Received: 25 October 2024

Revised: 8 January 2025

W) Check for updates

Accepted: 2 February 2025

DOI: 10.1111/ijac.15087

REVIEW ARTICLE

Applied
Ceprgmic

TECHNOLOGY

Additive manufacturing of ceramics via the laser powder

bed fusion process

Abid Ullah'?
Asif Ur Rehman® |

nstitute of Laser and Systems
Technology, Hamburg University of
Technology, Hamburg, Germany

2Centre for Additive Manufacturing,
School of Engineering, RMIT University,
Melbourne, VIC, Australia

3Institute of Chemical Technologies and
Analytics, Technische Universitidt Wien,
Vienna, Austria

“Department of Mechanical Engineering,
The University of Hong Kong, Hong
Kong, SAR, China

SBartlett School of Sustainable
Construction, University College London,
London, UK

Correspondence

Abid Ullah, Institute of Laser and Systems
Technology, Hamburg University of
Technology, Hamburg D-21079, Germany.
Email: abid.ullah@tuhh.de

Mussadiq Shah, Institute of Chemical
Technologies and Analytics, Technische
Universitdt Wien, Vienna 1040, Austria.
Email: mussadiq.shah@tuwien.ac.at

Funding information

German Academic Exchange Service
(DAAD); European Union’s Horizon 2020
Research and Innovation Program under
the Marie Sktodowska-Curie Grant
Agreement, Grant/Award Number:
101034328

| Mussadiq Shah® |

Zulfigar Ali*® | Karim Asami' |

Claus Emmelmann’

Abstract

Additive manufacturing (AM) of ceramics presents both exciting opportuni-
ties and significant challenges, particularly with the laser-based AM processes.
Ceramics are known for their special properties, such as high strength, corro-
sion resistance, and temperature stability, but their inherent brittleness and high
processing demands make AM more complex. This review provides an updated
overview of the most common AM techniques for ceramics, including direct
energy deposition, binder jetting, laminated object manufacturing, and material
extrusion-based techniques. However, the focus is placed on the laser powder bed
fusion (LPBF) of ceramics, a technique that has gained increasing attention for
its ability to fabricate complex ceramic parts with enhanced quality. The review
delves into the key causes of critical defects commonly observed in LPBF, such
as porosity, cracking, spattering, and surface roughness. Recent advancements in
addressing these issues are discussed, along with the limitations of current defect
prevention strategies. Furthermore, the review provides an updated analysis of
the mechanical properties of LPBF-fabricated ceramics, giving insights into how
processing parameters influence the performance of ceramic LPBF-printed parts.
Modeling and simulation techniques are also reviewed, highlighting their role in
enhancing understanding of ceramic behavior during LPBF. Overall, this review
highlights recent progress and current challenges in ceramic AM techniques,
while exploring future research opportunities, such as process optimization and
defect prevention strategies.
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1 | INTRODUCTION

Ceramics are heat-resistant, inorganic, and nonmetallic
materials. They are broadly categorized into two groups
based on their applications: conventional ceramics and
advanced ceramics."” Traditionally, the term “ceramic”
refers to clay-based products such as pottery, bricks, table-
ware, tiles, and so on. Advanced ceramics are the most
vital ceramics that differ from ordinary ceramics in vari-
ous chemical and mechanical properties, including tensile
strength, fracture toughness, wear resistance, and dielec-
tric behavior.:? Globally, advanced ceramics are known
in various terms, including technical ceramics, high-
performance ceramics, and high-tech ceramics, with ter-
minology varying by region. Advanced structural ceramics,
including materials like alumina, zirconia, silicon car-
bide, and titania, exhibit exceptional characteristics such
as high mechanical strength, hardness, excellent resistance
to wear and corrosion, and low thermal conductivity, mak-
ing them suitable for a wide range of applications."*~
Furthermore, certain ceramics have good biocompatibil-
ity, allowing them to be used in biomedical applications
such as dental and body prosthetics, as well as tissue
engineering>°.

In worldwide industries, processing time and resource
efficiency are crucial for manufacturing. As customer
demands grow, product diversity and complexity increase,
requiring advanced tools and techniques for optimal
resource utilization. Ceramics production, both tradi-
tional and advanced, typically involves five steps: raw
material acquisition, powder preparation, shaping, sinter-
ing, and finishing.” Complex ceramic parts are produced
through conventional methods such as hot isostatic press-
ing (HIP), extrusion, injection molding, and casting,®
which are in fact time-consuming and require costly
equipment like drills, mills, and grinders.”'’ Traditional
fabrication techniques must be updated and developed
further to meet modern demands for complex ceramic
components, as they still face challenges in produc-
ing parts involving complex designs. High-strength oxide
ceramics, known for their mechanical strength, wear
resistance, and thermal stability, are ideal for high-end
engineering applications.!'? Traditional methods often
experience drawbacks, such as tool wear and sintering
shrinkage, and typically require postprocessing for com-
plete densification.”*"" Due to the limitations of traditional
manufacturing methods, such as lengthy processing times,
high costs for complex designs, and challenges like tool
wear and shrinkage, additive manufacturing (AM) offers a
promising alternative by enabling the efficient production
of intricate, high-performance ceramic components with
greater design flexibility and reduced need for postprocess-
ing.

AM is widely recognized as a pivotal development
in modern fabrication, fundamentally changing design
and production processes. Laser-based powder bed fusion
(LPBF), also referred to as selective laser melting (SLM),
has become a cornerstone of AM, renowned for its superior
geometric accuracy. With an impressive growth and a sig-
nificant market share, as reported by Wohlers Associates, '
it stands as the leading technology in the field. This method
works by selectively melting and bonding powder layer
by layer using a laser, enabling the production of intri-
cate, high-strength parts that are often beyond the reach of
traditional subtractive manufacturing approaches.'” LPBF
has gained interest for its role in manufacturing ceramics,
polymers, metals, and composites, particularly in high-
value industries like aerospace, automotive, biomedical,
and electronics. Using a high-energy-density laser, LPBF
has the capability to fabricate fully dense, high-strength,
net-shaped oxide ceramics.'®?! Although LPBF is more
costly than conventional methods, it is especially valu-
able in aerospace, biomedical, and automotive sectors,
where performance justifies the expense. Unique applica-
tions, such as biodegradable implants,’>?* heat-resistant
coatings,** and load-bearing bone implants,”>?° highlight
LPBF’s versatility. The technology also enhances material
properties by producing dense, high-strength parts with
minimal postprocessing. Recent interest in ceramic LPBF
continues to grow, though in-depth research is necessary to
address challenges. Innovations and new ideas for adding
materials to oxide ceramics, control, and effective opti-
mization of process parameters could help overcome issues
like crack formation, rapid cooling, residual stress, thermal
gradients, and porosity.

There are several parameters and physical features
involved in the LPBF process such as focused laser power,
laser spot size, scanning speed, scanning strategies, layer
thickness, and particle size distribution, which signifi-
cantly influence the melting behavior and microstructure
of ceramic powder. Several excellent reviews and research
articles on the fabrication of ceramics via the LPBF pro-
cess have already been published.>?’-** However, most of
the LPBF parameters are not explored very properly or
need further analysis. While several reviews have exam-
ined the AM techniques including the LPBF process for
ceramic parts manufacturing,®'%-*1-** there is still a need to
further explore and summarize the root causes of defects,
such as surface roughness, spattering, porosity, and cracks,
which are among the most prevalent issues in AM of
ceramics. Additionally, the approaches to prevent these
defects and their limitations need to be studied in more
depth. Furthermore, an updated overview of the mechani-
cal properties of LPBF-fabricated parts, as well as the latest
advancements in modeling and simulation techniques,
is required considering recent advances and research in
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the topic. This review provides an overview and compar-
ison of the most common AM techniques, highlighting
both current challenges and the potential of each method.
In particular, this review focuses extensively on LPBF
for ceramics, discussing the latest research developments,
including a detailed investigation of ceramic part defects.
Additionally, an overview of mechanical properties, as
well as advanced modeling and simulation techniques
used for the AM ceramics, are explored. The review also
addresses the ongoing challenges in the AM of ceramic
manufacturing, along with potential future advancements,
particularly in process optimization and defect prevention
strategies.

2 | AN OVERVIEW OF CERAMIC AM
TECHNIQUES

Over the past three decades, various AM techniques have
been developed and tested for fabricating ceramic parts
and components. These techniques, while still at an early
stage of industrial adoption, demonstrate distinct strengths
and challenges. Although the primary focus of this study
is to review the LPBF process, laser material interac-
tion, and its effects on fabricating ceramic parts, it is
also important to consider and discuss LPBF in relation
to other ceramic AM techniques. This broader perspec-
tive provides an understanding of LPBF’s unique features,
strengths, and challenges compared with other meth-
ods. Each AM method has its own set of processing
conditions, material compatibility, resolution, and defect
control mechanisms, which directly affect the final quality
and performance of ceramic parts. For example, tech-
niques such as stereolithography offer high resolution
and surface finish but require extensive postprocessing to
achieve the desired mechanical properties. Binder jetting
(BJ) provides rapid production speeds but struggles with
achieving full density, often necessitating secondary sin-
tering processes. Direct ink writing offers simplicity and
material versatility but is limited in precision and struc-
tural integrity compared with other methods. Meanwhile,
selective laser sintering (SLS) and LPBF offer advantages
in terms of material consolidation and complex geome-
tries but face challenges with high-temperature gradients
and inherent brittleness in ceramics. Table 1 summarizes
key aspects of various ceramic AM techniques, such as
resolution, postprocessing requirements, defect control,
and processing conditions. This overview enables a clearer
comparison and highlights the strengths and limitations of
each method, allowing for a more informed decision when
choosing an AM technique for ceramic parts. The pri-
mary focus of this paper remains on LPBF, particularly its
process conditions and defect mitigation strategies, to pro-
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vide a thorough understanding of this method for ceramic
applications.

2.1 | LPBF of ceramics

Among AM technologies, LPBF is one of the advanced
laser-based techniques, known for its capability to cre-
ate high-precision, layer-by-layer structures by directing a
high-power laser onto selected areas of a powder bed, as
illustrated in Figure 1A.°*>* Unlike SLS, which relies on
partial fusing of material particles, LPBF achieves com-
plete melting of the material, resulting in highly dense
and mechanically robust parts.”>>® While LPBF has been
extensively developed for metals and alloys, achieving
significant industrial applications,”°' its adaptation to
ceramics has proven far more challenging. The inherent
properties of ceramics, including low thermal shock resis-
tance, brittleness, and high melting points, lead to elevated
defect rates, such as cracking and porosity.®*% These issues
have limited the adoption of LPBF for ceramic manufac-
turing and hindered its broader application. As research
progresses, LPBF is gradually moving toward enabling
the production of high-quality ceramic components with
complex geometries and enhanced properties. Figure 1
provides an overview of the LPBF process and ceramic
parts printed using this AM method.

