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Abstract

In this chapter, we present a detailed introduction to the factors which influence laser
powder bed fusion (LPBF) on oxide ceramics. These factors can be in general divided in
three main categories: laser-related factors (wavelength, power, scanning speed, hatch
distance, scan pattern, beam diameter, etc.), powder- and material-related factors
(flowability, size distribution, shape, powder deposition, thickness of deposited layers,
etc.), and other factors (pre- or post-processing, inert gas atmosphere, etc.). The process
parameters directly affect the amount of energy delivered to the surface of the thin layer
and the energy density absorbed by the powders; therefore, decide the physical and
mechanical properties of the built parts, such as relative density, porosity, surface rough-
ness, dimensional accuracy, strength, etc. The parameter-property relation is hence
reviewed for the most studied oxide ceramic materials, including families from alumina,
silica, and some ceramic mixtures. Among those parameters, reducing temperature gradi-
ent which decreases the thermal stresses is one of the key factors to improve the ceramic
quality. Although realizing crack-free ceramics combined with a smooth surface is still a
major challenge, through optimizing the parameters, it is possible for LPBF processed
ceramic parts to achieve properties close to those of conventionally produced ceramics.

Keywords: LPBF, SLM, SLS, ceramic, additive manufacturing, AM, processing
parameters

1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing process that uses a laser beam to
fuse powder particles in a layer-by-layer fashion, which allows production of complex three-
dimensional (3D) structures. LPBF includes selective laser melting (SLM), where powder is
tully melted, and selective laser sintering (SLS) for other cases such as solid state sintering,
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liquid state sintering, and partial melting [1]. The main advantages of LPBF are time efficiency
and the capability to build geometries that would be unattainable through traditional tech-
niques. LPBF has revolutionized manufacturing by offering great design freedom for 3D
structures to be built directly from feedstock powders without additional processing. Intro-
duced in the late 1980-1990s [2—4], the LPBF process was initially applied to metals, and later
to polymers, ceramics, and recently, to semiconductors [5, 6].

This chapter focuses on laser powder bed fusion of ceramic materials. Typical ceramics are
strongly bonded inorganic and non-metallic solids such as crystalline oxide, nitride and car-
bide materials. Sometimes non-crystalline or partially crystalline glass is also referred to as
glass-ceramic. Ceramics feature excellent strength and hardness, good abrasion resistance,
high melting temperature, high chemical stability, low ductility, and low electrical and thermal
conductivities.

A classification of processing techniques for ceramic materials is summarized in Figure 1.
Ceramics cannot be shaped by the conventional forging and machining formation. They are
usually formed through multi-step processes [7]. The shaping process begins with powder
mixtures that contain binders and stabilizers. The next step is shape forming which includes
extrusion, slip casting, pressing, tape casting, and injection molding. The last step is sintering

Ceramic Forming Techniques

Conventional Manufacturing

Slip casting | | | Tape casting ||| Pressing
Direct Injection
consolidation moulding

Additive Manufacturing

Binder-based Extrusion Sintering/Melting

I | l I l

LOM SLA || FDM SLS SLM

3D Printing I Inkjet Robocasting
printing

Figure 1. Classification of processing techniques for ceramic materials. Reprinted from [14], with permission of Taylor &
Francis Group, LLC.
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at high temperatures. These traditional processes involve molding and tooling, have high cost,
and limit the device geometry that can be produced.

Additive manufacturing on ceramics has been developed in order to overcome some of subtrac-
tive manufacturing’s shortcomings, especially with respect to high tool wear, size shrinkage, and
difficulty creating complex structures. Additive manufacturing includes binder-based, extrusion-
based, and powder-based (LPBF) techniques. Among these, LPBF offers the opportunity for fast
and direct fusion without costly post treatments and toxic binders which are often required by
other techniques. LPBF-produced ceramic parts have potential to impact several applications
such as medical and dental components [8-10], metal casting molds [11], thin wall structures,
turbine blades, nozzles [12], and thermal or electrical insulation [13].

While LPBF enables rapid manufacturing of ceramic parts with complex structures, there are
two technical limitations. First, ceramic powders, as compared with metals, often flow poorly,
resulting in imperfect spreading on the powder bed surface. Second, and more importantly,
highly localized heating combined with ceramics’ intrinsic low thermal conductivity often
leads to large temperature gradients that result in residual stresses and deformation. Com-
bined with ceramics’ brittleness, the two limitations can result in cracking, lack of fusion,
rough surfaces, porosity and less than full density. Due to these challenges, current results for
LPBF of ceramics are far from satisfactory.

There are several excellent reviews for SLS/SLM of ceramics [7, 10, 14-23]. However, many of the
SLS/SLM processing factors such as laser power, layer thickness, or powder bed preheating are
still poorly investigated or need to undergo a systematic review. Key insights about process
parameters have not been transferred into industry. This chapter provides an introduction to
LPBF of common ceramics. The chapter is organized as follows. The first part introduces the
main procedure and tools for LBPF. Following that, the second section introduces laser parame-
ters, powder parameters, and other factors for the LPBF process, as well as a few physical
properties concerned in ceramic applications. The third part discusses how the processing
parameters and other factors influence the physical properties of the manufactured parts as well
as the general rules for parameter selections. Then the fourth part illustrates some of the most
widely studied ceramic materials processed by LPBEF, including the state of art achievements. The
final two sections summarize the perspectives and the common LPBF challenges for ceramics.

2. Processing parameters and characterization

A basic LPBF system consists of three parts: laser system, powder bed, and spreading system.
The laser system includes a laser and a scanner. In order to heat and melt the material, the laser
beam has to focus onto the powder surface and be absorbed by the material. The scanner
enables the laser to move in a two dimensional plane. The powder bed is a container for the
ceramic powders; it usually has adjustable height to allow laser focusing on the newly formed
surface. The spreading system often includes a slot feeder to spread fresh powders and a roller
or a scraper blade to flatten the surface.
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Figure 2. Illustration for basic LPBF procedure.

A typical LPBF setup is illustrated in Figure 2. Powders are spread onto the building platform
and flattened by a roller, a scraper blade or a combination moving over the surface. The new
powder surface moves down one layer thickness to maintain the desired laser focus. The 3D part
is decomposed to a number of planes to be processed; each plane consists of a series of basic
elements of laser scanning, called vectors. The scan pattern, or the orientation and distance
between vectors, is pre-designed. The laser then scans the flat surface of loose or slightly
compacted powders following such patterns and selectively melts the illuminated powders.
Those powders are quickly solidified after the laser moves away. After that, another layer of
powder is deposited and welded, and the process is repeated until a 3D structure in the desired
shape and thickness is formed. During the process, unprocessed powder from each layer fills the
empty space in the fabrication chamber and supports the part which has been built; afterwards,
this powder is recycled. The basic process flow chart is shown in Figure 3. Depending on the
materials to be processed, the fabrication chamber is sometimes heated and maintained at a
certain temperature to help the sintering or melting process. The Renishaw-AM125 (Renishaw,
Wotton-under-Edge, Gloucestershire, UK), and SL.M@250"" (SLM Solutions GmbH) are two
examples of commercial additive manufacturing machines used to process ceramic powders.

