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Summary

Additive Manufacturing (AM) offers the possibility to produce components with increas-
ingly complex geometries, which cannot be achieved with traditional processing methods.
Selective Laser Sintering (SLS) is one such AM technique with promising prospects to
replace some of the traditional manufacturing methods. Laser energy is utilized to sinter
polymers or metals in powder form, by locally increasing the temperature. A new layer of
powder is spread over the previously sintered layers, where-by the latter act as a support
structure. This process is repeated, to eventually achieve the final part, without the need
for molds and tools. In case of polymers, the final micro- and macro-structure is largely
dependent on the processing conditions such as temperature and flow profile. However,
the current lack of understanding of the underlying mechanisms governing the sintering
process has hindered the implementation of this technique in industries for full scale pro-
duction of products. The main issues are limited reproducibility of sintered parts and
low mechanical stability. Material properties and process variables ranging from laser
parameters, build chamber temperature to particle morphology and powder spreading,
all affect the final part properties. Incomplete sintering of polymer particles is a com-
monly observed phenomena, resulting in significant remaining porosity after sintering,
as well as limited interlayer adhesion. Hence, more insight in the effects of the different
processing conditions and material characteristics on the final product morphology is
required.

Given the number of process variables involved which can influence the final process
conditions, the goal of this work is to systematically investigate sintering of two spheri-
cal polymer particles to establish a relationship between, on the one hand the sintering
process conditions and material characteristics and on the other hand the generated mi-
crostructure. A simple but versatile, patented method, was developed to make spherical
particles for a range of commodity polymer materials. To understand the coalescence
of the particles during the sintering process and to utilize this knowledge in material
processing, it is important to visualize the sintering process which is not possible in
commercial machines. Therefore a dedicated experimental setup, which incorporates the
main features of a 3D printing device, and at the same time allows in-situ visualization
of the sintering dynamics by means of optical microscopy and/or X-ray diffraction is
developed. The sintering studies were performed on amorphous, semi-crystalline and
functionalized polymer particles. A parametric study was performed by varying laser
parameters, particle size and build chamber temperature by tracking the evolution of
the neck radius between two amorphous particles. By optical imaging, the effects of pro-
cessing conditions on the sintering of the particles is determined. Partial sintering was
observed when the supplied laser energy was not sufficient to substantially increase the

temperature. Using infra-red (IR) imaging, the evolution of temperature with time was
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acquired, thereby correlating viscosity buildup with reducing temperature at the end of
the laser pulse. The sintering kinetics of the particle doublets is governed by a complex
interplay between and temperature dependent effects.

For semi-crystalline polymers, laser sintering experiments with in-situ X-ray visualiza-
tion were performed, whereby effects of processing conditions on crystallization kinetics
were tracked in real time. Dependency of the cooling rate on the crystallization kinet-
ics is observed by IR imaging and in-situ X-ray studies, for varying particle sizes and
build temperatures. Morphological characterization of the melt doublet revealed a dis-
tinct difference between the laser effected zone at the interface of the particle and the
bulk volume of the doublet. Additionally, polymer nanocomposite particles of semi-
crystalline material were laser sintered. The incorporation of carbon nanotubes (CNTs)
to the semi-crystalline polymer increased the crystallization kinetics. Moreover, increase
in yield stress is observed for increasing CN'Ts content, thereby slowing down the sintering
kinetics. As a result, polymer with increasing CN'Ts content showed lower neck growth.
Electrical conductivity measurements of melt doublets showed lower electrical resistance
with increased neck width at the interface of the particles. A unique experimental setup
with in-situ visualization capabilities and a methodology to produce spherical polymeric
particles were developed. In conclusions, in this work with this setup, correlations be-
tween process conditions during laser sintering of two spherical polymer particles and the
material properties are established, for amorphous and semi-crystalline polymer parti-
cles. Relevant insights and understanding of laser-induced sintering of polymer particles
is developed, paving way to optimize and tailor the 3D printing process by SLS.
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CHAPTER 1 .

Introduction

Additive manufacturing (AM) commonly referred to as Rapid Prototyping, Solid Freeform
Fabrication or more recently as 3D Printing, is a production technology which enables
fabrication of objects in a layer-wise fashion. Contrary to traditional subtractive tech-
niques such as drilling and milling, wherein material is removed to produce functional
parts, in AM the material is added only where it is required. Objects are designed using
Computer-Aided-Design (CAD) software and transformed into a “Standard Tessellation
Language” (STL) file for AM machines with pre-defined slices of a certain thickness.
Hence, AM enables manufacturing of these slices in succession to form parts, without
the need for a mold [1, 2, 3|.

1.1 Selective Laser Sintering

Selective laser sintering (SLS) is one of those emerging AM techniques wherein the poly-
mer material used is in powder form. The laser sintering process (Figure 1.1) starts by
depositing a layer of powder material from the delivery system to the fabrication system.
Infrared (IR) heaters positioned within the chamber, increases the temperature of top
few layers to a desired temperature, below the melting temperature for semi-crystalline
(Tw) or glass transition temperature (7'g) for amorphous polymer powders. Based on
the x-y coordinates provided by the STL file, a laser scans over the powder bed, locally
increasing the temperature of the powder above its Ty or T, fusing them together to
form a consolidated structure [4, 5, 6, 7|. The process is repeated as successive layers are
deposited and fused together by the laser in the same fashion, until the desired part ge-
ometry is complete. The entire powder bed is then removed from the fabrication station
and the part is separated from the powder that supported it during fabrication. Unfused
powder can then be reused for future builds.
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Figure 1.1: Schematic representation of a SLS machine.

The most commonly used material for SLS is PA12 due to its high melting enthalpy,
low melt viscosity and its relatively narrow 7', range [8], typically of about 10 °C which
are ideal material properties concerning manufacturing for SLS. This made polyamide 12
(PA12) the ideal starting material to be used by SLS processes. During the sintering pro-
cess of the polymer powder, there is no pressure involved and after the desired chamber
temperature has been achieved by IR heater, the laser is the only heat source which lo-
cally binds the polymer particles together [9, 10, 11]. Sintering dynamics plays a pivotal
role in the melt behavior during the complete process. During laser sintering, polymer
particles undergo an in-homogeneous temperature profile, giving rise to a complex flow
profile. This can lead to some of the commonly found inherent defects, like porosity and
poor layer-to-layer adhesion, as can be seen in Figure 1.2. This consolidated structure is
a rigid and porous object having poor mechanical properties as compared to for instance
injection molded products [12, 13, 14|. Particle homogeneity and laser energy supplied
have a decisive effect on final part property. As a consequence, the final state of the part
strongly depends on the process.

= | (d)

Figure 1.2: (a) Laser sintered part with inherent defects such as (b) porosity , (c¢) poor
surface finish and (d) delamination between consecutive layer.[15]
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1.2 Research objective

The processing conditions during SLS greatly impact the thermal conditions of the pow-
der bed and the sintering kinetics of the material. Commercially available SLS machines
have limited process parameters that can be varied, and also limited by material choice.
Furthermore, with no access for in-situ visualization, insight on the sintering kinetics
are unavailable. Optimization of the process is often done on a trial-and-error basis, by
studying the properties of the final printed part.

Imaging

Laser =

Laser sinfering (,/” . X-ray detfor

Particles

-

X-ray
- source

Figure 1.3: Simplification of complex SLS process (left) to a two particle system (right).

Therefore, the focus of this work is to provide a fundamental link to the influence of
process conditions on sintering kinetics of polymer particles in SLS. Simplification of this
process is key, therefore we study only an isolated polymer particle pair. This enables us
to question how the process parameters during sintering process effect the coalescence
process of polymeric particles, either amorphous and semi-crystalline. Furthermore, how
a given set of process parameters can influence the crystallization kinetics as well as final
morphology during and after sintering. This allows a systematic investigation of the
coalescence process during sintering by linking the intrinsic material properties to the
process conditions. Knowledge gained from this work can then be supplemented together
with the modelling [16] as well as long term mechanical performance [17] efforts done,
to be able to anticipate and predict the final part property.

1.3 Outline of thesis

Well defined spherical particles were utilized in this work. Chapter 2 describes a simple
and cost effective methodology to manufacture these spherical particles. An interplay
between the material characteristics to the process condition is described, where temper-
ature and time is crucial in controlling final particle shape.

To mimic the SLS process, a unique experimental setup was developed in-house to per-
form laser sintering experiments on polymer particle doublets. Two polymer particles
were kept together in a temperature controlled chamber and were subjected to a laser
pulse with a defined amount of energy. In Chapter 3 this setup with the possibility
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to perform in-situ visualization studies by optical imaging and X-ray diffraction is de-
scribed. These possibilities provide crucial real time information concerning the sintering
dynamics and crystallization kinetics, which was not accessible up to now.

In Chapter 4 coalescence of two amorphous polystyrene particles (PS) are systematically
investigated for varying sintering parameters. The evolution of the neck at the interface
of the particles was tracked and compared with existing models to quantify the process.
Combining a full material characterization with the sintering experiments, a complex
interplay between flow and temperature is observed. Effects of transient rheology, due
to the finite relaxation times of the polymer, effects viscosity of the polymer influencing
the sintering kinetics.

To investigate the sintering dynamics of semi-crystalline polymers, in-situ x-ray experi-
ments were performed on PA12 particles, at the ESRF in Grenoble. Chapter 5 focuses
on the influence of processing conditions on the crystallization kinetics of PA12 particles,
for varying particle sizes and bed temperatures at a fixed laser energy, laser spot diam-
eter and pulse duration. The generated X-ray data is analyzed and combined with the
coalescence process obtained from optical imaging. Relations are established between
flow and crystallization kinetics, thereby in-turn relating the processing to the achieved
microstructure.

The influence of incorporating CNTs on crystallization and sintering kinetics of PA12
particles is investigated in Chapter 6. In-situ experiments were performed on PA 12
particles with varying CNTs (carbon nanotubes) content and varying particle sizes at
fixed laser parameters and build temperature. A comparison is drawn from known rheo-
logical behavior of PA12 with varying CNTs content to the neck growth particle doublets
by laser sintering. Electrical measurements along the melt doublets showed a correlation
between neck radius width to the conductive properties.
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CHAPTER 2 .

A processing route to spherical polymer particles
via controlled drop retraction

Abstract

In this work we describe the production of spherical polymer particles from thermoplas-
tic polymers. A simple, cost-effective method is developed to transform rough powders
into spherical particles. The polymer particles are molten within heated oil where after
interfacial tension driven reduction of curvature and shape retraction can be exploited
to induce a transformation to the equilibrium spherical shape. The sphericity of the
obtained particles was validated by determining the aspect ratio, roundness, as well as
circularity. Furthermore, batches of narrow particle size distributions are attained by
sieving on different mesh sizes which allows to fractionate the resulting powder. The
effects of the relevant material characteristics as well as processing conditions is inves-
tigated and is rationalized based on the governing physical processes and their scaling
relations. As a result, the processing conditions can a priori be tailored depending on
the material characteristics. The versatility of the method is confirmed by generating
spherical particles from various thermoplastic polymers including PS, LDPE, PP, PA12
and PA12 filled with carbon nanotubes.

2.1 Introduction

Control over particle morphology has received tremendous attention during the past
decades. Potential application areas include drug delivery systems, pigments, electron-
ics and advanced manufacturing techniques like powder-based additive manufacturing
[18, 19, 20, 21, 22|. It is often desired to control the particle size (distribution), shape,

Largely reproduced from:
1) Hejmady, P., Cardinaels, R. M., van Breemen, L. C. A. & Anderson, P. D., 20 Apr 2020, Polymer
spheres, Patent No. 19156044.0-1102, 7 Feb 2019
2) Hejmady, P., van Breemen, L. C. A., Anderson, P. D. & Cardinaels, R. M., A processing route to
spherical polymer particles via controlled drop retraction, submitted to Powder Technology
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surface morphology and composition at the same time. Control over particle morphol-
ogy, size and shape makes it possible to manufacture final parts with better defined
property and functionality. Unfortunately, only a handful of (nearly) spherical thermo-
plastic polymers particles are commercially available, thereby limiting the application
areas. Particles currently used in applications are either not completely spherical or
are partially crosslinked. During selective laser sintering, which is a popular additive
manufacturing technique, good flowability of the powder during spreading before laser
sintering, is crucial for the final part properties and critically depends on the particle
shape [12, 23, 24, 25]. Henceforth, having spherical particles allows for control over
the final packing and size uniformity, ensuring better prediction of material behaviour
and enhanced repeatability. At the same time, it is undesirable to have any degree of
cross-linking leading to a reduction of the flow during the laser sintering process [18]. At
present, the polymeric materials suitable for SLS are largely limited to polyamide based
thermoplastic polymers, more specifically polyamide 12 (PA12), due to its good flowa-
bility, wide processing window, and availability in powder form with close to spherical
particle shapes [26, 27]. The part properties that can be obtained with SLS are limited to
the intrinsic material properties of the polyamide itself, thereby limiting the full poten-
tial of the process [28]. Hence, efforts have been made towards several physio-chemical
techniques for the production of spherical polymer particles of various thermoplastic
polymers. Industrially viability depends on the complexity of the setup, its ability to
handle high viscosities, capability to produce varying sizes, and cost effectiveness [29].

Since the patent by Baumann & Wilczok [30], the precipitation method has been the
most widely used technique in SLS powder production for PA12. Due to its ability to cre-
ate relatively round particle shapes with good control over the particle size distribution.
The precipitation method for PA12 involves dissolving the polymer in a suitable solvent
under elevated temperatures and pressures. The temperature is reduced until nucleation
due to thermally induced phase separation starts and is held there for a predetermined
time. Supersaturation is achieved by reducing the temperature even further, after which
the polymer powder is precipitated and the suspension is dried [30]. This methodology
has been used successfully to create spherical microparticles for a few thermoplastics
such as polypropylene (PP) [31, 32|, polyethylene (PE) [33], polycarbonate (PC) [34],
polyamide 6 [35], polyamide 11 (PA11) [36], polylactic-co-glycolic acid (PLGA) [37] and
polybutylene terephthalate (PBT) [38]. By varying the stirring speed, and process tem-
perature a narrow particle size distribution can be obtained with high crystallinity due
to the effect of the solvent, in case of PP [31]. However, the solvents used in these works
are hazardous. In the latest work PLLA particles were obtained using non-toxic solvents
[39]. A similar attempt was made to obtain particles of polyoxymethylene (POM) [40],
but the resulting particles were not spherical. Similar to temperature, also non-solvents
can be used to induce phase separation, as demonstrated for PA12 [41]. Although ap-
plicable to various polymers, this method requires selection of the solvent and operating
conditions for each particular polymer separately. Thereby, it has been shown that a
complex interplay between solution-induced crystallization and liquid-liquid phase sepa-
ration determines the particle formation process [31]. Moreover, rough particles with a
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significant porosity are generally obtained [42].

Apart from phase separation, other techniques starting from polymers in solution are less
common. For instance, an interesting method is the use of supercritical fluid extraction,
wherein compounds dissolved in a liquid undergo fast expansion when in contact with a
supercritical fluid, to precipitate small particles [43]. Another notable method is inkjet
printing, an additive manufacturing technique to dispense droplets. Since this technique
is restricted to low viscosities, polymer solutions can be used, similar to the spray drying
process [44, 45].

More recently new methodologies for production of polymer particles in one processing
step have been developed. Various methods are based on droplet dispersion and breakup
within immiscible polymer blends whereby a sacrificial matrix polymer is used to fa-
cilitate removal of this matrix phase after particle production. Under high shear and
elongational forces during polymer blending a melt emulsion is formed. The emulsion is
then cooled down to solidify the spherical particles which are finally dried. Different mix-
ing devices including a rotor-stator device, torque rheometer, extruder and Brabender
mixer have been used for this purpose resulting in particles of PBT [46], PP [47], PA12
[48], PE and paraffin [49]. As sacrificial matrix polymers, polyvinylalcohol, polyethylene
glycol and polyethyleneoxide have been used. However, it was concluded that prediction
of the particle size is difficult due to the complex flow histories and in many cases the use
of an emulsifier was critical to avoid agglomeration of the molten particles. Continuing
further along the line of using a polymer blend or emulsion to generate spherical parti-
cles, droplet formation based on Plateau-Rayleigh instability of melt spun PA12 fibers
in a PEO matrix [50] was studied. The main disadvantage of this method is the fact
that the material needs to be processed and molten twice, which is problematic since
PEO is prone to degradation and ageing while PA12 can undergo post-condensation i.e
its viscosity and molecular weight increase in time at high temperatures.

In this work we demonstrate a simple, cost-effective approach to prepare spherical poly-
mer particles and demonstrate its applicability for a wide range of thermoplastic poly-
mers of varying molecular weight. Mechanical methods, such as milling and grinding
have traditionally been the most commonly employed techniques to obtain polymer in
powder form [51, 52|, with their own limitations [53, 54, 55, 56, 57]. Fine powders can
be produced by milling, but the obtained particles are non-spherical in nature [58]. Sub-
sequently, the generated irregular particles obtained via wet grinding can be rounded
by heating in a downer reactor [46, 59]. The rounding of the particles depends on the
residence time, therefore the height of the reactor and the temperature homogeneity
within it. If the time and temperature are not sufficient, the particle shape will remain
irregular and anisotropic. This technique has the advantage that it is versatile and can
in principle be used on a wide range of particle types. However, a heated downer reactor
requires a huge and expensive installation. The method is tested for a wide range of
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thermoplastic polymers of varying molecular weight and the physical phenomena under-
lying the shape change process are analyzed to allow a priori rational selection of the
processing parameters.

2.2 Materials and methods

2.2.1 Materials

Thermoplastic polymers in pellet form namely polystyrene (PS, Sigma Aldrich, (My) =
35 kg/mol), polyamide 12 (PA12, Vestamide 1-1700, (M) = 51 kg/mol), PA12 with
2wt% carbon nanotubes (CNTs, NC7000 from Nanocyl)), isotactic polypropylene (iPP,
grade SABIC, (My,) = 360 kg/mol) and low density polyethylene (LDPE, grade Exxon
Mobil, (My,) = 217 kg/mol), were reduced to a coarse powder using a Retsch ZM 100
rotor milling machine at 14000 rpm. Coarse particles were removed from the powder
by sieving using a stainless steel mesh (500 pm mesh size), resulting in a powder with
particle sizes < 500 um. Table 2.1 provides the estimated viscosity as well as surface
tension values at the respective processing temperatures for each material of interest. To
determine the viscosity of the polymers, frequency-sweep measurements were performed
in the linear viscoelastic regime with a strain amplitude of 1%. Measurements were per-
formed on a rotational rheometer (Anton Paar MCR502) equipped with a parallel plate
geometry (25 mm diameter), where a nitrogen-flushed convection oven was used. Surface
tension values for the polymer materials were obtained from literature [60]. The values
were recalculated to the required temperatures using a temperature dependence of the
surface tension of 0.05 mN/m [61, 62].

For the droplet retraction experiments, rice bran oil (Unidex, Netherlands), with a smoke
point of 265°C was used as the matrix phase. For various vegetable oils, Esteban et al.
[63] described a linear dependency between surface tension and temperature given by:

v=A+ BT, (2.1)

where + is the surface tension, A the intercept, B the negative slope and T the temper-
ature of interest. Rice bran oil was not included in this study, but considering the minor
differences between the surface tension values of the various vegetable oils, a similar be-
havior is assumed for rice bran oil. The measured viscosity values and estimated surface
tension values for rice bran oil are added to Table 2.1.
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Table 2.1: Viscosity and surface tension values for rice bran oil and polymers at the
indicated temperatures. Viscosity values are taken at a shear rate of 0.1 s~ 1.

Material Temperature (°C) | Viscosity (Pa-s) | Surface tension (mN/m) | Mixing time (s)
Rice Bran oil 130 - 260 0.008 - 0.0019 25.5 - 15.71271 120 - 300
PS 130 00130l 27.2160] 180
PA12 210 130028 29.61601 120
LDPE 230 11200 26.2160] 240
PP 240 2709 17.3160] 180
PA12 + CNTs 260 17024 29.61601 300

2.2.2 Particle production method

To allow deformation of the polymer particles, they are heated above their glass tran-
sition temperature (7'y for amorphous polymers) or melting temperature (7', for semi-
crystalline polymers) and given sufficient time for relaxation. The procedure of the
production process is as follows. In a 100 ml borosilicate glass container (inner diam-
eter of 50 mm), 50 ml of rice bran oil is heated up to a temperature higher than the
glass transition temperature (7g) or melting temperature (7'y) of the polymer. It is
ensured that the temperature of the medium is high enough to liquify the polymer while
avoiding degradation. About 1 mg of sieved polymer powder is added and the disper-
sion is stirred to avoid agglomeration or sedimentation of the powder particles. The
suspension is stirred at a rotation speed of 30 rpm for a fixed time period of up to 5
minutes, depending on the type of thermoplastic polymer used. The stirrer is spaced at
about 10 mm from the edge of the beaker. The suspension is then quenched by pouring
it in another container partially filled with water at room temperature. The polymer
particles remain at the rice bran oil - water interface, henceforth avoiding sedimentation
of the polymer particles and sticking to the bottom of the vessel. This suspension is
subsequently poured through a cylindrical column made of plexiglass containing metallic
meshes of different grid sizes, as shown in Figure 2.1, which allows to separate particles
depending on the mesh grid sizes. A 5 vol% surfactant solution in water is then flushed
through this plexiglass column, removing any residue of rice bran oil from the particle
surface. An extra step of rinsing the polymer particles with ethanol ensures a residue
free particle surface. The final step involves drying the particles for 8 hours in an oven,
in case of amorphous polymers below T'; and for semi-crystalline polymers sufficiently
below the optimum crystallization temperature.
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Figure 2.1: Schematic representation of experimental steps involved in producing spher-
ical particles.

2.2.3 Characterization methods

Polymer particles obtained before and after the treatment process were analyzed for their
shape and surface morphology by scanning electron microscopy (SEM, FEI Quanta, 10
KeV ) and optical microscopy (Olympus, 10x magnification) in bright-field illumination
mode to quantitatively analyze the particle shape.

2.2.4 Parameters to quantify particle shape

To quantify the size of the particles, even in the case when they are not perfectly spherical,
a representative diameter is defined, by measuring the cross-sectional area of each particle
and converting it to diameter under the assumption of a spherical particle shape [64]:

FETWES 2.2
E 22

where d is the diameter and A the area. To define the shape of the particles three
parameters namely aspect ratio A;, roundness R and circularity C are used. The aspect
ratio A; defines the global particle shape as:

4, = tmax. (2.3)

dmin

wherein dyiy is the smallest and dp.x the largest particles diameter. These diameters
were determined by fitting an ellipse on the particle shape using ImageJ®. When the
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particles become elongated, the aspect ratio gradually increases from one to infinity. To
further take into account the curvature profile of the particle edge the roundness R is
determined:

R= W(;ﬁX)Q. (2.4)

For an ellipse, R corresponds to 1/A;, but in case of a more rectangular shape, R would
be larger for the same aspect ratio A;. Finally, the circularity C'is determined, as defined
by ISO 9276-62008 [65]:

C="2 (2.5)

P the perimeter of the particle. Deviations from circularity and thus values of C' smaller
than one can originate from an aspect ratio different from one, from shapes that are
more rectangular than elliptical and finally also from the presence of protrusions on the
particle surface [66]. Hence, the three parameters used to characterize particle shape are
chosen in increasing order of complexity and amount of deviations from circularity.

All required parameters were determined by image analysis using the Analyze Parti-
cles option in ImageJ® processing software after thresholding the optical images. The
presented parameters were obtained from analyzing at least 100 particles.

2.3 Results

2.3.1 Characterization of starting material

Milled and sieved polymer powders are utilized as the starting materials for the pro-
duction of spherical particles. Figure 2.2(a) shows a thresholded image of such milled
powder obtained for PS. The particle shape obtained after milling depends on the type
of material, wherein brittle polymers produce more sharp edges in contrast to softer
polymers. It has been shown that the type of milling process used can influence the
shape as well [67]. For the initial sieving process, a mesh size of 500 um was used, hence
the distribution of obtained particle sizes is below this range, as shown in Figure 2.2(b).
Figure 2.2(c) shows the roundness R and circularity C, characteristic for the milled and
sieved PS particles. As can be observed from Figure 2.2(c), the milled particles show a
large distribution of shapes, ranging from sharp and elongated shapes resulting in low
roundness and circularity values to almost spherical particles with values of roundness
and circularity close to 1. An overall linear trend between roundness and the reciprocal
aspect ratio as well as between circularity and roundness values can be seen, as expected
by the fact that particle characteristics causing a reduction of aspect ratio also affect
roundness and effects included in roundness also affect circularity. However, the large
spread around this general correlation indicates a wide variability in the exact particle
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Figure 2.2: (a) Thresholded optical microscopy image (b) Particle size distribution (c)
Shape factors roundness versus reciprocal aspect ratio, (d) Circularity C' versus roundness
R for milled PS powder sieved with a 500 um sieve.

surface shape, resulting in variations in the particle perimeter. Particles with a rough
or uneven surface will hinder the flowability during powder spreading in the SLS pro-
cess [68]. Therefore, the particle shapes should be modified to reach roundness R and

circularity C' values close to 1.

2.3.2 Optimization of process parameters

The initial particles are irregular and pointy in shape, thereby exhibiting a relatively large
surface to volume ratio. If sufficient mobility is present, particles will tend to minimize
their interfacial energy by reducing their interfacial area [69]. For the irregularly-shaped
particles after milling, the process is expected to occur as shown in Figure 2.3. Since
the interfacial stress increases with curvature, first retraction of pointy edges and pro-
trusions will occur resulting in ellipsoidal particles. Subsequently, the ellipsoids will
undergo shape retraction towards spheres. Hence, if the temperature is high enough
to allow shape retraction and the residence time is long enough for completion of this

process, full retraction will occur and spherical particles are created.

The most time-consuming step in this process is the last one, as this involves the smallest
driving force (low curvature) and largest volume. The time required for an ellipsoidal
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(a) (b) (c) (d)

Figure 2.3: Schematic representation of a rough particle (a) undergoing deformation due
to surface tension by retraction of protrusions and sharp edges (a-b), high curvature
lobes (b-c) and retraction of the remaining ellipsoid (c-d).

Table 2.2: Estimated values of relaxation time for a droplet diameter of 500 um, at the
chosen process temperature as indicated in Table 2.1.

Suspension Viscosity ratio (-) | Interfacial tension (mN/m) | Relaxation time (sec)
PA12/ Rice Bran 5.3-10% 42.2 1.5
PS/ Rice Bran 5.3-10% 38.1 1.2
LDPE/ Rice Bran 1.4-107 34.5 154
iPP/ Rice Bran 2.7-106 29.6 44
PA12+CNT/Rice Bran 2.1-107 39.3 206

droplet to retract to a sphere, can be estimated from the characteristic emulsion time

[70]:

nm R (19p + 16)(2p + 3)

)\ = )
72 40(p + 1)

(2.6)

Nd
p = —_—, 27

where A is the droplet retraction time to form a sphere, 7, is the matrix viscosity in
Pa.s, v12 is the interfacial tension in N/m and p is the viscosity ratio with 1y being the
droplet viscosity. Due to disparities in polarity of the droplet and matrix, the surface
tensions of the individual phases will determine the interfacial tension. Therefore, the
interfacial tension at a given temperature can be estimated by [60]:

Aviyg Ay

- ) (2.8)
Wty W+

Y2 =71+ Y2 —

where 712 is the interfacial tension, ~; the surface tension of material ¢ and %‘»iand 0
represent the dispersive and polar components of ~; respectively. The dispersive and
polar components for the rice bran oil and polymers were estimated from literature data
[62, 71, 72|. The resulting interfacial tension values are listed in Table 2.2. With Eqn.
2.6 using known material properties, the relaxation times are calculated, for each system
consisting of polymer droplets in rice bran oil at a fixed particle size.

Based on Table 2.2, the required annealing time depends on the polymer type, with the
viscosity being the main factor. To optimize the process parameters for the generation
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of spherical particles, the annealing time in the oil bath, the temperature of the oil bath
and the volume fraction of particles in the oil bath were varied. The stirring speed was
fixed at 30 rpm. Thereby, the estimation of the relaxation times in Table 2.2 were used
as a guideline. For an optimal condition the stirring time chosen was at least 1.5 times
the relaxation time for a 500 wm particle. Figure 2.4 shows the effects process condi-
tions can have on the obtained particle shape, for representative data on PA12 with 2
wt% CNT particles. Figure 2.4(a) demonstrates that after optimization of the process,
perfectly spherical particles are obtained. The applied annealing time of 5 min at 260°C
is in agreement with the estimated time required for retraction from the ellipsoidal to
the spherical shape.