The direct application of LPBF involves full melt-
ing of ceramic powder without binders, making it a
single-step process. However, direct LPBF often results in
high-temperature gradients and residual stresses, which
lead to cracking due to the rapid heating and cool-
ing of printed layers. This issue is particularly severe
for ceramics due to their low thermal shock resistance.
Despite these challenges, recent efforts have concentrated
on addressing these challenges by focusing on process
optimization and material development. Improvements
such as optimizing laser parameters (e.g., power, scan
speed, and energy density [ED])**%4-% and tailoring pow-
der properties®’ "% (e.g., size distribution, absorptance),
and mitigating thermal stresses caused by rapid heating
and cooling cycles’®”" have significantly advanced the
LPBF of ceramics. The most common issues across these
investigations involve challenges in crack formation and
suppression, particularly due to the inherent brittleness of
ceramics and composites, requiring careful optimization of
process parameters like laser power, scanning speed, and
material composition. Similarly, different factors affecting
the ceramic components are involved in the LPBF pro-
cess, including laser-powder interaction and laser energy
absorption by powders, fast heating and cooling of pow-
ders, structural growth, and flow in the molten pool, which
is hard to control at the same time.
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TABLE 1 A summarized comparison of ceramic AM techniques, showcasing their materials, precision, postprocessing needs, defect

management, and process conditions.

Material Resolution and Processing
Technique compatibility precision Postprocessing Defect control conditions References
Laser powder bed SiC, Al,O;, ZrO,, High-precision,  Possible High defect rates High energy laser, [34-36]
fusion (LPBF) MgO, TiB, complex sintering, (cracking, porosity), temperature
geometries complex defect  ongoing research for gradients,
removal improvements controlled powder
bed environment
Direct energy SiC, ZrO, TiB,, MgO  Moderate No Moderate defect Laser or electron  [37-39]
deposition (DED) Al,O;, ZrO,, A,O;_, resolution, postprocessing  control, limited by = beam melting,
Zr0O5_, Y,04 limited detail on  required for material brittleness multiaxis
complex large parts, may deposition
geometries require cleaning
Binder jetting (BJ) SiC, Al,O;, ZrO,, Good resolution  Requires curing, Porosity control, Binder deposition, [40-42]
MgO, WC for small parts, sintering, or limited precision, material powder
limited detail for drying rough surface finish bed, room
large geometries temperature
Robocasting (RC) Al 03, ZrO,, SiC, TiO, Moderate Requires Defect-free parts Extrusion of slurry, [43]
resolution, good  sintering and possible but requires drying, curing
for medium-sized postprocessing  precise slurry
structures for mechanical  formulation and
property sintering
enhancement
Fused deposition  Al,03, ZrO,, SiC, Moderate Requires Prone to porosity Extrusion of [44, 45]
modeling (FDM) TiO, B,C, resolution, sintering, and cracking, thermoplastic
SiOC + thermoplastic suitable for potential binder requires filaments, melting,
binders medium and removal postprocessing for  solidification
large geometries defect reduction
Stereolithography Al,0;, ZrO,, SiC, High resolution,  Postcuring, Porosity, shrinkage, UV light-based [46-48]
(SLA) TiO,, MgO + polymer limited by sintering, binder and cracking issues, curing, room
binders material removal ongoing research temperature
constraints
Shape deposition  SiC, Al,O;, ZrO,, High precision,  Requires Limited defect Layer-by-layer [49-51]
manufacturing MgO, Si;N, good for complex sintering and control, material deposition of
(SDM) geometries postprocessing  consistency is key material, binder
curing
Photochemical Preceramic polymers High precision, Requires curing, Limited defect Photochemical [52]
additive suitable for sintering, or control, ongoing curing of resin
manufacturing intricate additional light  research to address layers, UV light
(PAM) geometries treatment challenges exposure
2.1.1 | LPBF key process parameters and their The laser system is the most important part of the

effects on ceramic

The LPBF process relies on a precise balance of key param-
eters and physical characteristics, including laser power,
spot size, scanning speed, scanning strategy, layer thick-
ness, and particle size distribution. These factors funda-
mentally influence the melting behavior and microstruc-
tural development of ceramic powders. The LPBF system
is typically composed of three main parts: the laser and
scanning unit, the powder bed, and the powder spreading
mechanism, each contributing uniquely to the precision
and quality of the final ceramic product.

LPBF process, responsible for selectively melting and fus-
ing powder particles layer by layer to create a 3D object.
Laser irradiates the surface of the powder bed based on
the layer’s cross-sectional data, with the absorbed energy
being converted into heat that dissipates through the
material, causing powder particles to melt and solidify
into the desired shape.”® The efficiency of this process
largely depends on the material’s ability to absorb the
laser’s energy as different materials have varying energy
absorption characteristics.”””® In addition, various phys-
ical effects and associated phenomena, as illustrated in
Figure 2, play a critical role in influencing the melting
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FIGURE 1 (A)Schematic illustrating the LPBF method, (B) Al,0;/ZrO, ceramics parts,’” (C) Al,0;/GdAlO;/ZrO, ternary eutectic
ceramics of different shapes,” (D) alumina lattice structures, (E) SiC turbine part, and’* (F) pure alumina parts.”
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FIGURE 2 Schematic representation of molten pool dynamics during the LPBF process, illustrating key phenomena such as melt jet
formation, thermal convection, gas pore generation, particle entrainment, plasma plume behavior, and surface deformation, emphasizing
their influence on process stability and part quality.®
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process and the manufacturability of ceramics. Therefore,
selecting an appropriate laser source and optimizing the
parameters is crucial. Fiber lasers, Nd: YAG, and CO, lasers
are generally used in the LPBF process, which has dis-
tinct and notable effects on the experimental materials. Nd
lasers, operating at around 1.06 um, are suitable for metals
and carbide ceramics like SiC due to their efficient energy
absorption at this wavelength, enabling precise and rapid
melting. CO, lasers, with a longer wavelength of 10.6 um,
are more effective for oxide ceramics, such as Al,03, TiO,,
and ZrO,, which absorb better in the far-infrared region.
Additionally, fiber lasers, also operating near 1.06 um,
have become popular due to their high efficiency, supe-
rior beam quality, and flexibility, making them particularly
suitable for high-precision metal processing and intricate
geometries.””®” The choice of laser system impacts not
only the melting efficiency but also the thermal gradients,
solidification behavior, and microstructural evolution, all
of which are crucial for achieving the desired mechanical
properties and overall quality of the final part.®!

Due to the high thermal and residual stresses created by
higher ED during the LPBF process, several part defects are
developed in ceramics. Considering the complex interac-
tion between laser and ceramic powder and their influence
on the defect’s formation, the ED and size of the laser
spot are imperative to consider. A smaller laser spot size
results in more concentrated energy, leading to higher
energy absorption and a narrower area of exposure.’>®
Simultaneously, a smaller spot size lengthens the man-
ufacturing time required to cover an area. Besides, ED
is dependent on laser power and scan speed, which are
the critical laser parameters of great significance in the
LPBF laser system and directly affect the molten state of
ceramic powders. Both laser power and scan speed show
a much more dominant role than other parameters in the
thermal behavior and shaping of the melting pool, initi-
ation of cracks, dendrite growth, porosity, and grain size
development.®>36:34

The laser scan strategy is one of the key parameters that
may be utilized to control certain flaws and their detrimen-
tal impacts in ceramics.**®” Changing scanning strategies
has a significant impact on heat transfer, powder melt-
ing, grain structure, and solidification.®® The industry’s
urgent need for high-performance AM products drives
the research for finding the optimized scanning strategy.
Researchers have investigated various scanning strategies
and their influences on the internal structure, mechan-
ical properties, surface roughness, and residual stresses
of LPBF parts. Ali et al.* studied the influence of vari-
ous laser scan strategies and explored that adjusting the
size and orientation of the scan vector length, scanning
sequence, and rotation of each successive layer could lead
to a constructive and remarkable combination of scanning

strategies. However, numerous parameters are linked with
the scanning method, making it a complicated matter to
understand its real effects on the LPBF components. In
the LPBF process, the two primary laser scan methods,
island scanning, and zigzag scanning were widely used
for ceramic sample manufacturing.’%°%7:90-%! By carefully
adjusting the laser scan methods, the components may be
printed with a more uniform structure and the fracture
density can be decreased. The previous research found that
the “island” scanning greatly influences the grain structure
of the material while the zigzag scanning strategy can help
to reduce component distortion, improve the part’s manu-
facturing quality, and may help to uniform residual stress
distribution”.

Recent investigations highlighting the key process
parameters and their impact on the ceramic LPBF pro-
cess and part quality are summarized in Table 2. Besides
investigating the typical laser parameters, which included
laser power, scanning speed, scanning strategy, and hatch
spacing, a novel research focus in the LPBF process
has emerged as laser beam shaping. The research on
laser beam shaping explores how different beam profiles
can significantly affect the processing of materials, their
microstructure, and build rate.?-92-> Traditional Gaussian
laser beams, commonly used in LPBF, tend to concentrate
energy at the center, leading to steep thermal gradients that
can result in cracking, residual stresses, and poor surface
quality, especially in brittle materials like ceramics. These
challenges have prompted the investigation of alternative
beam shapes, such as top-hat, elliptical or donut-shaped
profiles, which distribute energy more uniformly across
the irradiated area and produce wider melt pools rather
than creating keyholing, as illustrated in Figure 3. This
more even energy distribution can reduce thermal stresses,
improve powder melting behavior, and enhance the overall
quality of the parts that are proven for metal material.”®"’
However, there is a need to deeply investigate the options
of different laser beam shapes for printing ceramics, which
are expected to reduce several defects associated with the
Gaussian beam profile, such as keyholing, spattering, and
porosity. Ceramics are prone to thermal stresses due to
their low fracture toughness and high thermal expan-
sion mismatch. The sharp thermal gradients caused by
Gaussian beams intensify these stresses, promoting crack
initiation and propagation. In addition, lack of fusion
(LOF) defects can be produced when the surrounding
powder particles are not melted adequately for the concen-
trated beam shape. The approach of using alternative beam
profile, which has shown promise in recent investigations
with metal materials,”®"'° offers a potential solution to
the limitations associated with the conventional Gaus-
sian beam profile. By optimizing the beam shape, such
as switching from Gaussian to ring shape, it is possible
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TABLE 2 Key process parameters and their impact on ceramic LPBF process and part quality.

