: TPU F25 = TPUFO

+ 15.54%, TPU F45 = TPU FO + 21.56% / in tapped state: TPUF25 = TPU FO +
8.26%, TPU F45 = TPU FO + 10.53%). Tecking efficiency of th& PU SLS4
fractions, both in poured and tapped state, was increased with a decreasing
amount of fine particlesCompared to PA2, thetappedTPU FO fraction is only

1.33 % lower (poured densitg 9.42 % lower) The TPU F25 (TPU F 23

4.66% higher poured density and 6.82% higher tapped density) and TPU F45
(TPU F45] 10.11%higher poured and 9.06% tappetknsity packed more
efficiently compared to PA12.
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The packing density between DF FO and DF F25 did not chdiftgrénces less

than 1%). Howeveran increasén the packing desity was noticed for DF F45
compared to DF F25 and DF FO. BB5 presented the highest packing density

in ambient conditiongin poured state: DF F45 = DF FO + 9.32%, DF FO = DF
F25 + 0.58% in tapped state: DF F45 = DF FO + 7.77%, DF F25 = DF FO +
0.2%).The angular and irregular shape, the rough surface texture as well as the
multi-modal PSDs of the DF fractions create a rather loose bulk deAsity

result, the proportion of large pates should be higher compared ttee
proportion of tke finer particles inside a PSD.

A comparison of the results for the HR is presentdelgnre45.
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Figure 45: Hausner ratio of PA12 compared to a) TPU FEF45 and b) DF FOF45

Amongst the TPU SLS 4 fractions as showrrigure45a, TPU FO presented
the highest HR of 8.91 % higher than PA 12 (TPU FO = TPU F25 + 6.3%, TPU
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FO = TPU = F45 + 9.08%).This led to the followiogr d e r of t he
cohesiveness TPUFO > TPU F25 > TPU F45 and consequently the flowability
of the TPU SLS 4 fractions followed the exact opposite order with TPU F45
reaching the same HR as for PA12 (+ 1%). Consequently, TPU FO had the
greatest resistae to free flowing. As a result, for the TPU SLS 4 fractions, flow
and packing efficiencies were improved when the fine particles below 25 pum
were extracted from the PSD.

According toFigure45b, DF F25 and DF FO presented no differengitsin the
measurement accuracy. lolearthat the multimodal PSD of DF F25 could not
reach a better flow rate compatedF FO. However, the separation of parscle
between OF 45 um enabled DF F45 to reach the most efficient flpattern

amongsthe DF fractions with a HRf 1.71% lower compared to DF FO.

Another objectivewas to correlate the bulk density values of the HR method
with theConditioned Bulk DensityCBD) calculated from the F#. The results

are depicted ifrigure46. Since the CBD is a user independent value and proved
to show the most reliablesults for the powder packing in LS, it is of interest to
compare the trends of poured density from the HR method and the CBD in terms
of reliability. TPU F45 presented the highest CBD amongstTihe SLS4
fractions (TPU F25 = TPU FO + 8.11%, TPU F45 =UHBR + 12%), following

the same trend as the bulk densities measured with the HR (poured and tapped).

In particular, the tapped density values (HR) showed a good correlation to the
CBD values of th&PU SLS 4fractions.
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Figure 46: Conditioned Bulk Density (CBD) of PA12 compared to a) TPU FE&F45 and b)
DF FO-F45

While the CBD of TPU FQvasonly around 2%ower than the value of PA12,

the CBD of TPU F25was 8.11% higher aneéven 120 higher for TPU F45
compared to TPU FO

The results for the DF fractions shownFhigure 46b again matched with the
corresponding performance in the HR measurements. DF F45 presented the
highest CBD amongst the DF fractions (DF F45 = DF FO + 4.86%, DF FO = DF
F25 + 2.59%). It therete follows that DF F25 presented the loosest packing
amongst the DF fractions. The DF F45
19 % lower than the CBD of PA12.
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According to thebasic flowability energy{BFE) valuesshown inFigure 47a,
TPU F45 presented the highest flow efficiency amongsI e SLS 4fractions
that was even@28% higherthanthe BFE of PA12
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Figure 47. Basic Flowability Energy (BFE) of PA12 compared to a) TPU FEF45 and b)
DF FO-F45

The BFE value for TPU F25 wa&3.21% higher compared to TPU FO and for
TPU F45 was everd4.43%higher compared to the original PSD of TPU FO.
Figure48 shows a similatrend for thespecific energySE) results (TPU FO =
TPU F25 +10.13%, TPU FO = TPUF45 + 11%8.
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Figure 48 Specific Energy (SE)of PA12 compared to a) TPU F&F45 and b) DF FOF45

This behaviour was also confirmed by the results for avalanche angle shown in
Figure 49a. TPU F25 had a 12.51% lower affdPU F45 a 19.11% lower
avalanchangle indicating enhanced flobitity compared to TPU FO. Depicted

by Figure 50, the materials thapresented low flow efficiency alsshowed a
rough bulk surface teénre. The surface fractal value for TPU F25 was 17.7%
lower and folTPU F45 was 23.91% lower than TPU FO. éwating to the results

of the TPU SLS 4fractions,the packing efficiency was higher for the PSDs that

showed low SE, low avalanche angle antiesion was lower (high BFE).