Temperature and residence time in the oil bath are critical to obtain spherical particles.
Figure 2.4(b) and Figure 2.4(c) show examples of particles obtained with a too low resi-
dence time or a too low temperature. In Figure 2.4(b), the residence time was limited to 3
instead of 5 min whereas in Figure 2.4(c), the temperature was lowered to 240°C instead
of 260°C. The former process conditions results in a residence time less than required
for full shape retraction, whereas the latter process conditions increase the viscosity and
thus the relaxation time to 382 s, whereby 5 min is no longer sufficient for shape re-
traction. Under these conditions, the initially irregular particles clearly do not undergo
the full transition to the spherical shape. In Figure 2.4(b) and Figure 2.4(c), it can
be observed that whereas large particles display remaining anisotropy, smaller particles
have turned into spheres. This is caused by the direct proportionality between relaxation
time and particle radius, as shown in Eqn. 2.6. Hence, a factor two reduction in particle
size leads to a factor of two acceleration of the retraction process. Moreover, for the
larger particles, it can be seen that most of the irregularities have smoothened and the
remaining deviation from a sphere is the elongated ellipsoidal shape. This confirms the
sequence of processes occurring during rounding, as proposed schematically in Figure 2.3.

Apart from optimizing the process conditions to facilitate the desired shape retraction
dynamics towards the spherical shape, conditions are chosen as such that undesired
droplet dynamics processes such as droplet breakup and coalescence are inhibited. The
stirring speeds used are low and only aimed at avoiding sedimentation. Moreover, sim-
ple rotational stirring is used to avoid complex flow profiles in the beaker. Under these
conditions, the suspensions undergo a rotational and shear flow. The ability of droplets
to break up in shear flow is given by the Grace curve [73|, which shows that breakup
of droplets can only be achieved for viscosity ratios below 4 [73|. Based on the data in
Table 2.1, this process is expected to be excluded here.

On the other hand, it is important to realize that the volume fraction, ¢, of the powder is
an important criterion in determining the particle size distribution that can be achieved.
With increasing ¢ the probability of particles colliding becomes higher, which can further
increase the probability of two or multiple particles coalescing together. Eqn. 2.9 shows
the collision frequency c(t):
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Low temperature High concentration

Figure 2.4: SEM (a) and Optical (b-d) images of PA12 particles with 2 wt% CNTs,
fraction retained within mesh grid sizes of 75 and 300 wm, (a) tgiy = 5 min, wsiy = 30
rpm , T = 260° C, ¢ = 0.0002 vol% (b) tstir = 3 min, weir = 30 rpm , T' = 260° C, ¢ =
0.0002 vol% (c) tstir = 5 min, wstiy = 30 rpm , T = 240° C, ¢ = 0.0002 vol% (d) tstir =
5 min, wgtir = 30 rpm , T = 260° C, ¢ = 0.0006 vol%.

.
(1) = (2.9

as a function of the volume fraction ¢, the radius of the particle R, and the shear rate
A.

This equation assumes that the initial particle size is monodisperse and neglects effects
of hydrodynamic interactions on the collision. The shear rate can be estimated from the
velocity of the stirrer and taking the relevant length scale for the decay of the velocity
to zero as the distance between the stirrer and the vessel wall. This results in a value of
0.5/s at 30 rpm. Hence, a collision frequency of 486 /(s.m?) is obtained. This means that
within the volume of the vessel, approximately one collision occurs every 50s, under the
optimized processing conditions. Figure 2.4(d) illustrates the need to keep the collision
frequency low. The particles in Figure 2.4(d) were obtained when 3 mg instead of 1 mg
of polymer powder is added to 50 ml rice bran oil (0.0006 vol% versus 0.0002 vol%).
According to Eqn. 2.9 this results in a factor nine increase of the collision frequency
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and Figure 2.4(d) clearly illustrates the resulting bigger particles and particle clusters.
These bigger particles on the one hand require a longer time to undergo shape retrac-
tion. On the other hand, ongoing coalescence events at the end of annealing result in
particle clusters with complex shape dynamics. Figure 2.4(d) illustrates the presence of
irregularly shaped clusters resulting from these processes.

Apart from the particle concentration, also the stirring speed is related to the collision
frequency, whereby too rigorous stirring (high shear rates) results in excessive amounts
of collisions. However, the dependence is only linear rather than quadratic and more-
over, with increasing shear rate, the interaction time during collision also reduce. As
a result the percentage of collisions that will effectively result in coalescence will also
reduce. Therefore, we noticed that the stirring speed is a less crucial process parameter
as compared to the particle concentration. Nevertheless, Eqn. 2.9 allows to estimate
how ¢, R, and % combined affect the collision frequency and can be used to have more
control over the process. In addition, the annealing time becomes relevant as well since
under given conditions, the total amount of collisions increases proportionally with the
residence time. Therefore, temperatures are chosen as such that maximum a few minutes
of annealing is required.

Finally, it should also be noted that immediate quenching of the particles after anneal-
ing is crucial in maintaining sphericity. This way further collisions with neighbouring
particles at high temperature are minimized, thereby reducing the probability of coales-
cence. Figure 2.4(b) shows some examples of particles that were coalescing while being
quenched.

From the process optimization it can be concluded that for generation of spherical par-
ticles an interplay between the matrix temperature, annealing time, stirring speed and
particle concentration should be taken into account. The rationalization of the process
parameters, as illustrated in this section for PA12 with 2 wt% CNTs, can be used to make
a priori estimates of the required process parameters for other polymers. The relevant
parameters for othert polymers used are provided in Table 2.1.

2.3.3 Control over the particle size distribution

For the optimized process conditions, particles were segregated based on their diameter
using consecutive meshes with well-defined grid sizes. The system is shown in Figure 2.1,
and can easily be implemented on larger scale. To characterize the particle shape, SEM
images were utilized. Figure 2.5 shows the particle size distribution and SEM images
obtained for PA12 polymer particles. For this system, the temperature could be lowered
to 210 °C (which is 40°C above Tp,) while maintaining an annealing time of 3 min.
Almost perfectly spherical particles were obtained under the defined process conditions,
for all particle sizes. Similar to the starting material, a uniform particle size distribution
is obtained. It should be noted here that the amount of particles retained on the sieve
with the largest mesh size was negligible. Therefore, it can be concluded that conditions
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are indeed tailored as such that coalescence is avoided and as a result the yield of the
method is close to 100%.
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Figure 2.5: Particle size distribution and SEM images of PA12 polymer particles obtained
from mesh grid sizes (a) 400 pm to 300 pm (b) 300 pm to 200 pum (c) 200 pm to 75 pm
and (d) 75 pm to 10 um. Refined powder of PA12 was added to rice bran oil kept at
210°C, and stirred for 3 minutes at 30 rpm before quenching it.

For many applications, it is of interest to obtain a narrower particle size distribution.

This parameter can easily be regulated by narrowing the range between consecutive mesh
grid sizes. As an example set, powder of PS was added to rice bran oil kept at 130°C,
which is 90°C above T'g, and stirred for 2 minutes at 30 rpm before quenching it. The
influence of grid size range can be observed for the obtained PS particles from Figure
2.6(a) and Figure 2.6(b), for a grid size ranging between 200 um to 75 pm and 180 um
to 120 um respectively.
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Figure 2.6: SEM images of PS polymer particles obtained from mesh grid sizes (a) 75
pm to 200 pm (b) 120 pm to 180 pm.

This can be confirmed from the particle size distribution, as shown in Figure 2.7. By
narrowing the grid size, particles with sizes within the consecutive grid size can be
contained, thereby reducing the polydispersity as can be seen from Figure 2.7(b).
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Figure 2.7: Particle size distribution of PS polymer particles obtained from mesh grid
sizes (a) 75 um to 200 pm (b) 120 um to 180 pm.

2.3.4 Characterization of spherical particles from various thermoplas-

tic polymers

Based on the information gathered in Section 2.3.2 concerning the mechanisms of shape
retraction and possible simultaneous dynamic processes such as sedimentation and coales-
cence, optimal process conditions were established for a range of thermoplastic polymers.
As summarized in Table 2.1, the annealing temperature was adjusted to ensure shape
relaxation within a maximum of a few minutes. For the optimized process conditions,
irrespective of the polymer type, spherical particles were generated, as demonstrated in
Figure 2.8. Similar results were obtained for PS, PA12, PA12 with 2 wt% CNTs, LDPE
and PP. Apart from the spherical shape, the particles in Figure 2.8(a-d) show an excep-
tionally smooth surface, whereas the PP particles in Figure 2.8(e) have rougher surface
in comparison. This could be attributed to the high degree of crystallinity of PP |74],
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which during sudden quenching can lead to shrinkage resulting in a rough surface.

polystyrene i Polyamide 12 with CNTs Low density polyethylene polypropylene

Figure 2.8: SEM images of spherical particle of 300 um diameter obtained from different
classes of thermoplastic polymers.

To demonstrate the particle characteristics in a more quantitative manner, Figure 2.9
shows the shape factors obtained for the different thermoplastic polymers. Irrespective
of the particle size and particle type both the aspect ratio as well as the circularity value
are close to 1 which defines the nearly perfect spherical shape of the produced parti-
cles. However, Polypropylene tends to show a consistently higher standard deviation in
comparison to the other thermoplastics tested. This larger variability corresponds to the
larger roughness and irregularity of the particle surface, as demonstrated in Figure 2.8(e).

Figure 2.9(b) summarizes the overall result of this work for the representative case of PS,
clearly demonstrating that particles starting from the complete range of circularity and
roundness values can be reshaped to nearly spherical particles. Rounding of raw material
in a downer reactor [75] has been shown to shift the overall sphericity (= surface area of
volume equivalent sphere relative to actual particle surface area) of the initial raw mate-
rial from an average value of 0.4 to close to 1. However still retaining a clear distribution
in sphericity values between 0.2 and 1. In addition, it appeared to be impossible to fully

avoid agglomeration during the rounding process [76].

For applications like selective laser sintering, the shape of the polymer powder is one of
the bottlenecks restricting the technology to a handful thermoplastic polymers, thereby
limiting its potential [4]. Particle shape and morphology can dictate the flowability and
eventually obtained packing density of the powder bed, which have a direct influence
on the final part density [77, 78, 79, 80]. The smooth surface morphology as well as
levels of roundness and circularity achieved in this work with one singular processing
method applicable for a wide range of thermoplastic polymers has not yet been shown
before. These results show that this process is well suited to produce spherical particles
with shape and size that can match the commercial requirements. Using this particle
preparation method, we have produced spherical PS particles, PA12 particles and PA12
particles with CNTs that were laser sintered in our home-build laser sintering setup
[81, 82].
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Figure 2.9: (a) Plot showing the shape factor values as a function of the particle size for
different classes of thermoplastic polymers. (b) Circularity versus roundness of rough PS
particles obtained after milling in comparison to PS particles obtained after the optimized
annealing process.

2.4 Conclusions

Compared to conventional set of methods, we describe an economic method to obtain
spherical particles from thermoplastic polymers. This methodology is developed to obtain
spherical particles from different classes of thermoplastic polymers, showing the versa-
tility of the method. The method is based on the shape retraction of liquid droplets.
To reduce
polydispersity, particles are fractionated within meshes with well-defined grid sizes. The
final particle shape depends on the interplay between the material characteristics and

Randomly shaped powder particles are transformed to a spherical shape.

the processing conditions. Optimization of the process is possible by considering the
time required for shape retraction and aiming at reducing undesired droplet dynamics
processes such as droplet breakup, droplet collision and coalescence and droplet sedi-
mentation. The temperature is crucial to shift the characteristic shape relaxation time
within a timeframe that largely excludes particle interactions. Moreover, close control
over the particle volume fraction further eliminates particle interactions. Based on an
analysis of the relevant phenomena and their scaling relations, guidelines for process con-
ditions are presented. As a result, for any thermoplastic polymer, the relevant processing
parameters can be defined a priori. A comparison of shape factors between the starting
material and particles after the rounding process shows the versatility and potential of
the method. Altering the processing conditions can be used to generate particles with a
certain aspect ratio, which is sometimes desired to enhance packing in for instance SLS
[83, 84]. Thereby, the proposed method combines advantages of the heated downer reac-
tor and the melt emulsification techniques that started to receive attention lately. Similar
to the former method, the particle size is largely retained and process optimization can
be done a priori without trial-and-error tests. Similar to the later technique, the required
equipment is standard lab equipment. Considering the potential of this methodology,
future work focus on upscaling of the method for continuous mass production, which
brings up challenges of its own.
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CHAPTER 3 .

A novel experimental setup for in-situ optical and
X-ray imaging of laser sintering of polymer
particles

Abstract

We present a unique laser sintering setup that allows real time studies of the structural
evolution during laser sintering of polymer particles. The device incorporates the main
features of classical selective laser sintering (SLS) machines for 3D printing of polymers,
and at the same time allows in-situ visualization of the sintering dynamics with optical
microscopy as well as X-ray scattering. A main feature of the setup is the fact that it
provides local access to one particle-particle bridge during sintering. In addition, due
to the small scale of the device and the specific laser arrangement process parameters
such as temperature, laser energy, laser pulse duration and spot size can be precisely
controlled. The sample chamber provides heating up to 360°C, which allows for sintering
of commodity as well as high performance polymers. The latter parameters are controlled
by the use of a visible light laser combined with an acousto-optic modulator for pulsing,
which allows small and precise spot sizes and pulse times and pulse energies as low as 500
us and 17 wJ. The macrostructural evolution of the particle bridge during sintering is
followed via optical imaging at high speed and resolution. Placing the setup in a high flux
synchrotron radiation with a fast detector, simultaneously allows in-situ time-resolved
X-ray characterizations. To demonstrate the capabilities of the device, we studied the
laser sintering of two spherical PA12 particles. The setup provides crucial real-time
information concerning the sintering dynamics as well as crystallization kinetics, which
was not accessible up to now.

Largely reproduced from:
1) Hejmady, P., Cleven, L. C., van Breemen, L. C. A., Anderson, P. D., & Cardinaels, R. (2019). A
novel experimental setup for in situ optical and X-ray imaging of laser sintering of polymer particles.
Review of Scientific Instruments, 90(8), 083905.
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3.1 Introduction

Laser sintering (LS) of polymer powders, also known by its trade name selective laser
sintering (SLS), is an emerging 3D printing technology, by which complex parts are man-
ufactured layer-by-layer [4, 23, 85, 86, 87|. In SLS, polyamide 12 (PA12) is the most
commonly used polymer due to their large sintering window [25]. Though this technique
receives significant interest from industry as well as academia [88, 89, 90|, the final prod-
ucts often suffer from poor mechanical properties. Due to limited control over the process
parameters as well as incomplete insights in the relations between process conditions and
structure development during laser sintering, the final products cannot be produced with
tailored and reproducible structural /mechanical properties [14|. Moreover, porosity, poor
layer-to-layer adhesion and dimensional inaccuracy are some of the commonly found de-
fects in such SLS printed parts [12]. While there are ample studies showing the effects
of laser sintering on the microstructure, crystalline morphology and mechanical proper-
ties of polymers, they are all limited to post-mortem characterization techniques thus
lacking information on the actual structure development [91, 92]. Since shape evolution
and crystallization kinetics during laser sintering are complex and coupled processes in-
volving non-isothermal, non-homogeneous temperature profiles and complex flow fields,
studies with high temporal and spatial resolution are required to provide fundamental
insights in the effects of processing conditions on the microstructure development during

laser sintering.

Hot stage microscopy has been a convenient technique to observe coalescence of two
polymer particles [93] during and after heating, and to validate analytical models de-
scribing sintering dynamics [94, 95, 96]. Although this technique is suitable to study
traditional polymer processing operations such as rotational moulding, it misses several
aspects typical for laser sintering. In laser sintering, the laser pulse causes fast heating
followed by cooling, the speed of which is essential for the sintering kinetics [97] but also
for the melting and crystallization of the polymer. In addition, the heat distribution in
the particles due to the laser is not uniform, which can lead to partial melting and fur-
ther affects the flow, and therefore the structure development within the particles [2]. To
investigate polymer structure, X-ray diffraction is a powerful and widely used technique
[98]. Ex-situ X-ray diffraction and scattering experiments have been utilized to study
the crystalline microstructure within SLS printed parts [99], but studies on time depen-
dent microstructure developments that take place during the process are not available.
For traditional polymer processing operations such as extrusion or injection moulding,
custom-designed setups have been developed that can incorporate high flux synchroton
radiation to allow for in-situ time resolved X-ray studies of polymer crystalline mor-
phology development [100, 101, 102]. Moreover, for extrusion additive manufacturing it
was recently shown that in-situ characterization of the extruded material via infrared
thermography and Raman spectroscopy can provide valuable information about the weld
formation and crystallisation kinetics during extrusion additive manufacturing.[103, 104]
Recently, laser sintering of metals has been studied in-situ and time-resolved by means
of X-rays[105, 106], but these studies were concentrated on using X-ray attenuation to

study powder motion, melting and melt dynamics in a bed of metal powder. Zhao et
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al. used time-resolved X-ray diffraction to study the kinetics of the phase transforma-
tions of a-f Titanium Alloy (Ti-Al-4v) upon solidification, using a spot size around five
times bigger than the particle size and targeting a metal powder bed [107|. However,
up to now, experimental setups allowing to provide real time information on the melting
dynamics and crystallization kinetics during sintering of polymers as well as setups tar-
geting single particle pairs are not available. Intrinsically transient processes like laser
sintering pose many challenges in building such a system, which should incorporate the
main features of an SLS machine and at the same time should allow optical visualization
and X-ray scattering/diffracton characterization. Recently, we have developed a setup
that allows optical visualization of laser sintering and have studied laser sintering of
amorphous polystyrene [81]. In the present work, we present an experimental setup that
not only enables us to study laser sintering of polymer particle doublets with precisely
controlled sintering parameters, but also enables in-situ X-ray characterization thereby
providing access to the polymer internal microstructure development during sintering.

3.2 Design and description

The key feature of the experimental setup is the ability to precisely control the laser
impact energy at the interface of two polymer particles while simultaneously visualizing
the sintering process optically and performing in-situ X-ray experiments. This gives
us the exclusive advantage to be able to track the dynamics and kinetics of macro-
and microstructure development during the sintering process, which is not possible in
commercial SLS machines. Figure 3.1 shows the layout of the experimental setup as
arranged in the beamline. The polymer particle pair to be sintered is placed in the sample
chamber, which allows for X-ray access via the side windows and optical visualization
as well as laser entrance from the top. The main components of the setup namely the
laser, the sample chamber and the imaging system are discussed in more detail in the
following sections.
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Figure 3.1: Schematic representation of the experimental setup with in-situ X-ray scat-
tering /diffraction capability. Front and top view represent the visualization and laser
systems respectively, which were arranged on a 600 mm x 600 mm optical table. The
exploded view of the sample chamber shows the particle substrate.

3.2.1 Laser

A visible-light laser is used, as this allows a more precise control over the laser power
and facilitates lower power values as compared to COs lasers, which are used in classical
SLS machines. In addition, the smaller wavelength enables smaller laser spot sizes. High
power stability, low beam divergence and a high quality factor M? are essential to be
able to focus the laser beam to the desired spot size and to ensure precise control over
the laser impact energy. In our setup, we use a Genesis MX STM from Coherent, which
is a continuous wave (CW) laser of 532 nm wavelength with a spatial TEMO0O mode,
which provides a Gaussian intensity distribution. The beam waist diameter is 2 mm
with a beam divergence of < 0.7 mrad and a beam quality factor, M2 < 1.1. The output
power ranges between 0.02 mW and 2 W with a beam stability within 2%. Diverting the
laser through the objective lens used for visualization limits the final spot size achievable.
Furthermore the peak intensities of the laser pulse exceed the damage threshold limit of
the infinity corrected objective. Hence, the laser is sent directly next to the objective
lens under the minimum possible incidence angle with respect to the objective lens (30°).
By using focusing lenses with different focal lengths, the final spot size of the laser beam
can be varied as [108]:
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(3.1)

where M? is the laser beam quality factor, A the wavelength, f the focal length of the
lens and D; the beam waist diameter of the laser. For in-situ experiments we use a
focusing lens with a focal length of 100 mm. By tight focusing we achieve a final spot
diameter of 40 um, whose size was verified by optical imaging and corresponds to the
value predicted by Eqn. 3.1. To simulate the limited laser-impact time on the sample
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during actual SLS processes due to the fast movement of the laser over the powder bed,
the laser is pulsed with a well-defined pulse length as well as pulse energy. To do so, the
beam path of the continuous wave laser is diverted using mirrors (Altechna HR laser line
mirror, reflectivity: 99.5%), through an acousto-optic modulator (AOM) from Isomet,
which has an aperture of 2 mm and maximum modulation frequency of 30 MHz. In
single pulse-mode, pulses as short as 500 us can be sent with a minimum rise and fall
time of 360 ns. AOM’s are primarily used to control laser beam intensity, and their main
components are a piezo-electric transducer, a crystal and an absorber. By switching
on and off the modulation within the AOM, the output intensity can be controlled by
redirecting part of the laser beam to a beam dump. To generate the modulation signal,
the AOM is connected to an RF driver (Isomet) which in-turn is connected to a DC
power source (Basetech) and waveform generator (Keysight 33500B). Via the waveform
generator and RF driver, any arbitrary waveform can be supplied to the piezo-electric
transducer, which generates an acoustic wave in the crystal. The absorber damps the
RF signal such that secondary waves due to reflection are suppressed. Due to the photo-
elastic effect, areas of compression and densification are created in the crystal bulk, which
provides a single pulsed first order beam under an angle of 0.7° with respect to the zeroth
order continuous wave beam. The former is then diverted to the sample chamber and
the later to the beam dump, as schematically shown in Figure 3.1. With a known
laser output power, which is measured using a Gentec XLP12 thermopile, and a known
waveform signal supplied, single pulses with energy values ranging from a minimum of 17
wJ /pulse upto a maximum of 0.5 J/pulse can be sent. The laser pulse energy is measured
using a Gentec QE12, which is a pyrolectric based energy meter with a precision of 0.5

wJ.

3.2.2 Sample Chamber

Another important feature of the setup is the heating chamber with a sample substrate
which has been designed to meet the requirements on temperature accuracy and homo-
geneity. Furthermore, it allows to perform in-situ optical and X-ray measurements. The
sample substrate (1 mm thickness) consists of mirror polished steel (roughness of 100
nm) to eliminate spurious reflections in the optical images. Furthermore, its width along
the X-ray direction is minimized to avoid interference with the incoming or outgoing scat-
tered X-ray beam. To facilitate the placement of the sample, the substrate is connected
to one of the sides of the sample chamber which can be opened and closed by means of
the rail slider and positioning units, as illustrated in Figure 3.1. The sample chamber
(32 mm x 70 mm x 32 mm) has a 3 mm thick quartz window (17 mm x 13 mm) on top
that allows entering of the laser beam and optical visualization via an objective lens.
Moreover, two side walls contain 0.025 mm thick Kapton windows to allow for entrance
(2 mm x 10 mm) and exit (15 mm x 15 mm) of X-rays (Figure 3.1). The sample to
window distance on the scattering side was taken as small as possible (0.8mm), thereby
facilitating 260 scattering angles up to 45°, which is large enough to capture the main
crystallization peaks of all common polymers. The chamber is built from aluminum with
a wall thickness of 6 mm. An enclosure of low thermal conductivity (0.4 W/(m-K) at
400°C) around the box minimizes heat loss to the environment. Based on a heat analysis
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of the sample chamber including conduction and free convection to the environment at
25°C a heat loss of 17.9 W was estimated at a sample chamber temperature of 360°C.
For heating, the side walls of the chamber as well as the bottom plate contain heating
rods (three rods with length 60 mm and diameter 6 mm, 100 W) which provide sufficient
heating power. In addition, K-type thermocouples (RS Pro, £1°C accuracy) are inte-
grated in the sample chamber to measure substrate and air temperature. Heating rods
and thermocouples are connected to a temperature control unit (Hasco), which allows to
regulate the temperature of the substrate and the air independently. Simultaneously, air
and substrate temperature are monitored using calibrated voltcraft thermometer with
K-type thermocouple. This allows to maintain the sample temperature within + 0.6°C
up to the maximum operating temperature of 360°C. These specifications ensure that
common polyolefins as well as engineering plastics such as PEEK can be sintered within
the heating chamber. Based on the thermal mass of the sample chamber, a maximum
heating rate of 25°C /min can be obtained with the heating rods. Temperature overshoots
from the desired set-point are avoided using PID control (Eurotherm).

3.2.3 Optical imaging system

Given the thin interface between the two polymer particles at the initial stages of sinter-
ing and the large curvature effects that dominate the coalescence process during sintering,
the imaging system needs to provide adequate resolution. However, due to the high tem-
perature of the sample chamber heat loss from the sample chamber can heat up and
expand the lenses within the objective lens (maximum working temperature of 65°C)
which can cause optical aberrations. This limits the usage of objective lenses with a
high numerical aperture or low working distance. Moreover, sintering is a fast dynamic
process, requiring minimum image acquisition times on the order of 50 ms, depending on
the polymer type used. In order to fulfill these requirements and maintain geometrical
flexibility for placement in the beamline, we custom designed the optical train for imag-
ing. Figure 3.1 illustrates the individual components of the optical train which mimics
the architecture inside a microscope. The main components of the optical train are an
infinity corrected Mitutoyo 20x objective lens (NA 0.28, working distance 30 mm) and
a Pixelink (PL-D725MU-T) CMOS camera with 1 inch sensor size (2592 x 2048 pixels),
which can capture images at 75 frames per second in full resolution. By reducing the
region of interest, frame rates can be further increased. The objective lens is corrected for
aberrations with a glass sample cover with a thickness of 3 mm, which corresponds to the
thickness of the quartz glass in the sample chamber. This combination of high camera
resolution and objective lens allows to capture images with 4.3 pixels/um, which suffices
for the length scales we are interested in. Moreover, no image distortions are observed
while imaging at 360°C sample chamber temperature. Besides the main components, the
optical train contains several auxiliary components. Right above the objective a notch
filter (center wavelength 532+2 nm, Thorlabs) is placed to exclude reflected laser light
from the optical train, which would otherwise lead to overexposure of the camera and
hamper imaging. The tube lens used to focus the image on the camera is a bi-convex
lens with a focal length of 200 mm, which equals the focal length of a Mitutoyo tube
lens. This lens is placed in a zoom housing which provides a vertical translation of 4 mm
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with a precision of 0.5 mm per revolution, allowing to optimize image focusing. A 50:50
beam splitter is positioned between the tube lens and the objective lens which facilitates
simultaneous illumination and imaging through the objective. Illumination is provided
by a 150 W halogen light source (Intralux 6000) with intensity control knob, through a
flexible optic cable. The cable is connected to the tube with two diaphragms as well as
two collector and two condenser lenses to provide sufficient light intensity. A mirror at
45° diverts the collimated light source into the beam splitter. In addition to this, the
main body of the imaging system (above the tube lens) consists of two diaphragms which
reduce internal reflections within the tubing which would otherwise cause image distor-
tions. Furthermore, a tube system is placed to position the camera at a suitable distance
of the bi-convex lens considering its focal length. The imaging setup is attached to a mi-
cromanipulator with a lateral resolution of 0.25 mm per revolution, for fine adjustments
along the vertical direction.

3.2.4 Placement in the beamline

The complete setup, as schematically depicted in Figure 3.1, is placed in the BM26 (DUB-
BLE) beamline at ESRF, in Grenoble (France) to perform wide-angle X-ray diffraction
experiments|109]. Figure 3.2(a) shows the setup mounted in the beamline, with the main
components indicated. An imaginary laser path (green line) is indicated as a guide to
the eye. The sample chamber is mounted on a PI M-111 x-y-z micromanipulator stage
with 1 pm minimal incremental steps and 15 mm travel range, along all directions. This
allows alignment with respect to the incoming X-ray beam. The inset picture in Figure
3.2(b) shows a close-up of the sample chamber with the laser and X-ray paths indicated.
To achieve a high signal to noise ratio, a metallic cone under vacuum is attached in front
of the detector, such that the scattering from the air can be reduced. A synchrotron
beam of 100 pm x 100 pm was achieved on the sample interface, using a JJ X-ray slit
system. This beam size reduction method is the best compromise between maintaining
sufficient intensity and focusing on the main sintering area. The wavelength of the X-rays
was 0.9799 A and the sample to detector distance was 409 mm. The sample-detector
distance and tilt angle were calibrated using AgBe (silver behenate) for the WAXD ex-
periments. We used a Pilatus 300K detector with a pixel size of 172 pm x 172 um.
Thereby a minimum exposure time of 0.3 s could be achieved. Considering the typical
crystallization times, this acquisition time provides an optimal balance between signal-
to-noise ratio and time resolution. This setup provided access to scattering vectors q up
to 23 nm ™!, which corresponds to characteristic length scales ranging down to 0.28 nm.
The Fit2D software[110] developed by the European Synchrotron Radiation Facility was
used to analyze the 2D WAXD data. The acquired images were corrected for background
noise and the beamstop as well as traces of the direct beam were masked.
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Figure 3.2: Photograph of the experimental setup installed in the BM26 beamline at
ESRF. (a) The setup is mounted on a x-y-z translator for positioning relative to the 2D
WAXD detector and incident X-ray beam. (b) Inset picture shows the sample chamber
with objective lens and vacuum cone. (c) Sample chamber.