LPBF can be broadly classified in two types: direct and indirect, depending on whether a
binder material is used. An indirect process either mixes binder materials with ceramics or
coats the ceramics with a polymer. The mixture can be used as dry powders or as wet slurry
from a suspended liquid. The binder materials melt and consolidate the ceramic powders
during laser scanning. Then a de-binding process removes the binder, and further sintering of
the ceramic part is usually required to increase the final part density. In the direct process,
ceramic objects are created by sintering or melting without the aid of any binders. Because of
the high melting temperatures of ceramics, indirect processing of ceramics is most common [24].

2.1. Laser parameters

During the LPBF process, many factors affect the final part. The main laser parameters include
wavelength, power, scanning speed, hatch distance, scan pattern, vector length [12], ratio of
length to width [25], scan angle [25], beam spatial distribution [26], beam spot size [27], point
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Figure 3. Basic process flow chart for LPBF manufacturing.

overlapping [28], and continuous or pulsed laser operation. Although most of the parameters
have an effect on some aspects of the final product, currently there are not enough experimen-
tal data or calculations to relate all the factors. Some parameters are not always adjustable, for
example, the wavelength of a certain laser system. As a result, only some of the most important
parameters will be discussed. Key laser parameters are shown in Figure 4.

4 Layer

1 thickness

Laser beam
diameter
Preceding

Figure 4. SLM process parameters: laser power, scanning speed, hatch spacing, and layer thickness.
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Materials Absorptance of Nd-YAG laser (A = 1.06 pm) Absorptance of CO; laser (A =10.6 pm)
ZnO 0.02 0.94
Al,O5 0.03 0.96
SiO, 0.04 0.96
BaO 0.04 0.92
SnO 0.05 0.95
CuO 0.11 0.76
SiC 0.78 0.66
Cr;C, 0.81 0.7
TiC 0.82 0.46
WC 0.82 0.48

Table 1. Optical absorptance for materials. The data presented here are from those presented in the original source [39].

2.1.1. Laser selection, wavelength (A), operation mode, and beam diameter (o)

Laser and powder interactions are fundamental to the LPBF process, and laser selection
depends on materials [29-31]. Due to light-matter interactions, materials only absorb light
energy for certain wavelengths based on the optical properties. Optical absorption coefficients
for some ceramic materials are listed in Table 1. Common oxide ceramics only weakly absorb
in the near infrared region while carbide ceramics absorb the 1.06 um wavelength. Therefore,
the CO; laser (A= 10.6 um) is better suited for oxide ceramics due to higher optical absorptivity,
while Nd:YAG, Yb:YAG or Nd:YVO4 (A = 1.06 um) lasers that are common in commercial
selective laser melting machines are more suitable to metals and carbide ceramics. Nonethe-
less, the YAG laser is often applied to oxide ceramics due to its smaller spot size for higher
dimensional accuracy, higher specific power, and larger parameter window [28, 32, 33]. The
application of the 1.06 um laser on oxide ceramics is possible because of two effects. First, the
absorption for the powder format is usually much higher than the corresponding smooth bulk
surfaces due to the multiple reflections effect [34-36]. For example, the optical absorption for
alumina is increased to ~10% at ~1 um [35, 37]. Second, impurities often increase the absorp-
tion and reduce the melting temperatures. While it is common to apply a continuous wave
laser in the LPBF process, a pulsed laser can also be used [38]. Several additional laser
parameters can be adjusted such as pulse durations, shapes and frequencies. It has been shown
that those parameters affected the surface quality. Finally, the laser beam diameter or spot size
(usually tens of micrometers in diameter) sets the theoretical limit of the spatial resolution
although usually many other factors would prevent such a resolution.

2.1.2. Laser power (p), scanning speed (v), hatch distance (h), and laser energy density (E)

Laser power, scan speed, and hatch distance are the major adjustable parameters are for a laser
system. Laser power and the movement of the focused laser spot onto the powder surface
should be adjusted to provide enough heat to melt the powers. The hatch distance is the
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distance between two neighboring melted lines or vectors; it is usually smaller than the laser
spot size. The hatching distance and the spot size decide the overlapping percentage coverage.
The three parameters often work together to transfer laser energy to the powder bed. For
example, if the absorption coefficient is not very high, it may be compensated for by adjusting
one or all of the three parameters. It was reported [40] that a combination of high laser power
and low scanning speed helps to reduce balling —the formation of spheroidal beads during the
LPBF process due to surface tension and insufficient wetting of the preceding layer [41, 42].

A common practice is to use laser energy density E = £ (J/mm?) [8, 43] or volumetric energy

density % (J/mm?) [27, 44], or - (J/mm®) [45], to represent the laser heating effect, where E is

vod
the energy density and d is the layer thickness. Sometimes line energy ¢ = £ (J/mm) has been

used instead [46].

2.1.3. Scan pattern and point overlapping

Scan pattern can be single-scan, repeated scan, or cross-scan, with or without contouring. The
scan pattern should be chosen based on the material properties and can affect the surface
roughness and the mechanical properties of the final product. For example, it was shown that
the repeated scan pattern reduced balling [40]. It was reported that contouring helps to
generate the same quality for the beginning and ending of scan lines [47]. Also, the contour
forms a barrier that keeps the melt pool of the hatch from exceeding the specimen’s boundaries
[48]. The overlapping of the two parallel, consecutive laser scans is defined as Ov =1 — (h/o)
where h is the hatch distance and o is the beam spot size [28]. There is an overlap of successive
laser spots for Ov > 0 and no contact for Ov < 0.

2.2. Powder factors

Besides laser factors, powders are also critically affect the LPBF process. Powder size affects
laser melting efficiency. Large particles generally reduce the pack density of the powder bed
and also require more energy to melt. On the other hand, smaller particles tend to agglomer-
ate, which makes it difficult for powder layering or coating. The typical particle size is in the
range of a few to several hundred microns. The ability for powder flow is an important factor
to decide the particle distribution on the powder bed. Good powder flow is required to form a
flat powder surface and a uniform thickness of powder layers, which are necessary to achieve
uniform laser energy absorption. Particle morphology and size distribution affect the powder
flow, for example, in general powders flow better with the increase of the sphericity and
particle size for particles with a narrow size distribution [9, 12, 49]. The “flowability” in turn
significantly affects packing efficiency, mechanical properties, and surface roughness. Powder
composition, melting point, optical properties, and heat transfer properties also affect the
choice of laser parameters and final product properties. Although these powder factors are
important, systematic studies on them are lacking. The powder layer thickness is a very
important factor, and it needs to be determined according to the laser beam penetration to the
powder bed. Layer thickness also affects the energy density to be applied and can affect the
surface roughness [50].
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2.3. Other factors

Other factors also significantly affect the LPBF process, including pre- or post-processing,
secondary laser assistant, application of protective gas atmosphere, etc. The preheating decides
the temperature of the powder bed and is particularly important in the case where binders are
used since it affects the wetting and spreading properties. Oxidation usually happens if the
process is not in an oxygen-deficit environment, which affects the materials” structure and
properties.

