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Additive manufacturing (AM), also known as 3D printing, has emerged as a transformative technology across various
manufacturing sectors. It enables the fabrication of complex geometries, high-volume customization, significant material
savings through layer-by-layer manufacturing methods, and the potential for the use of Eco-friendly materials. This
technology offers significant freedom in the design and fabrication of complex geometric parts, with the potential to reduce
costs in both prototyping and final product manufacturing, as well as reduce waste through the recycling of materials lost
during manufacturing processes. Although its adoption in the ceramics industry has lagged that of polymers and metals, its
unique capabilities in fabricating complex geometries of high-performance ceramics are receiving significant attention.
This review provides a comprehensive overview of the current landscape of AM technologies specifically designed for
ceramic materials. It explores the underlying principles of various ceramic 3D printing processes, highlighting their
advantages and disadvantages in producing high-density, defect-free components with customized properties. Furthermore,
this paper examines the transformative impact of AM on ceramics in various structural and functional industrial
applications, including aerospace, biomedicine, electronics, energy, and more. By bringing together the latest developments
and addressing the inherent challenges associated with ceramic processing via additive manufacturing, this review
highlights the tremendous potential of this technology to revolutionize conventional ceramic manufacturing and enable the
production of advanced ceramic components with enhanced performance and functionality.
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1. INTRODUCTION prototyping. The term additive manufacturing has been
Additive manufacturing (AM) is a technology accepted by the ASTM F42 Technical Committee and
for fabricating three-dimensional (3D) objects, using the ISO Technical Committee TC261 and this has
metals, ceramics, or plastics, which may be used in contributed to the international adoption of this term [1].
various applications. AM is defined by International 3Dprinting or additive manufacturing constructs parts
Organization for Standardization (ISO) and American and products additively, layer by layer, allowing the
Society for Testing and Materials (ASTM)as the realization of complex and sophisticated designs. 3D
“process of joining materials to make parts from printing offers high efficiency, customizability, and a
3Dmodeldata, usually layer upon layer, as opposed to low cost when compared to traditional manufacturing
subtractive and formative manufacturing and printed parts dimensions can be tiny as few
methodologies”. The processes encompassed in AM are micrometers, as in the case of microelectromechanical
the 3D analog of the very common 2D digital printers; systems (MEMS), or as large as a few meters, as in the
therefore, AM is also commonly referred as 3D printing. case of printing complete houses [2].
However, in the last 30 years, AM has also been referred
to as direct digital manufacturing, additive layer Ceramics are solid materials that consist of
manufacturing, additive fabrication, additive techniques, inorganic, non-metallic substances. They can exist in two
additive processes, free-formed fabrication, solid free- forms: crystalline, which has a structured arrangement,
formed fabrication, rapid manufacturing, and rapid and non-crystalline (amorphous), which lacks a specific

pattern [2]. Owing to their various excellent properties,
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ceramics are used in a wide range of applications,
including the chemical industry, machinery, electronics,
aerospace and biomedical engineering. The properties
that make them such versatile materials include high
mechanical strength and hardness, good thermal and
chemical stability and viable thermal, optical, electrical
and magnetic performance [3]. Nevertheless, the shaping
process of ceramic materials cannot be performed using
conventional forging and machining formation. To this
aim, they are usually shaped through multi-step methods
[16], including powder mixture (binder and stabilizers)
and shape forming such as extrusion, slip casting,
pressing, tape casting, gel casting and inkjet molding.
Thereafter, the green body that has been shaped should
undergo a sintering process to perform the final
consolidation. It is well reported that the traditional
methods are rather expensive since they include molding,
heat treatment and, sometimes, post-sintering machines
[17]. Additive manufacturing (AM), originally
developed for use with plastics, polymers, and metals,
has recently expanded to include ceramic materials,
unlocking  new  opportunities  for  advanced
manufacturing and broadening the scope of industrial
applications. This technological evolution allows for the
fabrication of intricate structures and the utilization of
diverse raw materials, overcoming many of the
limitations inherent in traditional ceramic processing
techniques [4]. The process of 3D printing ceramics
follows the core principles of additive manufacturing. It
begins with the design of a digital model using computer-
aided design (CAD) software, followed by slicing and
toolpath generation using computer-aided manufacturing
(CAM) software, which also defines essential printing
parameters and generates the G-code. This code is then
executed by a 3D printer, whose configuration may vary
depending on the type of ceramic feedstock employed.
After printing, additional post-processing steps,
including sintering, glazing, or machining, are often
necessary to achieve the final properties and usability of

the ceramic component. Note that slurry-based
technologies use ceramic/polymer mixtures with
viscosities ranging from low-viscosity (~mPa-s) inks
with a low ceramic loading (up to 30vol %) to high-
viscosity (~Pa-s) pastes with a much greater ceramic
loading (up to 60vol %) [3]. The integration of 3D
printing into ceramic manufacturing has significantly
advanced the field by enabling greater design freedom,
improving control over process variables, and
broadening the selection of usable materials. These
capabilities have addressed longstanding challenges such
as the fabrication of complex geometries, material
limitations, and inefficiencies in production. As
technology continues to evolve, 3D printing is driving
the ceramics industry toward enhanced performance,
reduced material waste, improved productivity, and
faster turnaround times [3-5]. This review examines the
transformative role of additive manufacturing in various
sectors, with a particular emphasis on ceramic materials
and the diverse technologies enabling their production.

2. Additive Manufacturing Technologies

Additive Manufacturing (AM) was first
commercialized by Charles Hull in the 1980s using
stereolithography, and since 2009 it has been widely
applied in engineering and industry.

Design are created using CAD models or data

from 3D scanners and medical imaging.

2. The CAD model is optimized (e.g., via FEA)
and converted to STL or newer formats such as
AMF or 3MF.

3. The model is sliced into layers, and G-code is
generated to control the AM machine.

4. The machine fabricates the object layer by
layer, followed by support and material
removal.

5. Post-processing (e.g., polishing, coating, heat
treatment) produces the final part [4].

Table 1: Displays the timeline of the landmark achievements in AM from the 1980 s to 2025

Year Milestone / Event Technology / Material | Organization / Person

1983 Invention of stereolithography (SLA) SLA, Photopolymers Chuck Hull, 3D Systems

1986 SLA patent granted, 3D Systems founded SLA Chuck Hull

1987 First commercial SLA printer (SLA-1) released | SLA 3D Systems

1988 FDM invented and patented FDM, Thermoplastics S. Scott Crump

1989 First SLS printers sold SLS, Nylon Carl Deckard, DTM

1992 Stratasys releases first FDM machine FDM Stratasys

1993 MIT patents 3DP (binder jetting) Binder Jetting MIT

1994 ZCorp founded to commercialize 3DP Color Binder Jetting Z Corporation

1995 EOS releases metal PBF (DMLS) systems DMLS EOS GmbH

1998 First commercial metal binder jet printer Metal Binder Jetting ExOne (Extrude Hone)

2003 RepRap project initiated FFF / Open-source AM | Adrian Bowyer

2003 First bioprinter created Bioprinting Thomas Boland

2006 First RepRap self-replicates FFF RepRap community

2009 First 3D-printed blood vessels Bioprinting Wake Forest Institute

2010 SLA/SLS patent expiration sparks desktop SLA, SLS Industry-wide
revolution

2012 Organovo prints liver-like tissues Bioprinting Organovo
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Year Milestone / Event Technology / Material | Organization / Person
2014 First 3D-printed object manufactured in space Polymer Extrusion NASA / Made in Space
2015 FDA approves first 3D-printed pill (Spritam) Binder Jetting (Pharma) | Aprecia Pharmaceuticals
2016 ISO/ASTM 52900 AM terminology standard Industry Standard ISO/ASTM
released
2017 FAA certifies titanium structural 3D-printed Metal AM (Titanium) Boeing, Norsk Titanium
part in Boeing 787
2018 First 3D-printed human corneas Bioprinting Newcastle University
2019 HP launches Multi Jet Fusion for mass Polymer PBF HP Inc.
production
2020 FAA certifies flight-critical engine part via AM | Metal AM Honeywell
2021 Desktop Metal acquires ExOne Metal Binder Jetting Desktop Metal
2022 Roboze launches circular economy AM High-Temp Polymers / | Roboze
recycling program Recycling
2023 Al-driven generative design + in-situ quality Al + AM Integration Industry-wide
control gain industry use
2024-2025 | AM exceeds $20B market size; AM integrates All AM technologies Global industry
with Industry 4.0 and Al tools; sustainability
becomes a priority

Table 2 provides a detailed overview of 3D printing technologies, their standard abbreviations, and a brief
description of each [7-9].

Table 2: 3D printing technologies

Abbreviation | Full Name AM Process Category | Description / Notes
SLA Stereolithography Vat Uses a UV laser to cure liquid resin layer by
Photopolymerization layer. High resolution, smooth surfaces.
DLP Digital Light Processing Vat Like SLA but uses a projector to cure entire
Photopolymerization layers at once. Faster than SLA.
FDM / FFF Fused Deposition Modeling | Material Extrusion Melt and extrude thermoplastic filament.
Widely used, especially in desktop printers.
Fused Filament Fabrication
Extrusion is based on a pneumatic system
LDM Liquid Deposition Material Extrusion where the pump sends the ceramic paste
Modeling materials to the depositing head or arm.
SLS Selective Laser Sintering Powder Bed Fusion Use a laser to sinter powdered
thermoplastics. No need for support
structures.
DMLS Direct Metal Laser Powder Bed Fusion Like SLS but for metal powders. Produces
Sintering functional metal parts.
SLM Selective Laser Melting Powder Bed Fusion Fully melts metal powders for dense parts.
Used in aerospace and medical applications.
EBM Electron Beam Melting Powder Bed Fusion Uses an electron beam (instead of a laser) to
melt metal powders in a vacuum chamber.
BJ /3DP Binder Jetting / 3D Printing | Binder Jetting Binds powder materials (metal, sand,
ceramics) with a liquid binder. Fast,
scalable.
IBP Inkjet Bioprinting Bio-inks, hydrogels Inkjet-like printing of biological fluids
MJF Multi Jet Fusion Powder Fusion (HP Uses inkjet arrays to selectively fuse
proprietary) polymer powder with heat. High strength
and speed.
LENS Laser Engineered Net Directed Energy Blows metal powder into a laser melt pool.
Shaping Deposition (DED) Good for repair and hybrid manufacturing.
DED Directed Energy Deposition | Directed Energy Melt material as it's deposited. Used for
Deposition metals and large parts.
DIW Direct Inl'< Writing / Material Extrusion Extrudes paste/slurry through nozzle
Robocasting
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Abbreviation | Full Name AM Process Category | Description / Notes
TPP /DLW | two-photon polymerization | Vat uses a focused, ultrafast laser beam to
Direct Laser Writing Photopolymerization locally solidify a photo-reactive resin,
creating complex micro- and nano-scale
structures.
LOM Laminated Object Sheet Lamination Cuts and bonds layers of material sheets
Manufacturing (paper, plastic, metal foil).
PJP/MIM PolyJet Printing / MultiJet | Material Jetting Jets photopolymer droplets cured by UV
Modeling light. High resolution, full-color printing.
CDLP/ Continuous Digital Light Vat Continuous SLA method for faster printing
CLIP Processing / Continuous Photopolymerization (developed by Carbon).
Liquid Interface Production
T3DP Tomographic 3D Printing Volumetric Additive Uses light projections to form entire objects
Manufacturing simultaneously inside resin. Experimental.