3.3 Experimental procedure

3.3.1 Material

In our experiments we use spherical particles prepared from PA12 (Vestamide L-1700),
which is free of flow and other additives. Before particle preparation, Nubian black dye
(2 wt%) was added to the PA12 via solution mixing in benzylalcohol at 120°C. Addition
of dye resulted in an absorption of 91% for visible light at 532 nm and a sample thickness
of 100 wm. This enables the laser to locally heat up the sample and cause melting of
the polymer particles allowing laser sintering. This PA12 with dye has a peak melting
temperature Ty, of 178°C and melting enthalpy of 56.4 J/g (as determined by differential
scanning calorimetry at 5°C/min). To determine the half-time of crystallization (¢ /2), a
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specific thermal protocol was utilized by means of differential fast scanning calorimetry
(FDSC) [111]. From the endothermic peak of melting after crystallization for varying
isothermal times, the normalized enthalpy of fusion is plotted as a function of annealing
time[111, 112]. For PA12 with dye at 155°C, the t; /5 is evaluated to be 19.5 s.

Viscosity plays an important role in the sintering dynamics. The zero-shear viscosity,
7o is used as the main rheological parameter to determine the temperature-dependent
flow behaviour. To determine 7, rheological measurements were performed on a stress-
controlled rotational rheometer (MCR502 from Anton Paar) with a plate-plate geometry
(diameter 25 mm). Measurements were carried out in the linear viscoelastic regime,
which was determined by a strain sweep test (at 1 Hz). At sufficiently high temperatures
above the glass transition and melt temperature of the polymer, the viscosity of most
polymers is known to show an Arrhenius dependency with respect to temperature, given
by [113]:

1 = Nsef - eXp[R?a ] (3.2)

where 7 is the viscosity, E, the activation energy, R the universal gas constant, T the
temperature and 7..¢ the pre-exponential factor.
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Figure 3.3: Arrhenius plot for zero-shear viscosity versus temperature. Symbols are
experimental data, line is a fit with Eqn. 3.2.

Figure 3.3 shows the zero-shear viscosity data of PA12 with 2 wt% black dye at four
different temperatures fitted with the Arrhenius equation. An activation energy FE,
= 32.5 kJ/mol was obtained, which is close to literature values for PA12, despite the
difference in molecular weight [114]. The viscosity at 210°C is 125 Pa-s. The surface
tension I', of PA12, which is relevant for the sintering process, is equal to 34.3 mN/m
[115]. Finally, the thermal conductivity & is 0.12 W/(m-K) [116] and the heat capacity
cp is 1200 J/(kg k), as determined from DSC measurements.
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3.3.2 Micromanipulation of polymer particles

To perform sintering experiments, two polymer particles of the same size placed adjacent
to each other, with their interfaces being in contact, are required. For this, it is important
to be able to manipulate polymer particles irrespective of their size and polymer type.
We have developed a manipulation technique that allows to pick and place such polymer
particles, in a non-destructive manner. Thereto, the sample substrate from the sample
chamber is placed in a home-built particle manipulation setup, as shown in Figure 3.4.
The main components are a horizontal optical train and a manipulation probe connected
to a voltage source. Each component is mounted on an x-y-z manipulator, and can thus
be positioned individually. The imaging system is similar to the one described in Section
3.2.3. The illumination mode in this case is transmission, with a halogen source of 150
W power. The DC voltage source can generate voltages between 0.5 V and 90 V and its
outputs are connected to a tungsten probe with a tip diameter of about 25 um as well
as to the substrate.

Light source

substrate

Figure 3.4: Schematic representation of the particle manipulation setup. Each compo-
nent is mounted on an x-y-z translator base, which allows to position them independently.

The particle manipulation procedure is demonstrated in Figure 3.5, where PA12 parti-
cles of 115 um radius are manipulated before performing in-situ measurements. First,
similarly sized particles are deposited on the mirror polished stainless steel substrate
on random locations. Then the imaging system and light source are positioned in line
with a particle on the substrate. The tungsten probe is then positioned within the field
of view of the camera. Subsequently, a positive and negative voltage is applied to the
probe and the substrate, respectively. By applying a voltage to the probe and substrate,
a non-uniform electrostatic field between both is generated. When a polymer particle is
present within such an electric field, a dielectrophoresis force is exerted on it [117], which
in this case leads to attraction towards the tungsten probe. By translating the substrate
a similar-sized particle can be found, keeping the probe with particle within focus. Once
the second particle is also in focus, the probe is positioned close to the second particle.
By switching off the voltage, the first particle drops from the probe onto the substrate
next to the second particle. Once both particles are positioned, the substrate is carefully
placed back into the sample chamber.
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Figure 3.5: Image sequence (from top left to bottom right) shows a non-destructive way
of manipulating PA12 particles of 115 wm radius by applying a voltage between the probe
and the substrate.
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3.3.3 Micropositioning of a particle for in-situ X-ray characterization
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Figure 3.6: Ilustration of the X-ray scanning technique to find the interface between
the particles. The X-ray beam and detector are stationary. By translating the substrate
in x and z direction, different X-ray patterns are obtained (indicated by x,z coordinates
of the substrate). The substrate obstructs the X-ray beam whereas the presence of a
particle maximizes the scattered intensity. The curves present the photo-diode intensity
at the beam center. The bold red line is a guide to the eye.

To study the crystallization kinetics of the molten polymer in the sintered bridge, it
is important that the interface between both particles is in-line with the X-ray source
and detector. A coarse X-ray scan, performed by translating the sample chamber, along
x- and z-direction enables to determine the location of the particles from the intensity
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value of the photodiode aligned with the X-ray source. Once scattering patterns are
obtained, ensuring that the particles are in the laser beam, finer scan steps along x-
and z-direction determine the exact location of the interface between both particles.
Thereto, the intensity at the characteristic scattering angle for crystalline PA12 is used.
While scanning in the z-direction, the substrate below the particles blocks the X-ray
beam whereas the air above the particles mainly results in transmission of the primary
beam and small angle scattering. The photodiode intensity exhibits a weak minimum
and the scattered intensity shows a weak maximum at a vertical distance between the
X-ray beam and substrate that equals the particle radius, which corresponds to the
desired beam location. In the x-direction, the center of the spherical particles exhibits
more pronounced scattering as the thinner sides, which allows to determine the interface
location as a weak minimum in scattered intensity and weak maximum in transmitted
intensity. Figure 3.6 shows that frame x,,7, is the common interface location for scans
along the x- and z-direction respectively. The inset graphs in Figure 3.6, showing the
scattering patterns and photodiode intensity values as a function of the location of the
particle pair, illustrate the method.

3.4 Results and discussion

To demonstrate the capabilities of the home-built laser sintering setup, as a case study,
two PA12 particles with a radius of 115 wm are sintered while performing time-resolved
in-situ optical imaging and X-ray characterization. The sample chamber temperature
is set sufficiently below the polymer melting temperature (155°C versus 178°C). Based
on the melting enthalpy of PA12, the energy to completely melt one PA12 particle is
calculated to be 192 uJ. Therefore, a pulse energy of 384 nuJ was applied with a pulse
duration of 1 ms. As expected, raising the temperature locally at the interface above the
melting temperature leads to molecular mobility which allows for fast interpenetration
of polymer chains from both particles followed by viscous flow, driven by the surface
tension [118]. Hence, particles sinter together and subsequently the dumbbell-shaped
particle doublet undergoes a further shape relaxation, until heat loss of the material
and crystallization leads to cooling and thus solidification which freezes the shape, as
illustrated in Figure 3.7.

To quantify the kinetics of the sintering process, the dimensionless neck radius (z/a,)
is quantified by tracking the sintering neck z, formed between the particles with initial
particle radius a,, of both particles, as defined in Figure 3.7. To extract the neck and
radii the image sequence was analyzed using Matlab®. A custom-written code was used
that includes the Circle Hough Transform (CHT) for finding circles and determines the
distance of the neck edge to the centerline connecting both particles. Figure 3.8 shows
the tracked dimensionless neck plotted against sintering time. The laser is switched on
at time ¢ = 0 s and the sintering kinetics in Figure 3.8 shows that the laser pulse can be
considered instantaneous with respect to the sintering kinetics. The slope of the curve
in Figure 3.8 provides the sintering rate, and a progressive decrease in sintering rate is
observed due to heat loss which eventually leads to solidification of the material [119].
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Figure 3.7: Image sequence of sintering (a to e) for PA12 particle pairs of radius a, =
115 pm, wherein heating chamber temperature 7. = 155°C, pulse energy £, = 383 pnJ
and pulse duration ¢; = 1 ms. The evolution of the neck (black line) at the interface
between the two particles is followed in time.
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Figure 3.8: Comparison of modified-Frenkel model with sintering experimental results of
PA12 for a particle radius a, = 115 um, heating chamber temperature T, = 155°C, pulse
energy I/, = 383 wJ and pulse duration # = 1 ms. Viscosity value in the modified-Frenkel
model corresponds to a constant temperature of 224°C.

Several models are available to describe isothermal viscous sintering of liquid droplets.
A model for viscous sintering of two spherical equal-sized Newtonian materials [120] was
fit to the evolution of the neck, as shown in Figure 3.8. The time evolution of the angle
0 between the line connecting the particle centers and that connecting a particle center
and the extreme point of the neck, represented in Figure 3.7(d), can be found from:

do B I 2-5/3¢0sfsiné

dt ~ an 3.3
dt — aon K3?(2 — cosf)?/3(1 + cosf)*/3’ (3.3)
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where I' denotes the surface tension, n the viscosity and a, the particle radius. K is
given by [121]:

tanf  sinf [2- (2 — cosf) + (1 + cosh)
K = — . 3.4
! 2 6 [ (14 cosf - (2 — cosh) } (34)
From 6, the dimensionless neck radius z/a, is obtained [120]:
x 4 1/3
L ging - , .
ao - ((1 + cosf)? - (2 — cosﬂ)) (3:5)

This equation has been proven to be able to describe isothermal viscous sintering of
polymer particles on a heated substrate [120]. However, in our case, isothermal conditions
and a homogeneous temperature distribution across the particles are not expected due
to the short laser pulse followed by cooling. Nevertheless, using a constant viscosity as
a fitting parameter, the model can predict the initial sintering kinetics. The obtained
viscosity value is 81 Pa-s, which according to the Arrhenius parameters for PA12, would
correspond to a temperature of 224°C.

The subsequent cooling and solidification of the particle bridge is governed by a combi-
nation of heat diffusion from the laser illuminated area to the remainder of the particle
as well as heat loss to the environment. From the heat diffusion time ¢ in a semi-infinite
medium (¢ = 22/, with z the diffusion distance and « the thermal diffusivity) it follows
that the laser heat can diffuse through the complete particle over a time of approximately
0.76 s. Heat loss to the environment mainly occurs through free convection (radiation
contribution is much smaller), and will lead to a reduction of the particle temperature,
according to [81]:

To(t) = (Tmax — Te) exp(—mcp> YT, (3.6)

where m is the mass of the particle, ¢, the heat capacity, A the particle surface area, h the
heat transfer coefficient, T ax the maximum temperature at the interface of the particles
and T, the temperature of the heating chamber. Herein, a homogeneous temperature
profile throughout the particle is assumed, based on the relatively low values of the Biot
number, Bi<0.6 (Bi = h-L./k = h-(ao/3) / k, with a, the particle radius, h the heat
transfer coefficient, L. the characteristic length and & the thermal conductivity [122]).
Hence, it can be estimated that, depending on the value of A (which varies between 300
and 50 W/(m?-K) depending on the used correlation [123]) the particles take on the order
of 1.5 s t0 9.8 s to cool down to 160°C. This timescale corresponds approximately to that
of the sintering kinetics in Figure 3.8. Hence, whereas with complete sintering of both
particles and in the absence of pinning of the particles to the substrate, the equilibrium
state would be a single nearly spherical droplet on the substrate with final droplet radius
equal to 1.26 a,, [120] here an extended polymer shape remains after solidification. More
elaborate studies combined with numerical simulations are required to fully analyze this
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complex process, which involves a varying and non-homogeneous temperature as well as
flow profile within the particles [97].

Apart from the optical visualization of the macrostructure of the particle doublet, wide-
angle X-ray diffraction experiments allow to characterize the development of the crys-
talline microstructure. To demonstrate how laser sintering affects the crystal morphology,
the intensity profile before sintering is compared with that after sintering. Figure 3.9(a)
shows these intensity profiles, obtained from radially integrating the intensity over an
azimuthal angle of 90° and plotting it versus scattering vector ¢ for the situation before
sintering and after 24 s, at which point steady state was reached. The integrated in-
tensity, peak position, and peak width were obtained by fitting the curve with a double
Gaussian-Lorentzian function [124]. To calculate crystallinity, an additional Gaussian-
Lorentzian function was used to fit the amorphous background [125]. Thereto, the scat-
tered intensity profile in the frame just before the polymer started to crystallize was
used. The crystallinity was calculated from the deconvolution of the total intensity into
the amorphous and crystalline contributions:

Ac

=g (3.7)

where . is crystallinity, A. is the area of the crystalline peaks and A, is area of the
amorphous halo.

For crystallization temperatures above 130°C, two distinct crystalline reflections are
generally visible for PA12 since above this temperature it crystallizes into a combination
of v- and «o’-phase [126]. Before sintering, a distinct peak at ¢ = 15.02 nm~! (d = 0.418
nm) with a shoulder can be observed, as shown in Figure 3.9(a) by the solid gray line.
After sintering, this is transformed into two clear peaks with a secondary peak at 14.6
nm~! (d = 0.430 nm). These peak positions correspond to the values given in literature
for the crystalline reflections of the «’- phase in PA12, which is typical for crystallization
at high temperatures [112, 126]. However, some studies in literature report the opposite
transition from the o’ phase showing two crystalline reflections to a ~y- phase exhibiting
only one reflection afer sintering [127]|. This phase transition is temperature sensitive and
eventually forms the commonly observed 7- phase [124, 128]. Though there is a clear
difference in crystal morphology, the crystallinity percentage as determined from the
ratio of the integrated intensity of the crystalline peaks over the total integrated intensity,
before and after sintering is about the same at around 21.3%. Crystallinity percentage
can vary between 20% to 46% for PA12 polymer, depending on the grade and processing
condition [112, 125, 129]|. Whereas previous studies are limited to the overall crystal
morphology of a sintered part, our data in Figure 3.9 provide the crystal details locally
in the sintered particle bridge. Moreover, as local sintering parameters can be precisely
controlled and flow profiles can be extracted from the growth of the neck radius[97,
120], a more detailed study of the effects of processing conditions on crystallization due
to sintering can be performed with our newly developed setup. Since laser sintering
and corresponding flow in the neck region can lead to molecular alignment, anisotropic
crystalline structures may be generated. However, under the conditions studied in the
present case study, no such anisotropy of the scattering images was noticed, indicating
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Figure 3.9: (a) Integrated intensity as a function of scattering vector ¢, before and
after sintering. The markers represent the radially integrated pattern obtained from
experiments and the lines represent the sum of fitted peaks using a Gaussian-Lorentzian
function. The grey dotted line is the amorphous halo and the grey solid line is the peak
fit of the crystalline peak. (b) Image sequence of time-resolved 2D-WAXD patterns of
PA12, before and during sintering for PA12 particles of radius a, = 115 pum with heating
chamber temperature T'. = 155°C, pulse energy E}, = 383 um and pulse duration #; —
1 ms. (¢) 3D plot of the radially integrated intensity as a function of scattering vector
g for the complete acquisition time. Red line represents the amorphous halo before
crystallization starts.

that the flow was not strong enough to result in crystal orientation, or at least not over
a substantial region of the polymer particles. It should be taken in account that the
ratio of the X-ray beam diameter (100 pm) to the particle diameter (230 pum) is 0.43,
whereby almost half of the particle area is irradiated, resulting in a convoluted image of
the actual bridge and the neighbouring region.

In addition to providing local information about the crystal structure of PA12, the second
major advantage of our approach is that the time-resolved evolution of the crystallization
process during sintering is available as well. Figure 3.9(b) shows scattering patterns at
different points in time after the laser pulse. Initially, during the short laser pulse,
the material is molten as evidenced by the absence of the typical diffraction rings of
the PA12 crystals. The typical phase transition time is of the order of 0.4 s. Over
the course of time, this diffraction ring reappears indicating that the polymer starts
to crystallize. The obtained intensity profiles were plotted versus the scattering vector
g, at various times, as can be seen in the 3D plot in Figure 3.9. This figure clearly
shows that the complete phase transition from the molten amorphous state at time ¢
= 0 s, until full solidification at t = 24 s can be followed, at the sintering zone. By
determining the degree of crystallization from the diffraction patterns collected as a
function of time, the crystallization kinetics can be analyzed, as shown in Figure 3.10.
Crystallinity is absent at the instant the laser pulse hits the interface of the particles, at
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time ¢ = 0 s. The onset of solidification from the molten amorphous to the solid semi-
crystalline state can be observed at time ¢t = 8 s as the particles undergo cooling until
crystallization ends at time ¢ = 24 s. The half-time of the crystallization, as obtained
from Figure 3.10, is 13 s. As mentioned before in Section III(A), under isothermal and
quiescent conditions, ¢/ is about 19.5 s at 155°C and it has been shown that this time
increases with temperature up to the melt temperature [112]. Since the temperature
during laser sintering evolves from a relatively high temperature directly after the laser
pulse to minimum 155°C, it is clear that the observed crystallization kinetics is faster
than expected from the quiescent crystallization kinetics. This could be due to the flow
originating from the bridge growth process, demonstrated in Fig. 8, which can affect the
crystallization process. Similar increases in crystallization kinetics due to flow have been
observed for many polymers [130]. However, for PA12 the flow-induced crystallization
kinetics has not yet been systematically analyzed. Therefore, quantitative comparison
of the crystallization kinetics observed here with that under standard flow conditions
is not possible. Finally, by comparing the kinetics in Figs. 8 and 10, it can be seen
that under the studied conditions, the macrostructural kinetics in the form of the neck
growth has a much faster timescale as compared to the crystallization. By tuning the
laser energy, pulse duration and chamber temperature, it will be possible to alter both
timescales independently as the first one mainly depends upon the polymer viscosity
whereas the second depends on a combination of shear and temperature effects. Hence,
a wealth of possible processing conditions can be generated, possibly resulting in a variety
of crystalline microstructures.
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Figure 3.10: Time evolution of crystallinity during the sintering process for PA12 particles
of radius a, = 115 um, heating chamber temperature 7. = 155°C, pulse energy E,, =
383 um and pulse duration ¢ = 1 ms.

These preliminary data from a case study on PA12 particles demonstrate the unique ca-
pability of our setup to capture the kinetics of the development of the macrostructure in
the form of neck-radius growth as well as the microstructure in the form of crystallinity
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and crystal-type evolution during laser sintering. The results also illustrate the accu-
racy with which these features can be obtained. Hence, future experiments at different
processing conditions will provide us with critical information about the laser sintering
process. In addition, different classes of polymers ranging from commodity polymers like
polystyrene to high performance polymers like polyether ether ketone can be sintered in
the setup. The setup is also flexible towards the use of small angle X-ray scattering or
more local characterizations using a more pronounced focusing of the X-ray beam.

3.5 Conclusions

A novel in-house developed experimental laser sintering setup has been designed and
constructed that has the unique ability to allow in situ time-resolved microscopic and
X-ray observations of laser sintering with precise control over all sintering parameters. A
case study on the sintering of PA12 particle pairs demonstrates that real-time information
about the sintering dynamics as well as crystallization kinetics can be obtained with a
good signal-to-noise ratio and with sufficient spatial and temporal resolution. Since
structure evolution and crystallization kinetics during laser sintering are complex and
coupled processes involving nonisothermal, nonhomogeneous temperature profiles, and
complex flow fields, this laser sintering setup provides direct access to essential local and
timeresolved information about the structural processes involved. Future experiments
using this setup can provide us with essential knowledge to understand the relations
between sintering conditions and microstructure development. Hence, this unique device
opens up new promising perspectives in the field of 3D printing by selective laser sintering.

Acknowledgments

This work forms part of the research programme of the Brightlands Materials Center
(BMC). We acknowledge the European Synchroton Radiation Facility (ESRF) for pro-
vision of synchroton radiation facilities and NWO for financing beamtime at ESRF. We
would like to thank Dr. Daniel Hermida Merino for assistance in using the Dutch-Belgian
beamlime (DUBBLE) BM26 and Prof.Dr.ir. Leon E. Govaert for providing the PA12
polymer. We also thank Dr. Rob Satnik from Acal BFi for supplying components and
helpful discussion on laser alignment.



Chapter 4 41

CHAPTER 4: .

Laser sintering of polymer particle pairs studied by
in-situ visualization

Abstract

Merging of particle pairs during selective laser sintering (SLS) of polymers is vital in
defining the final part properties. Depending on the sintering conditions, polymers can
undergo full or partial sintering whereby incomplete sintering results in poor mechanical
properties. At present, the underlying mechanisms and related conditions leading to
various consolidation phenomena of polymer particles are not well understood. In the
present work, a novel in-house developed experimental setup is used to perform laser
sintering experiments on polystyrene (PS) particle doublets while performing in-situ vi-
sualization of the sintering dynamics. From the recorded images, the evolution of the
growth of the neck radius formed between both particles is analyzed as a function of
time. Sintering conditions such as heating chamber temperature, laser pulse energy and
duration, laser spot size and particle size are precisely controlled and systematically var-
ied. A non-isothermal viscous sintering model is developed that allows to qualitatively
predict the observed effects of the various parameters. It is shown that the sintering ki-
netics is determined by a complex interplay between the transient rheology caused by the
finite relaxation times of the polymer and the time-dependent temperature profile which
also affects the polymer viscosity. The combination of a full material characterization
with sintering experiments under well-defined conditions has resulted in a general under-
standing of the effects of material and process parameters on laser sintering. Thereby a
strong foundation is laid for the route towards rational design of laser sintering.

Largely reproduced from:
1) Hejmady, P., van Breemen, L. C. A.; Anderson, P. D., & Cardinaels, R. (2019). Laser sintering of
polymer particle pairs studied by in situ visualization. Soft Matter, 15(6), 1373-1387.
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4.1 Introduction

Selective laser sintering (SLS) is an additive manufacturing technique that offers the
possibility to produce intricate geometries and freeform surfaces from polymer powder
without the use of a mould [87, 131]. This provides economic benefits and opens up new
options for producing complex functional parts, currently being limited by traditional
techniques like injection moulding. In SLS, a bed of polymer powder is heated below
the glass transition temperature (7,) and melting temperature (7y,) for amorphous and
semi-crystalline polymers respectively. A laser beam selectively heats and thereby sin-
ters specific areas corresponding to the coordinates provided by a computer-aided design
(CAD) model. After lowering the work platform, another layer of powder is added and
the process is repeated, thus, the part geometry is created layer by layer |2, 4, 85, 132].
However, a number of limitations exist in the SLS process and associated products. Some
of the commonly found defects like porosity and poor layer-to-layer adhesion lead to poor
mechanical properties of the final printed parts as compared to products produced by
traditional polymer processing methods [12, 13|. Furthermore, a limited control over
process parameters and incomplete understanding of the effects of the processing condi-
tions on the consolidation phenomena of the polymer powder have further hampered the
production of parts with reproducible product properties [14].

In literature, different approaches have been taken to overcome these previously men-
tioned adversaries. Extensive research using commercial SLS machines has shown that
varying the processing conditions allows to change the final part morphology and crys-
talline microstructure [133, 134, 135, 136]. Heating chamber temperature, particle size
and size distribution, laser energy and scan speed all have been shown to affect the final
properties [12]. For instance, it was observed that at constant laser speed and powder
bed temperature, gradually increasing the laser power allowed to achieve better con-
solidation of the polymer powder whereas a low power yielded fragile parts with poor
mechanical properties [2, 137]. However, due to the fact that global process parameters
rather than local conditions are controlled and spatial as well as temporal variability in
parameters such as temperature may occur, the reported observations are mostly spe-
cific to each machine. Furthermore, the information is limited to the final morphology
obtained and insight in the actual structure development during processing is still lacking.

Another approach has been the study of the coalescence process on the scale of particle
doublets, allowing a simplified representation of the complex process. When two particles
in contact reach their melting point, they tend to flow with a progressively increasing
contact region (neck) [94, 95, 120|. This particle sintering on the level of a particle dou-
blet has been investigated by means of hot stage microscopy, which has enabled to study
the coalescence process and to relate it with existing analytical models. It was reported
that capillary forces drive an outwards polymer flow [138], which was later verified for
polypropylene (PP) particles [139], by tagging the inter-particle neck and tracking the
flow along the weld line. The temperature dependence of the sintering rate was exper-
imentally verified for PMMA and PP particles showing that the rate and type of flow
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depend on the sintering temperature [139, 140]. Frenkel derived a simple scaling relation
allowing to describe the early sintering stages by assuming Newtonian flow and a con-
stant strain rate [141]. The Frenkel theory was later modified by Pokluda et. al. [120] by
balancing the work of surface tension and that of viscous dissipation, while taking into
account volume conservation. The thus obtained model was found to be suitable to de-
scribe the complete sintering process of viscous liquids. The dependence of the sintering
process on the rheological fluid parameters was shown experimentally by measuring the
inter-particle neck thickness for PEEK and PEK polymer particles of different viscosity
at a fixed temperature [142], indicating that the sintering rate is affected by the viscosity
and elasticity of the polymer and faster coalescence was observed for the less viscous
polymer [96]. A model considering the viscoelastic nature of the sintered materials was
developed by Bellehumer et al. [95] by using an upper convected Maxwell model for the
calculation of the work of viscous dissipation. By using a quasi-steady state approach
to isolate the effects of the elastic stresses, they could show that melt elasticity slows
down sintering. This was later also experimentally verified by Muller et al. [143] for a
range of viscoelastic Boger fluids. Subsequently, Scribben et al. [121] applied the model
of Bellehumeur under full transient conditions, thereby showing that due to time effects
of the viscosity, increasing the relaxation time of the material can accelerate sintering.
This acceleration due to the transient rheology has also been confirmed by Balemans et
al. using fully resolved numerical simulations [144].

Although the different observations and models allow to provide an understanding of
sintering phenomena in processing techniques such as rotational moulding, they do not
fully represent the laser sintering process. Up to now, experimental studies focusing
on the laser-stimulated heating and sintering of particle doublets are lacking. Also, the
available analytical models consider isothermal conditions, neglecting thermal effects on
the viscosity of the polymer. However, with a laser being the heat source that locally
binds particles together, in-homogeneous and non-isothermal temperature profiles are
obtained [9, 10, 145]. A recent numerical study has shown that a judicious choice of
the different sintering parameters would allow significant optimization of the sintering
process |97]. The objective of the present work is to provide insight in the sintering
dynamics during laser sintering of an amorphous polymer, in this case polystyrene. We
use a novel in-house developed experimental setup which incorporates the main features
of an SLS device and at the same time facilitates optical visualization of the sintering
dynamics with precise control over all processing parameters. Based on a systematic
experimental study of the effects of the various processing parameters, the relationships
between on the one hand material properties and processing conditions and on the other
hand the sintering of polymer particle doublets have been investigated.