The laser beam characteristics and scanning fashion, together with the optical and thermal
properties of the powder layer, govern the balance between heating by the absorption of laser
radiation and conductive thermal losses. The thermal absorption and dissipation dictate the
temperature of the laser-powder interaction zone [51]. With appropriate combinations of laser
parameters and proper powders, the interlayer bonding strength and the mechanical strength
of the whole component can be improved [52].

2.4. Quality assessment

Depending on the purpose of applications, attributes of the final products are assessed to
determine part quality. Critical attributes are porosity, relative density, surface roughness,
dimensional accuracy, strength, micro hardness, and other mechanical properties.

Pores often form in the LPBF processed products. Porosity, the percentage of void space in a
bulk material, is hence an important parameter for the laser treated materials. The porosity
content can be determined by an image analysis method [53]. Relative density is the ratio of the
LPBF-processed part density to the theoretical density of the bulk material. Relative density is
a basic parameter of the product. Because of the direct relation between relative density and
porosity, it is common to measure relative density instead of porosity since relative density is
easier to measure.

Surface roughness measures the surface irregularities, often expressed as numeric parameters
R, and R,, where R, is the arithmetic mean deviation of the roughness profile, and R, is the
maximum roughness, or the maximum height of the profile from peak to valley. LPBF of
ceramics often leads to a poor surface finish and high roughness because the melt pool is large,
and the molten material has low viscosity and thermal conductivity. It was shown that low
viscosity large melt pool wet the powders outside the pool boundary, and led to large grains
and rough surfaces [48, 54, 55].

Dimensional accuracy is the measure for the accuracy of the LPBF product to the expected
parts. The material’s strength is the measure to withstand an applied maximum stress without
failure, including compressive, tensile, and shear strengths. Because of cracks and pores, LPBF
ceramics have lower strength than their cast counterparts. An important indicator for the
mechanical properties for the LPBF product is the bending strength. A positive linear relation-
ship between bending strength and relative density has been reported [56], so relative density
can be an indicator for bending strength. Hardness measures the material’s ability to resist
permanent plastic deformation.
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Using LPBF as the manufacturing technique, the important difference between ceramics and
metals is that ceramic materials are particularly subject to cracks and delamination [21] due to
the large thermal gradient resulting from ceramics’ intrinsic very low thermal conductivities
and very high melting temperatures. Compared to metals, the LPBF-produced ceramics often
display lower relative density and rougher surface. While steels made by SLM process are
often mechanically stronger than those made by casting [21], currently SLM-manufactured
ceramics are almost always mechanically weaker than their counterparts made from conven-
tional methods. Therefore, applying LPBF to ceramics generally presents more challenges than
that to metals.

3. Principles for optimum SLM/SLS process

Both direct and indirect methods are capable of processing ceramics close to a full density. The
advantage of the direct process method is that post-processing is not required for the parts
manufactured, and it is possible to directly manufacture near crack-free ceramic parts with
high densities [9]. However, because of the very high melting point, it is common to coat the
pure ceramic powder with binders, to make use of the existing or mixed absorption impurities,
or to form some sort of low-melting point eutectics with several ceramics. In those cases, a
post-processing thermal treatment is often necessary to obtain denser parts.

Both a CO; laser and a YAG laser can be used for processing ceramics. On the one hand, the
longer wavelength CO, laser corresponds to higher optical absorptivity. On the other hand, the
YAG laser yields better dimensional accuracy due to its much smaller laser spot size. However,
in order to use the near-infrared laser, additive materials are often mixed with the ceramics to
improve laser absorption. The additives are chosen to strongly absorb the laser beam but not to
react with ceramics at high temperatures. Many materials can be used for such a purpose. For
example, they can be low-melting-point polymers that are eventually burnt off or inorganic
powders such as graphite, and sometimes the existing impurities can work as the absorption
medium to increase the laser-material coupling.

A suitable setting of laser processing parameters can improve microstructures and the
mechanical quality of the processed parts. However, optimizing one single parameter or
process usually accompanies other disadvantages for the ceramic process. The choice of a
process for a particular design requirement often involves a compromise of other properties.
No universally good parameters or processes exist for ceramics processing at this time. Even
for the same material, the most common adjustable parameters, such as laser power, scanning
speed, hatch distance, and laser spot size, can vary wildly depending on the requirement of a
better mechanical strength or a better surface finish. The parameters are crucially dependent
on the existence and variety of additives. For example, very different parameter sets for
processing alumina exist (Table 2) [27, 28, 55, 56]. Additionally, the parameters also relied on
powder and layer factors as well as preheating conditions. On the other hand, for each
individual experiment, there are clear trends regarding the laser parameters. Some of the basic
trends are summarized below.
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Powder  Layer Laser Laser beam Laser Scanning Hatch Energy Relative Other conditions
size (um) thickness  wavelength diameter (um) power speed (mm/ distance density (J/ density
(um) (um) (W) s) (pm) mm?) (%)
Al,Oj; coated by 80 - — - 15, 18,21 1600, 1800, 100, 120, 0.088 94.6 Postheat @ 1600°C
PVA + resin E06 [56] 2000 140
Al,O3 +0.1 vol% 106 50-100 1.064 69 100-150 — 50-400 5.1-19.9 97.5 —
graphite, slurry [28]
ALO; slurry [55] 0.3 50-200 10.6 400 2 5.2 200 1.9 85 Preheat @ 800°C;
postheat @ 1600°C

Al O3 suspension 0.45 — 10.6 1.5-2.5 72 4 — 9 — Preheat @ 2000°C

(27]

Table 2. Parameters for LPBF process on AL,Os;.
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Laser energy density is a very important factor in the LPBF process. In general, the adjustment
of parameters that increase the laser energy density results in greater fusion ability as demon-
strated by a deeper laser penetration depth or a larger melting pool. Increase of the energy
density may be realized through increasing the laser power, decreasing the scanning speed,
increasing the hatch distance, using a better focus of the laser beam or changing the laser beam
size, or increasing the point overlapping. On the one hand, it was difficult to construct ceramic
parts successfully due to insufficient solidification of powders with too low laser energy. On
the other hand, high laser energy density induces layer shrinkage because of powder layer
overheat or ablation, and the ceramic part warps [57]. Energy density crucially affects the
relative density and porosity of the laser processed part [27], but the laser energy density and
the relative density of the product do not always follow a positive relation. Wang et al.
reported that at the region of low laser energy density, the relative density of the produced
part increased with the laser energy density, but after a certain value, a further increase of the
laser energy density reduced the relative density of the part [56]. Energy density also severely
influences the surface conditions and grain sizes of the laser produced parts. Shishkovsky et al.
reported larger mosaics on the surface by reducing the energy density through increasing the
laser scan velocity and the hatch distance [13]. Yap et al. reported sunken cores for the samples
obtained at higher energy densities, suggesting that vaporization of silica material occurred
during the process as the silica material absorbed enough energy to be vaporized [58].

