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Abstract

3D printing (3DP) technologies have transformed the processing of advanced
ceramics for small-scale and custom designs during the past three decades. Sim-
ple and complex parts are designed and manufactured using 3DP technologies for
structural, piezoelectric, and biomedical applications. Manufacturing simple or
complex geometries or one-of-a-kind components without part-specific tooling
saves significant time and creates new applications for advanced ceramic mate-
rials. Although development and innovations in 3DP of ceramics are far behind
compared with metals or polymers, with the availability of different commercial
machines in recent years for 3DP of ceramics, exponential growth is expected
in this field in the coming decade. This article details various 3DP technologies
for advanced ceramic materials, their advantages and challenges for manufac-
turing parts for various applications, and perspectives on future directions. We
envision this work will be helpful to advanced ceramic researchers in industry
and academia who are using different 3DP processes in the coming days.
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1 | INTRODUCTION

Ceramics, particularly nonhydrating advanced ceramic
materials, are known for their high melting tempera-
tures and inherent brittleness, posing extreme challenges
in manufacturing defect-free components with near-net
shapes. Their poor thermal shock resistance and extremely
high hardness make them difficult to process through lig-
uid state and machining. Current manufacturing routes for
ceramic components can be broadly categorized into dry
and wet powder processing. While the latter provides more
flexibility in feedstock handling and the ability to make
complex geometries, removing liquid from the formed
parts is highly prone to defect generation, time consum-
ing, and energy intensive. As a result, dry powder-based
processing is the most popular method for manufactur-
ing ceramic parts. In both approaches, primary machining
is often avoided due to expensive tools that can con-
tribute a significant part of the overall manufacturing
cost. The advent of additive manufacturing (AM) or 3D
printing (3DP) provides lucrative alternatives to man-
ufacturing near-net shape, complex, and multimaterial
ceramic components, without part-specific tooling, for var-
ious applications. 3DP constitutes a group of advanced
manufacturing technologies that can manufacture compo-
nents directly from a computer-aided design (CAD) model
via layer-by-layer additive depositions.

The first and most important benefit of using 3DP to
manufacture ceramic components is the elimination of
expensive tooling. 3DP is highly cost effective in new
product design and manufacturing using ceramics since
no part-specific tooling is needed. 3DP of ceramics can
also decrease the gestation period for the product, pro-
totype development, and component production. 3DP
offers design freedom, which allows highly complex
parts to be easily fabricated compared with conventional
manufacturing routes. Integrating geometrical complexity
with high functional performance through 3DP of ceramic
parts also reduces or eliminates post-fabrication steps
such as cutting, grinding, and assembling, leading to an
overall reduction in the part cost and production lead
time. 3DP of ceramic components can be more economical
than powder injection molding for complex ceramic parts
that often run in low volume production and offer “acces-
sible ceramic parts production.” Recent developments
in 3DP technologies* enable the fabrication of ceramic
components using new materials,>® periodic and hier-

archical porous structures,” multimaterial components,®
functionally graded materials,” and ceramic matrix
composites (CMCs).!” Other generic benefits of ceramic
3DP! include customization, on-demand manufacturing,
strong and lightweight components, waste minimization,
and a broad application range. Despite these potentials
and demonstrated benefits, the adoption and growth of
3DP technologies to manufacture ceramic components is
relatively slow compared with metals and polymers. This
is primarily due to various challenges involved in ceramic
3DP," such as (i) feedstock preparation, (ii) effective print-
ing process for ceramics, (iii) critical post-printing issues,
such as binder removal and sintering, (iv) inconsistency in
the process and resultant mechanical properties, and (v)
industrial scalability. Notwithstanding these challenges,
increased interest in ceramic 3DP in recent years is
evident from start-ups offering 3D Printers and product
development opportunities tailored explicitly for ceramics.

1.1 | A brief history of ceramic 3DP

Recent literature!>71%1213  demonstrates a significant
increase in the interest in developing dense and porous
ceramic parts using 3DP. Due to the inherent process-
ing difficulties of ceramic component manufacturing
using traditional manufacturing routes, researchers real-
ized three decades ago that producing near-net shape,
complex, and high-performance ceramic components is
challenging without using innovative 3DP technologies.
The first report on processing ceramics using 3DP tech-
nologies was published in 1990 by Marcus et al.'*> and
Sachs et al.'® The first group used the powder bed fusion
(PBF) process, that is, selective laser sintering (SLS), to fab-
ricate Al,O; components, and the latter used the binder
jetting (BJ) process to make Al,03/SiO, casting cores
(Figure 1). In 1991, Al,O3 composites (Al,O3-P,05 and
Al,05-B,05) were successfully fabricated using the SLS
process.” The influence of feedstock powder size and SLS
process parameters on microstructure, dimensional sta-
bility, and mechanical properties were investigated. The
BJ process was applied to fabricate Al,O; and SiC parts
using colloidal silica as a binder.'® Following this BJ work,
Blazdell et al.' demonstrated the potential of the material
jetting (MJ) 3DP process, that is, ink-jet printing, to make
small ceramic parts using ceramic inks based on ZrO, and
TiO,. These early investigations prompted new interest
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FIGURE 1 A brief overview of early attempts made for ceramic AM.