AM offers an alternative approach to
conventional formative processes, making it possible to
manufacture geometrically complex near-net-shape 3D
ceramic parts without using expensive tooling. The first
obvious advantage of AM for the ceramic industry lies in
its ability to enable the economic manufacturing of
prototypes, low-volume productions and even individual
customized parts, without the use of high-cost dedicated

mold tooling. Indeed, because molds used in injection
molding are extremely expensive, large production
volumes are usually required to amortize the high tooling
costs, although this does not necessarily apply to all
conventional formative technologies such as, for
instance, plasters of Paris molds used in slip casting are
relatively inexpensive [12].

INJECTION
MOLDING

»

INJECTION MOULDING
. MORE ECONOMICAL

COST PER PIECE

NUMBER OF PARTS

COST PER PIECE

Q

INJECTION MOULDING |
MORE ECONOMICAL '

INJECTION |
MOLDING

COMPLEXITY

Fig. 2: AM vs. Injection Molding Economics

Fig. 2. Graphs show that AM is more
economical than injection molding when working with
small production volumes due to the lack of economies
of scale and/or when manufacturing highly complex
parts since hardware and tooling modifications are not
required when increasing part complexity [12].

There are Several 3D printing techniques exist
on both research and industrial levels. The different and
diverse 3D printing technologies can be classified
according to the nature of the raw printing materials:
Liquid / Slurry, powder, and Bulk Solid [5], Table 3-1
shows the classification of different 3D printing
technologies based on the form of raw material [11, 12].

Table 3-1: Classifies different 3D printing technologies based on the form of raw material

Material Form 3D Printing Technique (Abbreviation) Common Materials
SLA Photopolymer resins
DLP Photopolymer resins
Liquid / Slurry Based | CLIP Photopolymer resins
MJ Photopolymers, waxes
DIW Ceramic slurries, biomaterials
IBP Bio-inks, hydrogels
SLS Nylon, polyamide
Powder-Based SLM Metal powders (steel, titanium)
EBM Titanium, cobalt-chrome
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Material Form 3D Printing Technique (Abbreviation) Common Materials

SLA Photopolymer resins

DLP Photopolymer resins

BJ Sand, ceramics, metal powders

MJF Nylon, TPU

FDM / FFF PLA, ABS, Carbon fiber, TPU, PETG
Bulk Solid-Based PGF (Pellet Granular Fabrication) Thermoplastic pellets

LOM Paper, plastic, metal sheets

WAAM (Wire Arc Additive Manufacturing) | Metal wires (steel, titanium)

3. Additive Manufacturing of Ceramics

Ceramics in general are the most challenging
materials to fabricate due to their brittle nature [10],
Ceramic AM has been extensively developed during the
last years to overcome conventional manufacturing
disadvantages, specifically concerning size shrinkage,
generation of parts with complex structures, and high
tool wear. Ceramic AM is mainly utilized in the
aerospace, automotive, and healthcare sectors.
Furthermore, 3D printing has been considered an
essential method to print advanced ceramics for
biomaterials and bone tissue engineering, e.g., scaffolds
for bones and teeth. Compared to traditional methods
like casting and sintering, 3D- printed ceramic scaffolds
utilized in tissue engineering are more convenient and
faster [4]. On the other hand, ceramic materials possess
a low thermal expansion coefficient so that by varying
temperatures, they expand negligibly and present a good
shape consistency [15, 16].

3.1. Classification of Ceramics

Advanced ceramics are classified by their
chemical composition into oxides (e.g., alumina Al, 03,
zirconia Zr0,) and non-oxides (e.g., carbides, nitrides,
borides) [21].

They are also categorized by application into
structural, electro, optical, chemical, bio, and
superconducting ceramics [22, 23]. Among oxide
ceramics, Al,0; is valued for low cost and easy
sintering, while Zr0, offers high toughness and
industrial versatility [24].

Ceramics are thus classified in two main ways: by
composition and by application.
(A) Based on Composition: three groups exist—oxides,
non-oxides, and composites [5].

. Oxide ceramics (Al,05,Zr0,, TiO,) feature
high strength, chemical stability, and oxidation
resistance.

il. Non-oxide ceramics ( SizN, , SiC) endure
extreme temperatures (up to 2400 °C) and resist
corrosion. Siz N, is tough, lightweight, and used
in bearings, cutting tools, and engines. SiC is
acid-resistant with excellent heat conduction,
used in turbines and heat exchangers.

iil. Composite ceramics, such as fiber-reinforced
types, enhance toughness and are used in heat
shields and gas ducts [18].

Ceramics for 3D Printing

Oxides Non-Oxides Composites
Alumina AlO; Silicon Carbide (SiC) .
Alumina Toughened
Zirconia (Zr0,) Silicon Boride (SiBs) L
Zirconia (ALOs/ ZrQ,)
Silica (Si0,) Silicon Nitride (SisN,)

Figure 3: Ceramic materials classification based on composition [18].

B. Classification Based on Applications

The following table 4 outlines various types of ceramics categorized by their applications.

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates 5



Ayman Omer Adam Mohammed et a/; Saudi J Eng Technol, Jan, 2026; 11(1): 1-22

Table 4: Application-Based Classification of Ceramics

Type Key Properties

Common Uses

Structural Ceramics

Molded from clay; good insulation

Bricks, tiles, dinnerware, statues

Refractory Ceramics | Heat-resistant, oxide-based

Furnaces, kilns

Electrical Ceramics

Conductivity increases with temperature

Capacitors, insulators, fast ion conductors

Magnetic Ceramics Ferrimagnetic, made of ferrites

Transformers, data storage, telecommunications

Very hard and tough; used for
cutting/grinding

Abrasive Ceramics

Diamond, SiC, WC — tools, polishing,
machining

4. The Processing Stages in 3D-Printed Ceramic
Fabrication

The 3D printing process follows a systematic
sequence of steps, beginning with the creation of a digital
model using computer-aided design (CAD) software.
Once the model is finalized, it is exported in STL
(stereolithography) format, which is compatible with
computer-aided manufacturing (CAM) software. This
file is then processed using slicing software to generate
the G-code, which contains the specific instructions
required for the 3D printer to fabricate the object layer
by layer. Before printing begins, the machine setup
involves calibrating the printer, including resetting the
axes to the machine’s origin (home position) and loading
the appropriate raw material. After these preparations,
the printing process is carried out, during which the
physical object is built based on the digital design.
Following fabrication, the printed part undergoes post-
processing steps to enhance its final properties and
remove any support structures or imperfections.

The Ceramics 3D printing involves a series of
sequential processes that convert raw materials into a
final ceramic component. The process begins with the
preparation of the starting material, which can involve
mixing ceramic powders with binders, solvents, or other
additives to form a printable paste, or using pre-prepared
resins or slurries, depending on the printing method.
Once the feedstock is ready, it is loaded into the printer,
and the printing parameters—such as viscosity, extrusion
pressure, layer height, or curing intensity—are adjusted
to suit the material properties and the selected 3D
printing technique. Following the printing phase, the
produced green body (unfired ceramic) typically
undergoes a post-processing stage, which may include
drying, cleaning, or binder removal, depending on the
material system and printing method. The duration and
specific steps in this phase vary based on the technology
used. Afterward, a finishing stage may be applied to
remove any residual material, correct surface defects, or
improve dimensional accuracy. Figure 4 below
illustrates the stages of 3D ceramic printing.

Design M BETIne Sintering Post
&CAD model to Shcmg & Printing Drying / Firing processing
model STL file G code

Figure 4: Stages of 3D printing of ceramics

5. Ceramic 3D printing methods / techniques

This section provides a detailed discussion of
various 3D printing technologies for ceramics,
categorized according to the form of the raw material, as
summarized in Table 3-1.

5.1 Liquid / Slurry-Based Technologies
Liquid/Slurry-based ceramic 3D printing
technologies utilize liquid or semi-liquid feedstocks
composed of fine ceramic particles dispersed within a
carrier medium, typically in the form of inks or pastes,
depending on the system’s solid loading and viscosity.
These slurries can be processed through various additive
manufacturing methods, including photopolymerization,
inkjet printing, and extrusion. Recent advances in
materials science have also enabled the use of photo-
polymerizable pre-ceramic polymers (PCPs), which can
be converted into polymer-derived ceramics (PDCs)
through subsequent pyrolysis. This section will
specifically explore photopolymerization-based

techniques such as stereolithography (SLA) and its
derivatives—digital light processing (DLP) and two-
photon polymerization (TPP)as well as inkjet-based
inkjet printing (IJP) and extrusion-based direct ink
writing (DIW).

