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A novel experimental setup for in-situ optical and X-ray imaging of laser sintering of polymer
particles
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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 @J. 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.
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I 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 manufactured layer-
by-layer'. In SLS, polyamide 12 (PA12) is the most commonly used polymer due to their large
sintering window®. Though this technique receives significant interest from industry as well as
academia’”, the final products 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'®. Moreover, porosity, poor layer-
to-layer adhesion and dimensional inaccuracy are some of the commonly found defects in such
SLS printed parts'!. While there are ample studies showing the effects of laser sintering on the
microstructure, crystalline morphology and mechanical properties of polymers, they are all limited
to post-mortem characterization techniques thus lacking information on the actual structure
development!?!®. Since shape evolution and crystallization kinetics during laser sintering are
complex and coupled processes involving 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' during and after heating, and to validate analytical models describing sintering

dynamics'>""

. 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'® 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 further affects the flow, and therefore the structure development within the particles!®. To
investigate polymer structure, X-ray diffraction is a powerful and widely used technique®’. Ex-situ
X-ray diffraction and scattering experiments have been utilized to study the crystalline
microstructure within SLS printed parts®!, but studies on time dependent 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
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developed that can incorporate high flux synchrotron radiation to allow for in-situ time resolved
X-ray studies of polymer crystalline morphology development®**. 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 crystallization kinetics during extrusion additive manufacturing.?>?® Recently,
laser sintering of metals has been studied in-situ and time-resolved by means of X-rays?’?%, 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 al. used time-resolved X-ray diffraction to study
the kinetics of the phase transformations 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?’.
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 targeting 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/diffraction
characterization. Recently, we have developed a setup that allows optical visualization of laser
sintering and have studied laser sintering of amorphous polystyrene®®. 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.

I1. 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. Fig. 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



99
100
101

102
103

104
105
106

107
108
109
110

111
112
113
114
115
116
117
118
119
120

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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FIG. 1. Schematic representation of the experimental setup with in-situ X-ray scattering/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.

A. 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 CO: 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 M2 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 TEM00 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,
M? < 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
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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*':

127 -M?-A-f

D. =
N Dy

(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. 1. To simulate the
limited laser-impact time on the sample 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
piezoelectric 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
piezoelectric 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 Fig. 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 uJ/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 pyroelectric based energy meter

with a precision of 0.5 uJ.
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B. 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 homogeneity.
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 scattered 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 Fig. 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 (Fig. 1). The sample to window distance on the
scattering side was taken as small as possible (0.8mm), thereby facilitating 26 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 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 integrated 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).
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C. Optical imaging system

Given the thin interface between the two polymer particles at the initial stages of sintering 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 temperature 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
imaging. Fig. 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 53242 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 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.
[llumination 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°



214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

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 distortions. 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 micromanipulator with a lateral resolution of 0.25 mm

per revolution, for fine adjustments along the vertical direction.

D. Placement in the beamline

The complete setup, as schematically depicted in Fig. 1, is placed in the BM26 (DUBBLE)
beamline at ESRF, in Grenoble (France) to perform wide-angle X-ray diffraction experiments>2.
Fig. 2 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 gm 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 Fig. 2 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
um x 100 um 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 experiments. We used a Pilatus 300K detector with a pixel size
of 172 um x 172 ym. 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??
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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FIG. 2. Photograph of the experimental setup installed in the BM26 beamline at ESRF. (a) The
setup is mounted on an 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. (¢) Sample chamber.
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III. EXPERIMENTAL PROCEDURE

A. 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 xm. 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 T 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 (t;,), a specific thermal protocol was utilized by means of differential fast
scanning calorimetry (FDSC)*. 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****. For PA12 with dye at 155 °C, the t, /, is evaluated to be 19.5 s.

Viscosity plays an important role in the sintering dynamics. The zero-shear viscosity, 1, 1s
used as the main rheological parameter to determine the temperature-dependent flow behavior. To
determine n,, rheological measurements were performed on a stress-controlled rotational
rtheometer (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*®:

M= Tret [:—T] 2)
where 7 is the viscosity, E, the activation energy, R the universal gas constant, T the temperature
and n,¢r the pre-exponential factor.