in 3DP of ceramics. In 1994, the vat-photopolymerization
(VPP) process (stereolithography; SLA) was demonstrated,
for the first time, to have the potential to fabricate ceramic
components,’’?! wherein UV-curable aqueous solution
with up to 55 vol.% SiO, and Al,0O5 was used to produce
investment casting cores and structural parts, respec-
tively. Another AM process, namely, sheet lamination (SL)
(laminated object manufacturing; LOM), which relies on
sequential layer-wise adhesion of thin sheets of materials,
was also attempted by Griffin et al.>>?* to make Al,O5 and
ZrO, ceramic parts.

Among the different AM processes that attempt to
make ceramic parts, fused deposition modeling (FDM)
extrusion-based processes are still popular for various rea-
sons. The first use of this technology was reported in
1995 by Agarwala et al.>* In this investigation, filaments
made using Siz;N, with a thermoplastic binder system
were extruded to print green ceramic parts, followed by
binder removal and sintering, which resulted in up to
90% theoretical density. Another popular extrusion-based
AM process is direct ink writing (DIW; also known as
robocasting), developed in 1997 at Sandia National Lab-
oratories to process highly loaded ceramic slurries and
was first reported by Cesarano et al.> Other variants of
the VPP-based AM process, namely digital light process-
ing (DLP) and two-photon polymerization (TPP), have
also been attempted to fabricate ceramic components,’®?’
respectively. The primary advantage of DLP compared
with the standard SLA process is a significant reduc-
tion in the printing time due to complete layer curing
in one exposure against point-line-layer curing in the
SLA process. The TPP process enables the curing of
submicron volume, leading to micro/nanofabrication of

ceramic components. Zhou et al.”® fabricated high-density
(99.3%) Al, O3 cutting tools with hardness up to 17.5 GPa,
comparable to similar tools made using conventional man-
ufacturing routes. Pham et al.”’ successfully fabricated
highly complex nano/microceramic structures of SiCN
with submicron resolution using the TPP process.
Selective laser melting (SLM) is another PBF-based AM
process similar to SLS, but it can fabricate parts in one step
by completely melting ceramic powder layers, providing
fully dense parts without any post-sintering step. However,
it is more challenging to fabricate ceramic parts using
SLM than SLS due to high thermal gradients leading to
high thermal stress and consequent cracking/distortion
due to poor thermal shock resistance of ceramics. In 2007,
Shishkovsky et al.?® successfully fabricated parts, although
with macro defects such as cracks and pores, through the
SLM process using feedstock powder containing ZrO,,
AlL,O5; and Al Later, high powder bed preheating tem-
peratures reduced the defects in Al,O5 parts made using
SLM.?” Directed energy deposition (DED) of ceramics
was first reported in 2008 by Balla et al.,’ wherein dense
Al,O; parts were successfully fabricated, and property
anisotropy was observed in these parts. It is evident from
these first-generation studies and recent developments in
ceramic 3DP">710 that the critical challenges related to
the processing of ceramics are generally similar to those
associated with conventional ceramic processing routes.
For example, achieving fully dense, uniform, and refined
microstructures through high-temperature sintering is
essential in both processing routes. The use of preceramic
polymers (PCPs) as feedstock to make polymer-derived
ceramics, although it provides high flexibility in shaping
the parts for both 3DP and conventional processing,
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still poses challenges related to complete pyrolysis of
PCPs to ceramics, high shrinkage and high amount of
gas evolution during pyrolysis. The future of successful
ceramic 3DP undoubtedly depends on the fundamental
and technological understanding of ceramic 3DP-
specific process parameters and their influence on part
quality.