Although the concept of energy density is very useful, practically it has to be adopted with
caution because there is sufficient evidence to show inconsistent or controversial results if
process optimization is only based on this factor. Wang et al. showed a huge difference in the
relative density by similar laser energy density while varying the laser point overlapping [56].
Liu et al. also reported the same energy density led to different relative densities and mechan-
ical properties [59]. The issue of the laser energy density has also been noted by the latest
research. Because the laser energy density is insufficient to capture the complex physics of the
melt pool, this parameter is identified as an unreliable indicator or not a good design param-
eter for materials’ synthesis by LPBF methods [38, 60]. Although the energy density remains
constant, the variable combination of the laser power, the laser scanning speed, and the laser
hatch distance plays a significant role, and the laser power has a dictating influence [38]. Liu
et al. noted that the influence for the three adjustable laser parameters are not the same to the
manufactured parts, precisely, the laser power has the greatest effect, the laser hatch distance is
in the middle, and the laser scanning speed has the least effect [59]. However, the different
effects among those parameters are not reflected in the concept of the laser energy density.
Therefore, the laser energy density cannot be the only criterion in the optimization of process
parameters during the SLS/SLM process. An optimum process has also to involve additional
process parameters, such as hatch style, laser spot size and laser offsets, and materials proper-
ties, including thermal conductivity and reflectivity [38].

Besides laser parameters, powder factors also play a critical role in reaching a high density
part. The size and morphology of the powder particles have strong impacts on the powder bed
density and the powder flowability and hence significantly influence the product. In order to
uniformly spread powders to a thickness of tens to a few hundred microns at high tempera-
tures, a good flowability is critical, which requires powders of specific size distributions and
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spherical shape. In general, small particles lead to a better surface, and the spherical shape of
particles leads to better flowability and less porosity. Hagedorn et al. reported the surface
roughness may be improved by decreasing the particle size from 50 to 30 um [48]. Wilkes et al.
demonstrated that spherically shaped particles significantly improved the relative density and
porosity [9]. The method of preparing the powder bed and the layering step are important
factors, and optimal processes may lead to sizable improvement of the product. The powder
bed should be homogeneous, have high packing density and have a stable layer thickness.
Bertrand et al. suggested increasing the powder bed density by compression from the roller
[12]. Juste et al. also suggested increasing the powder bed density to decrease the cracks and
heterogeneities through the use of more suitable powders and/or by considering specific
devices to pre-compact the powder bed [28]. Wang et al. compared the experimental and
simulated relative density under different pressures and revealed a positive relation between
them, as shown in Figure 5 [56]. Compressing the powder bed or each powder layer to a
denser format before or during each laser scan cycle should be considered for future develop-
ment in the LPBF process.

The layering step and the deposition technique are critical parts of direct-layered fabrication
technologies. For example, Deckers et al. deposited layers through the electrophoretic deposi-
tion (EPD) method to avoid large particle and thermal gradients [55]. They suggested slurry-
based processes can produce highly dense ceramic parts more easily. Juste et al. also showed
good relative density parts using the slurry process [28]. However, this wet process required
additional steps. Finally, in the layer-by-layer method, the thickness of each layer is
recommended to satisfy the following requirement for a good fusion. Several researchers
noted that particles to be ten times smaller than the layer thickness [12, 61], and Bertrand
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Figure 5. Comparison between the experimental and simulated results of the relative density under different pressures.
The data presented here are extracted from those presented in the original source [56].
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et al. suggested that each layer allow the laser to penetrate at least through the last and the
previous one [12]. A proper combination of laser and powder parameters may lead to the
desired properties; for example, the laser power, the layer thickness, and the scanning speed
greatly affect shrinkage, distortion and warping, which in turn affect the quality and dimen-
sional accuracy of the parts [62].

Cracks and less than full density are common difficulties in laser processed ceramics. Preheating
of the powder bed helps form a denser part and to reduce cracks that are created due to stress
and lack of thermal relaxation. Hagedorn et al. reported reaching nearly 100% relative density
using a secondary laser as the preheating source [48, 54]. However, this method suffers from bad
surface quality for the produced part. Wilkes et al. reported generally crack-free samples through
a preheating process showing that powder bed preheating reduces thermal stresses and the
formation of cracks [9], but superficial microcracks still existed for large parts during the process
[48, 54, 63]. The fine cracks are presumably formed due to thermal stress from the uneven
distribution of heat within the laser spot, which induces different volume contractions during
the melting and cooling process [64]. Although preheating and secondary laser assistance may
reduce the thermal stress and help to reduce cracks, the preheating may decrease the powder
flowability and impair the process repeatability [12]. A new preheating strategy to avoid the
rapid cooling and the thermal stress requires further technological developments.

Another factor affecting the process is the oxygen environment, and the impact of this factor is
strongly material dependent. A low oxygen environment significantly reduces the occurrence
of balling [40, 41, 65]. Shishkovsky et al. compared the alumina-zirconium ceramics synthesis
in both air and argon environments and found an oxygen-deficit environment clearly affected
the light energy absorption, the porosity, and the mechanical strength [13]. Savchenko et al.
recommended sintering zirconium in an inert gas environment or in a vacuum for stabilization
of the tetragonal phase ZrO, [66].

Today normal SLS/SLM techniques are capable of achieving near full relative density for
ceramics, but the resulting ceramics are often compromised by high surface roughness, poor
dimensional accuracy, micro-crack formation problems, and poor mechanical properties. In
recent years, new developments in LPBF have shown some improvement in these aspects.
Exner et al. demonstrated a laser micro sintering technique using a g-switched pulse laser
system with 532 nm wavelength to process silica-alumina (S5iO,/Al,O3) powder [67]. The
intensity of the laser spot of the g-switched beam is a factor of several orders of magnitude
higher than that of continuous wave lasers due to its short intense pulses in a nanosecond
regime, and a very high recoil pressure was generated for the sintering process. In order to
obtain good accuracy and surface finish, fine powders with particle diameter less than 1 um
were used. The final parts had a high geometric resolution of 40 pum, the best surface quality so
far, with an average surface roughness R, ~5 um, and a maximum relative density of 98%. The
produced part still had many small pores and micro cracks inside the sintered body. After
thermal treatment, the cracks were annealed, and the number of pores decreased although
some bigger pores were left. The heat treatment resulted in nearly no shrinkage (<0.7%) of the
specimens. The paper also reported a maximum crushing strength of 1400 MPa, and a low
tensile strength of 120 MPa that limited its use in high strength components.
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4. Exemplars

With the principles being discussed, it is useful to look at actual examples for some of the most
common ceramics: alumina, silica, and mixture of oxide ceramics. These examples are selected
to cover ceramic fusion through both direct and indirect methods, SLM and SLS, short
(1.06 pm) and long (10.6 um) laser wavelengths. They also show comparisons for various
conditions such as different sized powders, different laser energy densities, with and without
preheating or postheating, in air and oxygen-deficit environment, etc. However, the following
exemplars do not constitute a completed survey; rather, representative examples are selected
to show some of the best progress in the field so far. Some of the processing parameters are
summarized in Tables 2-4 which are slightly different as not all parameters were reported or
available in most papers.