Fig. 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 Ea = 32.5 kJ/mol was
obtained, which is close to literature values for PA12, despite the difference in molecular weight?’.
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?*. Finally, the thermal conductivity & is 0.12 W/(m-K)**
and the heat capacity ¢, is 1200 J/(kg-k), as determined from DSC measurements.

10
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FIG. 3. Arrhenius plot for zero-shear viscosity versus temperature. Symbols are experimental data, line

is a fit with Eq. (2).

B. 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 Fig. 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.C. 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.

The particle manipulation procedure is demonstrated in Fig. 5, where PA12 particles 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
11
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positive and negative voltage is applied to the probe and the substrate, respectively.

probe

i

Light source

.. substrate

FIG. 4. Schematic representation of the particle manipulation setup. Each component is

mounted on an x-y-z translator base, which allows to position them independently.

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*, 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. While positioning the particles,
care is taken to align the particle pair perpendicular to the horizontal optical train and X-ray
beam, by ensuring that the particle edges of both particles are in focus (last image in Fig.
5). Once both particles are positioned, the substrate is carefully placed back into the sample

chamber.

C. Micropositioning of a particle for in-situ X-ray characterization

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 value of the photodiode

aligned with the X-ray source.

12
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352 FIG. 6. Illustration of the X-ray scanning technique to find the interface between the particles.
353  The X-ray beam and detector are stationary. By translating the substrate in x and z direction,
354  different X-ray patterns are obtained (indicated by x,z coordinates of the substrate). The
355  substrate obstructs the X-ray beam whereas the presence of a particle maximizes the scattered
356 intensity. The curves present the photo-diode intensity at the beam center. The bold red line is

357  aguide to the eye.
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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. Fig. 6 shows that frame x0,z0 is the
common interface location for scans along the x- and z-direction respectively. The inset graphs
in Fig. 6, showing the scattering patterns and photodiode intensity values as a function of the

location of the particle pair, illustrate the method.

IV.  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 um 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 wuJ. Therefore, a pulse energy of 384 uJ 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*'. 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 Fig. 7.

To quantify the kinetics of the sintering process, the dimensionless neck radius (X /a,)

is quantified by tracking the sintering neck X, formed between the particles with initial particle

radius a,, of both particles, as defined in Fig. 7.

14
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FIG. 7. Image sequence of sintering (a to e) for PA12 particle pairs of radius a, = 115 um,

wherein heating chamber temperature 7. = 155 °C, pulse energy Ep = 383 xJ and pulse duration
#i=1 ms. The evolution of the neck (black line) at the interface between the two particles is

followed in time.

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.
Fig. 8 shows the tracked dimensionless neck plotted against sintering time. The laser is
switched on at time t = 0 s and the sintering kinetics in Fig. 8 shows that the laser pulse can be
considered instantaneous with respect to the sintering kinetics. The slope of the curve in Fig. 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*>.

Several models are available to describe isothermal viscous sintering of liquid droplets.
A model for viscous sintering of two spherical equal-sized Newtonian materials was fit to the
evolution of the neck, as shown in Fig. 8. The time evolution of the angle 8 between the line
connecting the particle centers and that connecting a particle center and the extreme point of

the neck, represented in Fig. 7d, can be found from:

a6 _ T 275/3 cosOsin 6
dt ~ aon KZ%(2—cos0)5/3(1+cos 6)*/3

3)
Where I' denotes the surface tension, 7 the viscosity and a, the particle radius. K; is given
by*:

K, =

4)

tan® sin@ . [2-(2—cos 6)+(1+cos )
2 6 (1+cos6)-(2—cos 6)
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FIG. 8. Comparison of modified-Frenkel model with sintering experimental results of PA12
for a particle radius a, = 115 um, heating chamber temperature 7. = 155 °C, pulse energy Ep =
383 uJ and pulse duration #1=1 ms. Viscosity value in the modified-Frenkel model corresponds

to a constant temperature of 224 °C.

