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Table 1.2 Brief chronicle of ceramic AM techniques and their pros/cons.

Time first Applied to

Category Technique appeared ceramics Pros Cons
Vat Stereolitho- 1984 [63] 1993 [64] Good Scattering, large
photopoly-  graphy resolution, material volume
merization large printing  is needed
(VPP) size

Digital light 1996~ [65] 2010~ [66] Suitable speed Medium size

processing

(for 3D

printing)

Two 1997~ [67] 2006 (for High Very slow, small

photopoly- polymer- resolution size

merization derived

ceramics) [68]

Volumetric 2017 [69] 2022 (for No staircase Small size

additive polymer- effect

manu- derived

facturing ceramics) [70]
Material Direct ink 1998 [71] 2001~ [72] Suitable for Low resolution,
extrusion writing lattice low surface
(MEX) structures quality,

anisotropy

Fused 1989 [73] 1995 [74] High density Low resolution

deposition

modeling
Material Inkjet 1950~ [75] 1995~ [76] Suitable for Low solid
jetting printing layered content
(MIT) structures
Binder Binder 1989 [77] 1990 [78] Versatility Low resolution,
jetting jetting in material low surface
(BJT) choices quality
Powder Selective 1986 [79] 1990 [80] Versatility Low resolution,
bed fusion laser in material complicated
(PBF) sintering choices, large  post-treatments

printing size

Selective 1996 [81] 1999~ [82, 83] Versatility Low resolution,

laser melting in material stress

(or direct choices, large  concentration

laser printing size

sintering)
Sheet Laminated 1984~ [84] 1994 [85] High density Layer bonding
lamination  object issues,
(SHL) modeling anisotropy
Directed Laser- 1996 [86] 2008 [87] Large printing  Low resolution,
energy engineered size low surface
deposition  net shaping quality
(DED)
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varying properties, as well as the combination of ceramics with other materials like
metals or polymers, is also an area of expanding interest. This will enable the produc-
tion of more complex and functional components for high-performance applications
in aerospace, biomedical, and electronics industries.

Additionally, there is a growing focus on the development of equipment and
processes that can handle multi-material ceramic AM. This includes improving
feeding modes and coupling various process technologies (so-called hybridization)
to create more advanced and versatile ceramic components. As the technology
matures, we can expect to see more innovative applications of ceramic AM, pushing
the boundaries of what is possible in terms of material properties, part complexity,
and functionality.

In conclusion, AM of ceramics is a rapidly evolving field with significant poten-
tial for growth and innovation. As research and development continue to advance,
we can anticipate a future where ceramic components are not only more precise
and complex but also more functional and tailored to specific applications. Table 1.3
provides a detailed comparison between the features and characteristics of different
types of ceramic AM techniques.

1.5 Summary of the Book

The continuous research and development in ceramics processing are driven by
the need for materials and components with superior properties for increasingly
demanding applications. As technology progresses, it is expected that new fabrica-
tion techniques will emerge, further enhancing the capabilities and performance of
both traditional and advanced ceramics. The aim of this book is to comprehensively
address the unique manufacturability challenges of ceramics through advanced
AM technologies, bridging fundamental material science with process engineering.
It provides an authoritative synthesis of AM principles and cutting-edge innova-
tions to enable reliable fabrication of high-performance ceramic components across
various applications and materials.

In this book, Chapter 1 introduces the foundations of ceramic AM, which
fostered ceramics’ critical role across industries, highlighting their unique chemical
stability, thermal resistance, and biocompatibility. It contrasts traditional manufac-
turing limitations with AM’s capacity for geometric freedom, setting the stage for
ISO/ASTM 52900 classification of AM processes. Chapter 2 covers stereolithogra-
phy (SLA) and DLP for ceramics using UV-cured ceramic suspensions. It compares
top-down and bottom-up configurations, emphasizing high resolution and surface
quality. Challenges include resin formulation, shrinkage during sintering, and
support structures, while VAM revolutionizes production by curing entire 3D
volumes in seconds, eliminating layer interfaces and surface features. Chapter 3
discusses BJT and MJT technologies. BJT uses powder beds selectively bound by
liquid agents, while MJT deposits ceramic suspensions droplet-by-droplet (e.g. via
piezoelectric or thermal printheads). Applications include gypsum models, sand
molds, and technical ceramics, with challenges in nozzle clogging, droplet fusion,
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1.5 Summary of the Book