4.2 Experimental setup

Figure 4.1(a) depicts the experimental setup for in-situ laser sintering experiments. It
consists of a home-build heated sample chamber in which the sintering takes place while
optical imaging via the top and side is possible with two separate optical trains. Laser
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light is guided into the chamber from the top. A visible light (A = 532 nm) continuous
wave (CW) laser (Genesis MX) from Coherent is used, with a spatial TEM00 mode,
which provides a Gaussian intensity distribution. The small wavelength laser with stable
beam parameters, low noise and high power-stability ensures a well-defined spot size and
precise control over the laser impact energy. One of the key components in the setup is
the acousto-optic modulator (AOM, Isomet), whose main functionality is to pulse the
laser. The laser beam is diverted through the AOM, and by switching on and off the
modulation within the AOM, the CW laser beam can be pulsed whereby excess energy
is diverted to the beam dump. The precise control over the laser impact parameters
namely pulse duration as well as pulse energy, allows to simulate various laser scanning
speeds encountered during an actual laser sintering process. The design of the sample
chamber ensures the possibility to perform in-situ laser sintering with simultaneous vi-
sualization of the sintering dynamics by incorporation of quartz windows on the top and
side. A mirror polished stainless steel sample substrate holds the particle pairs to be
sintered and visualized. The chamber is built from aluminum walls fitted with heating
rods on each side, as well as in the substrate. A low thermal conductivity (0.4 W /(mK)
at 400°C) isolation around the box limits the heat loss to the environment. Furthermore,
two thermocouples measure the temperature of the substrate and the chamber air re-
spectively. The thermocouples and heating rods are connected to a temperature-control
unit (Hasco), which ensures that the sample temperature can be controlled within 1°C.
In the present work, the temperatures of the heating chamber and the substrate were
always kept at the same value. Custom made optical trains were designed, to capture the
fast sintering dynamics and relatively small length scales of the formed particle bridges
that dominate during the sintering process. The main components of the optical train
are the Pixelink (PL-D725MU-T) CMOS camera and an infinity corrected objective lens
with 20x magnification from Mitutoyo (NA 0.28). Design considerations were made as
such that the heat loss from the sample chamber does not affect the performance of the
imaging train and at the same time allows a minimum possible angle of incidence of
the laser light (30°) with respect to the objective lens (4.1 b). A well-defined focal spot
was achieved by placing a focusing lens with known focal length along the laser path, as
shown in Figure 4.1 b. An animation illustrating the features of the experimental setup
can be found in the electronic supplementary information (ESI).
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Figure 4.1: (a) Rendered image of the experimental setup highlighting the main compo-
nents. (b) Close-up of the sample chamber depicting the laser path.
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4.3 Materials and methods

4.3.1 Materials and materials characterization

Spherical polystyrene (PS) particles were prepared from standard low molecular weight
polystyrene (Sigma Aldrich). The PS particles contained 2 wt% of nubian black PC-0870
dye (Orient Chemical Industries co., LTD), which enables visible-light laser energy to be
absorbed. This dye has a molecular weight (My,) ~ 397 g/mol. The thermal conductivity
k, density p and surface tension I' of polystyrene are respectively 0.167 W/m-K, 1040
kg/m? and 35.6 mN/m at 115°C [146, 147, 148].

To select suitable sintering parameters and to analyze the sintering process, the ther-
mal, optical and rheological properties of the used material are required. Differential
scanning calorimetry measurements (Mettler Toledo 823e/700 DSC module) at a heat-
ing rate of 10°C/min were performed to determine the glass transition temperature (7;)
and specific heat capacity (cp) of PS. Thereto, the DSC was calibrated for heat flux and
melting enthalpy with indium. Rheological measurements were carried out on a strain-
controlled rheometer (TA instruments RDAIII) equipped with a convection oven using a
plate-plate geometry of 25 mm diameter. Strain sweep experiments at 1 Hz determined
the linear viscoelastic regime and at temperatures sufficiently above the T of the poly-
mer, frequency sweep experiments at four different temperatures were performed. The
absorption properties of the dyed polymer at the laser wavelength were characterized
by measuring the intensity of the transmitted and reflected light through thin polymer
sheets. Thereto, polymer samples containing different concentrations of dye (0-3 wt%)
were prepared by solution mixing in acetone. The required amounts of polymer and dye
were dissolved in acetone by first mixing with a magnetic stirrer and subsequently using
ultrasonication (each for one hour). The resulting mixture was poured in a petri dish,
wherein the dyed polymer is obtained after acetone evaporation. Compression moulded
disks of various thicknesses (50-230 pm) were prepared between glass microscope slides
with a Fontyne plate press used at 10 kPa and 165°C. For the absorption experiments,
the sample was placed in the laser path on a sample holder with the possibility to vary
the incoming angle of the laser light on the sample. Using a continuous beam with a
light intensity of 0.04 W/mm?, the intensity of both transmitted and reflected light was
measured with an XLP12 thermopile at an incoming angle of 30°. Furthermore, the
transmission was measured for an incoming angle of 0°.

4.3.2 Micromanipulation

At the start of a sintering experiment, two polymer particles of roughly the same size and
in contact at their interface, should be placed on the heating bed. To accomplish this, we
have developed a manipulation technique that allows to pick and place polymer particles
independent of their size. Similarly sized polymer particles are selected and subsequently
deposited on a mirror polished stainless steel substrate placed on an x-y-z translation
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stage. A first polymer particle is brought in the field of view and in the focus of the
camera. Subsequently, a tungsten probe with a tip diameter of 100 pm, also connected
to an x-y-z translation stage, is positioned within the field of view of the camera, as can
be seen in Figure 4.2(a). Then, a voltage is applied between the probe and the substrate
by means of a DC power supply, which creates a non-uniform electrostatic field. When
a dielectric polymer particle is present in this field a dielectrophoresis force is exerted
on it, which attracts the particle to the probe, as illustrated in Figure 4.2(b) and Figure
4.2(c) and allows to lift it up (4.2 d). By translating the substrate in x-y-z direction,
similarly sized particles can be found, as shown in Figure 4.2(e). The probe with the
particle is then positioned close to the second particle and the voltage is switched off,
after which the first particle is released onto the substrate next to the second particle
being in contact at their interface, as shown in Figure 4.2(f-h). This particle doublet
now forms the starting point for a sintering experiment.

Figure 4.2: Image sequence illustrating micromanipulation of PS particles in a non-
destructive manner. Scale bar represents 100 pm.

4.3.3 Experimental protocol and data analysis

Before the start of the experiment, the laser-beam spot is focused at the correct location
for visualization of the sintering process. In this work, the beam spot diameter is fixed
at 40 pm, as verified by optical imaging and fitting of a Gaussian profile on the spatial
intensity distribution. Subsequently, the substrate with a particle pair was placed in
the sample chamber and brought in focus on both camera’s thereby ensuring correct
alignment with respect to the laser beam. Subsequently, the chamber was heated to
the required temperature (below the T, of PS) at a relatively low heating rate, thereby
avoiding temperature overshoots and allowing sufficient time to reach thermal equilib-
rium. Then, a single laser pulse is sent onto the particles while the sintering process
is optically visualized. The obtained images are analyzed by means of a custom-made
Matlab®)code. The code uses the circle-Hough transform to detect circles in the images
and to determine the particle diameter at each time instant [149|. For determining the
size of the bridge between the polymer particles, the edge points are placed in an array
and the point with the lowest distance perpendicular to the line connecting both particle
centers is used to determine the neck radius.
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4.4 Results and discussion

4.4.1 Determination of laser sintering parameters

To avoid sintering of the polymer particles in the absence of laser light, the temperature of
the sample chamber should remain sufficiently below the glass transition temperature of
the polymer, similar as in actual SLS printing. Fig. 3 shows the DSC thermograph of the
used PS containing 2 wt% dye, from which the T, was determined as the mid-point of the
inflection of the thermogram. It can be concluded that the used PS has a T of 62°C and
specific heat capacity ¢, of 1320 J/(kg-K) in the liquid state. This T} value corresponds
to a molecular weight of around 3000 g/mol [150]. It should be noted that the effect of
the dye on T, was found to be minor, thereby indicating limited plasticization effects of
the dye. To allow sintering, a sufficient amount of laser energy should be transferred to
the particle pair. Neglecting heat losses and assuming full conversion of the visible light
laser energy to heat, an estimation of the amount of laser energy required to raise the
temperature of a single particle can be made using the following equation:

Q = mc, AT, (4.1)

where @ is the heat energy (J),m is the particle mass (kg), ¢, is the specific heat of
polystyrene (J/(kgK)) and AT is the temperature difference (K). For a particle radius of
60 wm, this means the required energy () to heat a single particle by 20 K is estimated
to be 25 wJ. Based on this material information, the bed temperatures for the sintering
experiments were fixed between 30°C and 53°C and the laser pulse energies were varied
from 19-29 pJ.
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Figure 4.3: DSC thermogram (heating cycle) of PS containing 2 wt% dye using the

midpoint of the inflection to determine 7.

Viscosity plays a vital role in consolidation during laser sintering [151]. Since laser
sintering is a non-isothermal process, the temperature-dependent viscosity is required
to understand the sintering dynamics. Using the fact that simple polymers obey the
Cox-Merz rule, the complex viscosity n* is used to characterize the flow behaviour. To
determine the steady state zero-shear viscosity nsg as a function of temperature, a time-
temperature superposition of the frequency-sweep experiments is first performed. This
results in a master curve and shift factor ar that obeys the Williams-Landel-Ferry (WLF)
equation [152]:

log(ar) = log <77s(T) ) _ —Ci(T = Ther) ’ (4.2)
NsT et Co+ (T — Tret)

where C) and Cs are constants, Tyef is the reference temperature, ns( Tyef) is the steady
state viscosity at the reference temperature, T is the measurement temperature and
ns(T)) is the steady state viscosity at the measurement temperature. The WLF equation
is typically used to describe the time-temperature behavior of polymers near the glass
transition temperature [152]. Using T, as the reference temperature, values for C; and
Cs of respectively 13.05 and 147.1°C are obtained, which is in reasonable agreement
with literature values for PS [153]. Hence, the DSC and rheology results are consistent.
Figure 4.4 (a) shows the complex viscosity n* versus angular frequency w at a reference
temperature of 100°C for PS containing 2 wt% dye. With this reference temperature,
C1 and Cs are equal to 10.37 and 185.07°C respectively. Subsequently, the master curve
of the complex viscosity is fitted with the cross model [152]:
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750 — T)sco

Ns = Nsoo T W7 (43)
where 7y is the steady state shear viscosity at infinite shear rate, 7y is the steady
state zero-shear viscosity,  is the shear rate, m is a constant and X is the cross time
constant with 1/\ corresponding to the shear rate at the onset of shear thinning. This
results in a zero-shear viscosity of 2119 Pa-s at the reference temperature of 100°C.
Figure 4.4 (b) provides the zero-shear viscosity values at different temperatures together
with the WLF fit that is used to determine the viscosity at other temperatures. Based
on the measured viscosities, the expected timescale of the sintering process, using the
characteristic timescale of the Frenkel model, which is (nspa,)/T" with T' the surface
tension of PS, 7y the steady state zero-shear viscosity and a0 the initial particle radius
[120], is on the order of 3 s for a particle radius of 60 1 and a temperature of 100°C. By
fitting the small-amplitude dynamic moduli with a multimode Maxwell model (Figure
4.4 (a)) [152], the relaxation time distribution of the polymer is determined. Table
4.1 provides the different relaxation times and their respective contribution. Based on
the data in Table 4.1, the viscosity average relaxation time is 6.1 s and the zero-shear
viscosity is 2207 Pa-s at 100°C. From the sintering model of Bellehumeur et al. [95], which
considers an upper convected Maxwell model for the polymer rheology with quasi-steady
state conditions for the sintering (neglecting transient viscosity effects), it is concluded
that for A &~ 2 (ns0a0)/I" as is the case here, the effect of the viscoelastic stresses on the
sintering dynamics can be neglected. However, transient effects of the viscosity buildup
after startup of the flow are expected to play a role [121].
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Figure 4.4: (a) Master curves for dynamic moduli and complex viscosity of PS containing
2 wt% dye at a reference temperature of 100°C obtained from frequency-sweep measure-
ments at 80°C, 90°C, 100°C and 110°C. The viscosity is fitted with a Cross model and
the dynamic moduli are fitted with a multimode Maxwell model (lines) (b) Temperature
dependent zero-shear viscosity values fitted with the WLF equation (line).

To estimate the required dye content to allow for significant absorption of the laser energy,
the transmission and reflection of laser light by PS sheets with various thicknesses and
dye contents were analyzed. From this the absorption was determined since these three
contributions together should equal the intensity of the incoming laser light. Figure 4.5
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Table 4.1: Relaxation time distribution at 100°C for PS containing 2 wt% dye based on
a multimode Maxwell model.

X (5) | i (Pas)
0.00171 73.36
0.0104 164.32
0.0509 364.44
0.229 558.76

1.02 493.68
5.63 245.71
37.3 306.26

(a) presents the results for 100 um thick PS sheets as a function of the dye content. The
amount of reflection is very small (around 5%) which corresponds to the prediction of
Fresnel’s law. Moreover, due to the nearly equal refractive indices of glass and PS (1.5
versus 1.59) the presence of the microscope slides on both sides of the sample, which
was required due to sample brittleness, cannot be noticed on the reflection data, as was
verified using a plane sheet of high molecular weight PS. Both the transmission 77 as a
function of dye weight percent (4.5 (a)) as well as the transmission 77 as a function of
sample thickness (4.5 (b)) follow the Lambert-Beer law:

1
— =T71 = exp(—¢lc), (4.4)
I

withly the intensity of the incoming light, I the transmitted intensity, [ the path length
through the sample, ¢ the concentration of dye and e the extinction coefficient. Fitting
both data sets with this equation resulted in an extinction coefficient € of 1172 m?/mol,
which makes it possible to determine the light absorption as a function of sample thick-
ness and dye concentration. Finally, Figure 4.5(b) shows that the effect of the angle of
incidence of the laser light is negligible, if the increased path length through the sample
due to the sample orientation is taken into account. This is caused by the fact that
reflection only constitutes a minor part of the total response. Based on the absorption
values, a fixed dye content of 2 wt% was chosen for particle radii ranging from 30 to 105
um. This leads to an absorption value close to 90% of the incoming laser light.
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Figure 4.5: (a) Transmission, reflection and absorption of visible light (532 nm) as a
function of dye wt% for a sample thickness of 100 um and angle of incidence (AOI) of
30°, (b) Transmission, reflection and absorption of visible light (532 nm) as a function
of sample thickness perpendicular to the laser path for a dye-weight percent of 2 % and
angle of incidence of 30°. The inset compares the transmission at angles of incidence of
0° and 30°. Lines indicate fits with the Lambert-Beer law.

4.4.2 Representative sintering behaviour

Figure 4.6 presents image sequences obtained in the top and side view during a typical
sintering experiment. Movies of the sintering process in top and side view are available
in the ESI. The laser pulse is applied at time ¢ = 0 s. In general, sintering consists of
three stages [94]. Upon initial softening of the material due to heating above T, small
deformation of the contact region will create a finite contact surface. Subsequently a
neck is formed due to the merging of both polymer particles at the contact surface and
the disappearance of the intermediate liquid-air interface. Finally, neck growth occurs
during which the particle doublet transforms its shape towards a single sphere under
the driving force of surface tension. Within the resolution of the optical train, we can
only analyze the neck growth stage of the sintering process, starting from neck radius to
particle radius ratio’s (z/a,) of 0.2, as shown in Figure 4.6. A gradual growth of the neck
radius is observed in the image sequence. The images in Figure 4.6 also show that the
particles remain pinned to the substrate during the major part of the sintering process
as they do not liquefy completely. Only towards the end of the sintering process, wetting
of the polymer on the substrate starts to occur, which is however halted rapidly due to
solidification at the end of the laser pulse. For viscous sintering of liquid droplets, it has
been shown that the wetting of the polymer on the substrate can affect the sintering
kinetics, whereby enhanced wetting results in an acceleration of the sintering kinetics
[154]. In our case, the substrate that is relevant for the actual sintering process in laser
sintering would be polystyrene. However, the mirror polished steel substrate provides
a twofold advantage: it facilitates the applied particle manipulation technique and also
avoids stray reflections in the optical images. The wetting behavior of liquids on solids
can be estimated from the wetting parameter S[154] :

S=T,-Tg-I, (4.5)
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with I's the surface energy of the substrate, I'g] that of the substrate-liquid interface and
I'} the surface tension of the liquid. If S > 0 the liquid will favorably wet the substrate.
Since stainless steel is a material with a very high surface energy, good wetting will be
obtained. Similarly, polystyrene droplets will wet a polystyrene substrate. Hence, the
wetting behavior of polystyrene droplets on a polystyrene substrate and a stainless steel
substrate are expected to be similar, which was also experimentally verified. Thus, all
further experiments were performed on the steel substrate, but are also representative
for sintering of polystyrene on polystyrene.
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Figure 4.6: Image sequence of a typical sintering experiment with a particle radius of a,
= 60 pm, heating chamber temperature of T, = 53°C, pulse energy of E, = 28 pJ and
pulse duration of #, = 800 ms.

Using the image sequence of Figure 4.6, the neck radius as a function of time is determined
and is given in Figure 4.7(a) and Figure 4.7(b) for respectively the top and side view. The
experimental reproducibility is very high, as is seen from the repeat experiments in Figure
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4.7. Additional reproducibility checks at other values of the pulse energy are shown in
Figure 4.15 in Appendix. Furthermore, Figure 4.7 shows that the kinetics exhibited in
the top view and side view are identical. For all sintering experiments performed in this
work, there was no systematic effect of analyzing the data from either the top or the side
view. The final obtained neck radius was exactly the same in both cases. Therefore only
the side view results are shown in the remaining part of the work, as they were captured
with a faster camera. This axisymmetric behavior of the neck region and thus absence
of any effects of the substrate on the sintering kinetics can most probably be attributed
to the fact that the particle contact point with the substrate remains solid during the
major part of the sintering process.
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Figure 4.7: Dimensionless neck radius versus sintering time fitted with the modified
Frenkel model (lines) with a particle radius of a, = 60 pwm, heating chamber temperature
of T, = 53°C, pulse energy Ej, = 28 pJ and pulse duration of #, = 800 ms. (a) top view,
(b) side view.

The evolution of the neck radius in Figure 4.7 was fitted with the modified Frenkel model
for viscous sintering of liquids under isothermal conditions, given by [120]:

a T 275/3 cos A sin 0
dt — mao K12 (2 — cos8)5/3 (1 + cos ) 4/3°

(4.6)

Here, I' is the surface tension, n the viscosity, a, the particle radius, 6 the angle between
the line connecting the particle centers and that connecting a particle center with the
extreme point of the neck, as indicated in Figure 4.6(c), and K is given by [121]:

(4.7)

tanf  sinf [2(2 —cosf) + (1 —i—cosﬁ)}
1= - )

2 6 (14 cosf) + (2 —cos@)

which is the expression derived by Scribben et al. [121] for arbitrary 6 values. From 6
the dimensionless neck radius z/a, can be obtained [120]:

T .
— =¢gin6

ao <(1+C089)2(2—0059)> 1/3,

(4.8)
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Thereby, the viscosity n was used as a fitting parameter. It can be seen from Figure
4.7 that this model is well suited to describe the initial sintering kinetics, even though
it was developed for isothermal sintering of viscous liquids. The resulting fit value for
the viscosity is 143 Pa-s, which with the given WLF parameters corresponds to a tem-
perature of 122°C. Starting from a bed temperature of 53°C, the resulting temperature
increase would require a total energy of 86 wJ per particle to heat up to 122°C, which
is higher than the applied energy of 28 uJ thereby suggesting that both particles are
not fully heated up to a homogeneous temperature. In addition, it suggests that the
conversion from visible light energy to heat is rather efficient. At the last sintering stage,
the modified Frenkel model predicts a final dimensionless neck radius of 2'/3, which is
1.26, and corresponds to a spherical particle with radius a,2'/3. In the laser sintering
experiment, the dimensionless neck radius levels off at a lower value since the particle
doublet is not able to fully relax to a spherical droplet. This can be attributed to the lim-
ited energy supply, which hampers sufficient fluidity of the complete particles to retract
into a spherical shape. During thermal sintering in a homogeneously heated chamber or
upon continuous application of a three times higher laser energy, complete sintering up
to a spherical droplet was observed.

It is interesting that, despite the expected non-isothermal characteristics of the sintering
process, both in time as well as in space, the modified Frenkel model allows to cap-
ture the initial sintering kinetics rather well. Concerning the spatial distribution of the
temperature profile, it should be noted that the ratio of laser spot radius (20 pum) to
particle radius (60 wm) is 0.33 at this particle size, thereby a large area of the particles
is illuminated. Moreover, the heat diffusion time from the laser illuminated area to the
surrounding region of the particles can be estimated using the characteristic time for
heat diffusion given by [122]:

(o= B2l _ (2a°l):p =, (4.9)

«

with o the thermal diffusivity and p, ¢, and k respectively the density, heat capacity
and thermal conductivity of PS. For a particle radius of 60 wm, . equals 0.12 s. This
indicates a relatively fast heat diffusion throughout the particles, which suggests that
the neck region will most probably attain a relatively homogeneous temperature during
sintering. However, even though spatial gradients within the sintering neck region are
expected to be limited, temporal variations in temperature will be present due to the
continuous heating of the neck region by the supplied laser energy.

4.4.3 Effect of particle size

With the main characteristics of the sintering kinetics being set out in Section 4.4.2, the
effects of several parameters relevant in laser sintering are systematically explored via
experimental characterization of the sintering process. First, the particle size is varied,
with the radii ranging between 30 and 105 pm. This corresponds to the typical particle
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size range of laser sintering materials [12]. The results for the neck growth kinetics
presented in Figure 4.8 show two main effects. Firstly it can be seen that increasing
the particle size substantially slows down the sintering kinetics. This is qualitatively the
expected trend according to the scaling of the modified Frenkel model [120], as increasing
the particle radius reduces the driving force originating from the surface tension which
is maximal for a highly curved meniscus [155]. Second, Figure 4.8(a) shows that due
to the slower sintering kinetics, only partial neck growth is attained by the time the
laser pulse ends, which results in partially sintered doublets, as shown in Figure 4.8(b).
During actual laser sintering, such partially sintered doublets would result in porosity of
the printed parts.
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Figure 4.8: Effect of particle radius on sintering kinetics with heating chamber temper-
ature of T, = 53°C, pulse energy E, = 28 wJ and pulse duration of ¢, = 800 ms. (a)
Dimensionless neck radius in side view, (b) Particle doublets at the end of the sintering
process.

To analyze whether the effects of particle radius follow the typical scaling of the modified
Frenkel model, the sintering time is scaled with the characteristic Frenkel time (ns0a0/T"
with ' the surface tension of polystyrene, n the viscosity and a, the particle radius
whereby 7 was kept the same as that obtained for a particle radius of 60 pm in Figure
4.7), as shown in Figure 4.9(a). It can be seen that even after applying this scaling, the
sintering of the larger particles is slower than that of the smaller ones. This indicates that
the heat diffusion from the laser illuminated area to the surrounding particle region plays
a significant role, as already concluded in Section 4.4.2. When increasing the particle
radius from 30 to 105 um, the ratio of laser spot size to particle size decreases from 0.66
to 0.19.
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Figure 4.9: Effect of particle radius on sintering kinetics with heating chamber temper-
ature of T, = 53°C, pulse energy E, = 29 uJ and pulse duration of ¢, = 800 ms. (a)
Dimensionless neck radius in side view versus time rescaled with Frenkel timescale, (b)
Dimensionless final neck radius versus particle size.

Since for large particles a larger part of the heat energy flows to the non-illuminated
regions, the temperature increase in the neck region will be less, resulting in a higher
viscosity and thus slower sintering kinetics. For the cases resulting in incomplete sin-
tering, it can also be seen that the sintering kinetics slows down at the later sintering
stages, thereby no longer allowing a description of the kinetics with the modified Frenkel
model. This is caused by the effect of the transient rheology, resulting from the finite
relaxation time of the polymer, which leads to a larger viscosity at later timescales, for
which complete sintering is already obtained in the case of smaller particles. At the end
of the laser pulse (at ¢ = 800 ms in Figure 4.8(a)), an almost instantaneous solidification
of the neck region is noticed. This phenomenon is analyzed by an estimation of the
cooling rate of the particles. First, an estimation of the Biot number [122]:

. hL. h(ao/3)
Bi = = ——F 4.10
= e = ) (410)

with h the heat transfer coefficient, k£ the thermal conductivity, L. the characteristic
length scale which is defined as volume/surface area and a, the particle radius, allows to
judge the relative contributions of external convection and internal heat conduction. Due
to the small length scales involved, Bi < 0.1 and once the laser is switched off, the cooling
of the particle will occur more or less homogeneously throughout the particle without
the generation of additional temperature gradients within the particle. Moreover, the
timescale for cooling can be estimated from an energy balance considering only heat loss
due to convection:

T
mcp% = hA(T, — T.), (4.11)

in which m is the particle mass, cp the heat capacity, T}, the particle temperature, h
the heat transfer coefficient, A the particle surface area and T, the temperature of the
heating chamber. Using a typical value for h of 50 W/m?K (Section 4.4.7), it can be
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calculated that cooling from the estimated sintering temperature of 122°C occurs rather
fast whereby more than 10°C temperature drop is obtained within 100 ms. Moreover,
especially in case of fully sintered particles with a large contact area between the parti-
cles and the substrate, additional heat loss to the heating chamber substrate will occur.
The final reached neck radius is an important characteristic of the final sintered product
and the dimensionless final neck radius (z¢/a,) is provided as a function of the particle
radius in Figure 4.9(b). It can be seen that once incomplete sintering is obtained, the
final dimensionless neck radius decreases approximately linearly with the overall particle
radius. The sintering process is halted when the polymer viscosity exceeds a critical value
whereby the work of the surface tension becomes insufficient to overcome the viscous loss
during flow [120]. Since the evolution of the polymer viscosity with time critically de-
pends on the different rheological parameters of the material, the exact relation between
the final dimensionless neck radius and the particle size will depend on the polymer
rheology.

4.4.4 Effect of heating chamber temperature

The optimal heating chamber temperature in selective laser sintering is generally consid-
ered to be the highest temperature that does not result in consolidation of the powder
outside the laser area. This way, the required laser energy is minimal whereas thermal
gradients and thermal expansion are also minimized [12]. The effect of varying the heat-
ing chamber temperature from close to T, to far below it, keeping all other parameters
fixed, is depicted in Figure 4.10. A priori, two effects of decreasing the heating chamber
temperature would be expected. With a lower heating chamber temperature and at the
same laser energy, the temperature in the sintering region would be lower, resulting in a
higher viscosity and thus lower sintering speed. In addition, once the laser energy is not
sufficient anymore to heat the polymer above the glass transition temperature, solidifi-
cation and cessation of the sintering will be observed. It can be seen in Figure 4.10 that
mainly at the lowest heating chamber temperature of 30°C, the initial sintering speed
is significantly slowed down. However, the reduction of the sintering speed is much less
as compared to what would be expected from the increase of the steady state viscosity
due to a temperature reduction of 23°C in the sintering region (as can be derived from
a scaling of the x axis with the Frenkel timescale taking into account the steady state
viscosity effect being 143 Pa-s at 122°C versus 2094 Pa-s at 99°C, results not shown).
This is caused by the fact that during the initial stages of sintering, the effect of temper-
ature on the viscosity can be much less as compared to the temperature effect at steady
state. For the other heating chamber temperatures, the lower sintering kinetics is only
noticed at timescales above 200 ms, which may indicate that initially the limiting step
is the distribution of heat to the particle region outside the laser spot area. Moreover,
at timescales that are sufficiently short with respect to the polymer relaxation time, the
effects of temperature on the viscosity can become insignificant. This is caused by the
fact that increasing the temperature lowers both the steady state viscosity as well as the
relaxation time [156]. The dependence of the final obtained dimensionless neck radius
on the heating chamber temperature is depicted in Figure 4.10(b). It can be seen that
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the sensitivity to the heating chamber temperature is rather limited within a relatively
wide range of heating chamber temperatures.
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Figure 4.10: Effect of heating chamber temperature on sintering kinetics with pulse
energy of T, = 53°C, pulse energy E, = 29 wJ and pulse duration of #, = 800 ms.
(a) Dimensionless neck radius in side view, (b) Dimensionless final neck radius versus
heating chamber temperature.

4.4.5 Effect of pulse duration

A third parameter that is of relevance during laser sintering is the laser pulse duration.
With typical scanning speeds ranging between 10 and 1000 mm/s and particle diameters
in the range of 50 to 500 um [12], the typical duration of laser impact on a particle is
in the range of 0.05 to 50 ms. However, since the laser scan spacing is mostly chosen
about 3 to 6 times smaller than the laser beam diameter, the effective laser impact
time on each location is larger [12]. To be able to perform a systematic study of the
effects of laser pulse duration, we selected a range of pulse durations, ranging from much
shorter than the characteristic sintering time, to longer than this time. The total energy
within each pulse was kept constant. Figure 4.11(a) demonstrates that the main effect
of shorter pulse durations is a premature cessation of the neck growth process occurring
nearly instantaneously after switching of the laser pulse. On the other hand, even though
at the same total pulse energy the longest pulse duration corresponds to a more than
tenfold lower power as compared to the shortest pulse (0.036 versus 1.16 mW), the
kinetics of the growth of the neck radius is relatively insensitive to this parameter. This
may suggest that at the shortest pulse durations the limiting factor for the kinetics is
the distribution of the heat over the sintering area rather than the effective laser power.
In addition, the higher instantaneous laser power would result in larger temperature
gradients within the particle doublet, thereby leading to more heat flow to the outer
particle regions as compared to the case in which there is a slower heating of the sintering
region. In addition, during the initial sintering stages, the effect of temperature on the
polymer viscosity can be very limited, even though the steady state viscosity shows a
high temperature dependence. The dependence of the final obtained neck radius as a
function of laser pulse duration is shown in Figure 4.11(b). Since the sintering kinetics
is relatively insensitive to the applied laser pulse duration (or correspondingly the laser
power), the dependence of the final dimensionless neck radius z¢/a, follows a similar
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trend as z/a, for the case of the longest applied pulse duration. This is caused by the
fact that the final neck radius is only determined by the timepoint at which sintering
was halted by the end of the laser pulse. These results clearly show that, using the same
total pulse energy, distributing this energy over a longer time results in more efficient

sintering.
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Figure 4.11: Effect of pulse duration on sintering kinetics with heating chamber tem-
perature of T, = 53°C, pulse energy Ej, = 29 pJ and pulse duration of &, = 800 ms. (a)
Dimensionless neck radius in side view, (b) Dimensionless final neck radius versus pulse
duration.