5.1.1 Stereolithography (SLA)

The SLA technique is believed to be the most
prominent and popular 3D printing technology that has
been extensively used worldwide. It was first proposed
and developed by Hull in 1986[3]. Stereolithography
(SLA) is a vat-photopolymerization-based additive
manufacturing technique that employs a photosensitive
liquid resin, which solidifies upon exposure to a specific
wavelength of light, typically ultraviolet (UV). The
process begins with the preparation of a 3D model using
CAD software, which is then sliced into thin horizontal
layers and converted into a machine-readable format
(STL). During printing, a UV light source commonly a
laser in SLA or a digital projector in digital light
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processing (DLP) selectively cures the resin layer-by-
layer based on the sliced model data. This initiates a
photopolymerization reaction that solidifies the resin at
defined locations. After each layer is cured, the building
platform moves up to allow a fresh layer of resin to be
exposed and cured, repeating the process until the
complete object is formed. SLA is renowned for its high
precision and resolution, attributed to the fine laser spot
size and accurate control of the light path, making it

particularly suitable for fabricating intricate geometries,
microstructures, and porous architectures in bio ceramic
applications. Figure 4 illustrates the working principle of
SLA.

The size and number of produced objects affect
their speed. The SLA approach needs less resin, the
excess resin can be drained and reused after creating the
sample [25].

Build Platform
Printed Part
Supports

Resin Tank

Mirror
Laser

Figure 5: Stereolithography (SLA) process

The SLA of ceramics proceeds with the
addition of fine ceramic particles, down to
micro/nanometer size, into the photocurable medium,
which can be aqueous or non-aqueous [3]. The liquid
becomes a ceramic suspension after it has been well
dispersed in the medium with the aid of essential
surfactants and additives. Similarly, polymerization only
takes effect in the organic monomer phase under light
irradiation as ceramic particles are inert to light emission.
The ceramic particles are then uniformly surrounded by
the cross-linked organic network being polymerized to
form the pre-designed shape of each layer until the entire
3D ceramic part is built up. The green parts must be
processed with further treatments, typically pyrolysis to
remove organics followed by sintering at high
temperatures to reach the packed density, much the same
as in conventional ceramic processing routes such as
injection molding. There is also an indirect SL method,
in which SL resin molds are prepared for investment
casting of complex ceramic parts [3-19].

SLA is widely favored for manufacturing
elaborate prototypes and objects featuring smooth
surface textures. SLA 3D printed ceramics printing
resin/solution is prepared by mixing the light curable
resin with ceramic powder and then post-processing the
printed green parts through sintering and debinding
processes. Stereolithography (SLA)-based 3D printing

enables the fabrication of highly precise bio ceramic
scaffolds with intricate porous architectures. In a notable
study, Duong and colleagues from the National Key
Laboratory of  Sclerotherapy at Northwestern
Polytechnical University, China, successfully fabricated
BCP bio ceramics with enhanced density and mechanical
properties using SLA 3D printing. Porous biphasic
calcium phosphate (BCP) bio ceramics are considered
among the most promising materials for bone repair in
clinical medicine due to their excellent biocompatibility
and Oste conductivity. At the optimized procedure of
sintering temperature 1250 °C for 2 h, the 3D printed
BCP bio ceramics showed uniform shrinkage in all
directions, and especially the mechanical properties were
close to that of human cortical bone. They achieved
complex porous BCP scaffolds exhibiting high porosity
(51.49%) and significant compressive strength (8.14
MPa) [20].

5.1.2 Digital Light Processing (DLP)

The digital light processing or digital light
projection (DLP) technique is in fact a mask-based SLA,
in which an integral image is transferred to the
photopolymerizable liquid surface by exposing the light
source through a patterned mask once only. The original
concept was first proposed by Nakamoto and Yamaguchi
in 1996 using physical masks [3]. Figure 5 illustrates the
working principle of DLP.
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Liquid photocurable
resin

Digital
Mirror
Device
(DMD)

UV light
source

Figure 7: DLP working principle

It was further developed and improved on by
Bertsch et al., in 1997 with the use of a liquid crystal
display (LCD) as the dynamic mask generator. Since
2001, progress has been made by replacing LCDs with
digital micromirror devices (DMDs) from Texas
Instruments owing to their competitive fill factor and
reflectivity (resulting in higher re solution and contrast in
the light display) [40, 41]. The ultra-fast light switching
and integral projection allow the DLP 3D printing
process to be dramatically reduced as it is much faster
than the conventional SLA point-line-layer scanning
process. Moreover, very good feature resolution can be
ob tained, to several micrometers. These remarkable
advantages of DLP technology have attracted

considerable attention in the 3D printing industries, and
it has been explored for fabricating parts with even
higher accuracy and speed [3-31].

Yao’sgroup  fabricated  high-performance
hydroxyapatite (HA) ceramics using digital light
processing (DLP)3Dprintingtechnology [28]. Guo's
group has effectively showcased the capability of Digital
Light Processing (DLP) 3D printing to create intricate
titanium dioxide ceramic lattice structures This
pioneering work significantly broadens the scope for
utilizing titanium dioxide ceramics in fields that require
porous architecture, such as bone tissue engineering and
catalytic systems [32].

Design and Build 3D model

Ball mill
=)

Ceramic Slurry
DLP 3D Printing

TiO2 Ceramic

Figure 8: Schematic of the preparation of fine 3DP LatticestructuralTiO2ceramic [32]

5.1.3 Direct-Ink-Writing (DIW)

Direct-Ink-Writing (DIW), also known as
Robocasting, is an advanced 3D printing technique that
builds complex structures by precisely placing materials
layer by layer. In this additive manufacturing process, a

nozzle or a pen-like tool releases a liquid or semi-liquid
substance, often a mix of polymers and other
components, onto a base. The material is then squeezed
out of the nozzle and quickly solidifies upon deposition,
forming the desired 3D structure.
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DIW is widely used to create ceramic or metal
components, which are then hardened through a process
in an oven. It's also commonly used for bioprinting

various materials, allowing for the creation of intricate
biological structures. Fig 9 illustrates a Schematic
process of Direct Ink Writing (DIW).

Applied
pressure

>

Fig. 9: Schematic process of Direct Ink Writing (DIW) [35]

[CeH;05(OH),0CH;COONa),

arbos source

I

CeHeNayO;
SiC B

Slurry mixing

p <10 Pa, T<433-873 K

Debinding

Asr pressare

'ﬁm' v
=

Direct ink writing

RH=60-95%, 7

298-308 K

Fig. 10: Schematic of the preparation process of SiC ceramics by Direct Ink Writing (DIW) [49]

This technique was first patented in 1997 by
Cesarano and colleagues at Sandia National
Laboratories. Initially, it was developed for working with
concentrated materials, like ceramic slurries, that had
very little organic content. Some researchers [33], view
DIW as a broad term for various 3D printing
technologies that use an "ink" (either as droplets or a
paste) to create designed objects. Smay and his team at
Harvard University have made significant strides in

using DIW to produce 3D structures with repeating
patterns, ranging from micro- to millimeter scales [36-
37]. These structures, often made from special gel-based
pastes, Figure 10 shows examples of these 3D structures,
which were made using a special gel-based paste [33],
serve as active components in piezoelectric-polymer
composites, highlighting DIW's potential for intricate 3D
fabrication.
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M

Fig. 11: (a) 3D periodic PZT structures made by DIW with concentrated ceramic paste; (b) SEM image showing
the detailed microstructure [33]

5.1.4 Inkjet Printing (IJP)

Inkjet printing (IJP) has emerged as a
compelling technology for patterning functional
materials, offering significant advantages over
conventional ceramic prototyping techniques like
stereolithography, fused deposition modeling, and
selective laser sintering, which are limited around 150
pm and single-material deposition [39].

Beyond its traditional uses, IJP has evolved into
a versatile material deposition technique for thin-layer
applications. Its material versatility now extends to
polymers and metals for electronic patterning [40, 41],
solder paste for microelectronics [42], and even cells for
tissue engineering [43], often forming 2D structures.

However, the current limitation of 1JP is its restriction to
miniaturized parts due to the minute volume of ink
(picolitres to nanoliters) ejected per droplet.

Despite this, recent advancements have
transformed IJP into a promising manufacturing process
for 3D multilayered parts, particularly with ceramic inks.
This involves dispersing ceramic particles within a liquid
solvent for direct and selective deposition onto a
substrate via a printhead. The high-precision, computer-
aided positioning of droplets facilitates a precise point-
line-layer-part building process, enabling the creation of
solid ceramic phases after drying and sintering of the
printed materials.

3D micro-positioning system

¥,

Multi-nozzles
printheads

Drivii Silnal

Piezoelectric/thermal
element

Ag Ink

Nozzle

Ink droplet

Specific inks || Substrate

(Metal,

ceramic...etc.)

Pattern/Film

Growth
deposition

< Substrate Motion

Fig. 13: 3D multi material inkjet printing principle

The performance of IJP of ceramics very many
hinges on the critical factors of the ceramic powder and
ink formulation as well as their properties, in particular
the rheological characteristics such as dispersivity,
stability, viscosity and surface tension. In addition, a
moderate pH value must be maintained to prevent
possible corrosion of the jetting system by the ink. A
uniform particle size distribution with particles less than
1/100 of the nozzle diameter (at the micron scale) can
prevent the clogging and blockage of nozzles and
capillaries, as required by the printer manufacturers [41].

Dense structural ceramic parts have been successfully
fabricated by Cappi et al., [44], using an aqueous Si3N4
ink with a 30vol% solid loading (Fig. 14). Mechanical
properties comparable with those of dry pressed ones
were achieved, suggesting the potential for IJP to
fabricate high-performance non-oxide engineering
ceramics. Research [45], has also reported that pre-
ceramic polymers loaded with 10vol% SiC particles and
7vol% poly carbosilane generated low-viscosity inks
suitable for IJP. Their results showed that 3D parts can
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be fabricated with low shrinkage and that no macro
defects were detected.

Overall, Inkjet Printing (IJP) is a versatile 3D
printing technique well-suited for creating small ceramic
parts. While it offers less flexibility for complex designs,
like those with overhangs or hollow sections due to
support challenges, its benefits are significant. IJP boasts
low cost, a simple processing route, and a wide range of
material choices. These advantages have greatly boosted
its use in advanced ceramic manufacturing, especially in
microelectronics and energy devices.