1.2 | Commercial 3DP processes for
advanced ceramics

Several 3DP technologies have been used to process metals
and polymers, but only a few have successfully man-
ufactured defect-free dense ceramic components. These
processes are categorized as (i) VPP, (ii) BJ, (iii) mate-
rial extrusion (ME), (iv) PBF, (v) MJ, (vi) SL, and (vii)
DED. Except for some versions of PBF and DED, all
other processes involve two steps. In the first step,
green ceramic bodies are printed using 3DP technol-
ogy, followed by debinding and sintering in the second
step to obtain densified ceramic components. A sum-
mary of different 3DP processes used to manufacture
ceramic components is presented in Table 1 and is briefly
described.

VPP processes use photosensitive monomer resins
loaded with ceramic powder or recently PCPs selec-
tively cured in a vat, according to the digital layer
information, using UV light. The cured parts are ther-
mally processed to remove the cured resin and then
sintered to obtain high-strength ceramic parts. VPP is
well suited for ceramics with low light absorbance and
provides high resolution with a good surface finish. The
leading technologies that use VPP are SLA, DLP, and
two-photon photopolymerization. Various oxide/nonoxide
ceramics and ceramic composites have been processed
using these technologies.' 7! However, light scattering
by ceramic particles, the requirement of high solids load-
ing to minimize the shrinkage during postprinting thermal
processing, and the stability of ceramic-loaded photosen-
sitive monomer resins are significant challenges in these
processes.

In the BJ process, an organic liquid binder or binding
agent is selectively deposited/sprayed as droplets, using a
print head, to join the loose powder spread on a build plat-
form. The next step follows binder removal and sintering
of the green parts. High build rates and high-resolution
parts characterize the BJ, although it requires free-flowing
coarse powder and low-density parts and poses challenges
during powder removal of the green parts. The inher-
ent presence of residual porosity in sintered ceramics
using BJ has been exploited effectively to make scaffolds
for bone tissue engineering applications.’’*> Alterna-

tively, PCPs can be used as nonsacrificial binders for
structural and other engineering applications, enabling
good powder compaction and interconnection and
enabling high-density parts to be added for low sintering
temperatures.*

ME-based AM methods use inks, slurries, or pastes,
consisting of solvents, gels, thermoplastics/thermosets
loaded with high concentrations of desired ceramic pow-
der or PCPs, that are extruded/dispersed through an
orifice/nozzle and printed on a build platform, either at
room temperature or at high temperature depending on
the feedstock. Critical AM technologies in this category
are fused filament fabrication (FFF) or FDM and DIW.
One unique advantage of ME technologies is their utility in
processing a wide range of materials,** multimaterial, con-
tinuous fiber-reinforced composites,**° and functionally
graded ceramic parts®’ production. However, ME pro-
cesses suffer from limited resolution, printing speed, and
bonding between layers and adjacent beads. Controlling
the feedstock viscosity is critical to ensure consistent flow
through the print head.

PBF methods involve sintering or melting dry powder
bedspread on the build platform to create solid layers using
high-power lasers. These processes are called SLS and
SLM, depending on the state fusion (solid state or liquid
state). These are the only AM technologies that can pro-
duce relatively strong solid ceramic parts in a single step.
However, poor thermal shock resistance of ceramics often
results in cracks in the parts because of the high thermal
gradients involved in these processes. Nevertheless, vari-
ous ceramics and composites have been attempted using
these PBF technologies.' "1

The ceramic SL process can manufacture ceramic
parts of simple shapes by sequential stacking, cutting,
and bonding thin ceramic tapes in the green state,
followed by standard high-temperature sintering. This
technology has also been used to manufacture mono-
lithic ceramics"® and ceramic composites.*'° However, the
major drawbacks of this process include layer delamina-
tion, property anisotropy, and limited part complexity and
size.

MIJ process, inkjet printing (IJP), fabricates parts by
selectively depositing droplets of ceramic inks (build mate-
rials) into 3D objects directly on a substrate using a
print head. The printed objects are dried and sintered to
obtain solid ceramic parts. The ceramic inks are made
using submicron ceramic particles (10-60 um) suspended
in appropriate solvent or wax. IJP’s success depends on
ceramic inks’ characteristics, such as solids loading, rhe-
ology, and particle size. Although it is a highly versatile
process for fabricating miniature ceramic structures, seg-
regating ceramic powder in the dry parts is a significant
challenge.
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1.3 | Ceramic AM for different industrial