4.1. Exemplar I: Alumina (Al,O3)

Aluminum oxide, also known as alumina, is often used as an abrasive or a refractory material
due to its high hardness, temperature and electrical resistance. Pure Al,O3 melts at 2072°C.
Some research on this material takes the indirect route due to the high melting point, but direct
SLS/SLM is also possible although it often requires very fine (sub-micron) powders.

The following discussion illustrates the indirect method, the effect of post-heating, and the
choice of laser energy density. Wang et al. reported using the indirect method to process
alumina [56]. The sample was a-Al,O3 coated by 1.5 wt.% polyvinyl alcohol (PVA) and then
mixed with epoxy resin E06, forming spherical powders with a size of 80 um. The processing
parameters were: laser power between 15 and 21 W, a scanning speed between 1600 and
2000 mmy/s, and a scan space between 100 and 140 mm. The paper reported the optimized
energy density of 0.088 J/mm? which resulted in a relative density of 34% with a bending
strength of 1.05 MPa. Post-processing sintering was necessary for densification. Post-process
sintering helped to increase the migration rate, grain growth and pore exclusion. After 4 h at
1600°C, the relative density reached 94.6%, a 178% improvement. The relative density
increased with increasing laser power and decreased with increasing hatch distance." The
relation of the relative density to the scanning speed was more complex in that it initially
decreased and then increased with increasing scan speed. Considering the three separate
processing parameters, there was an optimum laser energy density which achieved the largest
relative density, as shown in Figure 6.

The following example shows the SLM process, the effect related to laser point overlapping
and layer thickness. Juste et al. mixed alumina powders with 0.1 vol.% graphite to increase the
absorption of the Nd:YVO, laser (1.064 um) [28]. Graphite was used as the absorption additive
because experiments for the pure alumina were not successful, even with a laser power up to
200 W. The slurry of alumina and graphite-based colloidal suspension mixture was spray-
dried and then processed in an Ar environment. By optimizing the parameters, a relative

1’Scarming space’ as used by the original source [56] is interpreted as hatch distance here.



Powder Layer Laser Laser Laser Scanning Hatch Energy Surface Compress Dimensional Porosity Other
size thickness wavelength beam power speed distance density roughness strength  accuracy (%) conditions
(um) (um) (um) diameter (W) (mm/s) (um) (]/mmz) (pum) (MPa) (mm)

(um)

SiO, [58] — 100 1.06 80 100 100 40-60 16.7-25 — — — — —

SiO, (slurry of 10-16 100 10.6 — 6.5 120 100 0.54 — — = — —

60 wt.%

power + 40 wt.%

sol) [57]

Silica sand [11] — 200 10.6 300 160 120 200 6.7 ~36 — 04 - Post
process:
infiltration

Silica sand 50 150 10.6 — 120 120 200 5 24.8-282  11.8-13 - - Preheat @

(SiO; + a little 400°C

ALO) [68]

2% PF + silica 98 300 1.06 50 5-8 300-500  — 10-20)/ — 0.8 — 25.7- —

sand [46] m (line 36.9

energy)
8.3% PF + silica — — 10.6 3000 12 10.8 2500 0.44 — — - — —
sand [52]

Table 3. Parameters for LPBF process on SiO,
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Powder Layer Laser Laser Laser Scanning Hatch Energy Relative Bending Surface Dimensional Other
size thickness wavelength beam power speed distance density density Strength roughness accuracy conditions
(pum) (pum) (um) diameter (W) (mm/s) (um) (J/mm?) (%) Ofm (pum) (um)
(um) (MPa)
SiO,- 5-10 50-150 10.6 300 5-25  50-300 — 15 72 47 25 — Post-heat @
P,0s- 1200°C
CaO [8]
KO- 5-25 80 10.6 200 21 1800 100 0.1167  36.45 2.08 — — Preheat@ 30—
ALO;- 35°C
SiO, [59]
ZrOy- 1-40 30 1.064 - — 1250- 20-40 — 56 - - — —
Y,0; [12] 2000
YSZ- — 50 1.06 200 60 200 — — ~100 500 100 150 2nd laser,
Al,O5 preheat@
[48, 54] 1600-1730°C
YSZ- 20-70 50 1.06 200 60 200 — — ~100 538.1 - — 2nd laser,
AlL,O; [9] preheat@
1570-1800°C
YSZ+ Al — — 1.06 80 50 1500~ 20-40 0.625- — — — — In air/Ar
Al,O3 2000 1.67 environment;
[13] laser
defocalization
~6 um

Table 4. Parameters for LPBF process on ceramic mixtures.
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Figure 6. The laser processed Al,Osz-resin E06 composite reached the peak relative density value of 0.34 when the laser
energy density was approximately 0.088 J/mm?. The data presented here are extracted from those presented in the
original source [56].

Figure 7. Pure alumina parts processed by SLM. Reprinted from [28], with permission of Cambridge University Press.

density greater than 90% was achieved. An example of the SLM processed parts is shown in
Figure 7. The correlation between the product’s relative density to the laser energy density and
point overlapping is shown in Table 5 and Figure 8. Energy density directly affects the relative
density; however, it cannot be used as the single laser parameter for SLM/SLS processes. For
example, laser point overlapping had a significant influence on the geometrical features and
microstructures of the product [69]. Juste et al. [28] further explored the effects of layer
thickness and found a relative density increase from 76.9 to 85.1% by decreasing the layer
thickness from 100 to 50 pum. The SEM micrograph showed a microstructure with smaller pore
size, suggesting a better welding between two consecutive layers from a more homogeneous
and efficient melting. Hence, a decrease in layer thickness improved the microstructures and
the relative density of parts.
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Experiment Relative density (%) Energy density, Point overlapping,
j J/mm?) Ov (%)
E2 57.2 5.1 —44
E5 67.3 6.3 —44
E8 76.9 7.6 —44
E3 0.0 5.3 —477
E6 0.0 6.6 —477
E9 0.0 7.9 —477
E1l 92.9 133 28
E4 97.5 16.6 28
E7 97.3 19.9 28

Table 5. Relative densities vs. laser energy density and point overlapping. The data presented here are from those
presented in the original source [28].
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Figure 8. Relative density of laser produced part vs. laser energy density The data presented here are extracted from
those presented in the original source [28].

The following two examples demonstrate the direct method without any binders, and they
also show how layer deposition is critical for LPBF technique and the effect of varying laser
energy density. Deckers et al. used a CO, laser for direct SLS/SLM on alumina slurry mixed
with very fine (0.3 pum) powders of alumina, denatured ethanol, and HNO; [55]. The layers
were then deposited through electrophoretic deposition (EPD). The combination of small
powders, EPD deposition, and high preheating temperatures (800°C) reduced the need for
large energy density to process the alumina slurry without binders. This treatment helped to
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Figure 9. SEM micrographs of powder beds densified using laser scanning speeds of (a) 4 mm/s and (b) 2 mm/s.
Reprinted from [27], with permission of Elsevier.