5.1.5 Two-Photon Polymerization (TPP)

Two-photon polymerization has emerged as a
versatile and powerful technique for fabricating highly
precise, three-dimensional micro- and nanostructures,
particularly in fields that demand high-resolution
patterning, such as photonics, biomedical engineering,
and micro-optics [72]. This method relies on the

Fig. 14: Si3N4 gearwheel fabricated by IJP: (a) green part; (b) sintered part [44].

localized excitation of photosensitive materials, typically
photoresists or specialized resins, through focused
femtosecond laser pulses, facilitating polymerization
with high spatial control [47, 48]. 2PP is a nonlinear
optical lithography technique in which photo initiator
molecules simultaneously absorb two photons to reach
an excited electronic state, thereby initiating localized
polymerization. The probability of two-photon
absorption is proportional to the square of the incident
light intensity, confining the polymerization process to
the focal volume of a tightly focused femtosecond laser
beam. This spatial confinement enables feature sizes well
below the diffraction limit, making 2PP a powerful tool
for high-resolution, three-dimensional micro- and
nanofabrication [46]. Fig 15 illustrates schematic
diagram for 2PP fabricating system [49].

Polarizing
beam splitter

—
|

Objective
| g —

i Immersion oil \\

IG)

ass substrate
| / .
| Photoresist

| Laser focus

r
-
A2 AOM I
waveplate :
Galvo-scanner

Iumination

Fig. 15: schematic diagram for 2PP fabricating system [49]

More recently, Colombo and his team [50], also
used TPP to create a complex, very porous SiOC
diamond-shaped structure at the micron scale, as shown
in Figure 16 (i). This was also done using a pre-ceramic
polymer. Additionally, TPP has been used to build 3D

Zr-Si polymer ceramic scaffolds. These scaffolds are
designed for growing bone tissue from a patient's own
cells, offering flexible control over how porous the
structure is and the size of its holes [51].
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5.2 Powder-Based Technologies / Powder Bed Fusion
(PBF)

The term PBF encompasses AM processes
where particles in a powder bed are selectively fused
together under the application of a concentrated heat
source. Three common AM technologies fall into the
general PBF category: Selective laser melting (SLM),
Selective laser sintering (SLS) and Electron Beam
Melting (EBM). Whilst the first two technologies can be
used to shape ceramics, the latter is generally not
applicable as most ceramic materials are not electrically
conductive. Several variants of the original SLS and
SLM processes, which were initially created to process
polymers and metals respectively, have been developed
throughout the years to adapt these technologies to the
specific requirements of ceramic materials. Local
densification of the powder bed can be obtained either by
direct laser sintering (dLS) of the advanced ceramic
powder itself, or by indirect laser sintering (iLS) of a
sacrificial polymeric or inorganic binder phase that acts
as a temporary matrix for the ceramic powder until its

Fig. 16: Diverse SiCN and SiOC Ceramic Microstructures Created by Two-Photon Polymerization (TPP): (a)
SiCN woodpile design. (b) Polymeric and (c) ceramic woodpile (no filler). (d-f) Ceramic woodpiles with 20wt%,
30wt%, and 40wt% silica filler for shrinkage control. (g) Micro-tube and (h) micro-cruciform SiCN spirals (90°
twist, 40% silica; (insets show top views). (i) Unhydrolyzed SiOC diamond structure [50]

removal or conversion by heat treatment. Furthermore,
the use of ceramic slurries as feedstock instead of dry
powders was introduced to enable the use of submicron
particles and to reach higher green/sintered densities [13-
52].

In summary Powder Bed Fusion (PBF) refers to
a group of additive manufacturing processes that use a
thermal energy source to selectively fuse regions of a
powder bed. Among these, Laser Powder Bed Fusion
(LPBF) is the most widely used for ceramics and metals.
LPBF employs a high-power laser to fully melt the
powder particles layer by layer, enabling the production
of dense, complex parts. It is often used interchangeably
with terms like Selective Laser Melting (SLM) or Direct
Metal Laser Sintering (DMLS). While PBF encompasses
both laser and electron beam-based methods, LPBF
specifically denotes laser-based fusion under an inert gas
atmosphere, offering high resolution and material
performance.

Table 5: Binding and powder deposition mechanisms of single and multiple-step PBF

PBF Binding
mechanism

Powder deposition mechanism

Single-step  Full melting
Partial melting

Solid-state
sintering
Chemically
induced binding
Multiple- Partial melting
step Gelling

Conventional, slurry coater, aerosol-assisted
spray deposition

Conventional, slurry coater, slurry sprayer,
ring blade, electrophoretic deposition
Conventional

Conventional, slurry coater, ring blade

Conventional, slurry coater
Slurry coater

5.2.1 Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS) is a powder bed
fusion (PBF) technique developed in the 1980s. This
method creates near-net shaped polymer parts by melting
or fusing layers of powdered material using a carbon
dioxide (CO2) laser. During the process, loose powder

particles are spread evenly across a build chamber by a
roller. Before sintering, the particles are heated to just
below their melting point. A laser then traces cross-
sections based on a digital design (CAD model). After
each layer is processed and bonds to the previous one,
the build platform moves down by one layer's thickness.
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These steps repeat until the part is finished. Following
fabrication, a post-processing step, often involving
sanding or cleaning with pressurized air, is required. SLS
is known for its ability to process a variety of affordable
and environmentally friendly materials, producing fully
dense parts with high accuracy. Fig.17 illustrates
schematic diagram for Selective Laser Sintering [54]. It

is reported that the SLS process can also be used for
building crack-free dense ceramic components with
extremely high melting points, low or no plasticity and
poor thermal shock resistance compared to polymers and
metals [53]. Fig.18 demonstrates various stages in the
SLS processing of ceramic parts, from the feedstock
mate rial to the final dense part [88].

Optics \
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System
Radiation heater
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Fig. 17: Schematic diagram for Selective Laser Sintering [54].
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Fig. 18: SLS processing of ceramic parts, CIP: Cold isostatic pressing; HIP: Hot isostatic pressing [88].

Selective Laser Sintering (SLS) was originally
developed to produce wax models for investment casting
of metal prototypes such as aluminum. Its scope has
since expanded to accommodate a wide range of
powdered materials. Early research focused on low-
melting-point  polymers, including acrylonitrile
butadiene styrene (ABS), polyvinyl chloride (PVC),
polyether ether ketone (PEEK), polycarbonate (PC), and
polyamide (PA), before transitioning to metallic and
composite powders with higher melting points [55-61].

The feasibility of Selective Laser Sintering
(SLS) for ceramics was first demonstrated by
Lakshminarayan et al., (1990) at the University of Texas
using alumina-based powders with low-melting binders
such as ammonium phosphate and boron oxide [62, 63].
Due to the high melting temperatures of ceramics (e.g.,
2045 °C for Al,05 ), direct laser densification is
impractical, necessitating the use of organic or inorganic
binders that temporarily bond particles during processing
[63-71].

Processing under inert atmospheres (N, or Ar)
prevents binder oxidation, while the main challenge

remains high porosity and shrinkage in final parts [70].
To enhance densification, post-processing methods such
as quasi-isostatic pressing (QIP), warm isostatic pressing
(WIP), and pressure infiltration have achieved densities
up to 94% of theoretical values [73-78]. Further
improvements have been reported in aluminum oxide
(Al,03) composites with polypropylene and zirconium
oxide (Zr0,) composites stabilized with 3 mol% yttrium
oxide (Y,03) (3YSZ), demonstrating significant progress
in microstructural optimization [74, Figure 19(b)].
Overall, these advancements highlight the continued
progress toward optimizing microstructural integrity and
densification in SLS-processed ceramic systems.

Note:

Yttria-Stabilized Zirconia (3YSZ) is a high-
performance ceramic where Y,0; stabilizes the
cubic/tetragonal phases of Zr0,, preventing cracking
and improving thermal stability and strength. It offers
excellent toughness, wear and corrosion resistance,
making it ideal for demanding applications such as dental
implants, oxygen sensors, and SOFCs.
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Fig. 19: Complex ceramic parts produced by SLS: (a) AL2Os3 parts with the assistance of quasi-isostatic pressing
and final firing [73]; (b) 3YSZ parts after SLS and after combination with pressure infiltration (PI)/warm
isostatic pressing (WIP) and final firing [74].

Selective Laser Sintering (SLS) has been
increasingly applied in biomedical engineering,
particularly for the fabrication of biocompatible ceramic
scaffolds for tissue regeneration. These scaffolds
commonly employ ceramic—polymer or ceramic—glass
composites with high binder contents (up to 60 vol%) to
support macro-porous structures suitable for biological
function [66-85]. The performance of SLS-fabricated
ceramic scaffolds is strongly influenced by feedstock
characteristics and laser—material interaction, which
determine mechanical integrity. Specifically, spherical,
micrometer-scale powders improve flowability, while
binder type and content critically affect the strength of
both green and sintered parts [86, 87].

5.2.2 Selective Laser Melting (SLM)

SLM is a powder bed fusion additive
manufacturing technique that uses a high-energy laser to
completely melt and fuse powder particles into a dense,
solid part. It enables single-step fabrication without
binders or post-processing and is widely used for
producing high-performance, complex components.

Selective Laser Melting (SLM), developed at the
Fraunhofer Institute for Laser Technology (ILT) in 1996
[90], represents an advanced evolution of Selective Laser
Sintering (SLS), achieving complete powder melting via
a high-energy laser to form nearly fully dense,
homogeneous parts. Initially applied to metal powders
such as aluminum, copper, and stainless steel, SLM has
since extended to advanced alloys for lightweight
aerospace applications [91]. The process is valued for
producing strong, low-porosity components with
controlled microstructures, establishing it as a leading
metal additive manufacturing technique. When adapted
for ceramic powders, SLM enables binder-free full
melting, yielding dense, high-purity, and geometrically
complex components.

However, the final part quality is influenced by
powder characteristics, laser—material interaction, and
particularly layer thickness, which balances surface
quality and build time.Fig.21 illustrates Schematic
diagram of the SLM process [92].
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/
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Fig. 21: Schematic diagram of the SLM process [89]

Studies highlight the difficulty of achieving
high density in SLM-fabricated ceramics. Although fully
dense microstructures have not yet been realized, these

methods have enabled the fabrication of various
structural porcelain parts with improved surface quality
and packing [94, 95].
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AN

Fig. 22: (a) 3D CAD model of a nozzle, (b) fabricated zirconia part and (c) SEM image of a cross section showing
the high porosity [93].