4.4.6 Effect of laser energy

Finally, the laser sintering process is affected by the laser energy. As typical spot sizes
in commercial laser sintering devices are much larger than 40 pm, the fluence or laser
energy per unit area will be used for comparison purposes. In the present work, the laser
energy values were varied between 19 and 29 wJ, which corresponds to fluence values
of 3800 to 5800 J/m?. For amorphous polymers such as polystyrene, typical values of
the fluence can be estimated from the laser power, scan speed and scan spacing, which
for instance results in a value of the order of 2000 to 3000 J/m? for the sintering of
high impact polystyrene [134]. Figure 4.12 shows that decreasing the laser energy at
constant pulse duration (thus reducing the laser power from 0.036 to 0.024 mW) results
in a slowing down of the sintering kinetics for the lowest pulse energies whereas for the
highest values, the initial slope remains the same up to 200 ms, which corresponds to the
trend observed in Figure 4.11 showing the effect of pulse duration, for values resulting
in higher power values as those in Figure 4.12. This suggests that there is a critical
power value above which the power is no longer the limiting factor for the initial stages
of the sintering process. At the lowest applied laser energy values, the initial sintering
kinetics is slower but it also appears that sintering is nearly halted already before the
end of the laser pulse (at 800 ms). This suggests that the supplied energy is so low
that the viscosity decrease due to the increase in temperature is less pronounced than
the viscosity increase due to transient effects. Hence, sintering can only occur in the
initial stages when the driving force is very large due to the high curvature and viscosity
buildup is still ongoing whereas after some time, sintering slows down substantially due
to the high viscosity. Figure 4.12(b) shows the evolution of the final dimensionless neck
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radius with the applied laser energy. The dependence on laser energy is very strong in the
studied range of energy values whereby the lowest values are clearly not enough to obtain
a sufficient temperature increase for sintering. A linear relation between the laser energy
and the dimensionless final neck radius is obtained for the whole range of relevant laser
energies, ranging from those resulting in nearly no sintering to those leading to complete
sintering. However, similar to the effects of particle size, the exact relation between both
parameters depends on the complex time and temperature dependent rheology of the

polymer.
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Figure 4.12: Effect of laser energy on sintering kinetics with a heating chamber temper-
ature of T, = 53°C, pulse duration of #, = 800 ms and particle radius of a, = 60 pm.
(a) Dimensionless neck radius in side view, (b) Dimensionless final neck radius versus
laser energy.

4.4.7 Main physical phenomena summarized in a non-isothermal sin-
tering model

Up to now, viscous sintering models were used to describe the sintering kinetics in case
of isothermal sintering processes in a heated chamber. However, as mentioned above,
during laser sintering, a continuous increase of the temperature of the neck region is
expected. Since such a temperature evolution results in a changing rheological behavior
during sintering, this should be taken into account in the sintering model. Scribben et
al. [121] generalized the modified Frenkel model to become valid for any rheological
constitutive equation, resulting in:

a2 K (1 + cos0)*3(2 — cos 0)°/3
3r Txx — TYY)

cos 0 sin 6 -1=9 (4.12)
with a, the particle radius, I' the surface tension, 74y and 7y, the normal stresses in two
perpendicular directions and K7 as defined in Figure 4.7. In the model derivation, it was
assumed that sintering results in a purely biaxial extensional flow with a homogeneous
extension rate throughout the fluid volume. Hence, the extension rate é depends on the
sintering kinetics, according to [120]:
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) do

E=K e (4.13)
Since the stress values in Eqn. 4.12 depend on the rheological parameters as well as the
extension rate, the rheological constitutive equation and sintering equation thus form
a coupled set of equations. Based on Eqn. 4.13 and the sintering kinetics shown in
Figure 4.7, extension rates in our study range up to 4 s', depending on the applied laser
sintering conditions. Hence, a full analysis of the sintering problem would require a non-
linear constitutive equation, as quasi-linear models such as the upper convected Maxwell
model may fail due to the fact that the extensional viscosity becomes unbounded for é
> 1/(s\) [156]. However, in that case, a full numerical approach, such as applied in the
work of Balemans et al. [97], using a finite element method, might be more suitable.
Hence, we neglect non-linear rheological effects and describe the rheology of the polymer
with the linear viscoelastic Maxwell model. Thereby, qualitative insights in the effects
of the different laser sintering parameters on the neck growth process, via their effects
on the polymer rheology, will be provided. In the linear viscoelastic case, the rheology
and sintering kinetics is decoupled. Hence, first the evolution of the viscosity with time
is calculated from the Maxwell model with temperature-dependent parameters:

dr(T,t)

T(T,t) + X\T) o

= 2ns(T)D, (4.14)
in which 7 is the stress tensor, D the rate of deformation tensor, A the relaxation time
and 7y the steady state viscosity. As shown in Figure 4.4, the PS polymer behaves ther-
morheologically simple, hence the temperature dependence of ns and A can be described
by means of the temperature shift factor ar (Eqn. 4.2). The resulting viscosity evolution
with time is governed by two counteracting effects. Gradual heating of the particles leads
to a decrease of the viscosity with time. Simultaneously, the finite relaxation time of the
polymer causes a viscosity buildup with time. The resulting viscosity 1 as a function of
time, defined as:

7_xy‘(t)

P (4.15)

n(t) =

with 7 the shear rate and 74, the shear stress, is substituted in Eqn. 4.6, which is equiv-
alent to Eqn. 4.12 when a linear viscoelastic constitutive equation is used.

To determine the evolution of the temperature as a function of time during the heating
by means of the laser pulse, an energy balance is used. First, it should be noted that due
to the limited temperature difference between the particles and the heating chamber,
heat loss by radiation is negligible as compared to that by convection [122]. Hence, the
temperature evolution of the particles is governed by the supplied laser energy and the
heat loss to the environment by means of free convection:
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dT
owncpd—tp = 0P — BhA(Tp — T), (4.16)

in which m is the particle mass, ¢, the heat capacity, T}, the particle temperature, P
the power of the laser given by the pulse energy £, divided by the pulse duration #,, h
the heat transfer coefficient, A the particle surface area and 7. the temperature of the
heating chamber. The parameters «, §, and 8 allow to correct for the facts that not the
complete particle is heated, that the conversion from laser energy to heat energy is not
complete and that there may be additional heat loss to the environment by conduction
into the heating chamber substrate. The heat transfer coefficient can be estimated from
heat transfer correlations for free convection over an object. Based on the dimensionless
Rayleigh number, which is of the order of 10 for the studied conditions, it is concluded
that buoyancy-driven flows are negligible and heat transfer is dominated by conduction
[122]. In that case, the heat transfer coefficient is obtained from the fact that the Nusselt
number Nu for conduction equals two with:

Nu=— 4.1
u="2, (417)

and h the heat transfer coefficient, D the characteristic length scale which is in this case
the particle diameter and & the thermal conductivity of air [122]. This results in a value
for the heat transfer coefficient of the order of 50 W/m-K. Depending on the contact
area between the particle and the heating chamber substrate, additional heat loss to the
heating chamber substrate may play a role, which can be taken into account by means
of parameter § in Eqn. 4.16. From the energy balance as stated in Eqn. 4.16, the
temperature evolution in the particle can be obtained:

0P —BhAt dP
Tp(t) = BhA exp < amey > +T.+ BhA’ (4.18)

Using this model, the effect of the various parameters that affect the sintering process,
namely the particle size, heating chamber temperature, laser energy and laser pulse du-
ration can be investigated. Model predictions are calculated for the sintering parameters
shown in Figure 4.7, using the reference viscosity and reference relaxation time obtained
in Section 4.4.1 and keeping the correction factors «, 8 and § in Eqn. 4.16 and Eqn.
4.18 at one. The results for the temperature and viscosity evolution as a function of
time for various values of the laser pulse energy are shown in Figure 4.13(a) and Figure
4.13(b). Figure 4.13(a) demonstrates that increasing the laser energy results in a more
pronounced temperature increase. Moreover, after a certain time, the particle tempera-
ture becomes so high that the heat loss equals the energy supplied by the laser and thus
the temperature reaches a plateau value. The corresponding viscosity evolution is shown
in Figure 4.13(b). In general, the viscosity exhibits an increasing trend as a function of
time, which is caused by the transient effects from the polymer relaxation time. With
increasing temperature, the rising trend of the viscosity becomes less pronounced. How-
ever, the temperature effects at initial times are clearly less pronounced than those at
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later times and under steady state conditions. When the supplied energy is high enough,
the viscosity even exhibits a non-monotonous trend, with first an increase due to the
dominant effect of viscoelasticity followed by a decrease due to the dominant effect of
the temperature rise.
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Figure 4.13: Model predictions at various laser energies for (a) temperature and (b)
viscosity as a function of time for a particle radius of a, = 60 um, heating chamber
temperature of T, = 53°C, pulse duration of &, = 800 ms, 1. = 2119 Pa-s, A = 6.1
s,a=1,8=1and y=1.

Figure 4.14(a) shows the sintering kinetics for the parameter values for which the temper-
ature and viscosity evolution are shown in Figure 4.13(a) and Figure 4.13(b). This figure
clearly indicates that using the experimental parameter values, the obtained sintering
kinetics is much faster as compared to the behavior observed in the experiments. This
discrepancy can most probably be attributed to the fact that the solid polymer behavior
below Ty is not incorporated in the model and the liquid behavior and corresponding
viscosities and relaxation times at these temperatures are extrapolated from the WLF
behavior, which does not hold below T,. Hence, whereas our model predicts an initial
viscosity of zero that builds up with a very long relaxation time, the actual polymer
will be a viscoelastic solid during the initial stages of sintering. Due to the pronounced
sintering at very short sintering times, the final obtained dimensionless neck radius is
nearly independent of the supplied laser energy in this case. By reducing the relaxation
time of the polymer, a faster increase of the viscosity results, as shown in Figure 4.14(b).
This faster viscosity buildup suppresses the sintering, as shown in Figure 4.14(a). Since
the model predictions do not allow to quantitatively match the experimental sintering
behavior, the model can not be used to describe the experimental data but rather to
indicate the relevant governing phenomena.

In conclusion, the performed model calculations indicate that the balance between the
relaxation time and the temperature dependence of the viscosity has a significant contri-
bution to the sintering behavior. Faster sintering is obtained when the polymer viscosity
is low. A low viscosity can be obtained from a steady state viscosity that drops signifi-
cantly with increasing temperature but also from a large relaxation time that provides
slow viscosity buildup. Since in typical polymers both the viscosity and the relaxation
time show a similar drop with increasing temperature, use of more complex materials,
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e.g. multiphasic materials, is expected to allow enhanced optimization of the material
rheology for the laser sintering process. From the point of view of process parameters,
it can be concluded that the various parameters that affect the sintering kinetics all
act through changes of the temperature and thereby viscosity of the material. Hence,
a correct understanding and modelling of the temporal and spatial temperature profiles
is crucial to capture the actual sintering kinetics. Clearly, due to the complex interac-
tion between temperature and time-dependent rheological behavior, merely increasing
the temperature by using a higher laser power or chamber temperature, does not always
improve the sintering speed, which is counter-intuitive.
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Figure 4.14: Model predictions for (a) dimensionless neck radius versus time for a particle
radius of a, = 60 pm and (b) viscosity versus time, heating chamber temperature of T¢
= 53°C, pulse duration of 1, = 800 ms, Ny = 2119 Pa-s, Aref = 6.1 s, a =1, =1 and

v =1

4.5 Conclusions

Laser sintering of polystyrene is studied on the scale of a single particle doublet by using
a novel in-house developed experimental setup. This setup allowed the particle doublet
to be subjected to a well-defined laser pulse while performing optical visualization of
the growth of the neck radius between the particles, both from the top as well as from
the sides. A visible light laser modulated with an acousto-optic modulator was used to
create laser pulses focused on the particle doublet with a well-defined small spot size.
Thereby, the scanning of the laser over the particles in the actual laser sintering devices
can be mimicked. By using spherical polystyrene particles of various sizes the ratio of
laser spot size to particle size was varied between 0.66 and 0.19. The thermal, rheological
and laser light absorption properties of the used polystyrene were characterized a priori.
This allowed the determination of the suitable parameter range for the heating chamber
temperature, laser pulse duration and laser pulse energy. Subsequently, a systematic
study of the effects of the main laser sintering parameters on the sintering dynamics,
quantified as the evolution of the neck radius between both particles with time, was
performed. This allowed, for the first time, the provision of time-resolved information
on the laser sintering of polymer particles. The initial sintering kinetics as a function of
time can be described with the modified Frenkel model for isothermal sintering of viscous
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liquids, whereby the characteristic viscosity depends on the applied process conditions.
However, the overall sintering kinetics is determined by a complex interplay between
the temperature and time effects on the viscosity. Contrary to thermal sintering in a
homogeneously heated chamber, laser induced particle sintering can slow down and even
completely halt at later stages. This is caused by the viscosity build-up as a function
of time due to the finite relaxation time of the material. Hence, if the supplied laser
energy is not sufficient to cause a substantial temperature increase, only partial sintering
occurs. Considering the complexity of the sintering process that is characterized by
a non-uniform and time-dependent temperature profile as well as complex flow fields,
further studies will involve a combination of experimental and numerical work to provide
complementary information on the global as well as local scale. Moreover, the effects
of the presence of surrounding particles on the sintering kinetics will be studied to be
able to extend our results to actual sintering in a polymer powder bed. In the case of
viscous sintering, it has already been shown that the sintering of nearby particles affects
the kinetics[157]. Finally, since laser sintering of polymers often concerns semicrystalline
materials, the experimental approach will be extended to allow in situ characterization
of the crystallization process during sintering.
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CHAPTER 5 .

Laser sintering of PA12 particles studied by in-situ
optical, thermal and X-ray characterization

Abstract

Microstructure of products manufactured by selective laser sintering (SLS) are known
to be highly dependent on various process and material parameters, which can influence
the final part property. While most work has been focused on ez-situ characterization
of a printed part, little is known about the time-dependent microstructure development
during the sintering process. In this work, we present the direct observation of mi-
crostructural evolution during laser sintering of Polyamide 12 (PA12) particle doublets
by in-situ synchrotron Wide Angle X-ray Diffraction (WAXD), using our in-house devel-
oped laser sintering setup. A transition from o’-phase at high temperature to -phase
is observed for varying chamber temperature. The complex interplay between rheology
and temperature dependent effects are observed for varying particle sizes with IR imag-
ing. We show that isothermal crystallization experiments are not sufficient to describe
a non-isothermal process like SLS, and that size effects can influence the flow and crys-
tallization kinetics. A correlation is drawn based on the critical Weissenberg number
estimated for repetition and Rouse time scales. Furthermore, a microstructure survey
has been carried out by microtoming thin slices of these sintered doublets.

5.1 Introduction

Additive manufacturing has traditionally been used for prototyping of products with spe-
cific requirements. Research and development over the past decade has shown potential
in these techniques to move from prototyping towards mass manufacturing. Importance

Largely reproduced from:
1) Hejmady, P., van Breemen, L. C. A., Anderson, P. D., & Cardinaels, R. Laser sintering of PA12
particles studied by in-situ optical, thermal and X-ray characterization. submitted to Additive Manufac-
turing.
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has grown in automotive, instrumentation as well bio-medical sectors where demands are
specific to individual consumer’s need [158, 159, 160, 161, 162]. In particular, powder-
based technique for polymers, such as selective laser sintering (SLS) thus far is capable of
generating parts with acceptable properties, thus gaining more interest [163, 164, 165].
Materials used in SLS are in powder form, which are spread in thin layers in a temper-
ature controlled chamber. The process mainly uses a laser as heat source to raise the
material above its melting temperature allowing to selectively melt the powder, joining
powders for given predetermined size and shape of the product |77, 87, 166].

Up to now, extensive research has been done in optimizing the SLS process, to pro-
duce dense parts and understanding behind the physical process involving laser-material
interaction are not well understood, considering industrial SLS setups do not allow visu-
alization of the process.

Apart from final part property being limited by material property, it has been shown
that process variables like, heating chamber temperature, laser power, scan speeds can
influence the consolidation behavior of the powder particles and the resulting microstruc-
ture obtained [135, 167]. Intrinsic defects within the part, like poor layer-to-layer and
porosity can arise if the process parameters are not optimized, leading to parts with poor
mechanical properties [2, 134, 137]. Furthermore, powder morphology plays a significant
role on the final properties and even using the same powder resulted in significant dif-
ference in part properties [168]. Therefore, fundamental information is still limited to
final structure obtained after sintering process which is SLS machine dependent, since
process condition vary between manufacturers. To tailor the process condition, insight
on structure development during laser sintering process is desired, which is unavailable.

The range of materials suitable for processing by this technique is very much restricted
to polyamide 12 (PA12) [12, 169]. Due to its narrow melting range and broad processing
window, it is the ideal material for laser sintering while avoiding premature coalescence
of the particles [24, 170, 171]. It has been shown, depending on the final temperature
and cooling rate, PA12 undergoes a phase transition and the crystal phase obtained
highly depends on cooling conditions [112]. PA12 undergoes a complex polymorphism,
where under slow cooling condition «-phase was the most stable phase, characterized
by a hexagonal unit cell with only one strong WAXD reflection at d-spacing of 0.42
nm [124, 125|. Studies have been performed using calorimetric techniques to investigate
the cooling process and its influence on crystallization kinetics [172, 173|. The «/-phase
was reported for the first time by Ramesh et al. [126] as the most stable crystalline
phase at high temperatures. Quenching from the melt state leads to the formation
of a mesomorphic structure which transforms into «-phase upon annealing. But these
studies do not consider the influence of flow, since polymer particles undergo deformation
within short time scales during laser sintering process. It has been shown that flow and
temperature can influence the crystal morphology and the resulting mechanical properties

[174, 175, 176].

Thermal imaging systems have been utilized to understand a relationship between pro-
cessing condition to the part properties obtained [177]. An in-homogeneous temperature
profile was observed over the melt pool surface and in addition it has been reported that
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particles undergo non-isothermal temperature profiles during laser sintering [9, 10, 145].
The consequence of in-homogeneous cooling can result in a varying crystal microstructure
[178] along the part, and induce part warpage resulting in deviations of geometry and
irreproducible properties [25]. Therefore understanding of the microstructure property
can further supplement the ongoing development [10, 179].

Hot-stage microscopy experiments have been investigated, where temperature-dependent
sintering rate were studied for polymer particle doublets [93, 94, 180], by tracking the
neck growth between these particle doublets.

But no study has been found in literature which links, in real time, the flow and non-
isothermal temperature profile observed during laser sintering process to the crystalliza-
tion kinetics. Our approach is to provide fundamental understanding on the sintering
process using our in-house developed setup [82], for doublets of PA12 particles. The
geometric observation of a two-particle system allows a simplistic description of the SLS
process and provides relevant process parameters. Fundamental underlying mechanism
during sintering of two equally sized polyamide 12 particles will be provided by in-situ
time resolved experiments, correlating flow by optical microscopy, temperature by infra
red imaging to the obtained microstructure by X-ray measurements, simultaneously.

5.2 Materials and methods

5.2.1 Material

Polyamide 12 (Vestamide L-1700) was obtained in pellet form and free from additives.
PA12 was colored black by adding 2 wt% of Nubian Black PC-0870 dye (Orient Chemical
Industries co., Ltd) through solution mixing in benzylalcohol at 120°C. This resulted in
91% absorption of visible light at a wavelength of 532 nm for a sample thickness of 100
um. Subsequently, spherical PA12 particles of various diameters ranging between 100
um and 200 pm were prepared by grinding followed by a thermal annealing protocol as
described in Chapter 2 [181].

5.2.2 Material characterization
5.2.2.1 DSC and Rheology

Differential scanning calorimetry (Mettler Toledo 823e/700) was performed at a heating
rate of 10°C/min on PA12 with 2 wt% dye to determine the peak melting tempera-
ture and the melting enthalpy from second heating run, as shown in Figure 5.1(a). The
DSC was calibrated for the heat flux and melting enthalpy with indium. PA12 has a
peak melting temperature Ty, of 178°C with a melting enthalpy of 56.4 J/g. Rheologi-
cal measurements were performed on a stress-controlled rotational rheometer (MCR502
from Anton Paar) with a plate-plate geometry (diameter 25 mm) in a nitrogen-flushed
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convection oven. Measurements were carried out in the linear viscoelastic regime, which
was determined by a preliminary strain sweep test (at 1 Hz). Time-temperature super-
position of data obtained over a range of temperatures, leads to a master curve at a
reference temperature of 200°C, as shown in Figure 5.1(b). Since viscosity plays and im-
portant role during the sintering process [175], the complex viscosity is determined from
the frequency sweep experiments, whereby the temperature dependence of the zero-shear
viscosity is given by [113]:

_ @) _ Ea
ar = (Tot) exp <RT> . (5.1)

With ar the temperature shift factor, n(7") and n( Tyes) the viscosities at the actual and
reference temperature respectively, F, the activation energy and R the universal gas
constant. From the shift factors, the activation energy was calculated to be E, = 32.5
kJ/mol.
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Figure 5.1: (a) DSC thermograph (heating cycle) of PA12 containing 2 wt% dye. (b)
Master curve for dynamic moduli of PA12 containing 2 wt% dye at a reference temper-
ature of 200°C obtained from frequency sweep measurements at 162°C, 170°C, 180°C,
190°C, 200°C and 210°C. The viscosity curve is fitted with a cross model and the dynamic
moduli with a multimode Maxwell mode (lines).

The shear rate dependency of the viscosity is captured by the Cross model [152]:

71s0 — T)s,c0 (52)

Ns = Ns,00 + 1+()\7)m7

with model parameters ns9 = 1702 Pa-s, 75 o = 93 Pa-s, A = 0.085 and m = 1.22.
Multimode Maxwell model [152] fitting of the small-amplitude dynamic moduli provides
the relaxation time distribution of the polymer, as shown in Table 5.4 in Appendix I for
the reference temperature of 200°C. The viscosity average relaxation time defined as:

iy it
S 9
i=1"
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with A; the relaxation time of mode ¢ and 7; the viscosity contribution of mode %, is given
in Table 5.1 for various temperatures. It ranges from 14.4 to 0.8 s in the temperature
range of 162°C to 210°C whereby its temperature dependence can be described by Eqn.
5.1.

Table 5.1: Viscosity average relaxation times as obtained from small amplitude oscillatory
shear rheometry experiments from 162°C to 210°C.

Temperature (°C) | Viscosity average relaxation time (s)
162 14.4
170 8.8
180 2.5
190 1.7
200 1.2
210 0.8

5.2.2.2 Isothermal crystallization

Isothermal crystallization experiments were carried out on PA12 with 2 wt% dye, by
means of fast scanning chip calorimetry (FDSC, Mettler Toledo) combined with a Huber
intracooler TC100 and differential scanning calorimetry (DSC, Mettler Toledo 823e/700)
for a temperature range of 70°C to 170°C. To prevent oxidation of the sample nitrogen
gas is supplied. For FDSC experiments, samples with a mass between 100 ng and 1 pg
are cut from a bulk sample. The applied thermal protocol consists of an initial heating
run to 220°C for 1 s to condition the sample, followed by fast cooling to the desired tem-
perature at 1000°C s~ where the sample is then kept for long enough time to allow full
crystallization. To quantify the isothermal crystallization kinetics, the peak times were
determined as the time of maximum heat flow in the exothermal crystallization peaks
from Figure 5.2(a) and Figure 5.2(b). Due to the symmetry of these heat flow curves, the
peak crystallization time corresponds to the half-time of crystallization ¢, ;. Figure 5.2(c)
provides the temperature dependence of the peak crystallization time, showing that the
crystallization speed increases four orders of magnitude when reducing the temperature
from 170°C to 70°C.
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Figure 5.2: Exothermic heat flow peak during isothermal analysis at different tempera-
tures using (a) FDSC and (b) DSC. (c) Peak time of crystallization (;2) as a function
of crystallization temperature for PA12 with 2 wt% dye.

In Figure 5.2(c), two distinct regions can be distinguished with a transition temperature
around 115°C. It has been proposed that this bimodal dependency of the crystallization
rate is related to the presence of different nucleation mechanisms known as homogeneous
and heterogeneous nucleation which are predominant at high and low undercooling, re-
spectively [182, 183|. This has been shown by Rhoades et al. [182] for two grades
of PA11 showing a bimodal distribution of crystallization half-time. At high tempera-
ture crystallization rates were grade dependent whereas at low temperature they were
grade-independent, illustrating that crystallization at high temperatures was dominated
by heterogeneous nucleation, while low temperature processes are dominated by homo-
geneous nucleation. Paolucci et al. found a similar trend for another grade of PA12
(PA2200, EOS) be it with an overall faster crystallization [184].

5.2.3 In-situ characterization of laser sintering

To understand the microstructure evolution at the interphase of the particle doublets,
an in-house laser sintering setup [81, 82| has been utilized. This setup provides the
possibility to visualize the flow dynamics and simultaneously perform time-resolved in-
situ X-ray experiments, as shown schematically in Figure 5.3(a). Using an in-house
developed micro-positioning setup [182], two similarly sized PA12 particles are placed on
the substrate in a heated chamber, wherein the interface is aligned to the X-ray as well
optical and laser source. X-ray with a wavelength of 0.9799 A and beam of 100 um x
100 pm was used. Initial conditioning was kept the same for all experiments wherein the
heating chamber was heated to 155°C, which is sufficiently below the melting temperature
(178°C) of the polymer, and then cooled down to the desired chamber temperature,
before performing in-situ experiments. A known amount of laser energy is sent in one
pulse locally at the interface of the particles and simultaneously the sintering kinetics is
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captured by optical as well as X-ray scattering. Experiments were performed on PA12
particle doublets for varying particle sizes and chamber temperature, keeping the laser
energy, pulse duration and radius of the laser spot fixed at 384 wJ, 1 ms and 15 um

respectively.
( a) Imaging (b)
Laser
Particles
X-ray
source

X-ray detector Substrate

Figure 5.3: (a) Schematic representation of the experimental method. (b) Estimation of
particle radii and neck (black line) at the interface between two particles.

Optical images were utilized to quantify the kinetics of the sintering process, by tracking
the sintering neck formed between the particles. The image sequence was analyzed using
Matlab® [82], whereby the neck radius (z in Figure 5.3(b)) growth at the interface of
the particles was followed in time. The Fit2D software [110] developed by the European
Synchrotron Radiation Facility was used to analyze the 2D WAXD data. The acquired
images were first corrected for background noise. Then, the scattering patterns obtained
from the WAXD experiments were radially integrated over an azimuthal angle of 90°C
and the intensity was plotted versus the scattering vector ¢. By fitting the integrated
intensity with a double Gaussian-Lorentzian function [124], the peak position and peak
width can be determined. The scattered intensity profile just before the polymer starts
to crystallize was fitted with an additional Gaussian-Lorentzian function to fit the amor-
phous background [125]. Crystallinity was calculated from the deconvolution of the total
intensity in its amorphous and crystalline contributions given by:

Ao

Xc:ma

(5.4)
where, Y. is crystallinity, A, is the area under the crystalline peak and A, is the area
under the amorphous halo. Infrared imaging is used to characterize the temperature
profile in the particles as a function of time. For this, an Optris PI640 IR camera
with lens was used from the side. This results in a pixel size of 31x31 pm? at the used
working distance. The used emissivity is 0.85 and the calibration of the camera is verified

by measuring the temperature of a polymer bead on a temperature-controlled heating
bed.



76 Chapter 5

5.2.4 Characterization of morphology in sintered doublets

To study the crystal morphology created, microtomed samples of sintered PA12 doublets
are prepared using a Leica RM2235 microtome, to obtain 2 wm thin samples. Sintered
doublets are embedded in epoxy resin (Sigma Aldrich), which are microtomed using
a glass knife at room temperature. Sections along the long axis of the melt doublets
are performed and imaged under polarized light microscope (Olympus). For atomic
force microscopy (AFM) measurements, the remaining half of a doublet was further
cryo-microtomed at -120°C by removing several slices of around 40 nm, to achieve good
flatness of the exposed surface. AFM measurements were performed using a Bruker QNA
MMS8 with PeakForce QNM tapping (Bruker) with a sharp tip with a diameter of 1 nm.
Spherulite size and lamellar thickness were determined, by mapping out the topography
as well as the stiffness at low and high resolution.

