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Abstract
The selective laser sintering (SLS) of an yttria (Y203) ceramic powder was studied to
understand both the effects of i) the initial yttria particle characteristics on the powder bed
behaviour and ii) the process conditions (laser power, scanning speed, hatching space) on the
sintering/melting of three-dimensionally printed objects. The roughness of the powder bed, a
sensitive indicator of the layer bed quality, was determined through three-dimensional optical
profilometry and the powder bed packing density was modelled using the discrete-element
method. Complex shaped objects including spheres and open rings were successfully
fabricated by the SLS three-dimensional printing. In addition, SLS cube-shaped samples were
characterized by X-ray diffraction and scanning electron microscopy. The open pore volume
fraction significantly decreased from 41% without a post-SLS heat treatment to 31% with a
post-SLS heat treatment at 1750 °C for 20 h under secondary vacuum. Finally, an anisotropy
in elastic properties has been highlighted, Young’s modulus reaches 11 GPa in the stiffest

direction.
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1. Introduction

Yttria (Y203) is a promising material for a wide range of uses. It has outstanding physical,
mechanical and chemical properties, an infrared transparency up to 8 um, a high thermal
conductivity, refractoriness, both high fracture toughness and hardness, and a high corrosion
resistance, suitable for various applications such as infrared windows and domes, cutting tools
or corrosion resistant containers [1-7]. Under ambient conditions, yttria exhibits an isotropic
cubic structure. Yttria ceramic materials are usually fabricated by the sintering of powders
using conventional (natural sintering, hot uniaxial pressing, hot isostatic pressing) and non-
conventional (spark plasma sintering) techniques [8, 9]. Vacuum as the sintering atmosphere,
nanopowders and/or sintering agents (LiF, ZrO,, or La>O3) have been used to reduce the final
porosity and retain the transparency [10-17].

The emerging additive technologies (three-dimensional (3D) printing), including
stereolithography, inkjet printing, robocasting, binder jetting, and selective laser sintering
(SLS), enable to obtain objects with complex shapes. The main advantage of the SLS over the
other techniques is the absence of debinding step. The SLS, a layer-by-layer additive
technology, comprises two critical steps: i) powder bed and ii) lasering steps, which are
repeated until the object, previously defined by a Computer-Aided Design model, is
fabricated.

This technique is advanced for some materials such as metals and polymers [18-20]. The
boundary between sintering and melting in this technology is subtle and depends on the local
laser energy density. In this regard, the term SLS is also associated to the term selective laser
melting (SLM) or powder bed fusion. The latter mechanism occurs in the sintering of metals
and polymers. The SLS technology for ceramic powders is less developed owing to their
intrinsic physical and chemical properties (e.g., refractoriness), but has attracted interest

among the research and industrial communities because of its potentials for aeronautic,



biomedical, and metallurgy applications [21]. In 1998, Klocke et al. reported the first ceramic
powder fabricated by the SLS on a zirconium silicate material [22]. Subsequently, studies
have been carried out on ceramic powders (alumina and glass) in Limoges, France, which led
to the development of Phenix System company in 1999 (now 3D Systems) [23]. Since 1998,
various studies have been carried out on alumina, porcelain, composites, nitrides, carbides,
and yttria-stabilized zirconia based ceramic powders using the SLS technique [24-36]. The
SLS can be direct (dSLS) or indirect (iSLS). In the dSLS, only the laser energy is used to
locally consolidate the powder, while in the iSLS, a sintering agent or low-melting-point
material, such as glass or polymer, is used to improve the densification of the final object.
Using this technique and ball-milled mixtures of alumina and stearic acid, Liu et al.
manufactured ceramic bars with densities up to 88% [36]. The raw materials used in the SLS
technique can be powders or slurries, which provide better results regarding the packing
density [37, 38]. Therefore, the combined use of a slurry and iSLS could be the best approach
to achieve a high densification of the final object. For example, alumina ceramic parts with
densities up to 98% were produced by iSLS starting from a slurry composed of an alumina
powder coated with polyvinyl alcohol [37]. If the main drawback of the SLS technique of
ceramic powder remains the residual porosity that is difficult to eliminate, in some
cases, this porosity is expected and well controlled to elaborate ceramic foams in order
to be used as filters or thermal insulator. The unconventional SLS technique is a
powerful method that allows getting complex ceramic foam structures with controlled
pore size distribution [39, 40].