Reference
Zhang et al.**

Xiong et al."®

Zhang et al.”!

Maurya et al.'”

Fang et al.'

Ullah et al.'?°

Wilson-Heid
et al.””!

Peters et al.'*

Liu et al.'*

Material

RE;Al;0,,
HEOCs

Al,0,-Zr0,

Al,0;-Zr0O,

TiC-430 L-FSS

3Y-Zr0,

TiO,

ZrC

SiC, Si;N,, and
HfC/SiC

Al,0;/GAP
/Zxr0O,

Parameter

Scanning speed
(40-120 mm/s)

Laser defocus distance
(=3 to +3 mm)

Scanning speed
(70-120 mm/s)

Hatch spacing

(50-175 um)

Scanning length

(3-11 mm)

Preheating and melting
scan energy density

Scan speed during
preheating (PHS)

Scanning spacing
(0.113-0.2 mm)

Scanning strategy
(island, linear)

Double powder layering
vs. single layering

Laser power (80-170 W)

Scanning strategy
(zigzag, island)

Layer height (30-80 um)

Powder feedstock (—100
vs. —325 mesh)

Build plate heating

Processing gas (100 vol%
CH,, NH,)

Energy density

(8-58 W/mm?)

Laser energy density
(LED, 62.5-125 J/mm?)

Laser power
(100-400 W)
Scanning speed
(48-192 mm/min)

Impact on ceramic LPBF process and part quality

* Density increased to 97.83% at 60 mm/s with moderate scanning speeds

* Grain morphology transformed from equiaxed to ladder-like with
increasing speed

* Pore types varied with speed: spherical pores at low speeds, irregular
pores at high speeds

* Transition from cellular-like to eutectic colony structure
* Refinement of grain size

* Improved relative density and mechanical properties

* Fracture toughness peaked at 8.04 MPa m!/?

* Influenced stress distribution; vertical cracks suppressed at optimal
speed (100 mm/s)
* Enhanced crack resistance with cellular microstructure

* Controlled molten track overlap and temperature gradients
* Repaired parallel cracks and inhibited vertical crack formation

* Shorter lengths (3 mm) suppressed parallel cracks
* Reduced thermal stress accumulation

* Lower energy density led to finer TiC phases and reduced residual stress;
higher energy density caused coarser microstructures and more defects

* Lower scan speeds increased preheated bed temperatures, causing
thermal residual stress and cracks

* Optimized parameters achieved finer microstructures with lower
porosity, resulting in the best combination of hardness (1218 HV) and
fracture toughness (20.4 MPa m!/2)

* Smaller spacing led to higher concavity and dimensional accuracy
deterioration; optimal spacing improved surface morphology

* Island scanning achieved highest dimensional accuracy (~184.573 um
height difference) and reduced powder spattering and warpage

* Double powder layering improved hardness (1258.2 HV, +15.7%) and
nanoindentation modulus (85.18 GPa, +53.6%); reduced pore defects

* Higher laser power improved melting behavior, resulting in refined
microstructures and reduced porosity; optimal results at moderate
power (120 W)

* Island strategy produced only horizontal cracks and reduced spattering
* Zigzag produced both horizontal and vertical cracks with spattering

* Higher layer heights led to reduced density and increased porosity

* Optimized layer heights facilitated better bonding and structural
integrity

* Spherical powder (15-45 um) improved spreading and bonding

* Finer powders (<2 pm) caused inconsistent layer deposition and
porosity

* Potential to reduce cracking and improve layer bonding if heated above
the ductile-to-brittle transition temperature (725°C)

* CH, favored SiC and HfC/SiC formation; NH; facilitated o/S-Si; N,
synthesis with high yield (97.7 wt%)

* Higher energy density achieved better phase conversion

* Low laser power facilitated uniform layer thickness and microstructural
continuity

* Individually adjusting laser power or scanning speed improved melting
quality; simultaneous adjustment caused irregularities and variations in
melting dimensions.

* Higher laser power significantly increased melting dimensions and
forming quality compared with changes in scanning speed

* Adjustments affected LED impact less significantly than laser power;
excessive speed caused wave-like melting inconsistencies

(Continues)
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TABLE 2 (Continued)

Impact on ceramic LPBF process and part quality

* Higher speed (400 mm/s) achieved a relative density of 94.5%; improved
surface quality and reduced defects compared with lower speeds

* Optimized with scanning speed and hatching space to enhance relative

density and minimize porosity
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Comparison of laser beam shapes (Gaussian, flat-top, and ring) with corresponding laser intensity profiles, radial

temperature responses, and resolidified melted regions. The illustration highlights how beam shapes influence energy distribution and melt

pool geometry in the LPBF process.'”!

to achieve more controlled heat input, better melt pool
dynamics, and ultimately, a more reliable LPBF process for
complex materials like ceramics.

21.2 | Powders and layer thickness

In addition to the laser parameters, the properties and
specifications of the powder also play a significant role in
the production of the part through the LPBF process. The
size, shape, and distribution of the powder particles have
a significant influence on the part characteristics and laser
melting efficiency.!’>'% In LPBF, powder flowability and
powder layer density are thought to be the link between
powder and part qualities. Material flowability and par-
ticle distribution on the powders bed are critical for the
process. The flowability of the powder has a strong effect
on the formation of a uniform layer and the absorption of
laser energy. In addition, the powder size shows a key role

in determining the packing density and flowability of the
powder bed. The size distribution of particles describes the
relative number of particles (by mass) concerning their size
ranges. Previous studies have shown that smaller particles
improve the surface smoothness and density of the powder
bed, leading to finer features and higher part resolution.
However, powders that are too fine can lead to issues such
as agglomeration and poor flowability, hindering the uni-
form deposition of powder layers and affecting the stability
of the process.!?>!9-199 powder shape is another important
factor that may influence the uniform layer deposition and
surface roughness of the final part. Spherical particles are
generally preferred due to their superior flowability and
packing characteristics, which promote a more consistent
layer deposition during LPBF. In addition, spherical pow-
ders also reduce the formation of defects, such as voids
and incomplete fusion, as they allow for more even heat
distribution during laser irradiation. In contrast, irregular-
shaped particles, common in some ceramic powders, can
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FIGURE 4 Morphology comparison of Al,O; powder states and their corresponding specimens: (A) Irregularly shaped powder; (B)

spherically shaped powder. Height maps illustrating surface profiles of Al,0; specimens: (C) specimen formed from irregular powder; (D)

specimen formed from spherical powder.'

cause inconsistent layer thickness and lead to pore for-
mation, thus influencing the part quality and mechanical
strength of the final parts.”>"'%!"!" A study conducted by
Zhang et al."'? on optimizing powder morphology in Al,O;
ceramics clearly illustrates the significant influence of par-
ticle shape, as shown in Figure 4. However, there is limited
literature available on the effect of particle size in the LPBF
of ceramics, indicating a need for in-depth investigation to
better understand its impact on process performance and
part quality.

Uniform layers of small thickness are more desirable to
absorb sufficient laser energy from the laser beam. The
studies'*"'® on the effect of layer thickness in LPBF pro-
cess shows that thinner layers generally result in finer
resolution and better surface finish, as the laser can
more precisely melt each layer, leading to fewer defects
and a more uniform microstructure. Studies have shown
that using layer thicknesses in the range of 20-50 um
for ceramics can improve part accuracy and reduce sur-
face roughness.>*3%°! Thinner layers also facilitate better
control over the thermal gradients, reducing the risk of
cracking and residual stresses, which are common issues
in ceramic LPBF due to the material’s sensitivity to temper-
ature fluctuations. However, while thinner layers improve
part resolution and surface quality, they may also extend
the build time, as more layers are required to complete

the part. This relationship between build speed and part
quality is a key factor in choosing the appropriate layer
thickness for ceramic parts. Thicker layers, on the other
hand, increase the build speed but can lead to issues such
as incomplete melting between layers, poor layers bond-
ing, increased porosity, and reduced mechanical strength,
as the laser may not fully penetrate the thicker layers, leav-
ing some particles unmelted. Furthermore, layer thickness
affects the heat transfer between layers. In thicker layers,
heat is distributed less evenly, which can cause variations
in the microstructure and mechanical properties."*!!”
For ceramics, this is particularly problematic, as uneven
heat distribution can worsen the formation of cracks and
defects. Thinner layers help to control these issues by
allowing for more consistent heat application across each
layer, leading to improved part density and fewer internal
defects. However, an in-depth study on the effect of layer
thickness in LPBF of ceramics is necessary to thoroughly
understand its impact and to determine the optimal layer
thickness for each specific ceramic material.

2.1.3 | Common part defects in ceramic LPBF

AM techniques also have some limitations and challenges.
The formation of defects is a serious shortcoming and
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challenge in the ceramic parts produced by the LPBF pro-
cess. In addition to the various LPBF process parameters
such as laser scanning speed, hatch distance, laser power,
ED, layer thickness, powder characteristics, and experi-
mental environment, there are several other factors that
may contribute to the complexity of the LPBF process and
affect the surface quality of the part, such as laser energy
transmission and absorption rapid heating and cooling
of powders, structure evolution, and high-temperature
gradient. These factors are difficult to control or opti-
mize simultaneously and have a significant impact on the
manufacturing process, resulting in several defects and
flaws. These defects include fractures and microcracks,
which arise due to the inherent brittleness of ceramics and
the rapid thermal gradients during processing. Porosity,
which results in a porous structure or individual pores,
can lead to reduced density and compromised structural
integrity. Other common defects, such as dendritic forma-
tions, columnar grains, and surface roughness, can further
weaken mechanical properties. Additionally, defects like
hot and cold ejected spatters, the balling effect, and the
formation of solidified droplets on the surface can lead
to nonuniform part dimensions and poor surface finish.
Figure 5 illustrates the overall appearance of the various
defects mentioned, which were observed in the ceramic
parts produced with the LPBF process. Understanding
and mitigating these defects are critical for improving the
reliability and quality of ceramic components produced
using LPBF. The applications of LPBF technology are
severely limited due to the defects mentioned above.'?>1?’
Therefore, because ceramics are naturally brittle, have a
low thermal shock resistance, and are overly resistant to
treatment and heat conductivity, manufacturing ceramics
using this method is more challenging. This part overviews
the recent research on key part defects found in the
ceramic parts produced by the LPBF process.