Figure 10. Cross-section SEM micrographs of alumina powder beds densified using laser energy densities of (a) 4.0 ] mm >

(b) 7.0 mm 2 and (c) 8.5 ] mm . Reprinted from [27], with permission of Elsevier.

avoid large grain size and high thermal gradients. A relatively high density of 85% was
obtained after the post-process heating.

Wu et al. also applied a CO, laser to process 99.8 wt.% pure alumina [27]. The special
treatment here is that the fine particles (0.45 um) of the alumina powder beds were generated
through aerosol assisted spray deposition. The study clearly demonstrated the effect of scan-
ning speed (Figure 9) and laser energy density (Figure 10) on the microstructure of the laser-
sintered alumina powder beds. A higher laser power, a lower laser scanning speed or a smaller
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laser beam size resulted in a higher laser energy density, and the resulting higher temperature
promoted the densification of the powder bed. By increasing the energy density, the micro-
structure of the powder beds varied from open pores to full densification.

4.2. Exemplar II: Silica (S5iO,)

Silicon dioxide, also known as silica, is one of the most common ceramic materials. As the
major constituent of sand, it is very abundant. Silica is widely used as structural materials, in
microelectronics, and in food and pharmaceutical industries due to varies properties such as
high melting temperature and very low thermal and electrical conductivity. Most silica is
produced by mining such as sand mining and purification of quartz. Silica parts can be laser
processed by direct or indirect method.

Yap et al. demonstrated the SLM process using a short wavelength laser. They reported
complete melting and forming a 100 pm thick layer of 99.7% pure silica powder in Ar through
a good combination of parameters even at very low optical absorption (0.04 for SiO, @
1.06 pum) [58]. The laser energy density was between 16.7 and 25 J/mm?>" . They also showed
that sunken cores formed from high laser energy density, suggesting vaporization of silica
material during the process.

Lee et al. showed the indirect SLS process on a slurry-deposited layer. They reported successful
sintering slurry of silica powder (60 wt.%) and silica sol (40 wt.%) with a small energy density
using a CO, laser [57]. They also demonstrated a better surface finish and a good edge profile
with a proper laser energy density feedback control process.

The following two examples show the direct SLS process, and the relation between laser
processing parameters and the surface roughness and dimensional accuracy of the sintered
parts. Wang et al. made use of a CO, laser to directly sinter silica sand, which is a mixture of
SiO; (97.51 wt.%), with small amount of a variety of impurity of elements such as Zr, Ti, Ca, Al,
Ba, Fe, Cs, Mg [11]. Pure silica softens at 1500°C and melts at 1600°C [11], but the impurities
form a low-melting point eutectic that partially melts at 500-700°C. The existence of impurities

Figure 11. Sand mold built from silica sand powders, using LPBF. Reprinted from [11], with permission of Springer.
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therefore facilitates the direct laser sintering of the silica sand. Wang et al. studied the influence
of the laser process parameters and concluded that larger power and a smaller scanning speed
led to greater strength and thickness, but the process also produced a rough surface finish. To
improve the surface conditions, instead of a common polishing process, a simple infiltration
post-process improved the roughness of the horizontal surface from R, = 35.6-25.4 pum. One
example of the directly sintered parts in silica sand is shown in Figure 11.

Tang et al. also directly sintered silica sand with a CO, laser [68] and preheated the powder
bed up to 400°C. The silica sand consisted mainly of SiO, with a very low percentage of Al,O3,
and the small amount of Al,O5; acted with SiO, to form a low-melting-point eutectic. This
eutectic facilitated the melting of the surface of the sand particles under laser heating, although
the core of the particle remained at the high melting point. The sand particles bound together
through the liquid surfaces when the laser beam struck and then quickly solidified after the
laser beam moved away. Tang et al. further studied how the process parameters affected the
properties of the laser sintered parts and concluded the compression strength of the products
increased when the laser power increased and decreased when the scanning speed increased.
The largest compression strength they produced was 15.5 MPa with a laser power of 120 W
and a scanning speed of 60 mm/s. They also found the surface roughness of sintered products
increased when the laser power increased and decreased when the scanning speed increased.
The smallest surface roughness they achieved was R, =19 um at the laser power of 120 W and
the scanning speed of 180 mm/s. Finally, the absolute errors (the differences from the actual
sizes of sintered parts to the design sizes) ranged from 0.1 to 0.5 mm, depending on the laser
process parameters. The best result (0.137 mm in the x direction and 0.117 mm in the y
direction) was achieved when both the laser power (160 W) and the scanning speed (180 mm/s)
were the largest among the parameters they tested. However, the researchers also found the
dimensional accuracy of the sintered parts was relatively stable and insensitive to a certain
range of processing parameters.

Liu et al. exhibited the indirect SLS process with a short wavelength laser, and it also showed
the relation between laser line energy and porosity, mechanical strength, and shrinkage depth
of the manufactured parts. They reported the indirect laser sintering on polymer coated silica
sand composite powders using a 1.064 um laser [46]. The silica sand they used mainly
consisted of SiO, 99%, Al,O5 0.22% and micro-content of TiO, with a melting point of 1750°C
[46]. The silica sand was coated with 1.9-2.1 wt.% of phenol-formaldehyderesin (PF). Liu et al.
studied the relation between line energy (power/scanning speed) and properties of the sintered
parts. The best line energy was located between 10 and 20 J/m, which resulted in a porosity of
29-32% for the laser sintered parts. Both the porosity and shrinkage depth of the powder bed
generally increased with the increase of the line energy in that range, while the shrinkage
depth gradually fell after 20 J/m. With a set of optimized parameters (laser power of 7 W,
scanning speed of 400 mm/s, and laser beam spot of 50 um), a compressive strength of 0.8 MPa
was obtained. This strength was equivalent to that of sand patterns made by the common
method and exhibiting strengths in the range 0.5-2.5 MPa [46].

Song et al. demonstrated the indirect SLS process with a long wavelength laser, and they
showed the relation between laser process parameter and the dimensional accuracy of the
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fabricated parts. They indirectly sintered PF/silica sand compounds using a CO, laser [52].
They found laser process parameters had important effects on the property and accuracy of the
sintered parts. For example, the scanning speed affected the size of the sintered parts: with an
increase of the scanning speed from 5 mm/s to 13.3 mm/s, the dimensions of the sintered
sample shrank for about 1.5 mm in both length and height, and 1 mm in width.