In this study, we investigate the densification behaviour and microstructure of a
microcrystalline Y203 powder without sintering aids using the dSLS technique. A careful
preliminary characterization of the powder packing ability has been performed with an

automated tapped density meter allowing user-independent accurate measurements of the bulk



and packed density as well as the whole packing dynamics. Moreover, flowability and ability
of the powder to charge due to triboelectric effects have been quantified. A dynamic discrete-
element method (DEM) simulation mimicking the layering of powder in SLS process was
carried out to understand the influence of platelet morphology on the particle packing. The
influence of post-SLS heat treatments under different atmospheres (air and vacuum) on the

open pore volume fraction and elastic properties of the final objects is also investigated.

2. Experimental methods
A commercial yttrium oxide powder (99.99%, US Research Nanomaterials, Inc.) was
used as starting powder. No sintering agents or dopants were added to the yttria powder

in the following SLS experiments.

2.1 SLS and post-processing

Yttria objects were designed and 3D-printed using a PM100T (Phenix Systems, Riom,
France) SLS apparatus equipped with a Nd**-doped fiber laser (1.06 um, 200 W), a x—y
scanner and a @ 100 mm circular sintering plateau. The apparatus consisted of a powder
alimentation container, a roller and a sintering platform (homemade porcelain plateau).
The roller has a rotation speed of 0.42 rad.s™! with a translation speed fixed at 40 mm.s!.The
layer thickness was fixed to 60 um. As explained in [30], we estimate the beam diameter by
optical microscopy from the laser trace to be approximately equal to 70 um using a porcelain
plateau coated with a graphite spray. Various scanning strategies can be applied during the
laser sintering: stripe hatch with either a continuous wiring mode or pulse mode, meander
hatch, chess-board hatch, etc. [41]. In this study, we used a strip hatch with unidirectional
vectors and difference of 90° between even- and odd-layer vectors. All experiments were

carried out at a laser scanning velocity of 0.5 m-s™'. We varied the distance between the laser



vectors (or hatching space) in the range of 10 to 70 um and laser power in the range of 30 to
85 W. The laser-sintered objects were heat-treated at 1600 or 1750 °C for 2 h under air, and at
1750 °C for 20 h under secondary vacuum (ECM Lilliput furnace, Grenoble, France, 10
mbar) to decrease open porosity of the final objects.

2.2 Characterizations

2.2.1 Powder characterizations

The particle size distribution of the yttria powder was determined using a Malvern
Mastersizer 2000 apparatus (Worcestershire, UK). The specific surface area was measured
according to the Brunauer-Emmett—Teller (BET) method using a Micromeritics Tristar
equipment (Norcross, USA).

The morphology and particle size of the initial powder and microstructures of the
laser-sintered samples were observed using scanning electron microscopy (SEM, JEOL IT
300 LV, Tokyo, Japan). Reflectivity measurements of the yttria powder at the laser
wavelength (1.06 um) were performed using an ultraviolet—visible—infrared Lambda 365

Perkin Elmer instrument (Waltham, USA) equipped with an integrating sphere.

a) Powder flow measurement method

The experimental setup used to perform the flowability measurement is the
GranuDrum from the GranuTools company (Awans, Belgium). This measurement method
has been presented in detail in a previous paper [42]. The measurement cell is a horizontal
aluminum cylinder of diameter D = 84 mm and length L = 20 mm with glass side walls. The
drum is half-filled with the powder. The cylinder rotates around its axis at an angular velocity
Q producing the flow of the grains. A sequence of increasing angular velocities is explored in
order to study the rheological behaviour of the powder. For each angular velocity, 40 images

of the rotating powder bed separated by 1 s are recorded with a CCD camera. The position of



the air/powder interface is extracted by the use of an image processing algorithm. For each
rotating speed, the temporal fluctuations of the average position of the interface are computed.
A dynamic parameter, called the cohesive index of, is computed from these fluctuations and is
directly related to the cohesive interactions between the particles. Furthermore, after the
increasing velocity sequence, a reverse (decreasing) velocity sequence is performed to
highlight a possible thixotropic behaviour.