5.3 Results and discussion

To study the effects of particle size and processing conditions on the kinetics of the
sintering process and the corresponding morphology development within the material,
we study the effect of the particle size and bed temperature on the process while keeping
the laser spot size, laser power and pulse duration constant. The pulse duration is fixed
at 1 ms, which is an average value for the typical duration of laser impact on a fixed
location in the powder bed from a scanning laser in an SLS process. Based on the energy
required to completely melt one particle of PA12 with a radius of 100 wm, which is 192
wnJ, a pulse energy of 384 wJ, at a fixed laser spot with a radius of 15 pum, is applied
at the interface of the PA12 particle doublets. To investigate the effect of the particle
size on the sintering dynamics, we selected doublets of equal-sized particles with radii
ranging from 100 pm to 200 pm.

5.3.1 Effect of particle size

In the SLS process it is desired that the polymer particles are fully fused in the final
product. Therefore the balance between sintering kinetics and time interval available
for sintering plays an important role in the final part properties. To systematically
study the sintering process, we probe the dynamics of the sintering process together
with the temperature profile of the particles as well as the development of the internal
microstructure. Figure 5.4 shows a representative set of images for particles with a radius
of 125 wm. The chamber temperature is set at 155°C, which is about 23°C below the
peak melting temperature of PA12.
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Figure 5.4: Image sequence of sintering (a to e) for PA12 particle pairs of radius a, =
125 pum, wherein heating chamber temperature T, = 155°C, pulse energy £, — 384 pnJ
and pulse duration #, = 1 ms. The evolution of the neck (black line in Figure 5.4(c), at
the interface between the two particles is followed in time.

(d)

t=25s

=
N

1,0 4
Wi

0,8
0,6 -

0,4-

0,2

Dimensionless neck radius [-]

—0—125 um
—— Modified Frenkel
0,0 T T T T T
0 1 2 3 4 5

Sintering time [s]

Figure 5.5: Comparison of modified-Frenkel model with sintering experimental results of
PA12 for a particle radius a, = 125 um, heating chamber temperature T, = 155°C, pulse
energy F, = 384 1J and pulse duration ¢, = 1 ms. Viscosity value in the modified-Frenkel
model corresponds to a constant temperature of 226°C.

From the image sequence in Figure 5.4 it can be seen that the instant the laser energy hits
the interface of the polymer doublet (Figure 5.4(a)), at ¢t = 0 s, a neck is formed which
tends to grow until sintering is completed at around ¢ = 5 s. The final obtained neck
radius remained the same and no further flow occurred after 5 s. This sintering process
is driven by the surface tension and facilitated by the local increase of the temperature
at the laser-heated interface of the doublet, which increases the mobility of the polymer
chains to enable viscous flow [94]. The evolution of neck radius as a function of time
was determined using the image sequence in Figure 5.4 and plotted in Figure 5.5 as the
dimensionless neck radius x/a,. Subsequently, the evolution was fitted with the modified
Frenkel model for viscous sintering under isothermal conditions [120]:

g I 275/3 cos A sin 0
dt  nao K12[2 — cos 0] /3 [1 + cos 0] 4/3’

(5.5)
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where I' is the surface tension, n the viscosity, a, the particle radius, 6 the angle between
the line connecting the particle centers and that connecting a particle center with the
extreme point of the neck, as indicated in Figure 5.3(b), and K; [121]:

_ tan®  sinf [2(2 —cosf) + (1 + cosf) (5.6)
1T 6 | (1+cosf)+ (2—cosh) |’ '
From 6 the dimensionless neck radius z/a, can be obtained, given by [120]:
T 4
T _ g 1/3 .
ao S <(1 + cos )2 (2 — cos 9)) (57)

This model describes the initial sintering kinetics well, and using the viscosity 7 as a
fitting parameter results in a fit value of 94 Pa-s, which corresponds to a temperature
of 226°C. Obviously, the slowing down of sintering at later times due to cooling can not
be described with the modified Frenkel model. Contrary to the amorphous PS studied
in our previous work, it can be seen in Figures 5.4 and 5.5 that the solidification of the
particle doublet and cessation of the viscous sintering does not occur immediately at the
end of the laser pulse. This is probably attributed to the fact that solidification is not
instantaneous but depends on the crystallization kinetics, which is studied simultaneously
via X-ray characterization.

Image sequences as in Figure 5.4 were collected for a set of particle doublets with different
particle radii. Figure 5.6(a) shows the dimensionless neck radius z/a,, calculated as
a function of sintering time for different particle radii. It can be observed that with
increasing particle size, the sintering kinetics slows down and the final z/a, value also
substantially reduces. The final doublet morphology can be observed for varying particle
sizes in Figure 5.6(b), resulting in partially sintered doublets after cessation of flow.
At the later stages of sintering, surface tension is insufficient to overcome viscous loss
during flow [120], thereby sintering is halted at an intermediate stage. Besides the slower
sintering kinetics at the start of the process, cessation of flow also occurs slightly earlier
for the larger particles. The characteristic timescale for isothermal viscous sintering from
the Frenkel model, which is (ns gao/I") with I' the surface tension of PA12, s o the steady
state zero-shear viscosity at 200°C and a, the initial particle radius [120] is on the order of
4.6 s for a particle radius of 100 um. Rescaling the sintering times with this characteristic
Frenkel time still reveals a slower kinetics for the larger particles, as can be seen in Figure
5.19 (Appendix I), similar to our previous work on amorphous polystyrene [81], shown in
Chapter 4. By increasing the particle size, the relative volume of the region illuminated
with laser energy as compared to the total particle volume decreases, whereby the un-
sintered sides act like a heat sink, resulting in a lower temperature at the interface of the
particle doublets. Hence, the viscosity that governs the resistance to the sintering process
depends on the particle size. It can thus be concluded that the final dimensionless neck
radius is dependent on the evolution of the polymer viscosity as a function of time, which
is mainly governed by its temperature dependence.



Chapter 5 79

@@ 4, _ (b) _
o
Tl
(2] ”
3 1,04
T
E &5 m,mf‘"@m‘( O
x 08-F e
g P e 7 100 um 125 um
» 064 & . R _ _
H j
K4 o
c M i
5 0,4 ;
] I —0— 100 um
S 0,24 —0—125 um
£ —5—150 um
a —0—200 pum
0,0 ; . . T
0 1 2 3 4 5 150 um 200 pm

Sintering time [s]

Figure 5.6: Effect of particle radius on sintering kinetics of PA12 doublet with heating
chamber temperature of T, = 155°C, pulse energy of E, = 384 wJ and pulse duration of
t, = 1 ms. (a) Dimensionless neck radius versus sintering time (b) particle doublets at
the end of sintering process.

The sintering results clearly show that the particle size indirectly affects the sintering
process through its effect on the temperature in the neck region. To investigate this
further, the temperature profile during sintering was tracked with an IR camera. Figure
5.7(a) shows the thermal images obtained for particles with a size of 125 um at various
time points during the sintering process. It can clearly be observed that the heat is
dissipated from the bulk to the edges of the particle doublet. The characteristic time for
heat diffusion ¢, for this system:
2a3pcy
L
with a, the particle radius, p the density, ¢, the heat capacity and k& the thermal con-

te = (5.8)

ductivity, is approximately 0.9 s, which is of the same order of magnitude as the time
required for the heated zone to spread out over the particle doublet in Figure 5.7(a).
Based on the thermal images, the local temperature at the center of the particle dou-
blets is determined and plotted in Figure 5.7(b) for the different particle sizes. As
discussed previously, with reducing particle size, the temperature experienced locally at
the interface is higher. From Figure 5.7(b) it follows that initially, at ¢ = 0.01 s, the
temperature observed for 100 um, 125 pum, 150 wm and 200 um radius is 230°C, 210°C,
198°C and 193°C respectively. Fits with the modified Frenkel model of the initial sin-
tering kinetics in Figure 5.5 provide viscosity values that correspond to a temperature
of 258°C, 226°C, 221°C and 204°C for particle radius values ranging from 100 pm to
200 um. Clearly, the isothermal model overestimates the initial sintering temperature as
compared to the experimentally measured values. Based on the cooling of the particles,
the opposite effect (i.e. too low temperatures from the modified Frenkel model) may be
expected. However, it should be taken into account that the laser pulse duration is only
1 ms in this case and the first temperature measurement occurs after 10 ms. There-
fore, the maximum measured temperatures are not the absolute maxima. The difference
between the measured temperatures and the ones estimated from the modified Frenkel
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model varies randomly between 11°C and 28°C thereby indicating that the model pro-
vides satisfactory estimates of the temperature but is not accurate enough to distinguish
between the various particle sizes. This can partially be caused by the high sensitivity
of the model to the initial data points of the sintering kinetics. In addition, the laser
sintering process is a non-isothermal process and, since with different particle sizes the
heat loss is different, the particles may be undergoing a different cooling rate.

To assess the cooling rate of the particles in more detail, a simple heat balance of a
single particle, cooling down in quiescent air, is set up. When assuming a constant
temperature of the particle, which is reasonable considering the short heat diffusion time
inside the particle, and in absence of signification contributions of radiation, this leads
to the following temperature profile of T}, the particle temperature:

hAt
Ty (t) = (Tmax — Te) - exp (—%> + T, (5.9)
P

where m is the particle mass, ¢, the heat capacity, h the heat transfer coefficient, A the
particle surface area, Tiax the maximum temperature at the interface of the particles,and
T. the temperature of the heating chamber. This model was fitted on the temperature
profiles in Figure 5.7(b). It can be seen that the model describes the temperature data
relatively well, with only a slightly faster cooling than expected in the final stages for the
two smallest particle sizes. The heat convection coefficient was taken as a fit parameter
and varied between 175 and 300 W/m?-K, wherein & is the highest for 200 pum radii
particles. Based on the consideration that buoyancy-driven flows are negligible at low
values of the Rayleigh number [122], the dimensionless Nusselt number is equal to 2 [122],
which results in & being proportional to 1/a, (Nu = h 2 a, /k) and ranging from 300 to
170 W/m? K for particle sizes between 100 um and 200 um. The order of magnitude of
the calculated heat transfer coefficient is thus correct, but smaller particles are expected
to cool faster, which is not fully confirmed by the data. However, it should be taken into
account that the temperature inside the particles is not completely isothermal and that
heat loss to the substrate most probably also contributes [185]. The increasing trend of
the heat transfer coefficient with particle size indicates that the Nusselt number is not
constant, which may indicate that convection flows are present. Overall, the measured
temperature curves and extracted heat transfer coefficients provide relevant input for
numerical models of the laser sintering process, which require an accurate description
of the temperature evolution. In summary, it can be concluded from Figure 5.7(b) that
particles reach a homogeneous temperature of 155°C after about 4.2 s for 200 pm particles
and 5.3 s for 100 pm particles.
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Figure 5.7: a) Image sequence of IR images for particles with radius a, = 120 pm.

(b) Temperature as a function of time obtained for various particle sizes for a heating
chamber temperature of 7. — 155°C, pulse energy of £, = 384 wJ and pulse duration
of t;, = 1 ms. Lines in (b) are fits with Eqn. 5.9 resulting in values for h of respectively
173, 218, 260 and 300 W/m?2K for particle sizes ranging from 100 to 200 um.

The results in Figure 5.6 and 5.7 clearly show that particle size has a major effect on
the heating as well as cooling of the particles and hence on the kinetics of the sintering
process. Apart from the viscous flow in the material, also the crystallization kinetics
and thus the resulting solidification behavior, will depend on the temperature profile.
Therefore, WAXD patterns of the central region of the particle doublet, around the neck
region, are collected, while sintering. A representative set of images is shown as insets
in Figure 5.8. No anisotropy occurs in the scattering images along the azimuthal angle,
and this is the case for all experiments presented in this work. Similar images were
obtained for other particle sizes (see Figure 5.18 in Appendix I). WAXD patterns were
integrated over an azimuthal angle of 90° to plot intensity versus scattering vector g¢.
This integrated intensity is then fitted using a double Gaussian-Lorentzian function to
determine the peak positions, as shown in Figure 5.8. The first frames in Figure 5.8(a)
are representative of the amorphous hallow, wherein ¢ = 0 s corresponds to the instant
when the laser hits the polymer, until the polymer starts crystallizing at around ¢ = 8 s,
shown by a distinct growth in peak at around ¢ — 15.02 nm™'. Based on the peak area,
the evolution of the total crystallinity with time can be determined.
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Figure 5.8: (a) 3D plot of the radially integrated intensity as a function of scattering
vector ¢ for the complete acquisition time. The plots in (b), (c¢) and (d) represent
integrated intensity as a function of scattering vector ¢ at 1 s, 12 s and 24 s with WAXD
pattern in inset.
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Figure 5.9: Time evolution of crystallinity during the sintering process for PA12 particles
with various sizes, heating chamber temperature of T, = 155°C, pulse energy of E, =
384 um and pulse duration of ¢, = 1 ms.
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Figure 5.9 shows the resulting in-situ time-resolved crystallization kinetics for various
particles sizes. The overall crystallinity value for all the particle sizes is around 21.5
%, before and after sintering. But a pronounced difference in crystallization rate is
observed, wherein with increasing particle size the crystallization rate reduces. From
the time evolution it can be observed that the onset of crystallization occurs at 5 s to
7 s for particle radii between 100 um and 200 wm. Comparing these time scales with
the sintering kinetics in Figure 5.6 shows that crystallization starts after cessation of
flow. The half time of crystallization for particle radii of 100 wm, 125 pum, 150 pwm
and 200 pm is about 11 s, 15.5 s, 17 s, 27 s respectively. These timescales do not
correspond to the half time of crystallization estimated under isothermal conditions at
155°C (chamber temperature), which is 19.5 s. Based on the temperature profiles in
Figure 5.7, the crystallization is expected to be slower than under isothermal conditions
due to the larger residence time at higher temperatures. Moreover, taking into account
the temperature dependence of the half time of crystallization, as shown in Figure 5.2,
a slower crystallization kinetics was expected for the smaller particles, which have a
higher overall temperature. However, laser sintering not only results in non-uniform and
time-dependent temperature profiles, but also generates a complex flow field [186]. With
varying particle size the deformation rates experienced during the initial sintering stages
differ as well, as can be inferred from the sintering kinetics shown in Figure 5.6. Therefore
a complex interplay between temperature and deformation kinetics can further influence
the crystallization kinetics, as being observed in Figure 5.9.

The crystallization kinetics in Figure 5.9 suggests that the flow history experienced by
the material during sintering has an impact on the subsequent crystallization process. It
is well-known that the underlying mechanism for flow-induced crystallization processes
depends on the deformation rate [187]. Different flow regimes were defined based on
a critical Weisenberg number, Wi = 4\, where + is the deformation rate and A the
relaxation time. The orientation and stretch of molecules can be characterized by the
reptation time, Arep and Rouse time A respectively, which are correlated by [188]:

(5.10)

where Z is the average number of entanglements, Z = M,/ M, . Based on these timescales
two characteristic Weissenberg numbers are defined, namely Wiyep, = YArep and Wig =
4As . Chains are in equilibrium if Wi, and Wig < 1 and no effect on crystallization will
be observed. Orientation of the countour path of the polymer chains occurs when Wiy,
> 1 and Wig < 1, which can enhance the number density of crystal nulei and eventually
induce chain stretching when Wi,e, and Wig > 1.

The deformation rates during laser sintering can be estimated from the growth rate of
the neck radius, using the generalized modified frenkel model, where a purely biaxial
flow with homogeneous extension rate is assumed [121], the extension rate é depends on
the sintering kinetics, given by [120]:

dé

€ 1dt7

(5.11)
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Table 5.2: Estimated reptation and Rouse times for different temperatures estimated
using Eqn. (5.1) and multimode Maxwell model fit.

Temparature (°C) | Awep (8) | As (8)
162 66.1 0.86
170 40.2 0.52
180 11.3 0.15
190 7.6 0.09
200 5.4 0.07
210 3.8 0.05

with K; and % as defined in Eqns. (5.5) and (5.5) respectively. The sintering kinetics
is fast intially and tends to slow down in time due to the reduced driving force (see
Figure 5.20 in Appendix I). The maximum deformation rates estimated during the initial
sintering stage from Figure 5.6(a) for 100 um and 200 pum particle radii are 4.6 s! and 2.8
s7! respectively. Using the reptation and Rouse times from Table 5.2 and the maximum
deformation rate estimates, it can be concluded that the maximum Wi, is larger than
1 and Wiy is smaller than 1, suggesting an enhanced number density of nuclei without
polymer chain orientation. Average relaxation time from Maxwell modul were utilized
in estimating the Arp. Since the Weissenberg number dictates the flow regime, with
increaseing deformation rate the crystallization kinetics would be enhanced. This is
in agreement with the trend observed in Figure 5.9, thereby clearly indicating that flow
affects the crystallization during laser sintering. It has been observed [176, 189] that more
alignment in the flow direction can enhance the nucleation density, thereby fastening the
overall crystallization kinetics. Models describing the dependency of nucleation density
on deformation rate have also been proposed and validated for different polymers [190,
191]. However, at present the flow-induced crystallization behaviour of PA12 has not
been studied in full detail. Therefore, quantitative predictions of the trends observed in
Figure 5.9 are unfortunately not possible.

5.3.2 Effect of chamber temperature

Apart from the material characteristics, also the processing conditions affect the crystal-
lization process. To systematically investigate the relevance of the chamber temperature,
it was varied between 70°C and 155°C, while keeping the particle radius constant. The
maximum chamber temperature was restricted to 155°C since a higher temperature leads
to premature coalescence of the particles in absence of laser irradiation, which is ideally
not desired during the SLS process. It is expected that, for a given laser energy and
particle size, reducing the chamber temperature results in a lower temperature at the
sintering region. This corresponds to a higher viscosity, thereby hampering the sintering
process. At lower chamber temperatures the optical imaging system was not capable of
capturing complete initial sintering dynamics.

For chamber temperatures of 70°C and 110°C solidification occurs much faster, and
reaches a plateau within 3 ms respectively. This suggests that the initial sintering kinetics
is faster for a lower chamber temperature. This is expected since low temperatures
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leading to solidification will be reached faster. Hence, the final dimensionless neck radius
decreases with decreasing chamber temperature, as shown in Figure 5.10 from the optical
images as well as the neck radius values. Even though our results on amorphous PS also
showed a rather limited effect of the chamber temperature on the sintering kinetics
[81], faster kinetics is not expected. However, this behaviour occurs systematically, also
for larger particle sizes. A possible reason could be the wetting of the doublet on the
substrate, which can be more pronounced at high temperatures.
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Figure 5.10: Effect of chamber temperature on sintering of PA12 particle pairs of radius
ao = 125 um with pulse energy of E, = 384 wJ and pulse duration of 77, = 1 ms.
(a) Dimensionless neck radius versus sintering time (b) Dimensionless final neck radius

versus temperatures. The inset shows the particle doublets after sintering.

The evolution of the crystallinity for conditions that correspond to those for which the
neck radius growth is plotted in Figure 5.10(a), can be seen in Figure 5.11. Comparing
Figure 5.10(a) and Figure 5.11 shows that similar to the situation at a chamber temper-
ature of 155°C, the neck growth has a faster kinetics as compared to the crystallization.
It can be observed that, even though solidification and crystallization both occur much
faster with a lower chamber temperature, cessation of flow occurs before the onset of
crystallization (3 ms). Hence, the interface is in the amorphous state during sintering
and upon solidification crystallization starts. The half crystallization time, ¢ /5, at cham-
ber temperatures of 70°C and 110°C, for isothermal conditions and non-isothermal laser
sintering experiments are of the same order of magnitude, about 0.2 s and 0.4 s respec-
tively. This is different from the case at 155°C, for which the crystallization observed
during laser sintering was faster than under isothermal conditions. At the low chamber
temperatures, sintering only occurs to a very limited extent, and crystallisation is much
faster. This may lead to less pronounced effects of flow-induced crystallization.



86 Chapter 5

0,25

before sintering
el S
k — after sintering
0,20

—_ |F

S

3‘0,15-ﬁ

[

= J[ &

"‘;,' 0,10 ?0

2‘ C

© —o— T70°C
—o— 110 °C
—o—155°C
2I0 2I5

Figure 5.11: Time evolution of crystallinity during the sintering process for 125 pm PA12
particles with heating chamber temperature of 7. = 155°C, pulse energy of £, = 384
wJ and pulse duration of #;, = 1 ms.

5.3.3 Combined effects of chamber teperature and particle size

To further study the combined effects of chamber temperature and particle size, sintering
of particles with radii of 100 pm, 125 um, 150 um and 200 um is studied at a reduced
chamber temperature of 110°C. For all particle sizes the neck ceases to grow within
0.02 s. The solidification process is very fast and the time resolution of the imaging
system is not sufficient to study the sintering kinetics in detail, as demonstrated in
Figure 5.21 in Appendix I. Figure 5.12 shows the final dimensionless neck radius as a
function of particle size for two chamber temperatures. A more or less linear decrease
of the dimensionless neck radius with particle size can be observed, which is similar
to the results for amorphous PS. The results suggest a slightly lower dependence on
particle size for the highest chamber temperature, which may be intuitive since at higher
temperatures cooling will be less. The trend is however very subtle.



Chapter 5 87

1,2

o 110°C
o 155°C

1,04 o

0,8 1

0,6

0,4

Dimensionless final neck radius [-]

0,2 T T T T T T
80 100 120 140 160 180 200 220

Particle size [um]

Figure 5.12: Effect of heating chamber temperature and particle radius on final dimen-
sionless neck radius of PA12 particles for a, = 125 pm, pulse energy of E, — 384 pJ and
pulse duration of #, = 1 ms.

Figure 5.13 shows the evolution of the temperature during sintering. As compared to
Figure 5.7 for the higher chamber temperature, it is clear that the particle size has
less effect on the temperature at lower chamber temperature. Whereas for the high
chamber temperature, the diffusion of heat through the particles is faster than the cooling
process, the opposite situation occurs at the low chamber temperature, the cooling occurs
within 0.1 s, which does not give sufficient time for the heat to spread throughout the
particles. The corresponding crystallization kinetics is shown in Figure 5.13(b). The
chosen acquisition time is a compromise between capturing the crystallization kinetics
and maintaining a good signal to noise ratio. Based on Figure 5.12 and Figure 5.13,
it may be concluded that the effect of the particle size on the crystallization kinetics is
less pronounced for the low chamber temperature. The half time of crystallization under
isothermal conditions at 110°C is estimated from Figure 5.2 to be 0.57 s and from Figure
5.13(b) the half time of crystallization is between 0.3 s and 0.5 s for 100 um and 200 pm
particle radii whereby particles undergo complete crystallization within 1.3 s. Accurate
estimates of the Weissenberg number are not possible due to the lack of high speed
information about the sintering kinetics but the slightly higher temperatures observed
for the smallest particles combined with a faster crystallization kinetics suggest effects
of flow-induced crystallization, be it to a much smaller extent than at the high chamber
temperature of 155°C. This is most probably caused by the limited flow occurring before
solidification in combination with the already fast quiescent crystallization.
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Figure 5.13: (a) Temperature evolution as a function of time from IR imaging at the
interphase of a PA12 particle doublet. (b) Time evolution of crystallinity during sintering
for PA12 particles. Heating chamber temperature of T, = 110°C, pulse energy of E, =
384 wJ and pulse duration of #, = 1 ms.

5.3.4 Effect of processing conditions on internal microstructure

Apart from providing time-resolved information about the sintering and crystallization
process, the second advantage of our small-scale approach is the access to local informa-
tion about the crystalline microstructure within the bridge region. Figure 5.14 shows the
integrated intensity of the WAXD patterns, before and after sintering the particle dou-
blets for chamber temperatures of 155°C, 110°C and 70°C. In Figure 5.14(a) for 155°C,
before sintering a distinct peak is observed at ¢ = 15.0 nm™! with a shoulder at lower
q values. After sintering this shoulder transforms into a secondary peak at ¢ = 14.6
nm™. The distinct double peaks are the characteristic of a monoclinic unit cell called
the o/~ phase [126], having a d spacing of 0.430 nm and 0.418 nm for the small and large
peak respectively. It has previously been shown that under isothermal conditions, the o/-
phase is the stable phase at temperatures above 140°C, depending on the grade of PA12
[175]. With reducing the chamber temperature to 110°C (Figure 5.14(b)), the shoulder
disappears and the X-ray pattern develops into one sharp peak at ¢ = 15.1 nm™!, with a
small decrease in d spacing to 0.416 nm. This characteristic X-ray pattern corresponds
to the - phase, with a hexagonal packing, being the most stable phase observed for
PA12 [182, 183]. The two distinct reflections of the monoclinic unit cell (o/-phase) result
from the fact that the inter-chain and inter-sheet distance are different. For a hexagonal
unit cell (y-phase), the inter-chain and inter-sheet distance are the same, resulting in a
single sharp peak [126]. The difference in characteristic X-ray pattern before and after
sintering at 110°C is very subtle with the only difference being that after sintering the
peak becomes sharper, while the overall crystallinity value stays around 21.5 %. At a
chamber temperature of 70°C, the X-ray pattern already corresponds to that of the ~-
form before sintering. This is expected since the particles were initially conditioned at
155°C and later slowly cooled down to 70°C thereby forming the stable ~-form [175].
After sintering a shift in the peak from ¢ = 15.1 nm™ to ¢ =15.3 nm™! is observed, after
the particle doublet undergoes the rapid heating and cooling process. The corresponding
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d spacing for the vy-form of 0.416 nm reduces to 0.411 nm. This shift towards higher ¢
value and reduction in d spacing has previously been observed while cooling from the
melt to room temperature [126]. Similar trends can also be observed in our laser sintering
experiments, wherein the peak shifts towards higher g. Though before and after sintering
the final temperature is the same namely that of the heating chamber, Figure 5.14 shows
that the crystal structure can slightly reorganize during sintering at high temperature.

(a) before sintering  (b) before sintering () before sintering
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Figure 5.14: Integrated WAXD intensity and deconvolution analysis of frames before
and after sintering for PA12 particle pairs of radius a, = 125 pm, wherein pulse energy
E, = 384 pJ and pulse duration ¢, = 1 ms for heating chamber temperature T¢ of (a)
155°C, (b) 110°C and (c) 70°C.

An estimate of the mean crystal size can be made using the Scherrer equation [192]:

K
I A

= Foosld) (5.12)

where A = 0.09799 nm is the X-ray wavelength, 8 is the peak width at full width half
maximum of the diffraction peak profile in radians and K is a constant related to the
crystallite shape, normally taken as 0.9 [193]. Table 5.3 shows the estimated mean crystal
sizes from the WAXD intensity profiles in Figure 5.14 at varying chamber temperature
for a particle radius of 125 um. With reducing the chamber temperature, the mean
crystal size tends to reduce. This difference in mean crystal size is expected since the
nucleation density in general is higher at lower temperature [194], thereby leading to
more and smaller crystals. Even though the effect observed here by cooling the doublet
from 155°C to the chamber temperature may be less pronounced than after isothermal
crystallization, a clear trend is visible. In addition, the crystal size also tends to be
larger after sintering as compared to before sintering. This is caused by the melting and
recrystallization occurring during and after sintering, whereby the temperature protocol
is different from that experienced during preparation of the particle doublets. In the
latter case, the particles were quenched in water, which results in a higher cooling speed
and thus smaller crystals.
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Table 5.3: Mean crystal size estimated using Scherrer equation (Eqn. 5.12) before and
after sintering for varying chamber temperatures.

Chamber temperature (°C) 155°C 110°C 70°C
Before After Before After Before After
sintering sintering sintering sintering sintering sintering
Mean crystal size (nm) | 11.3 14.7 10.9 11.1 10.1 10.9

To study the crystal morphology at larger length scales than the sub-crystal scale, micro-
tomed samples of sintered PA12 doublets are investigated via polarized light microscopy.
Figure 5.15 shows images taken at the central plane of the doublets, as a function of
particle size and chamber temperature. The laser illuminated zone at the interface of
the particle doublets shows up as a bright zone. It can be hypothesized that the high
intensity in this zone as compared to the edges of the doublet is related to a more ordered
crystal structure generated during flow as compared to the unmolten zone which results
from quiescent crystallization during the particle generation process. Moreover, larger
objects are known to exhibit more forward scattering than small objects [195]. Hence,
also the difference in crystal size can be the origin of the observed difference in brightness.
It should be noted that various orientations of the set of crossed polarizers with respect
to the sample were used for imaging but no orientation could be detected. The bright
zone is evident for all particle sizes and chamber temperatures. Its area corresponds well
to the laser heated area, as shown in Figure 5.7(a). For smaller particles, the bright zone
extends over a larger part of the particle doublet, as the same amount of energy is then
provided to a smaller volume of material. Similarly, the area of the bright zone reduces
with reducing chamber temperature. This clearly shows that sufficient heating to cause
melting and then recrystallization into a different crystal structure is at the origin of the
difference in brightness.