Formation of cracks

Crack formation is one of the most common part
defects in ceramic LPBF, severely limiting their uses and
applications.®®'?” Cracks in LPBF of ceramics, such as
Al,03, Zr0O,, and other ceramic composites, are primarily
caused by thermal stresses because of the rapid cooling of
the printing layers, which induces large temperature gra-
dients in the material. Ceramics, being brittle materials,
are highly sensitive to cracking when subjected to tensile
stresses during solidification. Most of the LPBF machines
use a Gaussian laser beam profile, which produces the
highest energy at the center point and melts a localized
region of the powder bed, and as the molten pool solidi-
fies, shrinkage and thermal contraction can cause cracks to
form either within the melt pool or between adjacent lay-
ers. Cracks negatively affect part quality in multiple ways,

such as the micro cracks reducing mechanical integrity by
acting as stress concentrators, which can lead to premature
failure under mechanical or thermal loads.'>°' Cracks also
reduce density of the parts and can compromise the dimen-
sional accuracy of parts, as observed in multiple LPBF
ceramic studies. For example, the presence of longitudi-
nal and transverse cracks due to tensile and shear stresses
was identified in Al,03/ZrO,-based components, leading
to a decline in overall mechanical properties such as tough-
ness and strength.* Additionally, cracks in the interlayer
can propagate during subsequent laser passes, leading to
layer delamination and overall structural weakness of the
printing components.?’ Consequently, crack prevention in
the LPBF process has become a serious concern. There has
been some prior research on the causes and prevention
approaches for crack formation in LPBF ceramic com-
ponents. Zheng et al.”' separated cracks into two types:
transverse cracks and longitudinal cracks. Cracks that are
parallel to the laser scan direction are known as longitudi-
nal cracks (L-cracks), whereas transverse cracks (T-cracks)
are perpendicular to the laser scan direction, as shown in
Figure 6.

Ullah et al.”® investigated several causes behind the
transverse cracks, longitudinal cracks, and cracks bifurca-
tion. The production of transverse cracks can be caused
by a number of factors, including an exceedingly high-
temperature gradient, residual and thermal stresses, large
pores, or inadequate melting of the deposited powder lay-
ers. Transverse cracks were also found to be produced
by external cracks and substrate thermal expansion. High
viscosity, weak bonding and tensile strength, and limited
flowability, characterize the partially melted or unmelted
powder.*1132 As a result, thermal stresses are difficult to
release even with minor deformation, resulting in the cre-
ation of transverse cracks. Research into the effects of laser
parameters on cracks formation and propagation in LPBF
processes has consistently shown that both laser power
and scanning speed play critical roles in crack genera-
tion. The correct combination of these two parameters is
necessary, as it directly influences the laser ED delivered
to the powder layers. High laser power combined with
slow scanning speed can cause excessive heat accumu-
lation, leading to large thermal gradients and increased
cracking. Conversely, low laser power and high scanning
speeds might lead to insufficient melting, causing LOF
defects and stress concentration, which can also result in
cracks.>*71! Therefore, optimizing laser power and scan-
ning speed to maintain an appropriate ED is crucial for
minimizing crack formation and improving the quality of
the printed parts.

In a study, Liu et al.®® thoroughly analyzed the char-
acteristics and formation mechanisms of crack defects
in various ceramic AM processes and proposed a few
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FIGURE 5

significant crack inhibition methods. In the laser-based
ceramic AM process, an appropriate combination of laser
power and scanning speed can considerably reduce the
energy absorbed by the ceramic powder, lowering the
internal stress of the part. In addition, by optimizing the
process parameters and material composition, the flow of
the molten pool is regulated and the developing thermal
stress in the molten pool is released, resulting in grain
refinement and toughening, which ultimately improve the
crack initiation and growth resistances. Similarly, Huang
et al.’>13* utilized a thermal model to study the solid-
ification behavior and crack mechanisms in ceramics.
Their investigation highlighted the influence of varying
laser parameters on cracking characteristics, demonstrat-
ing the critical role of controlled microstructure and
parameter optimization in managing crack morphology
and distribution.'*>13*

Besides laser parameters, Shen et al.”® revealed in a
study that layer thickness and number of layers also have
a significant effect on crack formation and propagation, as
demonstrated in Figure 7. Crack density tends to decrease
as the number of layers increases, with the most significant

Part Defects in Ceramics (A) Fractures and Microcracks (B) Porous Structure (C) Pores (D) Hot Ejected Spatters (E)
Dendrites (F) Columnar Grains (G) Surface Roughness (H) Balling Effect (I) Cold Ejected Spatters®-0-128

crack propagation occurring in the first three layers. At
higher layers, cracks become less prominent and may even
begin to heal or deflect, especially by the fourth layer. How-
ever, cracks formed in the initial layers may expand further
based on the original defects, and cracks in cross-sections
often deflect at an angle relative to the scanning direction.
Ceramics have low fracture toughness and high resistance
to heat conductivity; therefore, microcracks are easily
formed in the printing parts, which causes large fractures.
Therefore, improving the fracture toughness is required to
prevent cracking. Previous studies have explored that the
addition of ZrO, to Al,0; is an effective way for improv-
ing fracture toughness through bridging the cracks and
deflection mechanisms."*>!"®13¢ Similarly, addition of SiC
and MgO to alumina was also found to be effective in
the preventions of surface defects including cracks.?!37138
Chen et al.* investigated the significant impact of parti-
cle size on the quality and performance of bulk ceramic
samples, as well as its role in fracture inhibition. Their
findings revealed that smaller particles contribute to sub-
stantial volume shrinkage and reduced porosity, resulting
in enhanced mechanical performance. However, they also

a0 ‘eovLYvLT

//sdny wiouy

85UB0|7 SUOWILIOD BAIE1D B|qeo1jdde 8y Aq peuienob 81e sajoie O ‘SN JO S3|nJ 10} Afiq1T8UI|UO A8|IM UO (SUORIPUOD-PUe-SWLBIWI0D" A 1M ARRIq 1 [Bu Uo//SdNY) SUORIPUOD pue SWiB | 83 89S *[5202/20/r2] U0 Arigiauliuo A|IM * Yeuio!|qigsTelsiaAiun BinquieH TISRAIIN BUKSIUYS L - UelIN PIqY Aq L80ST 9B /TTTT 0T/I0p/wod A m'A



12 of 34 Ceram
e

Crack bifurcation
and deflection

ULLAH ET AL.

Nt
X

1

FIGURE 6 Experimental results showing the formation of transverse and longitudinal cracks in ceramic LPBF. Micromorphology of
zigzag Al,O; samples under laser powers of (A) 100 W, (B) 120 W, and (C) 210 W and a scanning velocity 90 mm/s. (Reproduced with

permission from Ref. 71, Copyright Elsevier, 2019.)

observed the formation of surface microcracks due to the
large volume shrinkage. These microcracks were notably
mitigated through the sintering process, demonstrating
that part sintering is an effective method for eliminating
such defects.

Maurya et al.'’’ applied a dual laser scanning tech-
nique, using separate laser parameters for preheating and
melting stages to produce ceramics without cracks. The
preheating scan minimized thermal gradients and resid-
ual stresses, while the melting scan ensured adequate

INQUEH IISBAIUN BYDSIUYS L - LeIN PGV Ag 280ST 28 lI/TTTT 0T/I0p/W0d A8 | M Aleiq1pUIIUO SO ILLRBI//SAIY WO PAPeO|uMOa ‘0 ‘20VLivLT

pue swis | 81 835 *[SZ02/20/y2] uo Ariqiauliuo AB|IM * SRYI0!IGIGSIISBAIL

35U9017 SUOLILWLOD BA1Ea1D 3|qedtjdde auyy Aq pausenoh a1e sapie YO esn Jo SajnJ Jo) AelqiT auljuQ AS|1AA UO (SUORIPLOD-PUR-SWLLB)WOY A8 | 1M Aleiq 1 puljuoy/sdiy) suot




ULLAH ET AL.

Applied

Ceramic 13 of 34

Scnnnmg dnrec(mn
it

[/ _‘r‘ M
1 A LQ |

FIGURE 7

TECH

(E)

~
B
°v50.
&
o40F
=
-
- 230}
=
. O
20F
1 2 3 4 5

Number of layers

Crack distribution across various layers on the top surface and in the cross-section of the specimens: (A-A2) first layer,

(B-B2) second layer, (C-C2) third layer, and (D-D2) fourth layer; crack density for each layer is shown in (E). (Reproduced with permission

from Ref. 73, Copyright Elsevier, 2023.)

densification and material bonding. Laser preheating was
found to be an effective way of eliminating the presence
of cracks since it lowers thermal residual stress, which
results in as-built ceramic parts with good mechanical
properties. Liu et al.'*” in another study explored the
influence of high-temperature preheating on crack distri-
bution. They concluded that the transformation of orderly
cracks to small, disordered cracks is achieved through
high-temperature preheating. Wilkes et al.'*" investigated
the LPBF of ceramic powder and reported that crack-free
ceramic parts could be manufactured by reducing the ther-
mal stresses using high-temperature (1600°C) preheating.
However, this approach has certain limitations, including
suboptimal surface quality of the final component and a
restricted maximum height of 3 mm for the fabricated sam-
ple. Similarly, postprocessing such as HIP'*! and annealing
temperatures'*” were found to be very effective in cours-
ing the microstructure and closuring the voids, resulting
in improved fracture toughness.

Asif et al.'*® introduced a new approach of printing
ceramics from metals by selective laser oxidation, which
severally improved the melting condition of the powder
and reduced multiple part defects associated with the poor
melting of the powder particles including cracks and large
fractures. In this method, Cu,0 was changed into CuO
by high energy input of the laser beam in the oxygen
environment. The same approach was applied by another
researcher where TiO, was printed from Ti by selective
laser oxidation, which showed some improvement in the

defects controlling of the pure TiO, ceramic printing, as
shown in Figure 8. However, this approach also has
some limitations, like controlling oxidation before and
after applying the laser beam, risk of fire catching, thermal
expansion of the substrate, and so on. Table 3 summarizes
the major findings in recent research on the root causes
of cracks and their prevention approaches. Although these
mentioned research approaches reduced cracks and other
parts defects to some limits in LPBF of ceramics, there is
still needed to further investigate the problems to eliminate
the microcracks such as advanced postprocessing tech-
niques, research on materials, process optimization, and
necessary modifications in the existing LPBF machines to
meet the ceramic manufacturing requirements. The sorts
of defects discussed in the following sections are some of
the main origins of cracks that, if addressed first, may help
to reduce cracks.