5.3 Bulk Solid-Based Technology

Bulk solid-based additive manufacturing (AM)
technologies are increasingly being explored to produce
ceramic components due to their cost-efficiency, ability
to form complex geometries, and compatibility with a
range of ceramic feedstocks. These technologies rely on
the controlled layer-by-layer deposition of solid or semi-
solid ceramic-loaded materials to construct near-net-
shape parts, followed by post-processing steps such as
drying, debinding, and sintering to achieve final ceramic
properties.

One widely adopted method in this category is
Material Extrusion Additive Manufacturing (MEAM). In
ceramic MEAM, ceramic powders are mixed with a
polymeric binder to form a printable feedstock, which is
extruded through a nozzle and deposited in layers to
build the desired geometry. This approach is simple,

cost-effective, and flexible in material formulation.
While most MEAM machines are equipped with a single
extrusion head, dual-head configurations can enable
multi-material or functionally graded ceramic parts [1].
Figure 23 illustrates different types and methods of
material extrusion techniques in additive manufacturing.

A Dbetter variant for clay- and slurry-based
ceramics is Liquid Deposition Modeling (LDM), which
is used by companies like WASP. LDM involves the
extrusion of a viscous ceramic paste (such as clay or
porcelain) through a syringe-like system at ambient
temperatures. The technique enables the construction of
intricate ceramic structures, including large-scale
architectural elements and art pieces, without the need
for melting. After shaping, the printed parts undergo
drying and sintering to consolidate the material.

Plunger-based

Filament-based

Screw-based

Figure 23: Different types and approaches for extrusion-based additive manufacturing [1]

5.3.1 Fused Deposition Modeling (FDM)

FDM ranks among the most extensively
employed 3D printing methods. This technique involves
the gradual extrusion of a heated thermoplastic filament
through a nozzle, which subsequently deposits the
material layer by layer, thereby constructing the desired
3D object. Due to their affordability, FDM printers have
gained popularity among makers and small-scale
applications [100]. Also known as fused deposition of

ceramics (FDC), FDM was first patented by Crump et
al.,in 1989 [101], and later commercialized by Stratasys
Inc. in 1990 [102]. Commonly used thermoplastics
include ABS, PLA, PC, and PA, which are melted and
extruded through a heated nozzle [103]. Figure 24
illustrates the schematic diagram of FDM [107].

For ceramic applications, FDM requires
composite filaments made by mixing ceramic particles
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(up to 60 vol%) with thermoplastic binders. An example
is a filament composed of 35 vol% barium titanates (BT)
in an ABS matrix [104]. After printing, the parts undergo
binder removal and sintering to densify the ceramic
material. The first use of FDM for ceramics was reported
by Danforth in 1995, using Al,0; and Si3N, -filled
systems [105], though the resulting parts showed
relatively low sintered densities (75-90%) due to

porosity. More recently, FDM has been used to produce
functional components such as piezoelectric ceramic
transducers, fabricated using composites like PZT and
PMN [106]. In some cases, glazing is applied after
sintering to improve surface quality or chemical
resistance, depending on the final application.

Coil reel

Driving motor

Extruder

X axis
movement

Plastic filament

Molten paste
chamber

Nozzle tip

Fig. 24: schematic diagram of FDM [107]

5.3.2 Laminated Object Manufacturing (LOM)

LOM technology is based on bonding sheets of
the printed materials and then cutting the unwanted parts
resulting in the desired 3D part, as shown in Figure 25.
In ceramics, LOM involves bonding layers of ceramic-
based sheets or films using heat or an adhesive to create
intricate ceramic parts with improved mechanical
properties and high temperature resistance. It finds
applications in the aerospace, electronics, and engi

neering industries due to its ability to produce complex
and robust ceramic objects. Zhang’s group yielded
alumina 3D printed parts with porosities of 51.5% and
round hole diameters of 80 = 5 um. The use of an organic
mesh as a framework and template reduced the risk of
damage to the green body while ensuring regularity,
uniformity, and connectivity of the micro-scaled pore
network [108]. Figure 25 illustrates Basic schematic of
the LOM process [109].
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Figure 25: Basic schematic of the LOM process [109]
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SUMMARY

This investigation underscores the
transformative potential of 3D printing technologies in
ceramic manufacturing, enabling unprecedented design
flexibility, high precision, and the fabrication of highly
intricate geometries that traditional methods often cannot
achieve. Additive manufacturing (AM) introduces a
range of opportunities, including increased design
freedom, functional and material grading, mold-free
fabrication processes, and cost-effective solutions for
low-volume, complex-shaped ceramic components.
Consequently, AM is particularly well-suited to replace
traditional injection molding for producing small batches
of intricate ceramic parts.

Despite these advantages, the AM of advanced
ceramics remains challenging due to their high melting
points, inherent brittleness, and low tolerance for
processing defects. Achieving high density, optimal
surface finish, and dimensional accuracy continues to
require significant research and development. Over the
past two decades, notable progress has been made—
initial efforts focused on adapting existing AM machines
to ceramic feedstocks. However, more effective
strategies now emphasize integrating the optimization of
ceramic material formulations with the development of
purpose-built AM equipment specifically designed for
ceramics. The choice of AM process is highly dependent
on application-specific parameters, including material
properties, part size, final density, surface finish, and
complexity. Each process offers distinct advantages and
limitations, requiring careful selection based on the
targeted performance criteria.

As technological advancements improve the
consistency, reliability, and scalability of ceramic AM,
industry interest and adoption are rapidly increasing.
These innovations are poised to improve manufacturing
efficiency, reduce costs, and enable the creation of novel,
complex ceramic geometries. Ultimately, the continued
development and integration of 3D printing in ceramic
fabrication will play a crucial role in advancing next-
generation ceramic materials and engineering solutions,

fostering innovative applications across various

industries.

REFERENCES

1. Joamin Gonzalez-Gutierrez, Santiago Cano,
Stephan Schuschnigg, Christian Kukla, Janak
Sapkota and Clemens Holzer, Additive
Manufacturing of Metallic and  Ceramic

Components by the Material Extrusion of Highly
Filled Polymers: A Review and Future Perspectives,
Published: 18 May 2018

2. Abdelkader, M.; Petrik, S.; Nestler, D.; Fijalkowski,
M. Ceramics 3DPrinting: A Comprehensive
Overview and Applications, with Brief Insights into
Industry and Market. Ceramics 2024, 7, 68-85.
https://doi.org/10.3390/ ceramics7010006

10.

11.

12.

13.

Academic Editor: Gilbert Fantozzi Received: 10
December 2023.

Zhangwei Chen, Ziyong Li, Junjie Li, Chengbo Liu,
Changshi Lao, Yuelong Fu, Changyong Liu, Yang
Li, Pei Wang, Yi He , 3D printing of ceramics: A
review , Additive Manufacturing Institute, College
of Mechatronics and Control Engineering, Shenzhen
University, Shenzhen, 518060, China- Journal of the
European Ceramic Society - Volume 39, Issue
4, April 2019, Pages 661-687

Mehran Dadkhah, Jean-Marc Tulliani, Abdollah
Saboori, Luca Iuliano , additive manufacturing of
ceramics: Advances, challenges, and outlook,
Journal of the European Ceramic Society 43 (2023)
6635-6664

M. Saha,M. Mallik, Additive manufacturing of
ceramics and cermets: present status and future
perspectives, Sadhana 46  (2021) 162
https://doi.org/10.1007/s12046-021-016852

M. H. Mosallanejad, S. Sanaei, M. Atapour, B.
Niroumand, L. Iuliano, A. Saboori, Microstructure
and Corrosion Properties of CP-Ti Processed by
Laser Powder Bed Fusion under Similar Energy
Densities, Acta Metall. Sin. (Engl. Lett.) (2022),
35:1453-1464. https://doi.org/10.1007/s40195-022-
01376-9

EN ISO/ASTM. Additive Manufacturing—General
Principles—Terminologys; (52900:2017-02);
International Organization for Standardization
(ISO): Geneve, Switzerland, 2017.

Ranjan, R.; Kumar, D.; Kundu, M.; Chandra Moi, S.
A Critical Review on Classification of Materials
Used in 3D Printing Process. Mater. Today Proc.
2022, 61, 43-49.

Izdebska-Podsiadty, J. Classification of 3D Printing
Methods. In Polymers for 3D Printing; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 23-34.
ISBN 978-0-12-818311-3 .

Chavez, L.A.; Ibave, P.; Wilburn, B.; Alexander, D.;
Stewart, C.; Wicker, R.; Lin, Y. The Influence of
Printing Parameters, Post Processing, and Testing
Conditions on the Properties of Binder Jetting
Additive Manufactured Functional Ceramics.
Ceramics 2020, 3, 65-717.
https://doi.org/10.3390/ceramics3010008

Guo Liua, Xiaofeng Zhanga, Xuliang Chena, Yunhu
Hea, Lizi Chenga, Mengke Huoa, Jianan Yina,
Fengqgian Haoa, Siyao Chena, Peiyu Wanga,
Shenghui Yib, Lei Wana, Zhengyi Maoa, Zhou
Chena, Xu Wanga, Zhaowenbo Caoa, Jian Lu,
Additive manufacturing of structural materials,
Materials Science and Engineering, R 145,
(2021)100596.

Samuel Clark Ligon, Robert Liska, Jiirgen Stampfl,
Matthias Gurr and Rolf Miilhaupt, Polymers for 3D
Printing and Customized Additive Manufacturing,
2017, 117: (15), 10212-10290.