Figure 5.15: Microtomed 2 um thickness sample of PA12 particle doublets after sintering
at heating chamber temperature T, of 155°C, 110°C and 70°C, imaged with polarized
optical microscopy. Pulse energy of E, = 384 uJ and pulse duration of #, = 1 ms with
particle sizes of 100 wm, 125 pm, 150 pm and 200 pum.
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Figure 5.16 shows an image sequence of sections made along the depth for 125 um and 200
um melt doublets. No clear difference is observed, except that the bright zone is visible
along the thickness suggesting laser energy penetrated completely along the particle.
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Figure 5.16: Microtomed 2 pum thin samples of PA12 particle doublets with radius a,
of (a) 125 wm and (b) 200 wm imaged with polarized optical microscopy, after sintering
with a heating chamber temperature of 7. = 155°C, pulse energy of £, = 384 uJ and
pulse duration of #;, = 1 ms.

Atomic force microscopy (AFM) was performed on a microtomed doublet from 125 um
particles. Figure 5.17 shows the topology and stiffness images performed inside and
outside the laser sintered zone. The low resolution height map allows to compared the
spherulite size after melt recrystallization in the laser sintered zone (Figure 5.17(a) right),
to that in the unsintered zone (Figure 5.17(a) left). It can clearly be observed that the
spherulite size is increased due to the sintering process, as it varied between 8 um and
13 um in the unsintered zone and between 14 um and 18 pm in the laser sintered region.
This is line with the estimated mean crystal size from the Scherrer equation listed in
Table 5.3, where a slightly less pronounced increase in crystallite size was observed after
sintering. However, it should be noted that the size of the X-ray beam was slightly larger
than the sintered region, thereby picking up differences less clear than the local AFM
characterization. For the same locations, high resolution imaging is done to determine
the lamellar thickness. Figure 5.17(b-c) show the topography and stiffness maps. It
should be noted that the linear features that occur in both images, are mostly likely
caused by defects from the microtoming. Hence, the white high stiffness lines in between
the cutting defects are the crystal lamellae. On average, the observations suggest that
the lamellar thickness is higher after laser sintering (Figure 5.17(c) left) as compared to
before sintering (Figure 5.17(c) right).
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Figure 5.17: AFM images in unsintered region (left) and inside laser sintered zone (right),
showing (a) low resolution height mapping with spherulites indicated by white circles,
(b) high resolution height mapping and (c) high resolution stiffness mapping. Sintering
of 125 um PA12 particle doublets at heating chamber temperature of T, = 155°C, pulse
energy of E, = 384 wJ and pulse duration of #, = 1 ms.
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5.4 Conclusions

We studied the laser sintering of PA12 particle doublets using a novel in-house devel-
oped experimental setup, which mimics the main features of an SLS machine with the
capability to perform in-situ X-ray experiments. These results feature information on
morphological changes during sintering process, which can only be studied by in-situ mea-
surements. Thermal, rheological and laser light absorption properties for PA12 polymer
with 2 wt% dye allowed us to determine appropriate parameter range for laser energy
and chamber temperature. By simultaneous capture of flow by optical imaging and crys-
tallization kinetics from WAXD pattern, in combination with IR imaging, a complex
interplay between temperature, flow and crystallization kinetics is shown. Under the
same processing condition, from flow kinetics as well as temperature evolution it was
suggestive that smaller particles tend to cool down slower than bigger particles, since
the local temperature experienced at the interphase of the doublet was higher. An op-
posite trend was observed for crystallization, where the kinetics where faster for smaller
particles. Estimate of critical Weissenberg number with respect to Rouse and repetition
times suggests that under given process condition, the chains could remain oriented but
not stretched, which could enhance the number density of nuclei. Since deformation
rates estimates for smaller particles are faster, this could explain the faster kinetics ob-
served. In future a combination of experimental and numerical simulations will help to
extend this work to an actual sintering process. Furthermore, simulations have to take
into account the possibility of flow induced crystallization process during laser sintering
process. Finally, several other process parameter like pulse duration and laser energy
can influence the sintering as well as crystallization kinetics. In this work a systematic
approach was taken to get fundamental understanding on structure development of PA12
polymer particles during sintering process.
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Appendix

Table 5.4: The relaxation time distribution for PA12 with 2wt% dye at 200°C.
Viscosity average relaxation time (s)
0.001
0.021
0.29
0.954
5.37

t=0s t=7s

(a)

125 pm

Before sintering t=11s t=22s
(b)
3
o
=]
~N
Before sintering t=0s t=7s t=30s t=50s

Figure 5.18: Image sequence of time-resolved 2D-WAXD patterns of PA12 particles,
before and during sintering for heating chamber temperature T, = 155°C, pulse energy
E, = 384 pm and pulse duration t;, = 1 ms for particle radius (a) 125 um and (b) 200

pm.

The sintering kinetics for various particle sizes, whereby where by the sintering time is
scaled with the characteristic Frenkel time na,/T", where T', the surface tension of PA12,
7 the viscosity and z/a, the particle radius whereby 7 was kept the same as that obtained
for a particle radius of 125 pum.
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perature of T, 155°C, pulse energy of £, = 384 uJ and pulse duration of #, = 1 ms.
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Figure 5.20: Evolution of extension rate in time for various PA12 particle sizes for heating
chamber temperature of T, 155°C, pulse energy of £, = 384 wJ and pulse duration of

tL = 1 ms.
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Figure 5.21: Dimensionless neck radius versus sintering time for PA12 particles on sin-
tering kinetics with heating chamber temperature of 7, 110°C, pulse energy of E, — 384
wJ and pulse duration of ¢, = 1 ms.
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CHAPTER 6 .

Laser sintering of polyamide 12/carbon nanotube
composite particle pairs

Abstract

The rheological behavior of polymers is vital when producing dense parts by selective
laser sintering (SLS). At the same time, the polymer rheology is very sensitive to the
addition of rigid anisotropic fillers. To determine the potential influence during laser sin-
tering, nanocomposites of carbon nanotubes (CNTs) dispersed in polyamide 12 (PA12)
are characterized and then sintered, thereby starting from a spherical powder morphol-
ogy to focus on the intrinsic material properties. First, we describe the effects of the
addition of CNTs to PA12 on its rheological, crystallization and electrical properties.
Subsequently, laser sintering of PA12/CNT particle pairs is visualized by optical mi-
croscopy and X-ray scattering. Compared to PA12, the presence of CNTs increases the
viscosity and elastic moduli, including the presence of a yield stress at 2 wt% CNTs,
which is shown to hinder the flow dynamics at the interface of the polymer doublets dur-
ing laser sintering. For the crystallization process, the CNTs act as nucleating agents,
thereby accelerating the crystallization kinetics as compared to that of PA12, both in
isothermal conditions as well as during the non-isothermal laser sintering process. The
electrical conductivity increased with increasing CNT content, both before and after
sintering but laser sintering caused a slight loss of reduction in electrical conductivity.

6.1 Introduction

For applications such as electromagnetic interference (EMI) shielding, where alterna-
tively metal based EMI shields are used, conductive nanocomposites are looked at as
alternates due to their excellent corrosion resistance and light weight [196, 197, 198].

Largely reproduced from:
1) Hejmady, P., van Breemen, L. C. A., Anderson, P. D.; & Cardinaels, R. Laser sintering of polyamide
12/carbon nanotube composite particle pairs. to be submitted.
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Another application area of these nanocomposites is as antistatic materials promoting
electrostatic discharge, especially in aerospace industry [199]. Polymers in general are in-
sulators, but with addition of conductive particles, an increase in electrical conductivity
is attained thereby allowing a transition from an insulator to a conducting nanocom-
posite at increasing filler concentrations. A minimum concentration of CN'Ts is required
to significantly increase the conductivity [200] since inter-particle tunneling of electrons
requires small inter-particle distances [201]. To achieve a high electrical conductivity in
polymer nanocomposites, it is required that a 3D interconnected network of conducting
fillers is formed within the polymer matrix [202|. Factors such as aspect ratio of the filler
[203], orientation and dispersion within the polymer matrix [204, 205, 206, 207, 208, 209]
as well as type of carbon nanofillers [206, 207, 208] play a significant role in achiev-
ing such percolation behavior, thereby defining the final properties. Carbon nanotubes
(CNTs) are a unique conductive filler type with a high mechanical strength (1 GPa) and
electrical conductivity of 100 S/cm [210]. Based on the development of efficient produc-
tion methodologies, the production cost of CNTs has significantly dropped in the past
decades, thereby enabling its usage for everyday applications and mass production [211].

Selective Laser Sintering (SLS) is an additive manufacturing technique (AM) which offers
the flexibility to manufacture customized end products and has received much attention
in research as well as industries in recent years [158, 165, 212, 213, 214|. The possi-
bility to manufacture complex geometries by SLS, without a mould, paves the way to
produce lightweight custom designed products from conducting polymer nanocompos-
ites in application areas such as sensors, microelectronics and automotive sectors. SLS
builds objects by sintering and fusing powder materials in a layer by layer fashion via a
laser directed heat source until the target object is completely formed [11, 23, 215, 216].
Typical thermoplastic polymers being used in SLS processes are polyamide 11 (PA 11),
polyamide 12 (PA 12) and thermoplastic elastomers [217], with PA12 being the most
commonly used polymer in SLS, due to its narrow melting peak, wide sintering window
and good processability. However, it limits the mechanical properties and functionalities
[11, 23, 151, 218].

To widen the scope of the SLS process, alternative thermoplastics like PBT, iPP as
well as polymer composites have been explored to enhance and diversify the properties
of SLS printed parts [219, 220, 221|. Addition of filler particles has been explored as a
method of producing parts with enhanced mechanical and electrical properties [222, 223].
Incorporation of such filler particles could enhance the mechanical strength, which has
been attributed to the effective load transfer between the matrix and the nanotubes [224,
225]. Incorporating nanosilica particles in PA12 can enhance the mechanical properties
significantly [226], whereas dispersion in PA11 showed a nonlinear behavior in properties
[227]. A similar increase in mechanical properties was observed for CNTs dispersed in a
PA12 polymer matrix [228]. To preserve the size and shape of PA12 powders for laser
sintering, CN'Ts were coated on the particle surface [229]. Espera et al. [230] coated PA12
particles with carbon black and increased the concentrations up to 10wt%. However for
concentrations above 3 wt% a significant drop in mechanical properties was observed
due to poor adhesion of the carbon black. These previous studies show that interactions
between the filler particles and the polymer matrix can significantly affect the mechanical
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behavior of printed parts. Electrical properties such as dielectric constant and dissipation
factor of nanocomposites processed by SLS have been studied as well [231].

Processing such nanocomposite powders by SLS provides challenges of its own. It has
been observed that laser sintering is a complex thermal and flow process [114, 229, 232].
Factors such as powder composition, laser beam settings, temperature of the powder bed,
and powder layer thickness can affect the outcome of the produced material. Polyamide
6 nano-clay reinforced composite materials were shown to increase the viscosity of the
polymer, thereby hindering the flow behavior during laser sintering [233]. A similar
problem was encountered for PA12 filled with CNTs [228]. Moreover, there have been
reports of porosity in other carbon fiber reinforced polymers manufactured by SLS. For
instance, Van Hooreweder et al. reported significant presence of porosity in carbon fiber
reinforced PA12 parts manufactured by SLS [234]. Comparing SLS processed parts to
injection moulded ones showed weaker mechanical properties. Porosity was detected by
examining the cross sections of the part, postulating that voids present reduced the over-
all mechanical properties. Other studies on parts manufactured by SLS have indicated
that porosity plays a significant role in reducing the final properties [235, 236].

Determination of the processing parameters for a newly developed polymeric material
to achieve the desired properties poses a significant challenge. The main focus of this
study is to understand the effects of CNTs in a PA12 polymer matrix on its flow be-
haviour, crystallization kinetics and electrical properties during and after laser sintering.
A fundamental understanding of the effects of carbon nanotubes on the laser sintering
behavior will be studied by a unique in-house developed laser sintering setup [81, 82]
with the capability to perform in-situ visualization studies by optical microscopy and
X-ray scattering.

6.2 Experimental procedure

6.2.1 Material

Polyamide 12 in pellet form (Vestamide L-1700 free from additives) was obtained from
Evonik. Industrial grade multi-walled carbon nanotubes (CNT, NC7000) were procured
from Nanocyl S.A. (Belgium). The nanocomposites were produced via solution mixing
in benzylalcohol at 120°C by magnetic stirring followed by ultrasonication at room tem-
perature. Two different concentrations of CNTs namely 0.5 wt% (referred to as PA12
CNTO0.5) and 2.0 wt% (referred to as PA12 CNT2.0) were prepared. To the sample with
0.5 wt% CNTs Nubian black dye (PC-0870, Orient Chemical Industries co. Ltd) was
added in a concentration of 1.5 wt%, whereas 2 wt% of this black dye was added to the
pure PA12. This resulted in an absorption of visible light at 532 nm of 91% for PA12,
92% for PA12 CNTO0.5 and 93% for PA12 CNT2, for a sample thickness of 100 wm.
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6.2.2 Methods

6.2.2.1 Calorimetry

The thermal properties of the nanocomposite materials were determined to study the
effect of CNTs on the crystallization behavior. Isothermal crystallization experiments
were carried out in the temperature range of 155°C to 170°C, by means of differential
scanning calorimetry (DSC) (Mettler Toledo 823e/700) and Flash DSC (FDSC, Mettler
Toledo). DSC measurements were performed at high temperatures, close to the peak
melting temperature (Ty,) of PA12. After first heating from -25°C to 220°C, the material
is cooled down to the desired temperature at 10°C/min and kept for enough time until the
material fully crystallizes. The DSC was calibrated for the heat flux and melting enthalpy
with indium. For FDSC experiments, before isothermal crystallization the samples were
heated to 230°C, kept there for 2 seconds for conditioning and subsequently cooled down
to the desired temperature at 1000°C/s. The half times of crystallization were determined
as the time at maximum heat flow in the exothermal crystallization peak.

6.2.2.2 Rheology

To map out the flow behavior of the PA12 nanocomposites with increasing concentrations
of CNTs, rheological measurements were performed. Measurements were carried out on
a strain-controlled rheometer (TA instruments RDAIII) equipped with a convection oven
using a plate—plate geometry of 25 mm diameter. First, time sweep experiments at 0.1
Hz and 1% strain were performed to assess the time dependency of the storage modulus
(G‘). Then, the linear viscoelastic properties of the nanocomposites were determined
by frequency sweep experiments for 1% strain performed at 180°C, 200°C and 220°C.
Finally, strain sweep experiments were performed at a frequency of 0.1 rad/s.

6.2.2.3 In-situ visualization studies

An in-house developed experimental setup [81] was utilized for selective laser sintering.
This one of a kind setup mimics selective laser sintering but also allows to visualize the
process by in-situ optical imaging and simultaneous X-ray scattering [82]. In this setup,
a visible light laser (wavelength of 532 nm) combined with an acousto-optic modulator
and focussing lens allows to send laser light pulses with a well-defined pulse time, pulse
energy, and spot size onto a particle doublet. The particle doublet is placed in a heated
chamber, which contains three windows namely a top quartz window for the laser illu-
mination and optical visualization and two kapton windows on the side that allow the
incoming and scattered X-rays to pass without introducing any diffraction or scattering
responses. A schematic and more detailed information about the experimental setup can
be found in our previous work [82]. The optical images are analyzed to determine the
neck growth at the interface of the particle doublets using Matlab® [81]. Simultaneously,
time resolved WAXD patterns are integrated over an azimuthal angle of 90° giving in-
tensity versus scattering vector ¢q. After background correction, the amorphous hallow as
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well as the crystalline diffraction peaks are fitted with double Gaussian-Lorentzian func-
tions. This provides the peak width and height and the crystallinity can be calculated
as the ratio of the area under the crystalline peaks and the total area under the intensity
curve. Systematic in-situ laser sintering experiments were performed for fixed sintering
conditions namely a laser spot size of 15 um radius, pulse duration of 1 ms, pulse energy
of 384 wJ and chamber temperature of 155°C. These conditions were determined in our
previous work (Chapter 5) on sintering of pure PA12 with the same setup [82]. The
effects of particle size (ranging between 100 and 150 pm) and CNT content (0, 0.5 and
2 wt%) on the development of the crystalline microstructure in the particle doublet as
well as the kinetics of the neck growth between both particles are systematically studied.

6.2.2.4 Electrical conductivity

DC electrical conductivity measurements were carried out on compression molded films,
spherical particles and sintered doublets. Two different measurement probes namely the
linear four point probe and the two point probe were employed to compare between the
bulk sample and laser sintered doublets. Conductivity measurements were performed for
PA12, PA12 CNTO0.5 and PA12 CNT2 compression moulded at 210°C (Fontijne Presses,
Barendrecht) into rectangular films of 15 mm x 15 mm with a thickness of 0.3 mm by
a four point probe (Jandel Engineering), as schematically shown in Figure 6.1(a). The
measurement was performed at five different locations in random orientation for each
sample, since the resistivity measured is sensitive to the sensing direction [237|. A two
probe method was developed to measure the resistance of laser sintered doublets as shown
in Figure 6.1(b). Two probes with 100 pm tip radius covered with a silver coating, were
connected to x-y-z translation stages to bring them in contact with the particles and melt
doublets. Top and side view optical images were utilized to carefully place the probes
in contact with the particle surface, ensuring accurate positioning along the center line
of the doublet. Once the probes were attached, it was ensured that the particles were
suspended in air, and not in contact with the substrate.

(a) (b) J Tooum side view image
Polymer sheets top view

imaging

1 mm Probe

side view \ S g

imaging 2 'I»h"'

Figure 6.1: Schematic representation of conductivity measurement techniques of polymer
sheets (a) linear four point probe method for polymer sheets and (b) two probe method
for polymer particles and doublets. Inset shows laser sintered polymer doublet in contact
with silver-covered electrode with no contact with the substrate.

In a four point probe method, a constant current (I) is passed through the outer probes,
whereas the output voltage (V) is measured across the inner probes by a sourcemeter
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(Keithley 2450, Keithley Instruments) [238]. Using ohms law, V = IR, the resistance of
the material can be determined. By taking the thickness of the sample into account, the
volume resistivity can be calculated from the measured sheet resistance as [239]:

p=Ri= 27T¥Cft, (6.1)
here p is the resistivity, Rs is the sheet resistance, V/I is the measured resistance, ¢ is
the sample thickness and ¢; is a geometric correction factor for four point probe mea-
surements. In this case, ¢t = 1 since the sample thickness is smaller than the distance
between subsequent probes, which is 1 mm [239]. In a two probe method the current
and voltage are sent and measured across the same set of probes. The disadvantage of
this method is that the contact resistance at the sample-probe contacts is included in
the measurement. Conductive silver paste was used to minimize the effect of contact
resistance. In the setup in Figure 6.1, directly the volumetric resistance is measured,
whereby volume resistivity can be calculated as [202]:

A

where p is the resistivity, R the measured resistance, A the effective cross-sectional area
and L the distance between the measuring electrodes. Since the cross-sectional area is
not constant for a spherical particle or doublet, it is defined here to be the largest cross-

sectional area, which is mag2.

The length L is the diameter in case of a single particle
and the edge-to-edge length in case of a sintered doublet. The electrical conductivity is
then simply the inverse of the resistivity calculated from Eqn. (6.2). Conductivity values
were measured for single particles of 150 pm radius and laser sintered doublets of radius
100 um and 150 pm for PA12 CNTO0.5 and PA12 CNT2. Values were averaged over 5
measurement runs for each sample and the standard deviations were found to be within

5%.

6.3 Results and discussion

6.3.1 Thermal properties and crystallization

The onset of crystallization (7¢), peak melting temperature (Ty,) and melting enthalpy
(AH), from the second heating runs by DSC, are summarized in Table 6.1. A slightly
reduced Ty, and earlier onset of crystallization at a higher T, can be observed with
increasing CN'Ts content, but no significant change in melting enthalpy can be seen. This
is consistent with other results reported for PA12 with single-walled carbon nanotubes
(SWCNT) [240], PA12 with MWCNT [241, 242] and PP with SWCNT [243]. With
increasing wt% of CN'Ts the number of nucleation points increases thereby leading to an
earlier onset of T, which is in line with our observations.
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Table 6.1: Melting enthalpy and peak melting temperature estimated from DSC experi-

ments at 10°C/min heating rate for PA12, PA12 CNT0.5 and PA12 CNT2.

PA12 | PAI2 CNTO0.5 | PA12 CNT2

T.(°C) | 1544 +06 | 1571405 | 161.7+ 05
T (°C) | 1781 +£04 | 177.1+£05 | 176.8 0.5
AH (J/g) | 456 £1.1 | 47.1+£09 | 465 +13

To quantify the isothermal crystallization kinetics, the half time of crystallization, (t; /2),
was determined as the time of maximum heat flow in the exothermal crystallization
peaks from Figure 6.2(a) for PA12 CNT0.5 and Figure 6.2(b) for PA12 CNT2. Figure
6.2(c) provides the temperature dependence of the half time of crystallization comparing
PA12 and PA12 nanocomposites.
materials is that the further the temperature is from 77, the shorter is the half time for

A common trend that can be observed for all the

crystallization. This shows the temperature dependency of the crystallization kinetics.
Moreover, a distinct effect of increasing CN'T content on the half time of crystallization
(t1/2) can be noticed. The crystallization rates with CN'Ts are much faster as compared
to that of PA12. This confirms that when particles, like CNTs, are added to semi-
crystalline polymers, they act as heterogeneous nucleation points thereby accelerating
the crystallization process, which is temperature dependent. This can clearly be observed
in Figure 6.2(c), with increasing CN'Ts content, the half time of crystallization reduces by
an order of magnitude when comparing PA12 and PA12 CNT2, at a given temperature.

(a)

(c)

—e—170°C
—o— 168 °C
—— 166 °C
e o
10° 4 o) (o)
o (o)
o
1024 0% o
o (¢]
© o
" 1000 1500 2000 2500 'G' o) o o] o
Time [s] I_('.\I1O1- [e)
(b) —164°C :| o 0
— 162°C + o o
— 160°C o (o]
—158°C
5 s 1004 ©°
E O PA12
3 O PA12CNTO5
£ O PA12CNT2
ki 10 T T T T T T T T
154 156 158 160 162 164 166 168 170 172
‘Temperature [°C]

15 20

Time [s]

0 5 10 25 30

Figure 6.2: Half time of crystallization (¢ /2) as a function of time at varying temperature
for (a) PA12 CNTO.5, (b) PA12 CNT2 and (c) Comparison of half time of crystallization
(t1/2) as a function of crystallization temperature.



104 Chapter 6

6.3.2 Flow properties
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Figure 6.3: Storage modulus (G') response of PA12 CNT0.5 and PA12 CNT2 nanocom-
posites at temperatures of 180°C, 200°C and 220°C.

Frequency sweep experiments were performed for PA12 CNT0.5 and PA12 CNT2 nanocom-
posites, to study the elastic response (G') at various temperatures, as shown in Figure
6.3. A slope of 2 for G' as a function of frequency is typically indicative of terminal
behavior for homopolymers [152]. This can be observed for PA12 at 180°C in Figure
6.3(a). This terminal zone behaviour is absent for both nanocomposites in presence of
CNTs, for all relevant temperatures. Increasing the CNT content in PA12 brings about a
higher elastic modulus and reduced frequency dependency, as can be seen by comparing
Figure 6.4(a) and Figure 6.4(b). The linear dynamic moduli are a fingerprint of the
microstructure of the material and more specifically, the low frequency response corre-
sponds to relatively long structural length scales in the material. High G' values with
reduced frequency dependency at low frequencies can be attributed to a more elastic
structure where molecular motion is inhibited by either chain length in the case of high
molecular weight single phase systems, or by a structural feature in the material such as
a cocontinuous structure in immiscible polymer blends and particle network formation in
well dispersed polymer nanocomposites [244, 245]. The different rheological responses of
the nanocomposites as compared to that of pure PA12 and the liquid to solid transition
observed when increasing the CNT content can be attributed to the network formation
of CNTs in the polymer matrix in combination with a reduced mobility of the PA12 poly-
mer chains. For PA12 CNT2, an almost frequency independent response of the storage
modulus G' is apparent below 0.1 rad/s. This points to the absence of relaxations over
these timescales and thus the formation of a network structure with limited mobility
under quiescent conditions. With increasing temperature, the moduli slightly decrease,
as a typical response to the increased mobility of the polymer chains.

The evolution of the storage modulus G' as a function of time after loading the sample
in the rheometer can provide further insights in the development of the CN'Ts network
in the polymer matrix. In Figure 6.4(a), it can be observed that PA12 CNT0.5 shows
a time independent response for G' at the measurement temperatures of 180°C, 200°C
and 220°C. On the other hand, for PA12 CNT2, an increase in G' for the first 2000s
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Figure 6.4: Time evolution of the linear viscoelastic storage modulus (G') of nanocom-
posites at temperatures of 180°C, 200°C and 220°C for (a) PA12 CNTO0.5 and (b) PA12
CNT2.

is observed at all measured temperatures, after which G' reaches a plateau. The linear
viscoelastic dynamic moduli shown in Figure 6.4 are measured after the time sweep test
from Figure 6.3 to avoid any time effects in these measurements. During sample loading,
care was taken to avoid squeezing the sample and no preshear was applied. Hence, the
development of the elastic moduli noticeable in Figure 6.3 can be attributed to small
rearrangements of the CNTs leading to enhanced interactions between them and thus
more pronounced network elasticity. A time independent response of G' can be observed
for PA12 CNTO.5 at all measured temperatures. However, a distinctly different behaviour
can be observed for PA12 CNT2 whereby an increase in G' is observed as a function of
time at all temperatures. It may be counterintuitive that the nanocomposite with the
lowest mobility shows the largest amount of time evolution. However, it should also be
considered that less particle movement or reorientation is required to enhance particle
contacts and thus network stiffness at a high CNT content. Influence of temperature
on the evolution can also be observed, wherein with increasing temperature, G tends to
saturate faster, from 3000 s to 1500 s for temperatures ranging from 180°C to 220°C.
This suggests that the CN'Ts undergo faster network development at high temperatures
since the polymer matrix chains are more mobile, whereas at lower temperatures due to
a higher viscosity of the matrix network formation takes longer. The results in Figure
6.4 indicate that time-dependent network formation may play a role while melting the
nanocomposites during laser sintering although the initial network state in the doublets
may be quite different from that in compression moulded disks.

The effect of the CN'Ts is also reflected in the viscosity curves, as show in Figure 6.5
at 180°C, which shows complex viscosity curves estimated from frequency sweep mea-
surements. PA12 without CNTs attains a constant zero shear viscosity value, whereas
with addition of CNTs the viscosity increases by almost two orders of magnitude and no
longer attains a low-frequency plateau within the measured frequency range. The slope
of viscosity versus frequency reaches close to -1 for PA12 CNT2, which indicates the
presence of a constant stress region and thus a yield stress in the material. To estimate
this yield stress value, the elastic stress from oscillatory strain sweep experiments is an-
alyzed and indeed shows a maximum for the PA12 CNT2, as illustrated in Figure 6.11
in Appendix I. This material thus behaves like a yield stress material with a yield stress
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Table 6.2: Activation energy from Arrhenius plot for viscosity versus frequency at 100
rad/s for PA12, PA12 CNTO0.5 and PA12 CNT2

Polymer Activation energy, E, (KJ/mol)
PA12 32.5
PA12 CNTO0.5 48.9
PA12 CNT2 61.3

of 4.3 x 10* Pa at 180°C, as estimated from oscillatory experiments. Therefore during
laser sintering, the stresses generated by the surface tension should overcome this yield
stress, before the particles can sinter together.
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Figure 6.5: Complex viscosity of PA12, PA12 CNT0.5 and PA12 CNT2 at a temperature
of 180°C.

To quantify the temperature dependence of the viscosity, the activation energy F, for
PA12 and PA12 nanocomposites was calculated from the slope of the viscosity n versus
1/T at a frequency of 100 rad/s:

Ea}

== (6.3)

1 = Tref - exp{
where 7 is the viscosity, E, the activation energy, R the universal gas constant, T the
temperature and 7, the pre-exponential factor. The activation energy values (Table 6.2)
of the PA12 nanocomposites increase with increasing CNTs content. A similar trend has
been observed for PA6 nanocomposites wherein a CNT content of 2 wt% also increased
the £, with more than a factor 2 [246]. This suggests that incorporation of CNTs reduces
the polymer mobility, thereby resulting in a higher activation energy for flow.
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6.3.3 In-situ laser sintering experiments
6.3.3.1 Influence of CNT content

With the main material characteristics being determined in Sections 6.3.1 and 6.3.2 and
the in-situ sintering technique described in Section 6.2.2.3, systematic experiments are
performed for particle pairs with a radius of 100 pm and increasing CNT content. A
representative experimental result for PA12 CNTO0.5 is shown in Figure 6.6. Figure 6.6
shows the tracked neck growth, normalized by the particle radius, as a function of time.
At the instant the laser is switched on at time t = 0 s, a sudden increase in neck growth
is observed, whereby the surface tension is the driving force [120]. At t = 1.1 s a sharp
decrease in sintering rate is observed due to heat loss leading to solidification of the
material, which is complete at t = 4.7 s. This can also be observed from the optical
image sequence in the inset of Figure 6.6, wherein the majority of the neck growth is
observed in the initial second of the process.
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Figure 6.6: Dimensionless neck radius versus sintering time for a PA12 particle pair with
0.5 wt% CNTs, for a particle radius a, = 100 wm, chamber temperature of 155°C at a
laser pulse energy of £, = 384 uJ and laser pulse duration of #, = 1 ms. Inset shows a
sequence of top view images of the particle pair during sintering (a to e). The evolution
of the neck radius x (yellow line in ¢) at the interface between the two particles is followed

as a function of time.