Porosity and spattering formation

The formation of pores during the manufacturing pro-
cess is a significant factor contributing to cracks and
other defects, which critically undermine the mechanical
performance of the manufactured components. Porosity
produced during the LPBF process is directly affecting
the material’s mechanical strength, density, and over-
all performance.’®'*%%” In ceramic components, where
high precision, smooth surface and structural integrity
are required, the presence of pores can lead to prema-
ture failure and reduced functionality by lowering the part
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FIGURE 8

The effect of Ti content on TiO, surface morphology and cracks formation. SEM micromorphology of TiO, and (A) 0% Ti,

(B) 3% Ti, (C) 5% Ti, and (D) 15% Ti at laser power 75 W and scanning speed 200 mm. (Reproduced with permission from Ref. 90, Copyright

Emerald, 2020.)

density and facilitating the initiation of cracks, restraining
the material’s use in demanding industries like aerospace,
electronics, automotive, and biomedical applications.”*!*’
Understanding the underlying causes of porosity and
implementing effective strategies to minimize its existence
is critical to advancing the industrial adoption of ceramic
LPBF. Although some porosity is unavoidable due to the
inherent nature of the LPBF process and the physical
properties of ceramics, extensive research has aimed to
identify the key factors contributing to porosity formation,
with the goal of developing more, productive reliable and
defect-free manufacturing methods.*¢°0:151.67

In general, pores formed in the ceramic LPBF process
are classified as spherical pores or gas pores and LOF
holes, also known as irregular pores. LOF pores are gen-
erated when a few powder particles remain unmelted
or incompletely melted (because of partial melting) as a
consequence of smaller energy input during the laser melt-
ing and sintering process, while gas pores are formed as
a result of entrapped gases either in the powder parti-
cles during the synthesis process or in the layers during
the rapid melting and solidification.”®>!>* The reported
investigations®®”°%! on porosity in ceramic LPBF show
that pores formation is the major cause of cracks where
most of microcracks in ceramics begin at the outer edges
of pores and propagate, dividing into branches that induce
crack bifurcation or link to further pores (Figure 9).

Zhiwen et al.'>* investigated the formation mechanisms
and conducted the quantities analysis of pores in Al,O5-

ZrO, ceramic. Their research categorized the pores in
ceramic structures into four distinct types: intercrystal-
lite pore, interlayer pore, intralayer pore, and shrinkage
pore. Ullah et al.”’ reported that the irregular or uneven
pores are big and gather around the edges of neighboring
scan tracks, whereas the spherical gas pores are smaller
and dispersed throughout the tracks. In their research, the
source of pores formation was linked to the discontinuous
melting tracks and melt pool’s instability at reduced laser
energy by lowering laser power. In addition, the cause of
pore development in TiO, ceramics was connected to the
discontinuous melting tracks and melt pool instability at
lower laser energy levels. The number of pores seemed
to be widely reduced by achieving sufficient melting of
the powder using a high-power laser beam withing their
certain ranges (100-150 W) and reduced scanning speeds
(between 150 and 200 mm/s). In another study, Marat-
tukalam et al.'® studied the effect of varying laser power
on porosity development in Zr-based bulk metallic glass,
which supports prior findings and illustrates that adequate
melting of powder at high energy input plays a critical
role in preventing porosity. In a similar investigation by
Lei et al.'®® shows that optimizing laser parameters, such
as scanning speed and power, in ceramic AM can signifi-
cantly reduce porosity and improve surface quality. Faster
laser scanning speeds limit the saturation of molten mate-
rial into surrounding porous regions, enhancing surface
uniformity. Adjusting the line spacing between laser passes
also helps refill voids, leading to smoother, denser ceramic
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TABLE 3 Key references on recent studies of crack formation and prevention strategies in ceramic LPBF processes.
References Materials Major findings

Rehman et al.*
Ullah et al.'?
Zhang et al.”!

Pfeiffer et al.'**

Al,O; + MgO/SiC

Cu20 + CuO

ALO3 + ZrO,

ZrW,0g and A, W;0,,

MgO and SiC additives improve surface finish and cracks prevention but higher
amount (>30%) of these additives increases crack risk due to higher thermal gradients.

Higher energy input withing a certain limit improves melting behavior and prevent
cracks formation. Optimization of laser parameters plays a critical role.

Optimized parameters reduced parallel and vertical cracks in Al,0;-ZrO, samples,
with cellular structures offering higher crack resistance.

The in situ formation of negative thermal expansion phases like ZrW, Oy significantly

reduced crack formation in Al,O; parts, with optimized phase ratios minimizing
cracks further.

Zhang et al.®® Al,0;-Zr0O, * Slower scanning speeds enhance ZrO, dendrite formation, improving toughness, but
fine eutectic structures at high speeds reduce fracture toughness and increase
cracking risk.

Chen et al.*® BaTiO; * Smaller particle sizes lead to better performance and reduced cracking in BaTiO;
ceramics.

Maurya et al.'”’ CMC * Preheating the powder bed reduces the thermal gradients and cracking in ceramic
matrix composites (CMC) parts.

Kaya et al.'* Al,O, * A novel preheating system for LPBF of alumina reduced cracking by enabling
preheated powder before sintering, achieving over 80% density in printed samples.

Abdelmoula et al.'**  Al,0, * Higher scanning speeds improved alumina print quality, but cracking issues
remained, suggesting the need for an efficient preheating system to address ceramic
LPBF cracks.

Ur Rehman etal.'®  Cu,O * Oxidation of Cu,0 into CuO by sintering and melting with high power laser beam
shows improved melting behavior but crack formation needs careful energy control.

Wu et al.16 SiC-Si * In Si/SiC Gyroid structures, uniform shrinkage leads to single crack propagation,
while nonuniform stress distributions in graded structures cause multiple cracks.

Ozmen et al.' Al,05;-Zr0, * Direct LPBF of alumina-toughened zirconia achieved 96.7% density, but further
optimization is needed to improve the crack pattern.

Wilson-Heid et al.”! ~ ZrC » ZrC exhibited intra and inter melt pool cracking, with crack reduction by using
optimized powder feedstock and a heated build plate.

Shen et al.” Al,05/GdAlO;/Zr0O, * Tensile and shearing stresses during LPBF of Al,0;/GdAlO;/ZrO, ceramics caused

longitudinal and transverse cracks, with crack sensitivity increasing as more layers

were added.

layers. These advancements maintain the crystalline phase
of ceramics like Al,03; while achieving over 90% relative
density.

The input of sufficient energy to melt the powder
properly by the laser beam plays an important role in con-
trolling the porosity, but optimizing the laser parameters
alone may not be sufficient to eliminate the pores com-
pletely, so, it is also important to focus on the material
aspect rather than the focus on laser parameters only. The
use of material additives, small powder particles with reg-
ular shapes, drying the presence of moisture on the surface
of the particles, and layers of a small thickness are all
likely to considerably reduce porosity, according to prior
studies on porosity control in ceramics using the LPBF
technique. Ur Rehman et al.*® investigated the influence
of MgO content on the porosity development in alumina
ceramic, finding that the addition of 10% MgO significantly
reduces the formation of pores in alumina, but increas-

ing the MgO content to 60% produced poor surface and
downgraded the printing parts, possibly due to the high
melting point of MgO contents. The represented findings
are shown in Figure 10. The same study also explored the
effect of silicon carbide on the SLM/SLS process of alumina
and found that the weight fraction of SiC had a substantial
effect on the microstructure of the printed specimen. The
experimental findings revealed that the addition of a lesser
amount of 2% SiC powder inhibited most surface flaws,
including the porosity formed in the samples.

The influence of laser defocus shift in ceramic LPBF
was also studied, which shows a significant impact on
keyholing, porosity and defect distribution in Al,O;-
ZrO, eutectic ceramics. At moderate defocus levels, void
defects are reduced, leading to higher relative density and
improved material properties. However, as the defocus
increases beyond a certain point, porosity begins to rise
again, resulting in a decline in surface quality and overall
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FIGURE 9 Formation of porosity and cracks initiation in Cu,O ceramic with lower energy input (A and B) surface morphology. (B and
C) Cross-section. (Reproduced with permission from Ref. 34, Copyright Emerald, 2022.)

FIGURE 10 SEM images showing the effect of varying alumina (Al,0;) and magnesia (MgO) content on surface morphology and
porosity at 70 W laser power: (A) 20% Al,O3, 80% MgO, (B) 60% Al,03, 40% MgO, (C) 75% Al,03, 25% MgO, (D) 90% Al,05, 10% MgO.

(Reproduced from Ref. 158, Copyright Frontiers, 2023.)

performance. This balance between reducing and increas-
ing porosity highlights the importance of optimizing laser
focus for achieving dense, high-quality ceramic compo-
nents in LPBF processes."'® A recent study”’ on single
tracks revealed that porosity in Al,0; by LPBF is pri-

marily influenced by the interaction between the keyhole
dynamics and the physical properties of ceramic. The for-
mation of porosity seemed to be closely tied to the depth
of the keyhole and the resulting distresses at the Ti/Al,05
interface. As the keyhole penetrates deeper into the Al,O5
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FIGURE 11 (A) Optical microscopy image showing the printed shape of the laser-manufactured specimen produced with 3.1 vol%
coarse alumina (AA18) and 96.9 vol% spray-dried ZrO,/WOj; granules. (B-D) SEM images of cross-sections (top view) revealing the
microstructure of the part. At higher magnification (D), a few cracks were observed, along with spherical porosity, likely caused by the local

evaporation of tungsten oxide. (Reproduced from Ref. 144, Copyright Elsevier, 2024.)

substrate, the increased turbulence and instability in the
melt pool create conditions conducive to gas entrapment
and void formation. Additionally, the high viscosity of
molten Al,0O;, coupled with its low thermal expansion
coefficient, affects the melt flow behavior, making it dif-
ficult for trapped gases to escape, further contributing
to porosity formation. These findings show the need for
careful control of laser parameters and keyhole depth to
control or minimize porosity and improve the quality of
the metal-ceramic interface in LPBF processes.

Pfeiffer et al.'** revealed in their investigation that
porosity in alumina structures produced by LPBF pri-
marily caused by several factors, including incomplete
sintering, material evaporation by keyholing, and spat-
ter during the laser melting process. The spherical pores
observed in the final parts were likely a result of localized
evaporation of tungsten oxide in the composite particles,
as shown in Figure 11. In addition, poor control of the laser
power and keyhole formation contributed to inconsistent
melt pool dynamics, leading to gas entrapment and pore
formation within the alumina matrix. These findings high-
light the importance of optimizing process parameters to
minimize porosity and enhance the structural integrity of
PBF-LB fabricated ceramics.