and sintering shrinkage. Chapter 4 details DIW and Fused Filament Fabrication
(FFF) for ceramics. DIW relies on yield-stress ceramic inks for automated depo-
sition, while FFF uses thermoplastic-ceramic filaments. Both methods enable
complex geometries and multi-material structures but face challenges in shape
fidelity, thermal gradients, and post-processing (debinding/sintering). Rheology
and printability criteria are critically discussed. Chapter 5 examines Selective Laser
Sintering/Melting (SLS/SLM) and Electron Beam Melting (EBM) for ceramics.
It distinguishes direct (full melting) and indirect (binder-assisted) approaches,
addressing material constraints like electrical conductivity for EBM. Key challenges
include dusting (powder bed instability), residual stresses, and achieving full
density. Process optimization via parameter mapping is emphasized. Chapter 6
explores laser-based DED for fabricating ceramic structures and composites.
It highlights DED’s ability to create monolithic ceramics (e.g. alumina and zirconia)
and metal-ceramic functionally graded materials, enabling site-specific properties.
Key challenges include thermal stress-induced cracking, limited material selection
(excluding ultra-high-temperature melting ceramics), and scalability constraints
due to inert atmosphere requirements. Chapter 7 demonstrates hybrid AM (con-
current/sequential processes) and multi-material fabrication for ceramics, enabling
freeform geometries, embedded features, and functional integration. It highlights
strategies for co-sintering compatibility and stress management, with applications
in heating elements, electronics, and SOFCs for next-generation multifunctional
devices. Chapter 8 comprehensively addresses computational design strategies,
feedstock characterization protocols, and post-processing evaluation methods
essential for ceramic AM. It details topology optimization for complex geometries,
classifies feedstocks into powder-, liquid-, and bulk-solid-based systems with
corresponding analytical techniques, and examines critical post-consolidation
assessments, including anisotropic shrinkage control, thermomechanical stability,
and defect minimization, to ensure structural integrity, especially in aerospace and
biomedical applications. Chapter 9 details industrial and consumer ceramic VPP
differences, emphasizing industrial systems’ material control, calibrated optics, and
quality management for reproducibility. It explores multi-material LCM printing
for enhanced mechanical properties and damage tolerance in complex ceramic
components. Chapter 10 explores diverse applications of ceramic AM, emphasizing
its transformative impact across aerospace (lightweight satellite mirrors with inte-
grated cooling channels), semiconductors (complex wafer-handling components),
defense (high-performance radomes), energy (corrugated solid oxide cells for
efficient hydrogen production), biomedical (customized implants and surgical
tools), and environmental sectors (3D-printed coral substrates for reef restoration),
leveraging technologies like stereolithography (SLA) to achieve unprecedented
geometric complexity and functional integration. Chapter 11 explores emerging
frontiers in ceramic AM, focusing on green/smart design (recycled feedstocks,
Al-driven process optimization), 4D printing (shape-morphing ceramics via
differential sintering or hydrogel-ceramic bilayers), and 5D printing (multi-axis
deposition for curved geometries), addressing sustainability challenges while
enabling adaptive structures for advanced applications.
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1.6 Conclusions

AM has fundamentally transformed ceramic fabrication, shattering geometric
constraints and enabling unprecedented functional integration. From VPP’s
submicron precision to MJT’s material gradients, each technology unlocks new
possibilities in aerospace, biomedicine, energy, and other strategic sectors. While
challenges like thermal cracking in PBF and debinding complexities in FFF persist,
innovations in hybrid manufacturing and AI-driven process control demonstrate the
field’s adaptive resilience. The future lies in the convergence of sustainable material
cycles, smart monitoring systems, and multifunctional designs - where ceramics
evolve from passive components to active, adaptive elements, for instance, in
quantum devices and personalized implants. As these technologies mature, they
will not merely enable smart manufacturing of ceramics but will redefine their key
role in an increasingly technologically sophisticated world.

AM has irrevocably transformed the fabrication landscape for advanced ceramics,
overcoming intrinsic limitations of conventional methods such as geometric con-
straints, tooling costs, and machining brittleness. This book systematically discusses
the major AM technologies: VPP, BJT, MJT, MEX, and PBF, demonstrating their
unique capabilities in producing complex, high-performance ceramic components
with tailored properties.

The future of ceramic AM research and development is likely to focus on improv-
ing the precision, strength, and functionality of ceramic parts, as well as expanding
the range of materials that can be used in AM processes. The integration of different
ceramic materials with varying properties, as well as the combination of ceramics
with other materials like metals or polymers, is a growing area of interest, promis-
ing to open up extensive research opportunities in the realm of structural/functional
ceramics.

o Key advancements highlighted include:

- High-resolution fabrication: VPP techniques (TPP, VAM) achieve submi-
cron features for micro-optics and biomedical devices, while MJT enables
multi-material integration with droplet-level precision.

- Scalability: BJT excels in large-format applications (e.g. architectural ceram-
ics), and PBF supports high-temperature materials like ultra-high-temperature
ceramics (UHTCs) for extreme environments.

- Material innovation: Novel suspensions (DIW) and filaments (FFF) enhance
sinterability, and hybrid processes (e.g. UV-assisted extrusion) combine speed
with resolution and geometrical complexity.

o Persistent challenges remain

- Process-induced defects: Thermal gradients in PBF cause cracking, requiring
preheating or adaptive scanning strategies. Debinding/sintering complexities in
BIT and FFF necessitate precise thermal profiles to avoid delamination. Fur-
thermore, timely detection of these defects is of great importance to promote
the upscaling of AM technologies into the industrial sector.

- Material limitations: Non-oxide ceramics (SiC, Si;N,) demand inert atmo-
spheres, while low-thermal-conductivity oxides (ZrO,) struggle with thermal
shock.
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- Standardization gaps: Qualification protocols for critical applications

(e.g. aerospace and implants) require further development.

o Future directions emphasize
- Smart manufacturing: Al-driven real-time monitoring and closed-loop

control to enhance reproducibility.

- Multifunctional systems: Co-printing ceramics with metals or polymers for

integrated sensors, energy harvesters, and bio-implants.

- Sustainability: Recycling ceramic powders and bio-derived binders to reduce

environmental impact.

In summary, ceramic AM bridges material science, process engineering, and
digital design. It unlocks unprecedented opportunities for customized, high-value
components across several key sectors, including aerospace, energy, and health-
care. As technology matures, interdisciplinary collaboration will be pivotal to
harnessing its full potential, ultimately reshaping the future of advanced ceramics
manufacturing.
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