b) Powder tribocharging

GranuCharge from GranuTools (Awans, Belgium) is a recently developed
triboelectric charger used to measure the total electrostatic charge created inside a granular
medium during a flow in contact with a selected material [43]. The sample is poured by a
vibrating feeder in a V-tube and flows to a Faraday cup. The V-tube is an assembly of two
tubes of length L=350mm and internal diameter D=47mm to form a V shape with an angle of
90°. For the present study, 316 L stainless steel has been selected. The Faraday cup is
connected to a dedicated electrometer able to measure electrostatic charges. At the end of the
flow, the total value of the electric charge Q present in the powder is measured and the charge

density g=Q/m, where m is the sample mass, is computed.

c) Packing density

The automated tapped density measurement device GranuPack from GranuTools [42,
44] (Awans, Belgium) has been used. The measurement is done in a metallic tube to avoid
the accumulation of electric charges during the measurement. The diameter and the length of
the tube used to perform the studies presented in this paper are D = 26 mm and L = 100 mm.
In order to obtain a reproducible and spatially homogeneous initial packing, the following

initialization protocol is used.



A narrower and bottomless tube is inserted into the measurement tube. Afterward, the
initialization tube is filled with the granular material and is removed upward at a low and
constant velocity v = 1 mm/s leaving the grains to rearrange themselves in the measurement
tube. Then a light hollow cylinder is gently placed on the top of the pile to keep it flat during
the compaction process. To apply a tap on the packing, the tube goes up to a height of Az =1
mm and experiences a free fall over the same height. After each tap, a distance sensor
measures the position of the hollow cylinder. From this distance, the height h and the volume
V of the pile are computed. As the introduced mass of powder is known, the bulk density
evolution as a function of the tap number is calculated.

The bulk density is the ratio between the mass m and the volume V of the powder.

d) Surface topography of powder bed

The surface topography of the yttria layers before the laser sintering was determined
using a profilometric microscope (ZoomSurf, Fogale Nanotech®, Nimes, France) based on
the measurement of interference fringes. The 3D surface topography was then numerically
obtained using the Mountains Map® software. As this technique did not involve contact with
the investigated surface, the powder bed was not disturbed. Before the lasering step, the
quality of the deposited layer related to the organization of ceramic powder particles could be

estimated through the average roughness (Sa).

e) Simulation

In addition to these characterizations, discrete-element method (DEM) simulations

were carried out to model the powder bed and its packing density.

2.2.2 3D sample characterizations



The open porosity (vop) of the different yttria objects was measured using a homemade

Archimedes apparatus under water and vacuum using [45]

mz —my

Vo = o "oy’ (eq. 1)
where mi, mz, and mj3 are the masses of the dry sample, water-impregnated sample measured
in water, and water-impregnated sample measured in air, respectively.

The structures of the initial powder and 3D SLS objects obtained with and without the
post-processing (heat-treatment) were evaluated by X-ray diffraction (XRD, Bruker D8
Advance, Billerica, USA).

Elastic properties of cube-shaped samples have been estimated using pulse echography
technique: measurements in infinite medium mode operating in transmission have been
performed at a frequency of 600 kHz. Tensile-compressive and shear acoustic waves are sent
through the thickness of samples using two pairs of transducers to evaluate both longitudinal
and transversal wave propagation velocity values. The knowledge of the apparent density is
also required to determine the values of Young’s modulus in the 3 directions of the

specimens.

3. Results and discussion

3.1 Powder characterizations and powder bed

The SEM images in Figure 1 show that the commercial yttria powder exhibits platelet
and sheet structures. The particle size distribution of the commercial yttria powder (presented
in Figure 2) is nearly unimodal with a median diameter Dso of approximately 5 um. Main
physical characteristics including density, structure, reflectivity at the laser wavelength (1.06

um), and particle diameter are reported in Table 1.

3.1.1 Packing properties



Several studies highlighted the importance of the shape and particle size distribution
of the powder bed for the optimization of the packing density [45-49]. An improved packing
density may provide a better layer packing during the SLS, which is favorable to achieve
improved qualities and densities of the final objects. The shapes (almost spherical, spheroidal,
platelet, dendritic, irregular, angular, etc.) of the particles also determine the behaviour of the
powder even for similar sizes. Dupont et al. studied the influence of the yttria powder
morphology on the green density through a thermodynamic model [49]. They reported that
the maximum packing density was achieved for small and thick regular or irregular platelets.
The latter form is analyzed in this study. Packing properties of the yttria powder has been
evaluated with the GranuPack. The Hausner ratio, a measure of the compressibility of the
powder, is computed as the ratio of the density after 500 taps to the initial apparent density.
The measured bulk density was 0.85 g/cm™ and the tapped density was 1.26 g/cm™, leading to
a Hausner ratio of 1.49. This high value of the Hausner ratio indicates of a very poor
flowability [50]. Indeed, a cohesive powder is able to sustain a loose packing and so a low
apparent density compared to the packed one.