Y. Lakhdara, C. Tucka, J. Binnerc, A. Terryb, R.
Goodridge, Additive manufacturing of advanced
ceramic materials, Progress in Materials Science,

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates

17


https://www.sciencedirect.com/journal/journal-of-the-european-ceramic-society
https://www.sciencedirect.com/journal/journal-of-the-european-ceramic-society
https://www.sciencedirect.com/journal/journal-of-the-european-ceramic-society/vol/39/issue/4
https://www.sciencedirect.com/journal/journal-of-the-european-ceramic-society/vol/39/issue/4
https://doi.org/10.1007/s12046-021-016852
https://doi.org/10.1007/s40195-022-01376-9
https://doi.org/10.1007/s40195-022-01376-9
https://doi.org/10.3390/ceramics3010008
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Samuel+Clark++Ligon
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Robert++Liska
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=J%C3%BCrgen++Stampfl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Matthias++Gurr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Rolf++M%C3%BClhaupt

Ayman Omer Adam Mohammed et a/; Saudi J Eng Technol, Jan, 2026; 11(1): 1-22

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

116, (2021).
https://doi.org/10.1016/j.pmatsci.2020.100736 ,
2021

A. Peigney, Tougher ceramics with nanotubes, Nat.
Mater. 2 (2003) 15-16,
https://doi.org/10.1038/nmat794.

M. Saha, M. Mallik, Additive manufacturing of
ceramics and cermets: present status and future
perspectives, S adhan a 46 (2021) 162
https://doi.org/10.1007/s12046-021-01685-2

Jan Deckers, Jef Vleugels, J.-P. Kruth, Additive
manufacturing of ceramics: a review, J. Ceram. Sci.
Technol. 5 (2014) 245-260.
http://rethub.elsevier.com/S0955-2219(23)00560-
5/sbref21

Y. Wen, S. Xun, M. Haoye, S. Baichuan, C. Peng,
L. Xuejian, Z. Kaihong, Y. Xuan, P. Jiang, L. Shibi,
3D printed porous ceramic scaffolds for bone tissue
engineering: a review, Biomater. Sci. 5 (2017)
1690-1698 https://doi.org/10.1039/c7bm00315c¢
Ceramics: Properties, Application and
Classification of Ceramics. Available online:
https://www.sciencedoze.com/2021/02/
https://www.sciencedoze.com/2021/02/ceramics-
properties-application-classification.html (accessed
on 6 May 2025).

H. Wu, D. Li, Y. Tang, B. Sun, D. Xu, Rapid
fabrication of alumina-based ceramic cores for gas
turbine blades by stereolithography and gelcasting,
J Mater Process Tech 209 (18-19) (2009) 5886—
5891. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref0055

Dong, D.; Su, H.; Li, X.; Fan, G.; Zhao, D.; Shen,
Z.; Liu, Y.; Guo, Y.; Yang, C.; Liu, L.; et al.
Microstructures and Mechanical Properties of
Biphasic  Calcium  Phosphate  Bioceramics
Fabricated by SLA 3D Printing. J. Manuf. Process.
2022, 81, 433—443. Microstructures and mechanical
properties of biphasic calcium  phosphate
bioceramics fabricated by SLA 3D printing -
ScienceDirect

Drouet C et al. Types of ceramics: Material class.
Elsevier Ltd; 2017.

Riedel R, Tonescu E, Chen IW. Modern Trends in
Advanced Ceramics. In: Ceramics Science and
Technology, vol. 1: Structu, Weinheim: WILEY -
VCH Verlag GmbH & Co; 2008. p. 1-38
Frischholz P. The breviary technical ceramics.
Fahner Verlag, Selb/Germany; 2004. p.283.

Y. Lakhdara, C. Tucka, J. Binnerc, A. Terryb, R.
Goodridgea, Additive manufacturing of advanced
ceramic materials Additive manufacturing of
advanced ceramic materials - ScienceDirect
February 2021, 100736

P. Datta, V.K. Balla, Ceramics processing by
additive manufacturing, Trans. Indian Natl. Acad.
Eng. 6 (2021) 879-893
https://doi.org/10.1007/s41403-021-00225-y
Singh, S.; Ramakrishna, S.; Singh, R. Material
issues in additive manufacturing: A review. J.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Manuf. Process. 2017, 25, 185-200.
http://dx.doi.org/10.1016/j.jmapro.2016.11.006
Bourell, D.L. Perspectives on  Additive
Manufacturing. Annu. Rev. Mater. Res. 2016, 46, 1 -
18. http://dx.doi.org/10.1146/annurev-matsci-
070115-031606

Yao, Y.; Qin, W.; Xing, B.; Sha, N.; Jiao, T.; Zhao,
Z. High Performance Hydroxyapatite Ceramics and
a Triply Periodic Minimum Surface Structure
Fabricated by Digital Light Processing 3D Printing.
J. Adv. Ceram. 2021, 10, 39-48.
https://doi.org/10.1007/s40145-020-0415-4

C. Sun, N. Fang, D.M. Wu, X. Zhang, Projection
micro-stereolithography using digital micro-mirror
dynamic mask http://refhub.elsevier.com/S0955-
2219(18)30678-2/sbref0240

C. Zhou, Y. Chen, Calibrating large-area mask
projection stereolithography for its accuracy and
resolution improvements, Proceedings of Solid
Freeform Fabrication Symposium, Austin (2009).
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0260

Guo,J.; Zeng, Y.; Li, P.; Chen, J. Fine Lattice
Structural Titanium Dioxide Ceramic Produced by
DLP 3D Printing. Ceram. Int. 2019, 45, 23007-
23012.
https://doi.org/10.1016/j.ceramint.2019.07.346

J.A. Lewis, J.E. Smay, J. Stuecker, J. Cesarano,
Direct ink writing of three-di mensional ceramic
structures, Journal of the American Ceramic Society
89 (12) (2006) 3599-3609.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0655

E. Feilden, E.G.-T. Blanca, F. Giuliani, E. Saiz, L.
Vandeperre, Robocasting of structural ceramic parts
with hydrogel inks, Journal of the European
Ceramic Society 36 (10) (2016) 2525-2533.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0665

M. A. S. R. Saadi, Alianna Maguire, Neethu T.
Pottackal, Md Shajedul Hoque Thakur, Maruf Md.
Ikram, A. John Hart, Pulickel M.
Ajayan, Muhammad M. Rahman Direct Ink
Writing: A 3D Printing Technology for Diverse
Materials R 2022,
https://doi.org/10.1002/adma.202108855
JLE. Smay, G.M. Gratson, R.F. Shepherd, J.
Cesarano III, J.A. Lewis, Directed colloidal
assembly of 3D.

periodic structures, Adv Mater 14 (18) (2002) 1279—
1283. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref0740

J.E. Smay, J. Cesarano, J.A. Lewis, Colloidal inks
for directed assembly of 3-D periodic structures,
Langmuir 18  (14)  (2002)  5429-5437.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0745

J. Cesarano, J.G. Dellinger, M.P. Saavedra, D.D.
Gill, R.D. Jamison, B.A. Grosser, J.M. Sinn,
Hanlon, M.S. Goldwasser, Customization of load-

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates

18


https://doi.org/10.1016/j.pmatsci.2020.100736
https://doi.org/10.1038/nmat794
https://doi.org/10.1007/s12046-021-01685-2
http://refhub.elsevier.com/S0955-2219(23)00560-5/sbref21
http://refhub.elsevier.com/S0955-2219(23)00560-5/sbref21
https://doi.org/10.1039/c7bm00315c
https://www.sciencedoze.com/2021/02/
https://www.sciencedoze.com/2021/02/ceramics-properties-application-classification.html
https://www.sciencedoze.com/2021/02/ceramics-properties-application-classification.html
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0055
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0055
https://www.sciencedirect.com/science/article/abs/pii/S1526612522004844?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1526612522004844?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1526612522004844?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1526612522004844?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0079642520301006?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0079642520301006?via%3Dihub
https://doi.org/10.1007/s41403-021-00225-y
http://dx.doi.org/10.1016/j.jmapro.2016.11.006
http://dx.doi.org/10.1146/annurev-matsci-070115-031606
http://dx.doi.org/10.1146/annurev-matsci-070115-031606
https://doi.org/10.1007/s40145-020-0415-4
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0240
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0240
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0260
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0260
https://doi.org/10.1016/j.ceramint.2019.07.346
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0655
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0655
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0665
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0665
https://advanced.onlinelibrary.wiley.com/authored-by/Saadi/M.+A.+S.+R.
https://advanced.onlinelibrary.wiley.com/authored-by/Maguire/Alianna
https://advanced.onlinelibrary.wiley.com/authored-by/Pottackal/Neethu+T.
https://advanced.onlinelibrary.wiley.com/authored-by/Pottackal/Neethu+T.
https://advanced.onlinelibrary.wiley.com/authored-by/Thakur/Md+Shajedul+Hoque
https://advanced.onlinelibrary.wiley.com/authored-by/Ikram/Maruf+Md.
https://advanced.onlinelibrary.wiley.com/authored-by/Ikram/Maruf+Md.
https://advanced.onlinelibrary.wiley.com/authored-by/Hart/A.+John
https://advanced.onlinelibrary.wiley.com/authored-by/Ajayan/Pulickel+M.
https://advanced.onlinelibrary.wiley.com/authored-by/Ajayan/Pulickel+M.
https://advanced.onlinelibrary.wiley.com/authored-by/Rahman/Muhammad+M.
https://doi.org/10.1002/adma.202108855
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0740
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0740
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0745
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0745

Ayman Omer Adam Mohammed et a/; Saudi J Eng Technol, Jan, 2026; 11(1): 1-22

39.

40.

41.

42.

43.

44,

45.

46.

47.

bearing hydroxyapatite lattice scaffolds,
International  Journal of Applied Ceramic
Technology 2 3) (2005) 212-220.

http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0785

Dossou-Yovo, M. Mougenot, E. Beaudrouet, M.
Bessaudou, N. Bernardin, F. Charifi, C. Coquet, M.
Borella, R. Noguera, C. Modes, M. Lejeune, P.
Laurier, D. Detemmerman, P. Escure, H. Laville, N.
Delhotes, S. Verdeymes, Inkjet Printing
Technology: A Novel Bottom-up Approach For
Multilayer Ceramic Components and High
Definition Printed Electronic Devices.