Besides laser parameters optimization and energy con-
trol, the postprocessing methods also play a significant role

in reducing porosity. Azami et al."” produced an alumina

and Fe-Ni (steel) alloy composite material using the LPBF
method, showing the fine microstructure of the alumina
matrix and the evenly distributed steel (Fe-Ni) particles.
Although, microcracks and pores were found, which were
eliminated by polymer impregnation and heat sintering.
The printed parts that were passed through annealing
at high temperature were found to have fine microstruc-
tures, lower porosity and improved fracture and interface
characteristics.'® HIP is a widely utilized postprocessing
technique aimed at eliminating defects in parts, including
lack-of-fusion, keyhole imperfections, surface roughness,
residual stress, and gas porosity.'! This approach may
reduce porosity and heat treat the part in a single step,
resulting in improved mechanical properties. HIP has been
shown to be an effective method for improving the fatigue
performance of additively produced alloy samples by clos-
ing and minimizing the internal pores,'®> however, there is
still an absence of study and research on ceramic HIP that
has to be developed. Most of these recent findings indicate
that porosity in ceramics during the laser ceramic interac-
tion in the LPBF process is primarily caused by factors such
as incomplete melting, material evaporation, spattering,
and unstable melt pool dynamics. Localized evaporation
of elements, as well as keyhole formation and gas entrap-
ment during the laser process, are significant contributors
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to pore development. To control or minimize porosity
and improve the quality of ceramic components, there is
a clear need for optimizing laser parameters, a suitable
atmosphere for experiments, enhancing material feed-
stock characteristics, and developing advanced monitoring
techniques. Addressing these challenges will be impor-
tant for advancing the industrial application of ceramic
AM, particularly in achieving defect-free, high-strength
components by LPBF.

Spattering effect is another major cause of keyhole
porosity and an undesirable phenomenon influencing the
layer levelness, surface morphology, overall density, and
mechanical properties of the final part.'® In addition, gaps,
fractures, inclusions, and porosities may develop due to
the solidification of spatters within the affected regions.
The spattering effect is mainly produced by the splashed
powder particles and molten droplets in the form of lig-
uid spatters. Therefore, controlling the formation spatters
and balling is an important task for reducing the poros-
ity and associated defects. Ullah et al.'*® observed that the
spattering behavior of ceramics differs slightly from that
of metals and alloys due to variations in melting behav-
ior and material properties. Ceramics exhibit a relatively
low ratio of hot ejections because of their high melting
points and poor thermal conductivity. However, partially
heated ejected particles tend to adhere together and settle
back on the layer’s surface, potentially creating a spatter-
ing effect and becoming embedded in the final part. On
the other side, when the laser energy input is too high,
it results in vaporization and hot ejected particles in the
form of vapor plumes that resolidify and produce spatters
or balls after falling back into the molten pool. A slight vari-
ation in laser power and scanning speed varies the laser
energy, which significantly influences the spattering effect.
A summary of the key studies on the formation causes and
prevention strategies of pores in ceramic LPBF processes is
provided in Table 4. Besides the above mentioned parame-
ters, laser beam shaping emerged as a hot topic in LPBF of
metals'®*!1% where the ring shape and top-hat beam pro-
files have shown significant effect on the controlling of
spattering and porosity, which is expected to be a produc-
tive approach in ceramics manufacturing as well to control
the above-mentioned flaws.

Dendrites and columnar grains

In the LPBF process for ceramics, dendrites, and colum-
nar grains are microstructural features that arise due to
the complex interplay between thermal gradients, solidifi-
cation rates, and material properties.® Dendrites typically
form in the rapidly solidified regions of the molten pool
during LPBF. As the ceramic material melts and then
quickly solidifies, the rapid cooling rates, coupled with
steep thermal gradients, lead to the growth of dendritic

structures. These structures are characterized by their
tree-like morphology, consisting of a primary trunk with
secondary and tertiary branches. Dendritic structures can
significantly influence the mechanical properties of the
printed part.”! They tend to introduce anisotropy, meaning
that the material’s mechanical strength, fracture tough-
ness, and other characteristics vary depending on the
direction of the applied load relative to the dendritic ori-
entation. Zhang et al.”! investigates the morphology and
formation mechanism of cracks in Al,0;-ZrO, eutectic
ceramics fabricated via LPBF. In terms of columnar grains,
ceramics exhibit multiple microstructural types, including
eutectic, cellular, and dendritic structures. The columnar
grains play a role in the crack propagation behavior, espe-
cially within the dendritic and eutectic regions, where
anisotropy makes cracks more likely to propagate. The
study observes that cracks are less likely to propagate in
regions with cellular structures compared with those with
columnar grains, as the cellular structures exhibit better
crack inhibition through deflection and pinning effects.
The growth of dendrites can be influenced by several laser
processing parameters, such as power, scanning speed, and
hatch spacing. Higher laser power creates a deeper molten
pool, which promotes dendritic growth as the material
solidifies. Conversely, lower laser power or higher scan-
ning speeds can reduce the extent of dendrite formation.
However, controlling dendritic structures is critical for
optimizing the mechanical properties of ceramics pro-
duced via LPBF. Excessive dendritic growth may lead to
defects such as microcracks, compromising mechanical
performance. On the other hand, fine dendritic structures
can enhance the hardness and strength of the ceramic
part by impeding dislocation movement, providing some
advantages in certain applications.”"'%

Columnar grains, another microstructural feature in
LPBF ceramics grow perpendicular to the solidification
front, usually aligning with the direction of heat flow.
These elongated grains form due to the directional cool-
ing of the molten pool. In the LPBF process, columnar
grains typically grow parallel to the movement of the
laser, creating continuous grain structures that span mul-
tiple layers. The presence of columnar grains affects the
mechanical anisotropy of the printed part, with different
properties exhibited when the material is stressed paral-
lel or perpendicular to the grain orientation. High cooling
rates and steep thermal gradients favor the formation of
fine columnar grains, while slower cooling rates result in
coarser grains.'>® Recent research aims to manipulate grain
structures by adjusting laser scanning patterns and layer
thickness or employing preheating strategies to control
grain growth. In a study,'®” the authors explore how super-
transus HIP transforms the coarse columnar $-grains in
Ti-22V-4Al into more refined equiaxed grains through
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TABLE 4 Recent studies on the formation causes and prevention strategies of pores in ceramic LPBF processes.

References

Pfeiffer et al.'**

Yao et al.””’

Wu et al.'®®

Liu et al.>*

Materials
ZrW,0g4 and AL, W;0,,

AL,

Si;N,

AL0,-Zr0,

Major findings

Porosity was caused by material evaporation and process instabilities, with vacuum
infiltration improving mechanical properties without reducing porosity.
Parameters optimization and process control is required.

Porosity is caused by excessive keyhole depth and interface instability, requiring
optimized energy density for defect-free tracks.

Increasing AIN content in SLS-fabricated Si;N, ceramics reduces porosity and
enhances densification.

At 20 wt% AIN, total porosity decreases to 33.6%, while flexural strength increases to
23.9 MPa.

Porosity in ceramic laser AM is primarily influenced by remelting rate and overlap
ratio, with key pore types being intracrystalline, interlayer, intralayer, and shrinkage

pores.

Liu et al.'®” Al, O, * Assintering temperature increased, the porosity of Al,0; PHM ceramic foams
gradually decreased from 77.09 to 72.41%, while maintaining a uniform pore size

distribution.
Ullah et al.”°

TiO,.Ti * Increasing laser power and decreasing scanning speed reduced cracks, pores, and

improved microstructure in TiO, L-PBF specimens
* Enhancing columnar crystal formation and bonding reduced porosity

Rehman et al.* Al,0;-MgO-SiC * Lower MgO content and higher laser power improved surface quality and reduced
defects in LPBF-fabricated Al,O;, with SiC being more effective than MgO in reducing

surface defects.

Zhang et al.!®® AL O, * Optimizing laser parameters can significantly reduce porosity in ceramic LPBF by
improving energy absorption and melting efficiency.
 Proper selection of powder properties and temperature control can minimize thermal
stresses and further reduce porosity .

Ullah et al.'® Cu,0 * Spattering and evaporation of materials is the key cause of high temp porosity.
* Control of laser energy density plays significant role in porosity control.

Lei et al.'*® Al, O, * Increasing laser scanning speed reduced the permeation of molten Al,O; into the
surrounding porous paste, improving surface uniformity and reducing porosity in the
laser-melted ceramic tracks.

Xiong et al.1'®

Al,0;-Zr0, * Laser defocus shift in LPBF impacts porosity and defect distribution.

* Initial defocus reduces void defects and increases density.
* Excessive defocus increases porosity and reduces surface quality.

dynamic recrystallization, particularly in regions where
large pores collapse. This columnar-to-equiaxed transition
improves the microstructure by reducing the size and tex-
ture of the remaining columnar grains, resulting in a more
homogeneous grain morphology. The formation of strain-
free equiaxed grains enhances the mechanical properties
of the material, significantly increasing its ductility and
strength. Although this study focuses on metals, the same
principle applies to ceramics, where HIP and similar pro-
cesses can refine grain structure, improve porosity, and
enhance mechanical properties. These approaches allow
for better control over the mechanical properties, reduc-
ing anisotropy and enhancing the overall performance of
LPBF-fabricated ceramic parts.

Surface roughness
Surface roughness in LPBF-fabricated ceramics is a chal-
lenge that affects both the mechanical and functional

properties of the printed components.'®® The layer-by-layer
nature of the LPBF process, combined with the use of fine
ceramic powders, inherently leads to surface irregularities.
These irregularities arise from several factors, including
powder particle size, layer thickness, laser parameters,
and molten pool dynamics during solidification. The size
and morphology of ceramic powder particles significantly
influence surface roughness.”*'’Y Coarser powders often
lead to a rougher surface finish due to larger intersti-
tial spaces between particles, which may not fully melt
during the laser scanning process. Finer powders can
achieve a smoother surface finish because they pack more
densely and melt more uniformly. However, finer pow-
ders are more prone to issues like agglomeration and
poor flowability, which can negatively affect layer depo-
sition. The choice of layer thickness is another critical
factor influencing surface finish; thinner layers gener-
ally result in finer surface roughness as the laser can
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more precisely melt each layer, reducing the formation of
ridges between layers. Laser processing parameters such as
power, scanning speed, and hatch spacing directly affect
surface quality.'®® Higher laser power can promote more
uniform melting and smoother surfaces, but excessive
power may result in spattering or balling, where molten
material forms spherical droplets that solidify on the sur-
face, increasing roughness. Insufficient laser power, on the
other hand, can lead to incomplete melting and a rough
surface characterized by partially fused particles. Careful
optimization of laser scanning speed and hatch spacing is
essential for achieving a smooth surface finish by allow-
ing uniform melting and solidification across the build
area.