Considering a given particle shape, fine particles exhibit a higher packing density than that of
coarse particles. A multimodal particle size distribution could be beneficial to fill the voids
and optimize the packing density of the powder bed [46]. Digo of the powder particle size
distribution should be lower than the thickness of the powder layer, in our case smaller than

60 um. The measured D1go was approximately 20 um, according to Figure 2.



Figure 1. SEM images of the commercial Y>O3 powder at different magnifications.
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Figure 2. Particle size distribution of the Y203 commercial powder.
Table 1. Physical properties of the yttria powder.
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Figure 3 shows the topography of the yttria powder bed. The simple roughness measurement
is reliable for the detection of possible defects such as voids in the arrangement of the powder
particle compacts. The experiment was performed on 60 layers without laser sintering
between two powder layers. The average S. measured for 12 areas of the plateau was ~ 5.4 +
0.3 um. The amplitude along the plateau was in the range of 4.6 to 5.7 pm, which is
satisfactory. In order to highlight a strong and homogeneous particle packing, this value must
be as low as possible with a low standard deviation (scattering): indeed, defects such as lack
of powder and disturbance in the arrangement of powder particles in a given layer can

significantly reduce the quality of the final 3D object.

Figure 3. 3D topography profile of the Y203 commercial powder bed.

For the determination of the packing density, the apparent density of 60 powder layers was
determined by measuring the height of the layers, diameter of the plateau, and weight of the
powder (geometric density). The roughly estimated powder bed packing density was 37 + 5%

(1.79 g/cm?). This value is higher than the one obtained by the tapped density measurements



performed with the GranuPack equipment (26.1%, 1.26 g/cm®). The stress applied to the

powder bed by the roller recoater thus helps to increase the layer packing density.

3.1.2 Powder flowability

Powder rheological behaviour has been investigated with the GranuDrum. The
Cohesive Index versus the drum rotating speed is presented in Figure 4. The yttria powder
exhibits a cohesive behaviour, leading to a cohesive index above 50 for the range of speeds
investigated. A high cohesiveness leads to a decrease of spreadability and thus the appearance
of irregularities on the powder bed. The satisfactory layer homogeneity observed in the SLS
printer for the yttria powder (3D topography profile, see Figure 3) may thus be attributed to
the performance of the roller recoater and the peculiar platelets particle shape. Moreover, a
slight shear-thinning behaviour i.e. a decrease of cohesiveness with increasing applied stress
is observed at low speeds. According to these results, the yttria powder is expected to have a
better process ability at higher shear rates. Different effects can be at the origin of this shear-
thinning. In the case of granulation due to agglomeration of fine particles into larger ones, the
increase of the mean particle size is accompanied with a decrease of cohesiveness. However,
the thixotropic behaviour which is usually a signature of agglomeration has not been observed
here, and the formation of agglomerates has not been visually observed. Another explanation
may be a higher distance between the particles due to the aeration of the powder that leads to
a decrease of the cohesive interaction intensity, and thus a decrease of the global
cohesiveness. Furthermore, the platelet shape may favor the alignment of the particles and the

formation of layers that could lead to an increase of flowability.
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Figure 4. Cohesive index versus the drum rotating speed obtained with the GranuDrum for
increasing speeds sequence. Error bars are standard deviation estimated from three

measurements.

3.1.3 Electrostatic charge buildup

Electrostatic charge buildup has been investigated with the GranuCharge. Indeed, the
charges that arise from the contact between particles and the contact with recoater cylinder
can lead to an increase of the global cohesiveness of the powder. The yttria powder exhibits a
very low initial charge of -0.01 nC/g, and a low charge buildup due to the flow through the
pipes Aq=-0.20 nC/g. These results indicate that the powder is only fewly influenced by
tribocharging due to contact with stainless steel. However, powder sticking on the recoater
cylinder has been observed during recoating operations inside the printer, but this
phenomenon disappears when the powder is heated in an oven at 110°C for 24h prior to SLS
experiments. The very low sensibility of the yttria powder to tribocharging allows thus to
attribute this sticking to capillary bridges formation between particles and recoater cylinder

rather than electrostatic interactions.