113



_

I
(=]
" 1 "

Avalanche Angle (o)
g 2

—_
(=]
L 1 N

QD
=
[=]

PA 12 TPU FO TPU F25 TPU F45

=

[=2)
(=]
1

W
(=]
1 s

A
(=]
2 1 2

Avalanche Angle (o)
. 32

—_
(=]
N ! L

O
Nt
[=}

PA 12 DF FO DF F25 DF F45

Figure 49: Avalanche Angleof PA12 compared to a) TPU FOF45 and b) DF FGF45

The BFE values for DF iRigure47b showed a similar trend with a decrease in
fine particles (DF F25 = DF F© 19.02%, DF F45 = DF FO + 30%). The SE
value of DF FO was 4.16% higher than F25 aritthin the standard deviation
F25and F45 did not show a significant differend@&e avalanche angle values
depicted irFigure49 b showed dower standard deviation with DF F25 showing
a 3.31% and DF F45H1.9% lower avalanche angle compared to FO. Amongst
the DF fractions, DF FO did not flow as well as the othwerfractions which did

not present any significant difference in flowability (SE/avalanahgle).
However,the cohesive behaviour (low BFE) of DF FO was matense than

DF F25 whose cohesiveness was lower than DF F45. siinfiace fractal

followed the tend of the packing efficiencies(0FO = DF F25 1 2.
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= DF F45 + 11.6%)As depictedin Figure 50 powders with low packing
densities createa rough bulk surface after rotation and deposition.
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Figure 50: Surface Fractal of PA12 compared to a) TPU F&F45 and b) DF FOF45

As expected, the surface of the bulk was rougher for the DF fractions compared

to TPU SLS 4.

5.5 Effect of varying Bulk Properties on Absorption and

Thermal Conductivity

According to the equatioiq. 21 and the procedure described in secddh1Q

the value for the specific heat capacity the bulk density (here isitu LS
density) as well ashe thermal diffusivity are necessary input variables for the
determination of the thermal conductivity of the powders observed. The results

for the ¢ valuesas well as the thermal diffusivigre shown in appendiX.6
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andA.7 (Table37- Table48). The values have been determined in steps of 20°C
for a temperature interval of 20 120°C pbr the TPU SLS 4 fractions and
between 20 160°C for the DF fractions. For each fraction (FO, F25, F45) two
series of measurements have been performed to calculate the mean value. The
lower and upper temperature limits of the intervaklntioned represesd the
range of varying processing temperatures (feed temperature, build chamber
temperature). In the case of TPU, fi@e ¢ values showed a deviation from
linearity, no data was determined above 120°C. For this reason, for the
calculation of the thermalonductivity at 125°C the value of was calculated

on approximation of the value at 120°@hen comparing thepcvalues it
becomes obvious that they increase with temperature. What is noticeable is the
increase of the heat capacity in dependence of asage fine particles within

the powder fractions. This increase pfar theTPU SLS 4fractions thereby is
more significant. Besides the highwalue of DF FO all otheryovalues of the

TPU SLS 4fractions are generally higher compared to the corredpg DF
fractions. The values fop@longside the results for the thermal diffusivity that
were used for the calculation of the thermal conductivity are shown in appendix
A.6 andA.7 respectivelyBesides thdéeatcapacity in the corresponding tables
(Table43to Table48) of the appendix the values for the bulk densities applied
as input variables are shown before and after the measuremento Ehee
melting of the powder bulk they experience a densificafidre bulk density
before the analysis is taken frasaction4.2.9and approximately equals the in

situ bed densityThe thermal conductivity was lcalated for all fractios of the

two materials aa feedtemperature of 55 + 0,5°C (s@able22) and ata build
chamber temperature of 120 #580C for TPU SLS 4and 160 + (&°C for DF
respectively.Figure 51 a andFigure 52 representthe data for the thermal
conductivity for the two materials powder fractions(FO to F45)at the
corresponding feedr build chamber temperature respectiveAs a general
remark, the results for the two materials (range of 01202380 W/mK) are in

the expected range of thermal conductivity for polymers between 0.15 to 0.5
W/mk as shown in sectidh1.4 Within the fractions of each material it becomes
obvious that thermal conductivijecreases with increasing temperature (feed

vs. build chamber temperaturpr the TPU SLS 4 fractions there is a maximu
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decrease in thermal conductivity at feed compared to build temperature of
approximately 19.33 %, whereas the maximum delta for the DF fractions
equalled 42.95 %.

Another noticeable effect for the DF fraction is that their values of thermal
conductivity vary in a narrower rangen dependence of their particle size
distributionscompared to th@PU SLS 4fractions. Thereby, the maximum
deviation for the DHs 4.94 % while the difference between the minimum and
maximum value off PU SLS 4is 13.95 % The TPU SLS 4shows a systematic
trend of thermal conductivity in dependerafats fractions With an increasing

bulk density (dereasing amount of fine particles-Fa@5as depicted b¥figure

51b for 55°C andFigure 53 a for 120°Q the thermal conduatity is also
increasing Within the standard deviations, though, this trend is merely
significant for the TPU SLS 4 fractiorias e.g. shown ifigure53a for build
chamber tempetures) when considering the typical range of thermal
conductivity of polymers ranging between 0.15 to 0.5 W/htks gets obvious

as the thermal conductivity for the DF fractions increases in the order DF F25 to
DF F45 to DF FO, while F45 has the highesicking density. Thereby, FO
represents the outlier value as it does have a lower CBD compared to DF F45,
however it shows a higher thermal conductivity according to the relsulisth
cases, however, the effects can be attributed to the amount ochfiiedgs in the

corresponding bulk with referenceR@ure43a and b.
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Figure 51: Results for thermal conductivity in a) dependence of PSD at 55°C forPU

SLS 4and DF and b) dependence of CBD, botlat 55°C for TPU SLS 4and DF

respectively
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b)

Figure 52: Results for thermal conductivity in dependence of PSD for afPU SLS 4at
120°C and b) DF at 160°C
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