Figure 6.7 shows the effect of increasing CNTs content on the sintering dynamics in
Figure 6.7(a) as well as the corresponding crystallization kinetics in Figure 6.7(b), for a
particle radius of 100 pm. Though the overall processing conditions remain the same,
different flow dynamics can be observed in Figure 6.7(a), dependent on the material. A
change in the initial slope of the sintering kinetics can be observed as well as a shift
in the timepoint at which sintering is halted. With increasing content of CNTs, the
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sintering dynamics slows down and premature cessation of flow occurs. Thereby partial
sintering of the particle doublets occurs in the case of the nanocomposite materials
PA12 CNTO0.5 and PA12 CNT2. This could lead to porous parts being produced in the
selective laser sintering process for PA12 with CN'Ts. From the viscoelastic measurements
in Section 6.3.2, it was observed that with increasing CN'Ts content, the elastic response
and viscosity of the material increases. Hence, the CNTs will hinder the flow of the
polymer at the interface, even though the local temperature is measured to be around
230°C (Chapter 5) at the interface of the particle doublets. Given that the particle size
and laser sintering conditions are the same, the only parameter able to cause differences
in temperature at the sintering zone between PA12 and PA12 nanocomposites is the
thermal conductivity. Typically, the thermal conductivity increases with CNT content,
in particular above the percolation threshold [247, 248|. Hence, a slightly faster heat
diffusion from the sintering zone towards the exterior of the particles may be expected
due to the enhanced thermal conductivity. Hence, the CN'Ts contribute to the slowing
down of the sintering kinetics via two mechanisms. First, they will decrease flowability at
a certain temperature and second they will lead to a reduction of the temperature at the
sintering zone due to faster heat diffusion to the non-illuminated zone. Interestingly, even
though the PA12 CNT2 nanocomposite has a relatively high yield stress, sintering can
proceed initially, which indicates that the surface tension driving force is large enough
to overcome the yield stress.
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Figure 6.7: Effect of CNT content on sintering of PA12, PA12 CNT0.5 and PA12 CNT2
particle pairs of radius a, = 100 um for a chamber temperature of 155°C, pulse energy
of E, = 384 uJ and pulse duration of ¢, = 1 ms. (a) Dimensionless neck radius versus
sintering time (b) Time evolution of crystallinity during the sintering process.

A clear difference can also be observed in the crystallization kinetics, as shown in Figure
6.7(b), wherein with increasing CNTs content the crystallization accelerates distinctly.
Though the overall crystallinity remains the same at around 22%, a change in the slope
of the crystallization kinetics is observed. It can be seen that with increasing CN'Ts
content the half time of crystallization shifts from 12.5 s, over 11 s to 4.5 s, for PA12,
PA12 CNTO0.5 and PA12 CNT?2 respectively. Furthermore, the onset of crystallization
occurs earlier with increasing CN'Ts content, shifting from about 5.5 s, over 3.5 s to 2
s. This suggests that with increasing CN'Ts content, more nucleation sites are created
thereby accelerating the overall crystallization kinetics. Similar effects can be observed
for a bigger particle size of 150 um radius (see Figure 6.12 in Appendix I). To under-
stand the importance of various effects on the crystallization kinetics, the half times of
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crystallization during laser sintering can be correlated to those obtained from isothermal
crystallization in calorimetric measurements (Section 6.3.1). There, the half times of
crystallization at the chamber temperature of 155°C were found to be 20 s, 5 s and 1.5
s respectively for PA12, PA12 CNTO0.5 and PA12 CNT2. In our previous work (Chap-
ter 5), we already established that for pure PA12 under the given sintering conditions,
flow-enhanced crystallization speeds up the crystallization (Section 5.3.1,in Chapter 5).
However, for the PA12 nanocomposites, crystallization during laser sintering is slower as
compared to isothermal crystallization at the chamber temperature (Section 6.3.1). This
can be attributed to the non-isothermal nature of the process, whereby the temperature
is on average larger than the chamber temperature and it takes around 4 s to cool down
to the chamber temperature. Hence, it can not be stated with certainty whether flow-
induced crystallization plays are role in the nanocomposite materials, but if present, it
is dominated by the effect of the non-isothermal environmental temperature. Depending
on the type of filler material, flow and particle effects are known to exhibit synergistic,
additional or antagonistic effects in speeding up the crystallization kinetics [249].

P PA12 CNTO.5

Intensity [-]

Figure 6.8: Integrated WAXD intensity and relative deconvolution analysis of before and
after sintering frames for non-isothermal sintering process of PA12 CN'T0.5 particle pairs
of radius a, = 100 pm, wherein pulse energy £, = 384 pJ and pulse duration #;, = 1 ms
for heating chamber temperature, T, of 155°C.

Figure 6.8 shows the integrated intensity of the WAXD patterns as a function of scat-
tering vector q, before and after sintering for particle doublets of PA12 CNTO0.5 at a
chamber temperature of 155°C. The shoulder at ¢ = 15.02 nm™" before sintering trans-
forms into a secondary peak after sintering. The resulting two distinct peaks, namely a
primary peak at ¢ = 15.5 nm™ and a secondary peak at ¢ = 15.07 nm™" with d spacings
of 0.405 nm and 0.417 nm respectively correspond to the o/-phase [126]. The latter is
characteristic for PA12 at temperatures above 140°C [175]. This phase was also observed
for PA12 CNT2 as well as pure PA12. After sintering, the PA12 CNT2 particle doublet
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exhibited a primary diffraction peak at ¢ = 15.8 nm™ and a secondary peak at ¢ — 15.08
nm! corresponding to d spacings of 0.397 and 0.416 nm respectively. The reference
PA12 particle doublets (Section 5.14, in Chapter 5) resulted in d spacings after sintering
of 0.418 and 0.430 nm. Therefore with increasing CN'Ts content, ¢ shifts towards higher
values whereas the d spacing reduces. A similar shift was observed for polyamide 6 with

functionalized CNT [250].

Using the integrated WAXD pattern, the mean crystal size can be estimated from the
peak width using the Scherrer equation [192]:

K\

L= 75 ol (6.4)

where A = 1.040880 nm is the X-ray wavelength, 5 is the peak width at full width half
maximum of the diffraction peak profile in radians and K is a constant related to the
crystallite shape, which is normally taken as 0.9 [193]. Table 6.3 shows the estimated
mean crystal size from the WAXD intensity profiles of varying CNTs content in PA12
nanocomposites for a particle radius of 100 pm. With increasing wt% of CN'Ts the mean
crystallite size increases. Since the addition of nanotubes increases the nucleation density
while the crystal growth rate is left unaltered or slowed down [251], this is not expected.
However, a lower temperature at the sintering zone can also affect the final crystal size
by the enhanced crystal growth rate at lower temperatures.

Table 6.3: Mean crystal size estimated using Scherrer equation before and after sintering

for varying CNTs content.

Polymer PA12 PA12 CNTO.5 PA12 CNT2
Before After Before After Before After
sintering sintering sintering sintering sintering sintering

Mean crystallite size
(nm)

11.3 14.7 15.1 21.6 16.28 23.2

6.3.3.2 Influence of PA12 particle size

Our previous work clearly demonstrated the effect of the particle size on the sintering
kinetics, both directly via its effect on the driving force for sintering as well as indirectly
via its effect on the temperature distribution inside the particle doublet. Figure 6.9(a)
shows the neck growth kinetics for particles of PA12 CNT0.5 whereas the corresponding
crystallization kinetics is plotted in Figure 6.9(b), both for three different particle sizes.
From Figure 6.9(a), two main effects of the particle size can be observed. First, the final
dimensionless neck radius is substantially reduced from 0.81 to 0.5 when the particle
radius increases from 100 um to 150 pwm. This is also demonstrated by the optical
images taken at t = 6 s of the final configuration after sintering. This partial sintering is
caused by a lower initial sintering rate as well as earlier reduction in the sintering speed.
While the laser energy remains the same, the overall volume under irradiation increases
with increasing particle radius. For the given laser spot radius of 15 wm, with increasing
particle radius a larger part of the heat energy flows to the bulk of the material. As a
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result, the temperature in the neck region will be less, resulting in a higher elasticity
and viscosity. This has been verified by IR imaging for laser sintering of PA12 particle
doublets, where the local temperature varies from 230°C to 193°C when the particle
radius is increased from 100 pm to 150 pm (Chapter 5). Since the activation energy
for flow is higher for the PA12 nanocomposites than for PA12, this size effect may even
become more pronounced for PA12 nanocomposites as compared to pure PA12. This
was however not observed under the used processing conditions.
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Figure 6.9: Effect of particle size on sintering process of PA12 CNTO0.5 particle pairs
of radius a, = 100 um, 125 pm and 150 wm, for chamber temperature of 155°C, pulse
energy of E, = 384 pJ and pulse duration of ¢, = 1 ms. (a) Dimensionless neck radius
versus sintering time. Top view images of melt doublet at the end of sintering process
(b) Time evolution of crystallinity during the sintering process.

Figure 6.9(b) shows the corresponding in-situ time-resolved crystallization kinetics for
various particle sizes of PA12 CNTO0.5. It can be observed that crystallization starts
after cessation of flow as shown in Figure 6.9(a). The overall crystallinity remains at
around 22%, though a pronounced difference in crystallization rate is observed with
varying particle size. The half time of crystallization for 100 pum, 125 wm and 150 pm
particles is about 9 s, 11 s and 13 s. The isothermal half time of crystallization at
the chamber temperature of 155°C is 5 s. It was shown that smaller particles undergo
faster deformation rates, which could enhance the crystallization kinetics (Section 5.3.1).
Therefore the change in rate of crystallization for varying particle size (Figure 6.9(b)),
could be related to the lower deformation rates with increasing particle size, which lead
to a slower rate of crystallization. The effect seen here is less pronounced than for pure
PA12 (Chapter 5). In addition, the time scales for crystallization during laser sintering
do not correspond to the half times of crystallization obtained from isothermal calorime-
try experiments, whereby the crystallization kinetics from in-situ experiments are slower
than that in isothermal calorimetry measurements. The non-isothermal conditions expe-
rienced during laser sintering thus play a large role for the nanocomposite case. Hence,
in agreement with results in the previous section, it can be concluded that enhancement

of crystallization by flow is less in the nanocomposite as compared to the pure PA12.
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6.3.4 Electrical conductivity

The addition of conductive fillers such as carbon black, carbon nanofibers, carbon nan-
otubes or graphene to insulating polymers induces electrical conductivity in the resulting
composite. The most important factors determining the conductivity are the process-
ing technique, processing parameters, properties of the polymer matrix, and the type
of conductive filler [252, 253]. Crystallinity can greatly impact the overall electrical
conductivity of polymer nanocomposites [254|. It was shown that the same resistivity
could be achieved in semi-crystalline polymers as compared to amorphous materials by
using a more than two times lower amount of nanofiller. CNTs would form a conduc-
tive path along the amorphous part of a semi-crystalline material, thereby the crystals
provide a tempelate to form a conducting network. Furthermore, it was shown with
polypropylene that a higher crystallinity can further enhance the conductivity thereby
reducing the amount of CNTs required to achieve a percolated network. This can be
further enhanced with flow, wherein chain alignment in the flow direction could lead to
flow-induced orientation of nano-fillers [249]. To study the effect of laser sintering on
the electrical conductivity of PA12 particle doublets, the electrical conductivity of bulk
nanocomposite sheets was measured by means of a linear four point probe and that of
single particles and sintered doublets by means of two probes, as shown in Figure 6.1.
Since the linear four point probe method can not be employed on particles and sintered
doublets, a in-situ two probe method was developed. This method was also employed to
measure and compare the conductivity of a single particle with 150 wm radius with that
of PA12 nanocomposite films characterized by the traditional four point probe. Since the
geometry of the particles leads to a non-constant cross-sectional area, which complicates
the analysis of the resistance data, a comparison between the volume resistivity obtained
on a flat material sheet and that obtained on a single particle, forms a benchmark for the
measurements of the electrical conductivity of laser sintered doublets by the two probe
method.
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Figure 6.10: Electrical conductivity (S/cm) as a function of CNT content measured by
two probe method for sintered doublets as well as a single spherical particle for PA12
CNTO0.5 and PA12 CNT2. Inset shows the electrical conductivity measured by the linear
four point probe for PA12, PA12 CNT0.5 and PA12 CNT2. Lines are a guide to the eye.

The inset of Figure 6.10 shows the electrical conductivity values of sheets of PA12 and
P12 nanocomposites. PA12 without CNTs shows a conductivity value of 10°'* S/cm,
a typical value measured for polymers [255]. Addition of 0.5 wt% CNTs significantly
increases this value to 10° S/cm, and a further increase in the CNTs content to 2 wt%
increases the conductivity three orders of magnitude to 10 S/cm. The fact that these
values are several orders of magnitude higher as compared to the value for pure PA12
shows that the CN'Ts are percolated in the polymer matrix, which was already concluded
based on the high elastic moduli with low frequency dependency shown in Figure 6.3. A
similar difference between the values for PA12 CNT0.5 and PA12 CNT2 could be found
when measuring the conductivity of single particles by the two point probe method.
However, the absolute values measured with the two point probe method are a factor
100 lower than the electrical conductivity measured on the polymer sheets. This could
partially be caused by the different measurement setup, and effects of the contact re-
sistance. However, it should also be kept in mind that apart from the geometry, both
materials underwent a completely different processing history. The particles were pre-
pared by solution mixing followed by evaporation whereas the polymer sheets underwent
an additional processing step via compression moulding. This additional processing step
may enhance the electrical conductivity via two different mechanisms. First, annealing
at high temperature is known to cause additional structure development in nanocom-
posites [256, 257], as can also be seen in Figure 6.4 for the storage modulus. Second, as
mentioned above, in semi-crystalline polymers the electrical conductivity can highly de-
pend on the crystal size and structure since crystals can expel the CN'Ts and can thereby
alter the CNT network. Hence, the different solidification processes in both cases could
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have led to a different network structure in the polymer sheets as compared to the par-
ticles. Therefore, the values obtained on the particles will be used as the reference for
the characterization of the electrical conductivity of the sintered doublets.

In Figure 6.10 the conductivity values of the sintered doublets are compared with that
of a single particle. Apart from the 100 wm radius particles of PA12 CN'T2, the sintered
doublets show electrical conductivity values that are one to two orders of magnitude
lower as compared to that of the starting material. This loss of electrical conductivity
may be attributed to some orientation of the CNTs in the direction of the neck growth,
which is the direction perpendicular to the one for which the electrical conductivity was
measured. Moreover, as it is shown in the previous sections that laser sintering leads to
recrystallization resulting in larger crystals, this may also affect the network structure
of the CNTs and thus the electrical conductivity in the sintered bridge. Moreover, the
smallest particles, which exhibit the largest bridge width, also show a slightly larger
electrical conductivity. Although the intrinsic conductivity should not depend on the
geometry of the sample, in this case a smaller particle size entails changes in both the
flow kinematics of the sintering process as well as the kinetics of the crystallization
process which may quite well result in a different microstructure. When comparing the
results of PA12 CNTO0.5 and PA12 CNT?2 for the single particle and the sintered particle
doublets, it can be concluded that the concentration dependence of the 150 um particles
is similar to that of the single particle whereas in the case of the 100 um particles, the
PA12 CNT2 shows enhanced conductivity. This may be related to less pronounced flow
and altered crystallization behaviour.

6.4 Conclusions

Laser sintering of PA12 nanocomposite particles was studied with an in-house developed
setup. By means of in-situ visualization with optical microscopy and X-ray scattering,
the sintering dynamics as well as the crystallization kinetics were captured for various
particle radii and with CNT contents of 0.5 wt% and 2 wt%. The bulk starting material
was systematically characterized for its optical, rheological, thermal and crystallization
properties to be able to analyze the different phenomena occuring during the sintering
process. The incorporation of carbon nanotubes (CNTS) in the semi-crystalline polymer
led to a faster isothermal crystallization kinetics with crystallization half times that
were reduced by an order of magnitude for PA12 CNT2 as compared to pure PA12.
Furthermore, rheological measurements showed an increased viscosity for increasing CN'T
content, and a transition from a liquid-like to a solid-like behaviour. The sintering
experiments showed that, under the same processing conditions, nanocomposites exhibit
a slower sintering kinetics and faster crystallization. Hence, the doublets obtained after
sintering show a less developed neck in the case of nanocomposites. This suppressed
sintering behaviour is caused by the higher viscosity and more elastic behaviour of the
nanocomposites as compared to pure PA12. For a given nanocomposite composition,
there is also a dependence on the particle size, whereby smaller particles sinter faster
and exhibit a faster crystallization kinetics. Since the smaller particles are at a higher
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temperature during sintering, the trend in the crystallization kinetics suggests that flow-
enhanced crystallization occurs. However, the flow effect is substantially suppressed as
compared to the sintering of pure PA12. The electrical conductivity of the sintered
doublets was measured with an in-house developed two probe method. With 2 wt%
CNTs the electrical conductivity reaches values that are high enough for applications
such as EM shielding while the surface tension is still strong enough to overcome the yield
stress of the material and allows sintering. The sintering process itself slightly reduces
the electrical conductivity as compared to that of the starting material, which can be
attributed to an altered orientation and distribution of the CN'Ts in the material due to
the flow and recrystallization of the material. From our study, it can be concluded that
the presence of carbon nanotubes in PA12 affects the sintering and crystallization kinetics
via several mechanisms. First, the nanotubes clearly suppress the flow behaviour of the
polymer thereby slowing down the sintering kinetics. Second, they alter the temperature
distribution in the doublet by enhancing the thermal conductivity. And last, they have
a clear effect on the crystallization kinetics whereby both particle and flow effects can
interact with each other. When considering the final electrical conductivity of the sintered
doublet, again both the flow as well as the thermal history are relevant for the final
conductivity values, which are affected by the microstructure of the material. Therefore,
it is clear from our work that a rational design of laser sintered polymer nanocomposites
is a non-trivial task and should take into account the interaction between flow, thermal
history and microstructure development on the level of the particles as well as that of
the crystals.
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Figure 6.11: Elastic stress from strain sweep experiments for PA12 CNTO0.5 and PA12
CNT2 at 180°C.

Strain sweep experiments were performed for the nanocomposites. The storage modulus
response was multiplied by corresponding strain % to get a elastic stress.
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Figure 6.12: Effect of CN'T content on sintering process of PA12, PA12 CNT0.5 and PA12
CNT?2 particle pairs of radius a, = 150 um for a chamber temperature of 155°C, pulse
energy of E, = 384 wJ and pulse duration of #, = 1 ms. (a) Dimensionless neck radius
versus sintering time (b) Time evolution of crystallinity during the sintering process.
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CHAPTER

Conclusions and Recommendations

7.1 Conclusions

Fundamental insights in the sintering kinetics of amorphous and semi-crystalline polymer
powder particles during selective laser sintering (SLS) are developed. Simplifying this
complex process by studying only a single polymer particle pair allows us to relate the
essential processing conditions to the observed sintering dynamics. To exclude the effects
of ill-defined powder particle shapes, be it for amorphous or semi-crystalline polymers,
an economic and simple method is described to make the powder particles perfectly
spherical. A unique in-house experimental setup is developed to perform laser sintering
experiments on a single particle pair. This setup gives us the opportunity to in-situ study
the actual sintering process by optical, infrared (IR) and X-ray imaging. Optics provide
information on the flow response during melting, neck formation and solidification of
the particle pair. Also having access to X-ray during laser sintering of semi-crystalline
polymer particles reveals the crystallization kinetics and microstructure development. IR
imaging further supplements in providing temperature evolution and heat diffusion. With
this setup, the sintering of amorphous polystyrene as well as semi-crystalline polyamide
12 (PA12) and polyamide 12 conductive nanocomposites containing carbon nanotubes
was studied. This research adds to the understanding on the intrinsic mechanisms that
influence an actual laser sintering process, to eventually be able to optimize this process

and tailor it so as to obtain desired properties.

7.1.1 Chapter 2: A processing route to spherical polymer particles via
controlled drop retraction

e A methodology based on the shape retraction of liquid droplets is developed to
transform randomly shaped powder particles to a perfectly spherical shape. Versa-
tility of the method is described for various thermoplastic polymers and a compar-
ison of shape factors between the starting material and particles after the rounding
process shows the potential of the method.

e Optimization of the process is possible by considering the time required for shape
retraction and chosing processing conditions to reduce undesired droplet dynamics



118 Chapter 7

processes such as breakup, collision, coalescence and sedimentation. The temper-
ature is crucial to shift the characteristic retraction time of the droplet within a
time frame that largely excludes particle interactions.

7.1.2 Chapter 3: A novel experimental setup for in-situ optical and
X-ray imaging of laser sintering of polymer particles

e A unique in-house developed experimental laser sintering setup has been designed
and constructed that has the ability to allow in-situ time-resolved microscopic
and X-ray observations of laser sintering with precise control over all sintering
parameters.

e A case study on the sintering of PA12 particle pairs demonstrates that real-time
information on the sintering dynamics as well as crystallization kinetics can be
obtained with a good signal-to-noise ratio and sufficient spatial and temporal res-
olution.

e Structure evolution and crystallization kinetics during laser sintering are complex
and coupled processes involving non-isothermal, non-homogeneous temperature
profiles and complex flow fields. This laser sintering setup provides direct ac-
cess to essential local and time-resolved information about the structural processes
involved, which cannot be obtained from commercially available SLS machines.

7.1.3 Chapter 4: Laser sintering of polymer particle pairs studied by
in-situ visualization

e Laser sintering experiments are performed on amorphous spherical polystyrene par-
ticle pairs of various sizes, such that the ratio of laser spot size to particle size is
varied between 0.19 and 0.66. The thermal, rheological and laser-light absorption
properties of the used polystyrene are characterized a priori. This allows to de-
termine the suitable parameter range for the heating chamber temperature, laser
pulse duration and laser pulse energy.

e A systematic study of the effects of the main laser sintering parameters on the
sintering dynamics, quantified as the evolution of the neck radius between both
particles with time, is performed. This provided time-resolved information on the
laser sintering of polymer particles. The initial sintering kinetics as a function of
time could be described with the modified Frenkel model for isothermal sinter-
ing of viscous liquids, whereby the characteristic viscosity depends on the applied
processing conditions.

e The overall sintering kinetics is determined by a complex interplay between tem-
perature and time effects on the viscosity. Contrary to thermal sintering in a ho-
mogeneously heated chamber, laser-induced particle sintering can slow down and
even completely halt at later stages. This is caused by the viscosity build-up as a
function of time due to the cooling down of the particles and the finite relaxation
time of the material. Hence, if the supplied laser energy is not sufficient to cause
a substantial temperature increase, only partial sintering occurs.
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7.1.4 Chapter 5: Laser sintering of PA12 particles studied by in-situ
optical, thermal and X-ray characterization

e Characterisation of the thermal, rheological and laser light absorption properties
of PA12 polymer with 2 wt% dye allowed us to derive the appropriate parameter
range for laser energy and chamber temperature.

e Simultaneously capturing the flow by optical imaging and the crystallization ki-
netics from WAXD patterns, in combination with IR imaging, a complex interplay
between temperature, flow and crystallization kinetics is shown.

e Under the same processing conditions, the local temperature experienced at the
interphase of the doublets is higher for smaller particles. This is caused by the fact
that the same amount of laser energy is available for a smaller volume of material.
An opposite trend is observed for crystallization, where the kinetics is faster for
smaller particles, which would not be expected based on the higher temperature.

e Since the deformation rates experienced during sintering are higher for smaller
particles, flow-induced crystallization can explain the faster crystallization kinetics
of small particles. An estimate of the critical Weissenberg numbers based on the
Rouse and reptation times suggests that under the studied process conditions the
polymer chains can orient but not stretch. This can enhance the number density
of nuclei, thereby speeding up crystallization.

7.1.5 Chapter 6: Laser sintering of polyamide 12/carbon nanotube
composite particle pairs

e The incorporation of MWCNTs in the semi-crystalline polymer increased the crys-
tallization kinetics, since the MWCN'Ts act as nucleation sites. Furthermore, rhe-
ological measurements show an increase in elastic modulus and viscosity with an
increase in MWCNT content, eventually leading to a solid-like material at 2 wt%
MWCNTs.

e Under identical processing conditions for various particle sizes, smaller particles
show faster sintering and crystallization kinetics, similar to the results for pure
PA12. Smaller particles undergo higher deformation rates, which enhances the
rate of crystallization.

e Increasing particle size leads to premature cessation of flow, since the local temper-
ature at the interface is lower thereby increasing the viscosity. A similar trend is
observed for PA12 with increasing MWCNT content, whereby the flow properties
of the material are reduced due to the presence of the MWCNTs.

e In general, the electrical conductivity increases with increasing concentrations of
MWCNTs in the nanocomposites. Sintered doublets showed a higher electrical
conductivity with increased neck width at the interface of the particles.
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7.2 Recommendations

In the present work, the focus has been on understanding fundamental aspects defining
the sintering kinetics of polymer particle pairs. In reality during an actual 3D SLS print-
ing process a bed of polymer powder particles is utilized. A step towards approaching
this aspect is to start from stacking two layers of particles in height direction. This will
provide more insight in the penetration depth of the laser energy through this multi-
layer construct of particles. Simultaneous IR imaging can provide information on the
heat-diffusion process and correlate this to the observed sintering kinetics obtained from
optical microscopy. It can be hypothesized that the neck growth could be slower due
to presence of a larger material volume; thereby laser energy and spot size, together
with pulse duration will be critical parameters to take into account. These experimental
results can further be correlated to simulations [144]. Stacking of particles could ideally
be approached by increasing the voltage in the micromanipulator[81, 117].

The current experimental setup is designed with manual control. Automation of the
translation stages and replacing the stand-alone laser by a scanning system (Galvo mir-
ror) can further bring this setup closer to an actual SLS machine. This could allow
probing a string of monolayer particles to visualize and understand the sintering dynam-
ics by optical microscopy from top and IR imaging from the side view, as implemented
in our current setup. This methodology would certainly work with a large field of view
of IR as well as in-situ optical visualization through scanner. in-situ X-ray visualiza-
tion would be possible, but restricted to a fixed location of interest, since a high energy
X-ray source is required to achieve a high signal-to-noise ratio which are usually fixed

standalone setups.

In-situ X-ray experiments showed a shift in crystallization of PA12 particles. Weissenberg
numbers estimated showed an increase in orientation of chain can lead fastening of the
crystallization kinetics. Ideally this could be observed with change in intensity of rings
in the diffraction pattern by WAXD, though this could not be realized since the X-ray
source had a spot size of 100 um. For the given size of PA12 particles used and the X-ray
spot size, yield averaged information on time resolved crystallization kinetics. Ex-situ
measurements with micro/nano X-ray beam on the final melt doublets can provide more
detailed information on structure formation along the melt doublet. Performing in-situ
experiments with smaller spot size of X-ray beam can provide time resolved local change
in orientation, at the interface of the polymer particles during and after sintering.

Temperature of the powder bed before laser sintering is critical in achieving complete
sintering and avoiding porosity within the part. Current usage of an IR heater in an
SLS machine is not efficient in doing so. Using a dual laser during the print process
could circumvent this issue. First the laser source is utilized in scanning the desired
path by locally raising the temperature and a simultaneous scan along the same path by
the second laser allows to sinter the polymer powder. This can be a better mechanism
in controlling the heat distribution during the process. Furthermore, polymer powder
which has no prior heat treatment can be reused with a reduced to no aging effect.
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Printing parts with functional properties (Chapter 6) is an upcoming potential area
from a research as well final product point of view. This requires materials specific
to end product requirements. It was shown that introducing filler particles to enhance
mechanical and/or conducting properties can drastically influence the flow as well as
crystallization kinetics. A clever approach would be to use a compatibilizer which can
enhance the flow and at the same time enhances the dispersion of the filler particles in a
cocontinuous morphology [258|. As a start this can be done by developing blends, either
by extrusion or solution casting, and later producing spherical particles (Chapter 2) to
be tested with the in-house developed laser sintering setup (Chapter 3). The polarity of
the thermoplastic polymer used would have an influence on the eventual dispersion.

One of the future attempts would be to connect the experimentally observed laser sinter-
ing process of polymer particles (this Thesis) with predictions of a numerical framework
for laser sintering of semi-crystalline and amorphous polymers [16]. This can be taken a
step further by studying the mechanical strength of the interface of a sintered doublet.
This micro-scale testing could be in-part connected to the bulk mechaical measurements
done on laser sintered products [17].
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