3.2 Simulation of the powder bed packing density

Discrete-element method (DEM) simulations were carried out to understand the
influence of the yttria particle shape and particle size distribution on the powder layer
development and its packing density. The commercial yttria powder was composed of
irregular platelets with sizes in the range of 200 nm to 20 um (Figures 1 and 2). Since the
intial study by Cundall and Strack in 1979 [51], the DEM has been extensively used for
modelling the dynamic behaviours of granular media such as ceramic powder. The aim of this
method, also referred as “distinct-element method”, is to solve a class of problems that cannot
be treated by continuous or analytical approaches such as packing problems and hourglass
flows of granular media. In the DEM, a particle is modeled through discrete elements able to
move in the 3D space. The particle movements are individually driven by the Newton’s
second law. The external forces and torques are coming from mechanical contacts where the
particles interact. Depending on the properties of the granular material, the contacts can be
contacts with and without friction, repulsive, adhesive, linear, nonlinear, etc. In this study, the
chosen contacts were repulsive with static and dynamic friction coefficients equal to 0.3 that
correspond to a common friction coefficient value.

For these simulations, the free GranOO DEM software was chosen because it allows
to use spherical and non-spherical discrete elements. Contact detection with non-spherical
elements is not straightforward. GranOO software is based on i) the Gilbert—-Johnson—Keerthi
expanding polytope algorithm [52] for the narrow-phase contact detection and ii) axis-aligned
bounding box tree algorithm [53] for the broad-phase contact detection.

The aim of these numerical simulations was to study the influence of the platelet shape
on the packing density. In the preliminary step of the simulation, a given space was filled with

discrete elements according to the particle size distribution (Figure 2). As shown in Figure 5a,



“particle rain” simulations were carried out to fill a given bounding box. In these “rain
simulations”, the grains appear randomly at a given altitude and fall down owing to the
gravity (see Figure 5a). The box exhibits dimensions of 1 x 2 x 0.2 mm and contains

approximately 12 000 particles.

(a) (b)

outing zone
roller's displacement . N\, [/ _ . >

1mm

Figure 5. (a) Particle rain simulation. (b) Simulation of the layering process.

The final configurations of the “rain simulations” were used as initial configurations of a
second step simulations In these second steps, as shown is Figure 5b, the layering or powder
bed simulations was simulated To simulate the layering, a cylindrical roller exhibiting a
diameter of 4 cm was introduced in the simulation. The roller moved with a horizontal
displacement at a constant velocity. The initial configuration is shown in Figure 5b and in the
video. The zone referred as “outing zone” in Figure 5b is the zone where the discrete elements
could freely fall down and are removed from the simulations. The simulation was completed
when the roller translated a maximum distance of 8 mm. This length ensured that the roller
carried out a full pass on the 2-mm bounding box.

L]

test. mp4

This simulation, which mimicked the layering, was performed for platelet particles, but could

be also carried out with other shapes such as spheroids, needles, etc. The local volume



fraction was computed before and after the roller pass. The volume fraction or packing
density reached 57% for the platelet shape. The orientations of the particles along their
maximum lengths were naturally favored by the mechanical action of the roller during its
motion. Therefore, a more organized granular arrangement and lower pore volume fraction of
the particle packing were obtained. The tapped density was 42.8 + 0,5%, while the model
value was 57%. This difference can be explained by the morphology of the particles
considered in the model, which could not be easily simulated and was not perfectly similar to
real particles.

The DEM was used to qualitatively evaluate the influence of the particle shape. The presented
results are useful for a better understanding of the layering process. The platelet shapes
combined with the roller displacement promoted the granular packing of the powder in the
preferred direction. More accurate simulations can be performed in further studies to
understand the key step of the SLS and to optimize the roller movement, particle shape, and

grain size distribution.

3.3 Shaping of laser-sintered 3D objects
To locally consolidate the powder, various parameters were evaluated including the
laser power and hatching space. The experimental results are summarized in Figure 6. The
total energy supplied to consolidate the layer increased with the movement to the right and

bottom parts. The laser energy density (E) was calculated by

2\ _ P
E(J/em®) = —, (eq.2)
where P is the laser power, D is the laser beam diameter (~70 um), and V is the laser scanning

speed (0.5 m-s™'). Note that some authors mention equations that include the hatching space to

calculate the laser energy density [54].