To address surface roughness, several postprocessing
techniques are commonly employed.?* Mechanical polish-
ing is effective for achieving a smooth finish but may be
limited by the complexity of the part geometry. Chemical
etching can selectively remove surface asperities without
requiring physical contact, making it suitable for intricate
shapes. Thermal postprocessing, such as sintering, can
also reduce surface roughness by promoting grain growth
and densification, which smooths surface irregularities.
Furthermore, reducing layer thickness, optimizing laser
power and scanning patterns, or using finer powder feed-
stock can directly enhance surface finish during the LPBF
processitself.””'”! By integrating these strategies, manufac-
turers can produce ceramic components with controlled
surface roughness, meeting the stringent requirements of
advanced engineering applications.

2.1.4 | Mechanical and physical properties of
ceramic AM parts

Recently, ceramic AM has gained increasing interest in
various industries due to its combination of imperative
properties, making it suitable for a wide range of appli-
cations such as aerospace, healthcare, electronics, and
energy.”>'"* The mechanical behavior of ceramic AM
parts is a critical aspect that determines their suitability
for various applications.'*” Ceramic materials are known
for their excellent high-temperature resistance, chemical
inertness, and electrical insulating properties.'”> Under-
standing the mechanical and physical properties of these
parts is crucial for optimizing their performance and
ensuring their suitability for specific applications. Some
of the common ceramic materials used in the recent lit-
erature in terms of mechanical properties are shown in
Table 5. Wikes et al. printed Al,0;-ZrO, ceramic struc-
tures by LPBF and printed ceramic parts with almost 100%
densities. Preheating above 1600 degrees was provided
to prevent the possible crack formation during the build

O I 1 I
0 0.02 0.04 0.06 0.08
Deflection (mm)
FIGURE 12 Flexural stress deflection curve for 10

measurements along with a box plot showing median and standard
deviation. (Reproduced with permission from Ref. 72, Copyright
2020, Elsevier.)

process. Parts with fine-grained microstructures exhibit a
flexural strength of above 500 MPa. Similarly, Verga et al.”?
printed alumina toughened zirconia by LPBF process
and investigated part densities and mechanical proper-
ties. It was observed in their experiments that thermal
postprocessing increased the density using dilatometry.
Mechanical properties of the printed parts were checked
by a four-point bending test after a posttreatment of 1300°C
for 10 h in air. The maximum flexural strength was noted to
be 31 +11 MPa as shown in Figure 12. The prepared samples
could not withstand the load and were unsuccessful.
Various approaches have been used in the literature to
tailor the microstructure of printed ceramics by varying
and optimizing the process parameters to achieve max-
imum mechanical properties. Xiong et al.’* studied the
effect of scanning speed on mechanical properties and
microstructure evolution of Al,03;-ZrO, eutectic ceram-
ics. Scanning speed optimization is pivotal in defining
LPBF ceramic printing quality, while microstructure fine-
tuning enhances toughness, reducing defects and boosting
part performance. The authors found in their experiments
that the hardness of printed ceramics first increased with
scanning speed (60—120 mm/s) and then decreased with
further increasing speed up to 200 mm/s. The maximum
value of hardness was found to be 16.7 GPa at 120 mm/s.
The increase in scanning speed up to 120 mm/s resulted
in a fine microstructure, which enhanced the hardness
of the ceramics. However, beyond 120 mm/s, LOF and
other defects contributed to the poor hardness, as shown
in Figures 13 and 14. For low or even no defects and
improved mechanical properties, optimization of the pro-
cess parameters, especially the scanning speed, helps us to
improve the experimental design. Jue et al.'’® studied the
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TABLE 5 Different ceramics and their corresponding enhanced mechanical properties quantitatively.

Feedstock Technology Printing parameters Density Mechanical properties References
Al-Al, 04 LPBF * Scanning speed: 300 mm/s 99.49 * Maximum hardness achieved 48.35 HV0.1 [175]
* Energy density: 317.5 J/mm? * Yield strength 109 MPa
 Ultimate tensile strength 160 MPa
* Increase in yield strength up to 36%
* Increase in microhardness up to 17%
* Increase in cold work sample hardness up
to 39%
Al,0;-ZrO, Homemade ¢ Laser power: 100 W Not studied * Maximum hardness: 16.7 GPa [84]
ceramic * Hatch distance: 100 pm * Maximum fracture toughness:
LPBF * Spot dia: 100 ym 7.76 MPa m'/?
¢ Layer thickness: 50 um
Al-AlL, 04 LPBF e Laser power 130 W ~97% * Maximum hardness achieved: 175 HV0.1  [176]

* Spot size: 70 um
* Layer thickness: 70 pm
* Scanning speed: 450, 550,
650, 750 mm/s
TiB,/Al,05;-ZrO, LPBF * Laser power: 100 W
* Scanning speed: 100 mm/s
e Thickness: 50 um
Al,Si,0,p-Al LPBF ¢ Laser power 140 W -
* Scanning speed 400, 500,
600, 700 mm/s

* Coefficient of friction: 0.11
* Low wear rate achieved:
4.75%x 107> mm3/N m

Not studied * Hardness: ~2000 HV (with 3 wt% TiB, [177]

* Fracture Toughness: 5.97 Mpa m!/?

* Surface roughness: 5.5 um

* Nanohardness achieved 3.79 GPa [178]
* Low coefficient of friction 0.32

* Wear rate 4.52 105 mm>/N m

RE;AL;Op, Ceramic- * Laser power: 80 W 97.83 + 0.55% °* Hardness: 15.09 + 0.68 GPa (at 120 mm/s) [64]
LPBF * Scanning speed: (at 60 mm/s) ¢ Grain size reduction from 44.39 to
40-120 mm/s 12.52 um with increased speed
* Layer thickness: 50 pm
Al,0;/GdAIO; Homemade ¢ Layer thickness 0.5 mm >95% * Maximum hardness achieved 17 GPa [179]
printer * Overlap ratio 50% * Maximum fracture toughness obtained
* Laser power: 100-450 W 4.5 MPa/m?
Ti,AlC Homemade < Layer thickness: 0.5 mm 70-80% Maximum compressive strength obtained [180]
printer * Scanning spacing 50 um 30 MPa
\ 7
{deformed/cellulary 2
i
\ 4
) 5
FIGURE 13 SEM schematic diagram of the microstructures of samples prepared by LPBF under different laser scanning speeds: (A)

140 mm/s and (B) 160 mm/s. (Reproduced with permission from Ref. 84, Copyright Wiley 2023.)

influence of LPBF processing parameters on densification,
microstructure, hardness and wear resistance in detail. A
wide range of scanning speed from 450 to 750 mm/s was
used. According to their results, a fully dense part with the-
oretical density of 97% was achieved when the 550 mm/s
scanning speed was applied. However, with the decrease of
scanning speed, there was a direct effect on the microstruc-

ture and showed a significant coarse morphology. The
fully dense parts had excellent hardness with a maximum
value of 175 HVO0.1 and a low coefficient of friction of 0.11.
Overall, the defects inside the parts and mechanical prop-
erties were considerably improved when a scanning speed
of 550 mm/s was employed.'”® In another study by the
authors, they varied the scanning speed from 400 to 700
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FIGURE 14 Vickers hardness and fracture toughness on the
upper surface of the sample under different LPBF scanning speeds.
(Reproduced with permission from Ref. 84, Copyright Wiley 2023.)

with 100 differences. The scanning speed of 500 mm/s was
found to be an optimal speed, and the printed parts exhib-
ited excellent wear performance with a considerably low
coefficient of friction'”®.

Shen et al.'”’ examined the same scanning strategy
and investigated the macromorphology, microstructure
evolution, rapid solidification behavior, and mechanical
properties of the printed ceramics at different processing
parameters. As previously mentioned, the scanning speed
affects the microstructure and corresponding mechanical
properties. Here, by increasing the scanning speed, the
microstructure to complex regular eutectic from fine irreg-
ular eutectics. It is obvious from their experiments that
when making ceramics using LPBF, gradually heating the
base material before adding ceramic layers reduces stress
between them, leading to better-quality ceramic parts. The
microhardness of the printed ceramics was found to be
17 GPa and fracture toughness of 4.5 MPa/m?. Postprocess-
ing also enhances the microstructure and thus improves
the mechanical properties of the resulting printed parts.
Han et al.'” used Al-Al,O; composites and studied the
effect of cold working on microstructure and mechani-
cal properties in detail.'”> Also, a finite element model
was developed in order to predict the thermal behavior in
detail. According to their results, the optimum scanning
speed was 300 mm/s, and the ED of 317 J/mm? in order
to print fully dense parts of about 99%. Investigations of
microstructure revealed that the as printed specimens had
a fine granular microstructure because of rapid cooling.
The addition of alumina impacted the mechanical prop-
erties very much as the yield strength was increased up to
36% and microhardness up to 17%. The parts undergoing
cold work samples increased the microhardness up to 39%
as Figure 15. This was due to the plastic deformation that

resulted in grain elongation.

Different processing can be altered to manage and opti-
mize the mechanical properties and microstructure in
detail. Li et al."® printed Ti,AIC MAX-phase ceramic
matrix composites and investigated the microstructure
evolution and mechanical properties of the printed ceram-
ics under different Nb contents and sintering tempera-
tures. The Nb content and sintering temperatures can
significantly affect the microstructure of printed samples.
As the sintering temperature was raised from 1200 to
1400°C, the width of a specific structure in the material
called Ti,AlC increased from being very thin (0.36 um) to
much wider (1.58 pm). Similarly, the compressive strength
ranges from 17.5 to 30.3 MPa for the ceramic samples. The
best compressive strength of 30.3 MPa was achieved when
a small amount of another material (1 wt% of Nb) was
added and the sintering temperature was set at 1300°C. So,
by adjusting the temperature and adding a bit of another
substance, they were able to make the ceramic material
very strong.

Considering that LPBF of ceramic is still at early
stage of research, poor mechanical properties of ceram-
ics parts printed by LPBF processes are of concern and
topic of research nowadays.'”>?’ Efforts to enhance the
mechanical properties of ceramic parts involve meticu-
lous parameter optimization, including layer thickness,
laser power, and scanning speed, to control sintering and
minimize defects. Advanced material selection, postpro-
cessing techniques like HIP, and innovative monitoring
methods are also being explored to mitigate challenges
associated with ceramic brittleness and achieve superior
mechanical performance in LPBF-printed ceramics, open-
ing up opportunities for their utilization in demanding
engineering applications. Overall, the mechanical proper-
ties of ceramics pose unique challenges in AM techniques,
especially the laser-based process. Ceramics are gener-
ally harder, and more brittle compared with metals and
polymers, making them susceptible to cracking during
the printing process and during the postprocessing. More-
over, their mechanical behavior can vary significantly
under different conditions and cannot be predicted. To
harness the full potential of ceramics in LPBF, extensive
research and development efforts are required to fine-tune
printing parameters, explore new materials, and gain a
deeper understanding of how to enhance their mechanical
properties.