T. Kawase, T. Shimoda, C. Newsome, H.
Sirringhaus, R.H. Friend, Inkjet printing of polymer
thin film transistors, Thin Solid Films 438 (2003)
279-287. http://refthub.elsevier.com/S0955-
2219(18)30678-2/sbref0465

A. Kosmala, Q. Zhang, R. Wright, P. Kirby,
Development of high concentrated aqueous silver
nanofluid and inkjet printing on ceramic substrates,
Mater Chem Phys 132 (2-3) (2012) 788-795.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0470

Y. Kawahara, S. Hodges, B.S. Cook, C. Zhang, G.D.
Abowd, Instant inkjet circuits: lab-based inkjet
printing to support rapid prototyping of UbiComp
devices, Proceedings of the 2013 ACM international
joint conference on Pervasive and ubiquitous
computing (2013) 363-372.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0475

M. Nakamura, A. Kobayashi, F. Takagi, A.
Watanabe, Y. Hiruma, K. Ohuchi, Y. Iwasaki, M.
Horie, 1. Morita, S. Takatani, Biocompatible inkjet
printing tech nique for designed seeding of
individual living cells, Tissue engineering 11 (11-
12) (2005) 1658-1666.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0480 .

B. Cappi, E. Ozkol, J. Ebert, R. Telle, Direct inkjet
printing of Si3N4: Characterization of ink, green 46
bodies and microstructure, Journal of the European
Ceramic Society 28 (13) (2008) 2625-2628.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0605

M. Mott, J.R. Evans, Solid freeforming of silicon
carbide by inkjet printing using a polymeric
precursor, Journal of the American Ceramic Society
84 2) (2001) 307-313.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0610

J. Fischer and M. Wegener, “Three-dimensional
optical laser lithography beyond the diffraction
limit,” Laser Photonics Rev. 7(1), 22-44 (2013).
https://doi.org/10.1002/lpor.201100046

S. O’Halloran, A. Pandit, A. Heise, et al., “Two-
photon polymerization: Fundamentals, materials,
and chemical modification strategies (2023).
https://doi.org/10.1002/advs.202204072

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

F. Niesler and M. Hermatschweiler, “Two-photon
polymerization — a versatile microfabrication tool,”
12(3), 44-47 (2015).
https://doi.org/10.1002/1atj.201500019

Jianhua, Tao Zeng, 2022 Effect of solid loading and
carbon additive on microstructure and mechanical
properties of 3D-printed SiC ceramic

Lei Zheng, Kestutis Kurselis, Ayman El-Tamer, Ulf
Hinze, Carsten Reinhardt, Ludger Overmeyer and
Boris  Chichkov, Nanofabrication of High-
Resolution Periodic Structures with a Gap Size
Below 100 nm by Two-Photon Polymerization,
2019, https://doi.org/10.1186/s11671-019-2955-5
P. Colombo, J. Schmidt, G. Franchin, A. Zocca, J.
Gilinster, Additive manufacturing techniques for
fabricating complex ceramic components from
preceramic poly mers, Am. Ceram. Soc. Bull 96
(2017) 16-23. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref0420

A. Koroleva, A. Deiwick, A. Nguyen, S. Schlie-
Wolter, R. Narayan, P. Timashev, V. Popov, V.
Bagratashvili, B. Chichkov, Osteogenic
Differentiation of Human Mesenchymal Stem Cells
in 3-D Zr-Si Organic-Inorganic Scaffolds Produced
by Two-Photon Polymerization Technique, Plos
One 10 2) (2015) e0118164.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0425.

Tang H-H. Method for rapid forming of a ceramic
green part. United States patent application
US20040075197A1; 2004.

A.-N. Chen, J.-M. Wu, K. Liu, J.-Y. Chen, H. Xiao,
P. Chen, C.-H. Li, Y.-S. Shi, High-performance
ceramic parts with complex shape prepared by
selective laser sintering: a review, Adv. Appl
Ceram. 117 (2018) 100-117
https://doi.org/10.1080/17436753.2017.1379586
Reiff, Colin, Wulle Frederik, Riedel Oliver, Onuseit
Volkher and Epple, Stefan. On Inline Process
Control for Selective Laser Sintering. (2018).
https://www.researchgate.net/publication/32962591
8.

I. Gibson, D. Shi, Material properties and fabrication
parameters in selective laser sintering process,
Rapid prototyping journal 3 (4) (1997) 129-136.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0965

H. Ho, I. Gibson, W. Cheung, Effects of energy
density on morphology and prop erties of selective
laser sintered polycarbonate, J] Mater Process Tech
89 (1999) 204-210.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0970.

J.-P. Kruth, X. Wang, T. Laoui, L. Froyen, Lasers
and materials in selective laser sintering, Assembly
Automation 23 @) (2003) 357-371.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0975

M. Schmidt, D. Pohle, T. Rechtenwald, Selective
laser sintering of PEEK, CIRP Annals-

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates

19


http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0785
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0785
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0465
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0465
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0470
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0470
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0475
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0475
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0480
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0480
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0605
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0605
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0610
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0610
https://doi.org/10.1002/lpor.201100046
https://doi.org/10.1002/advs.202204072
https://doi.org/10.1002/latj.201500019
https://www.researchgate.net/publication/363017638_Effect_of_solid_loading_and_carbon_additive_on_microstructure_and_mechanical_properties_of_3D-printed_SiC_ceramic?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
https://www.researchgate.net/publication/363017638_Effect_of_solid_loading_and_carbon_additive_on_microstructure_and_mechanical_properties_of_3D-printed_SiC_ceramic?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
https://www.researchgate.net/publication/363017638_Effect_of_solid_loading_and_carbon_additive_on_microstructure_and_mechanical_properties_of_3D-printed_SiC_ceramic?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
https://doi.org/10.1186/s11671-019-2955-5
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0420
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0420
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0425
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0425
https://doi.org/10.1080/17436753.2017.1379586
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0965
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0965
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0970
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0970
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0975
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0975

Ayman Omer Adam Mohammed et a/; Saudi J Eng Technol, Jan, 2026; 11(1): 1-22

60.

61.

62.

63.

64.

65.

66.

67.

68.

Manufacturing Technology 56 (1) (2007) 205-208.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0980

B. Badrinarayan, J. Barlow, Metal parts from
selective laser sintering of metal polymer powders,
1992 International Solid Freeform Fabrication
Symposium, 1992.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0985

A. Simchi, H. Pohl, Effects of laser sintering
processing parameters on the mi crostructure and
densification of iron powder, Materials Science and
Engineering: A 359 (1-2) (2003) 119-128.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0990

C. Yan, Y. Shi, J. Yang, J. Liu, Preparation and
selective laser sintering of nylon-12 coated metal
powders and post processing, J Mater Process Tech
209 a7 (2009) 5785-5792.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref0995

U. Lakshminarayan, S. Ogrydiziak, H. Marcus,
Selective laser sintering of ceramic materials, 1990
International ~ Solid  Freeform  Fabrication
Symposium, (1990).
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1000

U. Lakshminarayan, H. Marcus, Microstructural and
Mechanical Properties of ALO3/P,Os AND
Al203/B203 Composties Fabricated by Selective
Laser Sintering, 1991 International Solid Freeform
Fabrication Symposium, 1991.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1005

A. Clare, P. Chalker, S. Davies, C. Sutcliffe, S.
Tsopanos, Selective laser sintering of barium
titanate—polymer composite films, Journal of
materials science 43 (9) (2008) 3197-3202.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1010

K. Tan, C. Chua, K. Leong, C. Cheah, P. Cheang,
M.A. Bakar, S. Cha, Scaffold development using
selective laser sintering of poly etheretherketone—
hydroxyapatite biocomposite blends, Biomaterials
24 (18) (2003) 3115-3123.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1015

C. Gao, B. Yang, H. Hu, J. Liu, C. Shuai, S. Peng,
Enhanced sintering ability of biphasic calcium
phosphate by polymers used for bone scaffold
fabrication, Materials Science and Engineering: C
33 @) (2013) 3802-3810.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1020

I. Lee, Densification of porous AI203-Al4B209
ceramic composites fabricated by SLS process,
Journal of materials science letters 18 (19) (1999)
1557-1561. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1025

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

N. Harlan, S.-M. Park, D.L. Bourell, J.J. Beaman,
Selective laser sintering of zir conia with micro-
scale features, Proc. SFF Symp., Austin (1999) 297—
302. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1030

H.-H. Tang, Direct laser fusing to form ceramic
parts, Rapid Prototyping Journal 8 (5) (2002) 284—
289. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1035

K. Xiao, K. Dalgarno, D. Wood, R. Goodridge, C.
Ohtsuki, Indirect selective laser sintering of apatite-
wollostonite glass-ceramic, Proceedings of the
Institution of Mechanical Engineers, Part H: Journal
of Engineering in Medicine 222 (7) (2008) 1107-
1114. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1040

J. Liu, B. Zhang, C. Yan, Y. Shi, The effect of
processing parameters on char acteristics of
selective laser sintering dental glass-ceramic
powder, Rapid Prototyping Journal 16 (2) (2010)
138-145. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1045

K. Shahzad, J. Deckers, S. Boury, B. Neirinck, J.-P.
Kruth, J. Vleugels, Preparation and indirect selective
laser sintering of alumina/PA  microspheres,
Ceramics International 38 (2) (2012) 1241-1247.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1050

J. Deckers, K. Shahzad, J. Vleugels, J.-P. Kruth,
Isostatic pressing assisted indirect selective laser
sintering of alumina components, Rapid Prototyping
Journal 18 (5) (2012) 409-419.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1055

K. Shahzad, J. Deckers, J.-P. Kruth, J. Vleugels,
Additive manufacturing of alu mina parts by indirect
selective laser sintering and post processing, J Mater
Process Tech 213 (9) (2013) 1484-1494.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1060

M. Wohlert, D. Bourell, Rapid prototyping of
Mg/SiC composites by a combined SLS and
pressureless infiltration process, Proc. Solid
Freeform Fabrication Symposium (1996) 79-88.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1065

J. Deckers, J.-P. Kruth, K. Shahzad, J. Vleugels,
Density improvement of alumina parts produced
through selective laser sintering of alumina-
polyamide composite powder, CIRP Annals-
Manufacturing Technology 61 (1) (2012) 211-214.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1070

J.P. Deckers, K. Shahzad, L. Cardon, M. Rombouts,
J. Vleugels, J.-P. Kruth, Shaping ceramics through
indirect selective laser sintering, Rapid Prototyping
Journal 22 3) (2016) 544-558.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1075

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates

20


http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0980
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0980
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0985
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0985
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0990
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0990
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0995
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref0995
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1000
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1000
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1005
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1005
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1010
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1010
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1015
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1015
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1020
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1020
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1025
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1025
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1030
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1030
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1035
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1035
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1040
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1040
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1045
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1045
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1050
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1050
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1055
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1055
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1060
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1060
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1065
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1065
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1070
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1070
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1075
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1075

Ayman Omer Adam Mohammed et a/; Saudi J Eng Technol, Jan, 2026; 11(1): 1-22

79

80.