High energy densities and small hatching spaces lead to molten objects while low energy
densities whereas large hatching spaces lead to unconsolidated objects. Therefore, only a set
of specific parameters provided consolidated objects, as shown by the green area in Figure 6.
We arbitrarily employed the following set of SLS parameters in the green area to obtain the
3D objects: laser power of 63 W, hatching space of 50 um, speed of 0.5 m-s™!, energy density

of 180 J.cm2, and thickness of the layer of 60 um.

Not consolidated objects Consolidated objects Molten objects
80 T T d T T [ ! I :

Hatching space (pm)
S
|

Energy density (J.cm?)

Figure 6. Experimental diagram for the SLS. The color lines separate the samples with
acceptable mechanical handling performances from the unconsolidated samples and objects

exhibiting significant deformations due to melting.

Based on this set of parameters, several objects with complex shapes, including spheres,

cubes, and open rings, were fabricated, as shown in Figure 7. The SLS objects exhibited



different colors, from light grey (without post-SLS heat treatment) to white and black (post-
SLS heat treatments under air and secondary vacuum at 1750 °C, respectively). The latter
treatment, which leads to the well-known reduction of oxides, produced black samples owing
to the large number of oxygen vacancies [9, 55]. Notably, these samples became white again

after an annealing treatment under air at a high temperature for few hours.

Figure 7. Photographs of Y203 SLS objects with complex shapes obtained with and without

post-SLS heat treatments under air and vacuum.

3.4 Evolution of phases, pore volume fraction and elastic properties of final SLS

objects

XRD patterns of the commercial powder and SLS objects obtained with and without
post-SLS heat treatments are presented in Figure 8. The commercial powder and SLS objects
obtained with and without a post-heat-treatment at 1650 °C for 2 h under air exhibited a cubic
structure (Joint Committee on Powder Diffraction Standards (JCPDS) 19-6322). Additional
low-intensity peaks were observed in the pattern of the SLS object obtained with a post-heat-
treatment at 1750 °C for 20 h under vacuum. These peaks could be attributed to the non-

stoichiometric Y20O3.x phase [56]. However, the pattern of the same powder subjected to a

Y203
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Post-SLS + +
1750°C 2h (air) 1750°C 20h (vacuum)

@



Intensity (a.u)

second heat treatment under air at 1100 °C exhibited the same peaks (Figure 8). The peaks
could correspond to the Y>03 hexagonal phase (JCPDS 20-1412). This was not expected, as
this phase appears at a high temperature (>2400 °C) under air or at a high pressure [57].
However, as shown in Figure 6, the temperature may have locally exceeded the melting point

in the consolidated samples.
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Figure 8. Powder XRD patterns of the Y203 SLS objects obtained with and without post-SLS
heat treatments (® Y203 cubic phase (JCPDS 19-6322), % Y>03 hexagonal phase (JCPDS

20-1412)).

The microstructure of the SLS objects obtained with and without post heat-treatments (under
air and vacuum) was observed by SEM. All objects exhibited both open and closed porosity

(Figure 9). The open pores had irregular shapes and were rather large. They originated mainly
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from the voids formed by the particles in the powder bed, which could not achieve a dense

assembly, as shown by the measured geometric packing density of the powder bed (37%) or

the tapped density.
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Figure 9. SEM images (at low and high magnifications) of the post-SLS objects, post-SLS
objects obtained with post-SLS heat treatments at 1650 and 1750 °C for 2 h under air, and

post-SLS objects obtained with the post-treatment at 1750 °C for 20 h under secondary

vacuum.



The pores also likely originated from the lack of cohesion between two consecutive layers. In
this experiment, the energy density was probably insufficient to weld consecutive layers.
Notably, slight laser traces and “free” powder could not be observed on the surfaces of the
different SLS objects, which implies sometimes an overlap of the laser scans during the SLS.
The morphologies of the different objects included coarse agglomerates (~500 pm) of molten
particles also known as balling effect due to the poor wetting behaviour of the liquid phase,
which evidences locally the very high temperature of the matter irradiated by the laser beam
[21]. It is well known that not all released laser energy is used to sinter/melt the yttria powder
owing to the different mechanisms of the interaction between the light and material
(reflection, diffusion, absorption, etc.). The reflectivity measurement indicates that 90% of the
incident light was reflected by the yttria powder (Table 1). Consequently, only a part of the
remaining 10% of the incident energy was absorbed to consolidate the powder. Doping of the
powder, commonly by carbon, has been carried out to increase the absorption at the laser
wavelength [30]. Reflectivity tests were performed to evaluate the influence of the carbon
addition to the yttria powder (Table 2). The reflectivity decreased from 90% (0 wt% of
carbon) to 50.9% (0.5 wt% of carbon). Even a carbon content of 0.05% was efficient to

significantly decrease the reflectivity.