From 0, the dimensionless neck radius X/a, is obtained**:

4 )1/3

X = g g(
= sin (1+sin 8)2:(2—cos 9)

p )

This equation has been proven to be able to describe isothermal viscous sintering of
polymer particles on a heated substrate**. 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

combination 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 t in a semi-infinite medium
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(t = x?/a, with x the diffusion distance and a 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’:

To(©) = (g = 70 exp (—225) £ 7, ©
where m is the mass of the particle, ¢p the heat capacity, A the particle surface area, h the heat
transfer coefficient, T}, 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-Ls/k = h-(ay/3)/k, with a, the particle radius, h the heat transfer coefficient, Lc the
characteristic length and k the thermal conductivity*’). Hence, it can be estimated that,
depending on the value of h (which varies between 50 and 300 W/(m?-K) depending on the
used correlation*®) 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 Fig. 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 1.26a,,* here an extended polymer shape remains after
solidification. More elaborate studies combined with numerical simulations are required to
fully analyze this complex process, which involves a varying and non-homogeneous
temperature as well as flow profile within the particles'®.

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 crystalline
microstructure. To demonstrate how laser sintering affects the crystal morphology, the intensity
profile before sintering is compared with that after sintering. Fig. 9 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 intensity, peak position, and peak width were
obtained by fitting the curve with a double Gaussian-Lorentzian function*’. To calculate
crystallinity, an additional Gaussian-Lorentzian function was used to fit the amorphous
background®®. Thereto, the scattered 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:
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481 = 7
Xe= T3 (7)
482 where Y, is crystallinity, A, is the area of the crystalline peaks and A,is area of the
483  amorphous halo.
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485  FIG. 9. (a) Integrated intensity as a function of scattering vector q, before and after sintering.
486  The markers represent the radially integrated pattern obtained from experiments and the lines
487  represent the sum of fitted peaks using a Gaussian-Lorentzian function. The grey dotted line is
488  the amorphous halo and the grey solid line is the peak fit of the crystalline peak. (b) Image
489  sequence of time-resolved 2D-WAXD patterns of PA12, before and during sintering for PA12
490  particles of radius a, = 115 um with heating chamber temperature 7. = 155 'C, pulse energy
491  Ep =383 um and pulse duration #1 = 1 ms. (c) 3D plot of the radially integrated intensity as a
492  function of scattering vector ¢ for the complete acquisition time. Red line represents the
493  amorphous halo before crystallization starts.

494 For crystallization temperatures above 130 °C, two distinct crystalline reflections are
495  generally visible for PA12 since above this temperature it crystallizes into a combination of y-
496 and a’- phase*. Before sintering, a distinct peak at ¢ = 15.02 nm ™! (d = 0.418 nm) with a
497  shoulder can be observed, as shown in Fig. 9 by the solid gray line. After sintering, this is
498  transformed into two clear peaks with a secondary peak at 14.6 nm™! (d = 0.430 nm). These
499  peak positions correspond to the values given in literature for the crystalline reflections of the
500  a'- phase in PA12, which is typical for crystallization at high temperatures®>*°. However, some

501  studies in literature report the opposite transifi8n from the a’ phase showing two crystalline
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reflections to a y- phase exhibiting only one reflection after sintering™. This phase transition
is temperature sensitive and eventually forms the commonly known y-phase when cooling
down to room temperature*’->!. 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%. The crystallinity percentage can vary between 20% and 46% for PA12, depending on
the grade and processing conditions®>*®2. Whereas previous studies are limited to the overall
crystal morphology of a sintered part, our data in Fig. 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'®*

, amore 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 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 xm) to the particle diameter (230 gm)
is 0.43, whereby almost half of the particle area is irradiated, resulting in a convoluted image
of the actual bridge and the neighboring 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. Fig. 9 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
Fig. 9. This figure clearly shows that the complete phase transition from the molten amorphous
state at time t = O 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 Fig. 10. Crystallinity is absent
at the instant the laser pulse hits the interface of the particles, at time t = 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 untf crystallization ends at time t = 24 s. The half-
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time of the crystallization, as obtained from Fig. 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’. 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>. 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.

These preliminary data from a case study on PA12 particles demonstrate the unique
capability 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 and crystal-
type evolution during laser sintering. The results also illustrate the accuracy 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.
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FIG. 10. Time evolution of crystallinity during the sintering process for PA12 particles of
radius a, = 115 um, heating chamber temperature 7c = 155 °C, pulse energy Ep = 383 um and

pulse duration #1 = 1 ms.

V. 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 non-
isothermal, non-homogeneous temperature profiles and complex flow fields, this laser sintering
setup provides direct access to essential local and time-resolved 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, the unique device opens up new promising perspectives in the field of

3D printing by selective laser sintering.
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