4.3. Exemplar III: Mixture of oxide ceramics

The following example shows the effect of laser energy density and layer thickness to the
mechanical properties of the produced part. Silica can be used as bio-ceramics for tissue scaf-
folds or dental implants when it is mixed with other ceramics or minerals, such as hydroxyap-
atite (HA), feldspar, kaolin and alumina [58]. F.-H. Liu performed selective laser sintering on
hydroxyapatite-silicate slurry with a CO, laser [8]. The mixture was comprised of SiO,-P,Os-
CaO, materials which had the potential to produce bone scaffolds for tissue engineering
applications. An optimized laser energy density was critical to the process. An energy density
that was too small would result in an overlap between layers less than 15%, which led to
insufficient bonding strength. An excessive energy density would result in warping layers if
the overlap exceeds 30%. With an optimized slurry (28 wt.% SiO,, 30 wt.% HA, and 42 wt.%
H,0), a laser energy density of less than 1 J/mm? enabled formation of the bio-ceramic parts.
The paper further revealed the significant effect of laser energy density on bending strength, as
shown in Figure 12. The maximum strength achieved was 4.7 MPa at 1.6 J/mm?®.

The following example exhibited the indirect SLS process and the effect of the laser process
parameters. The mixture K,O-Al,O3-5i0, shows excellent mechanical properties and biocom-
patibility which come up to the ISO standards as a dental restoration material [70, 71]. Liu et al.
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Figure 12. Relationship between laser scanning speed and laser energy. The data presented here are extracted from those
presented in the original source [8].
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studied the composite powder of an epoxy resin binder E-12 and K;O-Al,O3-S5iO, series of
dental glass-ceramics through indirect selective laser sintering [59]. The paper described the
effect of the laser processing parameters on the relative density of the sintered parts and
concluded that laser power, scan spacing, and scanning speed had different effects to the
produced part. Specifically, the factor of laser power had the greatest ability to influence the
relative density and the bending strength, the factor of scanning speed had the least effects,
and the factor of scan spacing was in between. In order to obtain high density parts, they
suggested increasing the laser power and decreasing the scan spacing and the scanning speed.
However, the authors suggest other factors such as SLS forming efficiency and forming preci-
sion should also be considered for optimizing the processing parameters [59]. An example of
the processing parameters and the parts’ properties is illustrated in Table 6. The bending
strength was basically proportional to the relative density of the sintered parts. Although in
general the relative density followed the laser energy density, this relationship was only
approximate. For example, sample numbers 1, 4, and 7 had the same energy density but
different relative density and mechanical properties. The paper also noted that the preheating
temperature was an important processing parameter that affected the viscous binder’s wetting
and spreading characteristics, so it had a considerable influence on the relative density of the
sintered parts. The optimized processing parameters, the preheating temperature, the laser
power, the scanning speed, the scan spacing and the layer thickness were 30-35°C, 21 W,
1800 mm/s, 100 and 80 um, respectively. Under such conditions, the relative density and
bending strength reached 37.40% and 2.08 MPa, respectively. An example of the indirectly
sintered glass-ceramic part is shown in Figure 13.

For component mixed ceramic materials, it is common to use additive elements to bind them
before the LPBF process. However, a pure mixture without a binder is possible to be processed.
For example, Bertrand et al. showed a direct process on pure yttria-zirconia (Y,O3-ZrO,)
powders through selective laser sintering/melting using a 1.064 um fiber laser [12]. The
authors studied the influence from the powder and the powder bed and found the properties

No. Laser power Scan speed Scan spacing Energy density Relative density Bending strength oy
(W) (mm/s) (mm) (J/mm?) (%) (MPa)
1 15 1600 0.10 0.0938 34.59 1.63
2 15 1800 0.12 0.0694 33.79 1.59
3 15 2000 0.14 0.0536 33.70 1.54
4 18 1600 0.12 0.0938 34.83 1.66
5 18 1800 0.14 0.0714 33.98 1.62
6 18 2000 0.10 0.0900 35.05 1.98
7 21 1600 0.14 0.0938 36.59 2.01
8 21 1800 0.10 0.1167 37.40 2.08
9 21 2000 0.12 0.0875 36.38 2.02

Table 6. SLS results for dental glass-ceramic powder. The data presented here are from those presented in the original
source [59].
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Figure 13. Teeth made by SLS under the optimized technical parameters Reprinted from [59], with permission of Emerald
Publishing Limited.

of particles and powder layers significantly affected the product. For example, they found the
best powder for the fiber laser to process was a powder in which all particles have a diameter
less than 1 um. Atomized powders helped to avoid electrostatic charges that led to powder
agglomeration. Furthermore, the particle morphology directly affected the powder spreading
and the powder bed density in that the more spherical particles improved the results although
the authors of the work did not specify the aspects which were improved. The layer thickness
is a crucial parameter for a good sintering/melting process. To decide this parameter, the paper
suggested that the laser had to penetrate at least through the last powder layer and the
previous one. Earlier, Wilkes and Wissenbach suggested that the layer thickness needs to be
10 times greater than the particle size for achieving efficient roller powder layering [61]. To
satisfy these requirements, Bertrand et al. reported a 30 um thick layer in their study. The
paper also reported the preheating effect and concluded that, on one hand, the preheating
reduced the micro cracks; on the other hand, preheating decreased powder flowability and
impaired process repeatability. An example from such a direct laser process is shown in
Figure 14.

The following discussion shows the effect of preheating and the secondary laser assistance.
Oxide ceramics such as zirconia and alumina are widely used in industry and in medical
applications such as bearing sleeves and valves, high density grinding media, cutting blades,
crowns and bridges in dental restorations. Hagedorn et al. reported direct selective laser
melting on an eutectic Al,O5-ZrO,-Y,0O5 mixture without any binder materials [48, 54]. The
mixture was composed of 58.5 wt.% of Al,O; (melting point 2072°C) and 41.5 wt.% ZrO,
(melting point 2710°C) where ZrO, contains 6 wt.% yttria (Y,O3) to form a eutectic powder. It
demonstrated a complete melting to the ceramic powders using a low optical absorptive Nd:
YAG laser with a wavelength of 1.06 um. The unique feature here is the work applied a CO,
laser assistant that preheated the powder bed surface above 1600°C, very close to the eutectic
mixture melting point of 1860°C. The secondary laser helped to reach the melting temperature
of the ceramics and led to a large melting pool. Such a process improved the density of the
obtained part. For example, with the optimized process parameters, the laser processed part
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Figure 14. Pure zirconia 3D objects manufactured by SLS/M technology Reprinted from [12], with permission of Elsevier.

yielded a relative density of approximately 100% without any post-processing. Such a part
showed a fine-grained nano-sized microstructure and flexural strengths of above 500 MPa,
sufficient for dental restorations. This value is in the same range but at the lower end compared
with conventionally manufactured parts which have flexural strengths of 800-1200 MPa for
zirconia [72], 400 MPa for alumina [73] and 480-2400 MPa for mixtures of zirconia and
alumina [9, 74]. On the other hand, the second laser assistance negatively affected the surface
quality and dimensional accuracy because the low viscosity melt pool flowed outside the
boundaries of the scanned part and wet the surrounding powders. The surface roughness
was R, ~ 100 pum, one of the best in SLM-processed high-strength oxide ceramics. The dimen-
sional accuracy reached ~150 um, which was far below that of the conventionally milled parts
of ~50 um. An example of a direct SLM produced full ceramic framework for a dental restora-
tion is shown in Figure 15. A rough surface may induce stress peaks on mechanical loading,
which leads to premature failure and thus affects the mechanical strength. The preheating

Figure 15. Direct SLM produced full ceramic framework for a dental restoration Reprinted from [54], with permission of
Elsevier.
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method may also induce thermal shocks during the deposition of the cold ceramic powder,
which can result in fine cracks on the surface of the produced part and hence reduce the
mechanical strength, as shown in Figure 16.