Table 2. Influence of the carbon addition on the reflectivity of the yttria powder at 1.06 um.

Carbon content Reflectivity at
(wt%) 1.06 pum (%)
0 90
0.05 66.8
0.1 65.3
0.3 58.5

0.5 50.9




The open porosity of the laser-sintered body was ~ 41 + 2%, measured with the homemade
Archimedes apparatus. For comparison, those of dSLS porcelain and iSLS alumina objects
were 47 £ 2% and 45 + 2%, respectively [20, 26]. The post-SLS treatments at 1650 and 1750
°C under air led to similar values (~39%), while that at 1750 °C for 20 h under secondary
vacuum efficiently reduced the open porosity (~31%). The microstructure of the object
obtained with the post-SLS heat treatment under vacuum was different from those of the post-
SLS objects. The agglomerates of molten particles observed in the post-SLS objects seemed
to sinter during the post-treatment under vacuum at the high temperature. However, the
diffusion during the post-SLS heat treatment under vacuum at 1750 °C was not sufficient to
close the overall open porosity as the pores were initially very large. Therefore, the open
porosity was still high. Notably, the high-magnification (1600x) image of the post-SLS object
shows some small yttria grains (~1 um) in some consolidated parts, which demonstrates the
fast melting-recrystallization during the SLS.

Young’s modulus of SLS yttria cubes has been evaluated by pulse echography
technique [58] in 3 directions according to the schematic presented in Figure 10. Note that

direction 3 is perpendicular to the layer, and directions 1 and 2 are in the plane of the layers.
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Figure 10. Young’s modulus measurements by pulse echography technique in 3 directions for

post-SLS objects without any heat treatment, post-SLS objects obtained with post-SLS heat



treatments at 1750 °C for 2 h under air and post-SLS objects obtained with the post-treatment

at 1750 °C for 20 h under secondary vacuum.

For SLS-samples without any heat treatment, Young’s modulus is very low (around 2 GPa)
with a high pore volume fraction (around 41%) whatever the direction of measurement. After
heat treatment at 1750°C in air, the Young’s modulus is multiplied by 2.5 in directions 1 and
3 and by 3.5 in direction 2. If samples are treated at 1750°C during 20h under vacuum,
direction 2 exhibits a significant increase in Young’s modulus (the value reaches
approximately 12 GPa) highlighting an anisotropy in elastic properties. This result can be
attributed to a preferential sintering direction of the powder particles under these post heat
treatment conditions favored during the SLS processing. However, these measured elastic
properties remain rather low compared to pure and fully dense Y>O3 materials (= 180 GPa for
Young’s modulus [59]) which is both due to high pore volume fraction and possible less
densified local areas in the solid skeleton during SLS processing which may weaken the

overall rigidity of samples.

4. Conclusion
Yttria ceramic objects with complex shapes including spheres were fabricated by the dSLS.
The size distribution and morphology of the particles influenced the powder packing ability
and thus the powder bed packing density, both were estimated experimentally and modelled
using the DEM. Also, powder exhibited a shear-thinning behaviour with an increase of
flowability with increasing applied shear rate. The roughness of the powder bed was
measured optically. Different parameters such as the laser power and hatching space were
varied to enhance the consolidation of the powder while preventing a significant melting. The

influence of the post-SLS heat treatments under air and vacuum on the open pore volume



fraction was analyzed. The high-temperature heat treatment under vacuum efficiently reduced
the open porosity (despite a high the value close to 31%) and slightly increased the Young’s
modulus preferentially in one direction (the value ranged from 2 to 12 GPa in the most
favorable direction). This study demonstrated the importance of the powder bed step, which
significantly influenced the quality of the SLS green body, and thus the properties of the final
products after the post-SLS treatments.
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