2.2 | Computational modeling and
simulation in ceramic AM

The temperature field varies quickly during the LPBF
process, making it challenging to obtain the dynamic
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temperature field and variation pattern using the experi-
mental approach. As a result, numerical modelling tech-
niques have become important for depicting the LPBF
process’s dynamic temperature field. For instance, a tem-
perature field and thermal stress distributions are studied
for Al,03/GdAlO3/ZrO, ternary eutectic ceramics using
the LPBF method with the aid of a finite element method
(FEM) to explore an optimized process and creatively
disclose the crack formation mechanism and propaga-
tion behavior via a single track, a single layer, and
multilayers.'®” Figure 16 shows the summary of the FEM
simulation in detail.

Another numerical model for transient thermal analysis
based on the FEM was developed to represent the dynamic
temperature field during the process of LPBF of nano-
hydroxyapatite ceramic powder.'®> A comparison study
between experimental and numerical simulation using the
LPBF process is reported for alumina ceramic.'®* A devel-
oped numerical model has been used to predict and choose

the process parameters, and the alumina powder has been
adapted and modified to be used for the LPBF process
using the spray-drying technique. The other parameters
have been predicted numerically, and various scanning
speeds of 100, 200, 300, and 400 mm/s have been taken
into consideration as shown in Figure 17.

Similarly, a level set FEM is used to model the LPBF
process that is applied to alumina ceramic at the bead
formation scale.'® They examined how surface tension
and liquid viscosity affect melt pool dynamics. Addition-
ally, they use three-dimensional simulations of multiple
passes to examine the impact of the scanning strategy. They
have extended this study by considering the effects of sur-
face tension and the Marangoni force in the analysis.'®
Luo et al.'®” developed a three-dimensional nonlinear
transient finite element model to study the temperature
and stress fields during the LPBF processing of a sin-
gle tin telluride ceramic layer. They have considered a
volume heat source to study the local absorption of the
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TABLE 6 Summary of simulation studies utilizing various numerical methods to analyze the LPBF process for ceramic materials.
Numerical
method Analysis Ceramic material Dimension Heat source References
Finite element  Transient heat transfer analysis ~ Glass 3D Gaussian [189]
method Thermo-fluid Silicon carbide 3D Gaussian [190]
Thermo-mechanical TiB,/Al-Si 2D N/A [191]
Thermo-fluid TiAlgV, 3D Gaussian [192]
Transient thermo-mechanical Nano-hydroxyapatite 3D Gaussian [183]
Transient thermo-mechanical Alumina 3D Volume heat source based [185,186]
on Beer-Lamber law
Nonlinear transient Tin telluride (SnTe) 3D Gaussian [187]
thermo-mechanical
Thermal fluid Alumina 2D Gaussian [188]

laser-transparent material. A comparison study between
simulations and experiments for a single-track has been
undertaken for the LPBF of alumina with Yb: YAG laser.'®®
They have used high scanning speeds to investigate cases
of the balling effect. Recently, glass has been additively
manufactured using LPBF, showing promise for use in
small-scale applications like flow reactors for the chemical
engineering and pharmaceutical manufacturing sectors.
The impact of processing parameters and the thermal
response of the laser-glass powder bed interaction is exam-
ined in a recent study using a transient heat transfer
finite element analysis.'®” Table 6 summarizes simulation
studies on the LPBF process for ceramics, highlight-
ing methods, materials, dimensions, heat sources, and
references.

2.3 | Challenges and outlook in LPBF of
ceramics

Despite the significant advancements in AM of ceram-
ics, this field continues to face numerous challenges that
hinder its widespread industrial adoption. The inherent
properties of ceramics such as their high melting points,
brittleness, and poor thermal shock resistance present
significant difficulties when applied to AM processes.
However, alongside these challenges, ongoing research
and innovation are opening promising avenues to over-
come these obstacles and enhance the overall feasibility
of ceramic AM for industrial applications. The following
sections provide an in-depth exploration of the key chal-
lenges and limitations currently facing ceramic AM, as
well as potential future directions aimed at addressing
these issues. By focusing on process optimization, material
development, and advanced manufacturing techniques,
the future of ceramic AM holds significant potential for
broader industrial adoption and application.

2.3.1 | Key challenges and limitations

1. One of the most critical challenges lies in managing
crack formation and residual stresses during process-
ing. Ceramics are prone to cracking due to the rapid
thermal cycles involved in processes like LPBF and
direct energy deposition (DED). These rapid heating
and cooling cycles induce significant temperature gra-
dients, leading to the development of tensile stresses
that the brittle ceramic material cannot withstand.
Cracks that form during the solidification of the molten
pool severely compromise the mechanical integrity of
the part, often resulting in reduced strength and early
failure under operational conditions. Even slight adjust-
ments in laser power, scan speed, or hatch spacing
may not eliminate these defects, indicating the need for
more sophisticated control of process parameters and
thermal management.

2. Porosity is another significant issue in the AM of ceram-
ics. Spherical gas pores and irregular pores caused by
incomplete fusion are commonly observed in ceram-
ics processed via LPBF and DED. These pores not only
reduce the material’s density but also act as stress con-
centrators that exacerbate crack propagation. While
increasing the energy input from the laser or electron
beam can help in reducing porosity, excessive energy
can lead to material evaporation, spattering, and the
formation of other surface defects like roughness and
balling. The balance between avoiding porosity and
controlling the energy input remains a delicate one that
has yet to be fully optimized.

3. Effective laser-material interaction is critical for effi-
cient energy transfer during LPBF. However, most
ceramics exhibit low laser absorptance, especially in
their natural state. This means that the ceramic pow-
ders do not absorb enough laser energy, leading to
incomplete melting and material defects. Dopants like
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magnesium oxide (MgO) and silicon carbide (SiC) are
being explored to improve the absorptance and alter
the thermal properties of the ceramic powder. Fur-
thermore, laser power and scan speed directly impact
the amount of heat transferred to the ceramic pow-
der, influencing melt pool dynamics. Achieving the
right balance between these parameters is crucial but
challenging, especially for larger parts where different
regions experience varying thermal conditions.

. Material feedstock quality is also a major factor con-
tributing to defects. The use of irregularly shaped
or inconsistently sized powder particles can result in
poor layer deposition, leading to uneven melting, void
formation, and surface defects. This issue is further
complicated by the fact that ceramic powders tend
to have poorer flowability compared with metal pow-
ders, making it difficult to form uniform layers during
the powder spreading stage of LPBF or BJ. Develop-
ing high-quality, spherical ceramic powders with better
flowability and packing characteristics remains an area
requiring further research.

. In addition to material-related challenges, the high
costs and limited availability of equipment suitable for
ceramic AM are significant barriers to widespread use.
For instance, the specialized laser and electron beam
systems required to handle ceramics with high melt-
ing points are expensive and not as widely available
as their metal or polymer counterparts. Furthermore,
many of the existing AM machines are designed pri-
marily for metals or polymers and require significant
modifications to process ceramics efficiently. For exam-
ple, improving the preheating systems or modifying the
beam profiles to distribute energy more uniformly is
often necessary but adds complexity and cost to the
process.

. Postprocessing requirements, such as sintering and
HIP, are also a challenge. Many ceramic components
fabricated via AM require additional postprocessing to
eliminate defects like porosity and improve mechanical
properties. These postprocessing steps add time, cost,
and complexity to the overall production cycle. More-
over, the sintering process itself can introduce chal-
lenges such as shrinkage and warping, which further
complicate the fabrication of high-precision parts.

. Scalability remains a significant hurdle. While AM has
shown promise in producing small, intricate ceramic
components, scaling these processes to produce larger
parts with consistent quality is a challenge. The larger
the part, the more difficult it becomes to manage
thermal gradients and avoid defects like cracks, poros-
ity, and warping. Moreover, the build times for large
components are considerably longer, which limits the

practicality of AM for mass production in its current
form.

2.3.2 | Opportunities and future perspectives

Despite the challenges faced in LPBF of ceramics, ongoing
research and technological advancements offer promising
solutions that can significantly improve the efficiency and
viability of ceramic AM.

1. One of the most important areas of future development
is process optimization through advanced computa-
tional modeling and simulation. As highlighted in
this review, numerical simulations of thermal gradi-
ents, residual stresses, and material behavior can help
identify optimal process parameters and reduce the
trial-and-error approach currently prevalent in ceramic
AM. These simulations will become more accurate and
predictive as computational power increases and more
experimental data are integrated into the models.

2. The development of advanced materials tailored specif-
ically for AM processes is another critical area for future
research. Innovations in powder production, such as
the development of ceramic powders with optimized
particle size distributions and improved flowability,
could dramatically improve the quality of the parts pro-
duced. The introduction of reinforcement phases, such
as ZrO, or SiC, has already shown promise in improving
the toughness of ceramic parts and reducing defects like
cracking. Future research may focus on creating novel
ceramic composites that are better suited to withstand
the high thermal stresses of AM processes.

3. Another potential solution to some of the current chal-
lenges is the integration of in situ monitoring and
feedback control systems. By implementing real-time
monitoring systems that can detect defects like cracks,
porosity, or uneven layer deposition during the printing
process, it may be possible to adjust process parameters
on the fly and prevent defects before they become crit-
ical. For example, high-resolution thermal cameras or
laser-based sensors could be used to monitor the tem-
perature distribution in the part and adjust laser power
or scan speed accordingly to avoid excessive thermal
gradients.

4. Laser beam shaping is also a promising research direc-
tion. Moving beyond traditional Gaussian laser profiles,
alternative beam shapes like top-hat or donut profiles
could distribute the energy more evenly across the pow-
der bed, reducing thermal stresses and improving part
quality. This approach has shown success in metal AM
and holds potential for ceramics as well.
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5. Postprocessing advancements will also be crucial for
realizing the full potential of ceramic AM. Techniques
like HIP, annealing, and advanced sintering methods
can help to close pores, eliminate cracks, and improve
the mechanical properties of printed parts. However,
these processes need to be further optimized and inte-
grated more seamlessly into the overall manufacturing
workflow to reduce costs and processing times.

6. Finally, collaboration between academia, industry, and
government will be key to accelerating the development
and adoption of ceramic AM technologies. Large-scale
initiatives aimed at standardizing processes, develop-
ing new materials, and sharing research findings could
help overcome the current barriers. The potential for
ceramic AM to revolutionize industries like aerospace,
healthcare, and electronics is immense, but realizing
this potential will require concerted efforts from all
stakeholders.
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