The following example showed the effect of particle shapes. Wilkes et al. [9] used the same
setups from Refs. [48, 54]. The authors studied how the particle shape (spherical vs. irregular)
affected the manufactured parts, and found it had a strong influence on the relative density of
the SLM produced parts. There was a significant improvement of the porosity and relative
density which was most likely due to the better flowability of spherically shaped particles
compared to irregularly shaped particles. A parallel comparison of two cross-sections using
different shaped powders is shown in Figure 17. The paper described the effect of preheating
and concluded temperature differences and gradients during SLM were reduced through the
preheating process. Therefore, mechanical stresses were significantly reduced, and large crack
formation could be avoided. As reported in Refs. [48, 54], fine cracks can still be found for
building up large parts because of the local rapid cooling from the deposition of the cold
powder layers on top of the preheated ceramic. The preheated zone in the SLM machine is
shown in Figure 18. A comparison of the product surface without preheating and with
preheating at 1715°C is shown in Figure 19.

Shishkovsky et al. showed the effect of an oxygen-deficit environment. They performed
alumina-zirconium ceramics synthesis through selective laser sintering/melting [13]. The
ceramic mixture was composed of yttria-stabilized zirconia, called YSZ (ZrO, 90 wt.%, Y>O3
10 wt.%), and aluminum or alumina Al,Oj3 in the ratio 4:1. They investigated the influence of
SLS/SLM processing in air or in a protective gas environment. Laser sintering in argon
required scan velocities nearly one order of magnitude smaller than velocities when sintering
in air, and the surface temperature of the powder bed was much lower in argon, as well. The
thickness of one layer that was sintered in one cycle increased by 1.5-2 times, so the energy
needed for sintering in argon gas was much smaller than that in air. When operating in air,
they also observed strong sparkling and scattering of the powder material from the interaction
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Figure 16. Crack formation on the surface of the SLM part due to cold powder deposition onto the preheated area
Reprinted from [54], with permission of Elsevier.
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(b)

Figure 17. Cross-sections of two specimens made using different types of powder (a) irregular shaped powder particles
(b) spherical powder particles. Reprinted from [9], with permission of Emerald Publishing Limited.

-
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Figure 18. Photo of the preheated zone in the SLM machine. Reprinted from [9], with permission of Emerald Publishing
Limited.

zone beyond a certain energy density. SLS in air yields ceramics with a dense structure and a
uniform distribution of the stabilizing phases although cracks could happen at high laser
powers during high-speed cooling. While sintering in argon, a porous part was developed
with pore size >100 um, and the pore shape was elongated in the laser scan direction. Such a
high porosity greatly reduced the relative density and the mechanical strength of the sintered
ceramics. The surface comparison of the ceramics sintered in air and in argon is shown in
Figure 20. The research also compared the SLS and SLM processes and demonstrated that
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Figure 19. Cross-sections of specimens manufactured by SLM (a) cracks formation without preheating and (b) crack-free
with preheating at 1715°C. Reprinted from [9], with permission of Emerald Publishing Limited.

(a) (b)

Figure 20. Surface comparison of the sintered YSZ-Al/Al,O5 at P=24.1 W, V =3.1 cm/s. Magnification: (a) 50 (in air) and
(b) 20x (in argon). Reprinted from [13], with permission of Elsevier.

SLM allows for manufacturing objects with a relatively low porosity and a high geometrical
accuracy. Examples of the ceramics manufactured from SLS and SLM techniques are shown in
Figure 21. The surface porosity appeared to increase by increasing the laser scan velocity and
the hatch distance.
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10 mm

(a)

Figure 21. Manufactured ceramic objects: (a) porous filter element from corundum-zirconium ceramics produced by SLS
process; (b) samples produced by SLM process from ZrO, powder. Reprinted from [13], with permission of Elsevier.

5. Perspectives

Comparing to metals, laser powder bed fusion of ceramics is relatively new, less studied, and
less mature [21, 75-77]. Ceramics are a large materials family which includes oxides (Al Os3,
MgO, ZrO,, FeO, NiO, SiO,, CuO, Ca3(POy),, etc.), carbides (BC, SiC, WC, etc.), nitrides
(Si3N4, A16N6OZSi, AlN, etc.), sulfides (Yb3S4, CeS, CaLF:1284, Mng284, MHEI'284, ZnGa284,
etc.), fluorides (CaF,, BaF,, SrF,, etc.), and ceramic component mixtures (Al,O3-ZrO,, Al,Os-
Si0,, ZrO,-Y,0;, Li,O-AL,O3-510,, K,0-Al,O3-5i0,, etc.). However, so far the laser powder
bed fusion on ceramics has been studied on only a small fraction of this materials family. Not
all of them may be suitable for the current layer-by-layer construction technique due to
factors such as high melting temperature, different optical/thermal properties, or availability
of suitable powders. Further development may lead to construction of multi-material,
multifunctional objects.

To obtain desired structural and physical properties of a fabricated part, an optimized process
is required for the laser powder bed fusion technique. However, since the process parameters
are completely material-dependent and can be varied largely for different ceramics, it is
necessary to optimize the process parameters for each material through series of experiments,
theoretical modeling, or a combination of both. The optimization includes powder, laser, and
environmental factors, as well as possible pre- and post-processes.

In recent years, new development has been focused on using the laser powder bed fusion
technique for different ceramic materials and application of the manufactured parts in
various industrial and medical fields. However, detailed process-structure studies are still
missing. It is critical to investigate the material’ microstructure and the physical properties of
the ceramic parts made from laser powder bed fusion. It is therefore necessary to explore the
relation among the process parameters, the size, shape, and boundary conditions of the
laser-fused micro-grains, and the macro-properties of the fabricated part. Such study will
increase the understanding of the laser powder bed fusion technique from the micro- to the
meso-scale.
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6. Conclusion

Laser powder bed fusion enables the production of ceramic parts with very high temperatures
and excellent precision in a short time. The process is suitable for processing hard materials
with complex geometries. However, due to several intrinsic properties, the LPBF technique for
ceramics is far from mature and is still in the research and development phase. Limiting factors
include susceptibility to thermal stresses, low fracture toughness, and low optical absorptivity
in the near-infrared region for oxide ceramics. As these factors are further investigated, the
difficulties related to them may be solved. For example, proper choice of lasers and powders,
combined with an optimum process, can compensate for or overcome some of the limitations
and produce near 100% relative density. Such near pore-free parts have only micro-cracks or
no cracks, and their mechanical properties are close to those manufactured from conventional
methods. The LPBF technique therefore shows potential for ceramic fabrication and will
continue to attract research and industrial interests in the future.
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