. K. Shahzad, J. Deckers, Z. Zhang, J.-P. Kruth, J.
Vleugels, Additive manufacturing of zirconia parts
by indirect selective laser sintering, Journal of the
European Ceramic Society 34 (1) (2014) 81-89.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1080

S. XiaoHui, L. Wei, S. PingHui, S. QingYong, W.
QingSong, S. YuSheng, L. Kai, L. WenGuang,
Selective ~ laser  sintering  of  aliphatic-
polycarbonate/hydroxyapatite composite scaffolds
for medical applications, The International Journal
of Advanced Manufacturing Technology 81 (1-4)
(2015) 15-25. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1090

88.

89.

90.

L. Jiang, X. Peng, D. Walczyk, 3D printing of
biofiber-reinforced composites and their mechanical
properties: a review, Rapid Prototyp. J. 26 (2020)
1113-1129, https://doi.org/10.1108/RPJ-08-2019-
0214

Balasubramanian Nagarajan, Zhiheng Hu, Xu Song,
Wei Zhai, Jun Wei, Development of Micro Selective
Laser Melting: The State of the Art and Future
Perspectives, Engineering, B. Nagarajan et al. /
Engineering 5 (2019) 702-720,
https://doi.org/10.1016/j.eng.2019.07.002.

H. Schleifenbaum, W. Meiners, K. Wissenbach, C.
Hinke, Individualized produc tion by means of high
power Selective Laser Melting, CIRP Journal of

81. H. Chung, S. Das, Functionally graded Nylon- Manufacturing Science and Technology 2 (3) (2010)
11/silica nanocomposites produced by selective 161-169. http://rethub.elsevier.com/S0955-
laser sintering, Materials Science and Engineering: 2219(18)30678-2/sbref1140
A 487 (1-2) (2008) 251-257. 91. A. Simchi, Direct laser sintering of metal powders:
http://rethub.elsevier.com/S0955-2219(18)30678- Mechanism, kinetics and mi crostructural features,
2/sbref1095 Materials Science and Engineering: A 428 (1-2)

82. J. Lorrison, K. Dalgarno, D. Wood, Processing of an (2006) 148-158. http://rethub.elsevier.com/S0955-
apatite-mullite glass-ceramic and an 2219(18)30678-2/sbref1150
hydroxyapatite/phosphate  glass composite by 92. 1. Shishkovsky, I. Yadroitsev, P. Bertrand, I
selective laser sintering, Journal of Materials Smurov, Alumina—zirconium ceramics synthesis by
Science: Materials in Medicine 16 (8) (2005) 775— selective laser sintering/melting, Applied Surface
781. http://rethub.elsevier.com/S0955- Science 254 4) (2007) 966-970.
2219(18)30678-2/sbref1100 http://rethub.elsevier.com/S0955-2219(18)30678-

83. R. Goodridge, K. Dalgarno, D. Wood, Indirect 2/sbrefl1165
selective laser sintering of an apa tite-mullite glass- 93. P. Bertrand, F. Bayle, C. Combe, P. Geeuriot, I.
ceramic for potential use in bone replacement Smurov, Ceramic components manufacturing by
applications, Proceedings of the Institution of selective laser sintering, Applied Surface Science
Mechanical Engineers, Part H: Journal of 254 4 (2007) 989-992.
Engineering in Medicine 220 (1) (2006) 57-68. http://rethub.elsevier.com/S0955-2219(18)30678-
http://rethub.elsevier.com/S0955-2219(18)30678- 2/sbref1175
2/sbref1105 94. T. Miihler, C. Gomes, M. Ascheri, D. Nicolaides, J.

84. R. D. Goodridge, D. J. Wood, C. Ohtsuki, K. W. Heinrich, J. Giinster, Slurry based powder beds for
Dalgarno, Biological evaluation of an apatite— the selective laser sintering of silicate ceramics, J.
mullite glass-ceramic produced via selective laser Ceram. Sci. Technol 6 (02) (2015) 113-118.
sintering, Acta bioma terialia 3 (2) (2007) 221-231. http://rethub.elsevier.com/S0955-2219(18)30678-
http://rethub.elsevier.com/S0955-2219(18)30678- 2/sbref1200
2/sbrefl1110 95. X. Tian, J. Giinster, J. Melcher, D. Li, J.G. Heinrich,

85. B. Duan, M. Wang, W.Y. Zhou, W.L. Cheung, Z.Y. Process parameters analysis of direct laser sintering
Li, W.W. Lu, Three-dimensional nanocomposite and post treatment of porcelain components using
scaffolds fabricated via selective laser sintering for Taguchi’s method, Journal of the European Ceramic
bone tissue engineering, Acta biomaterialia 6 (12) Society 29 (10) (2009) 1903-1915.
(2010) 4495-4505. http://rethub.elsevier.com/S0955-2219(18)30678-
http://rethub.elsevier.com/S0955-2219(18)30678- 2/sbref1205
2/sbref1110 96. Agarwala, M.K.; Jamalabad, V.R.; Langrana, N.A.;

86. H. Yves-Christian, W. Jan, M. Wilhelm, W. Konrad, Safari, A.; Whalen, P.J.; Danforth, S.C. Structural
P. Reinhart, Net shaped high performance oxide quality of parts processed by fused deposition.
ceramic parts by selective laser melting, Physics Rapid Prototyp. J. 1996, 2, 4-19.

Procedia 5 (2010) 587-594. 97. Pollen AM Inc. Meet PAM: Pellet Additive
http://rethub.elsevier.com/S0955-2219(18)30678- Manufacturing. https://www.pollen.am/
2/sbref1120 98. Koslow, T. Pollen Introduces Pam: Their New

87. H. Bache, Model for strength of brittle materials Professional-Grade Multi-Material 3D Printer.
built up of particles joined at points of contact, https://3dprint.com/140595/pollen-pam-multi-
Journal of the American Ceramic Society 53 (12) material/

(1970) 654—658. http://refhub.elsevier.com/S0955- 99. Singh, S.; Ramakrishna, S.; Singh, R. Material
2219(18)30678-2/sbref1125 issues in additive manufacturing: A review.

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates 21


http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1080
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1080
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1090
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1090
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1095
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1095
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1100
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1100
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1105
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1105
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1110
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1110
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1110
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1110
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1120
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1120
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1125
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1125
https://doi.org/10.1108/RPJ-08-2019-0214
https://doi.org/10.1108/RPJ-08-2019-0214
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1140
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1140
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1150
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1150
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1165
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1165
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1175
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1175
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1200
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1200
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1205
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1205
https://www.pollen.am/
https://3dprint.com/140595/pollen-pam-multi-material/
https://3dprint.com/140595/pollen-pam-multi-material/

Ayman Omer Adam Mohammed et a/; Saudi J Eng Technol, Jan, 2026; 11(1): 1-22

J.Manuf. Process. 2017, 25, 185-200
http://dx.doi.org/10.1016/j.jmapro.2016.11.006
100.Masuda,H.; Ohta, Y.; Kitayama, M. Additive
Manufacturing of SiC Ceramics with Complicated
Shapes Using the FDM Type 3D-Printer. J. Mater.
Sci. Chem. Eng. 2019, 7, 1-12
https://doi.org/10.4236/msce.2019.72001

101.S. S. Crump, Apparatus and method for creating
three-dimensional objects, Google Patents (1992).
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1365

102.CK. Chua, K.F. Leong, C.S. Lim, Rapid
prototyping: principles and applications, World
Scientific, 2003. http://refhub.elsevier.com/S0955-
2219(18)30678-2/sbref1370

103.B. Wittbrodt, J.M. Pearce, The effects of PLA color
on material properties of 3-D printed components,
Additive Manufacturing 8 (2015) 110-116.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1380

104.B. Khatri, K. Lappe, M. Habedank, T. Mueller, C.
Megnin, T. Hanemann, Fused Deposition Modeling
of ABS-Barium Titanate Composites: A Simple
Route towards Tailored Dielectric Devices,
Polymers 10 (6) (2018) 20734360.
http://rethub.elsevier.com/S0955-2219(18)30678-
2/sbref1390

105.S. Danforth, Fused deposition of ceramics: a new
technique for the rapid fabri cation of ceramic
components, Mater Technol 10 (7-8) (1995) 144—
146. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1395

106.M. Allahverdi, S. Danforth, M. Jafari, A. Safari,
Processing of advanced electro ceramic components
by fused deposition technique, Journal of the
European Ceramic Society 21 (10-11) (2001) 1485—
1490. http://rethub.elsevier.com/S0955-
2219(18)30678-2/sbref1400

107.Mishra, Abhay & Srivastava, Vivek & Gupta, Nitin.
(2021). Additive manufacturing of fused deposition
modeling for carbon fiber-PLA (CF-PLA)
composites: The effects of tensile and flexural
properties of process parameters. Functional
Composites and Structures. 3. 10.1088/2631-
6331/ac3732.

108.Zhang, G.; Guo, J.; Chen, H.; Cao, Y. Organic Mesh
Template-Based Laminated Object Manufacturing
to Fabricate Ceramics with Regular Micron Scaled
Pore Structures. J. Eur. Ceram. Soc. 2021, 41, 2790—
2795
https://doi.org/10.1016/j.jeurceramsoc.2020.11.012

109.Shiwpursad Jasveer, Xue Jianbin , Comparison of
Different Types of 3D Printing Technologies, 2018,
http://dx.doi.org/10.29322/1JSRP.8.4.2018.p7602.

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates 22


http://dx.doi.org/10.1016/j.jmapro.2016.11.006
https://doi.org/10.4236/msce.2019.72001
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1365
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1365
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1370
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1370
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1380
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1380
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1390
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1390
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1395
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1395
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1400
http://refhub.elsevier.com/S0955-2219(18)30678-2/sbref1400
https://doi.org/10.1016/j.jeurceramsoc.2020.11.012
http://dx.doi.org/10.29322/IJSRP.8.4.2018.p7602