sectors

Despite significant progress in ceramic 3DP, eliminating
defects and residual porosity in the final parts to achieve
the desired mechanical and functional performance is
challenging. Therefore, most ceramic parts made using
3DP technologies are first utilized in different indus-
trial sectors where porosity benefits specific applications
such as lightweight structures, filters, and scaffolds for
tissue engineering applications. At the same time, the
rapid increase in the current research efforts to fabri-
cate bulk ceramics using a variety of 3DP technologies is
expected to expand the applications in other industrial sec-
tors as well. The key industrial sectors that can benefit
from ceramic 3DP include biomedical, aerospace/space,
defense, automotive, energy, and chemical processing.
For biomedical applications, ceramic implants with
appropriate porosity characteristics provide excellent tis-
sue ingrowth, followed by faster osteogenesis, integra-
tion, and healing. Therefore, the application of ceramic
3DP with the ability to create such ceramic implants
with designed and controlled/hierarchically graded poros-
ity characteristics (mimicking natural bone) fueled its
early growth and adaption in the biomedical sector.?>!%7
Similarly, manufacturing of patient-specific customized
ceramic implants from patients’ CT/MRI scan data for
rapid and early-stage stabilization, integration, and heal-
ing is only possible through 3DP.!%® Core and molds for
turbine and aerofoil components'” with complex inter-
nal cooling channels can be easily made using ceramic
3DP to reduce overall design cycle time and develop-
ment cost in the aerospace sector. Enhanced turbine
efficiencies can be expected from ceramic turbine compo-
nents (SiC, SiC¢/SiC composites, S-SIALON) made using
3DP.MOH! The processing flexibility offered by PCPs feed-
stock to fabricate advanced ceramics and ceramic com-
posites through 3DP (Table 1) greatly enhanced its appli-
cation potential for high-temperature resistance compo-
nent manufacturing, with macro/micro/nanometer lever
resolution/features,>''> for aerospace applications.’ The
energy sector includes various applications such as tur-
bines, heat exchangers, batteries, supercapacitors, fuel
cells, powder plants, and so on, where ceramic 3DP can
potentially and economically create complex parts/devices
tailored to enhance efficiency and performance.'> Ceramic
3DP enabled the fabrication of advanced electrode archi-
tectures for batteries to enhance their electrochemical
performance in high power/energy density, cycling life-
time, and mechanical performance."® Another unique
application is stimuli-responsive smart glass devices for
energy generation, transmission, and conversion from
windows to wearable electronic devices. Catalytic convert-

ers and heat exchanges for different energy applications
are unique areas where highly complex honeycomb struc-
tures with twisted channels'* and triply periodic minimal
surface structures'® can be easily manufactured using
ceramic 3DP for high efficiency. Nuclear energy generation
also finds numerous areas to utilize 3DP capabilities to cre-
ate ceramic components, such as flow channel inserts, 0
ceramic breeder parts, and fuel assemblies."”” Irrespective
of industrial sectors, ceramic 3DP offers functional grada-
tion (in materials and geometry), customization, and geo-
metrical complexity at relatively lower cost and production
lead times than traditional ceramic manufacturing.

2 | 3DP PROCESSES

2.1 | Binder jetting

2.1.1 | A historical overview and methodology
BJ, a prominent 3DP process, traces its origins to the
late 1980s, pioneered at the Massachusetts Institute of
Technology. In 1993, Emanuel Sachs secured a patent for
this groundbreaking technology, utilizing gypsum powder
in conjunction with a binder comprised of glycerin and
water.'"® Subsequently, industry leaders, including ExOne
(PA, USA) and Z Corporation (SC, USA), undertook com-
mercialization efforts. Today, BJ is significant among the
seven major AM processes delineated within ASTM F2792.
The fundamental setup of BJ involves a powder source,
spreading the powder layer onto a build stage. A roller
compacts the powder to a precise, uniform slice thickness,
with excess material redirected into a powder collection
bin. Heat treatment of powders above 100°C before print-
ing is preferred to remove humidity and eliminate agglom-
erates for uniform powder spreading.”’ Simultaneously,
a print head equipped with multiple nozzles dispenses
binder droplets onto the build stage, typically employing
a thermosetting resin as the binder material, with droplets
sized at approximately 10-30 pl, conforming to the CAD
design.!"” A heat source is then utilized to facilitate the
drying of each layer, and this layer-wise process is iterated
until the final layer is complete. It is important to note
that while the BJ process is notably faster than powder bed
laser systems, the subsequent postprocessing steps incur
both time and energy expenses, consequently augmenting
the overall manufacturing costs of the final components.
After the printing phase, the parts are carefully removed
from the powder bed and subjected to binder curing via
heat treatment, vacuum treatment, or exposure to visi-
ble light, contingent upon the binder type employed.'?’
After curing, the trapped powder is removed from the
printed part using an air blower called “depowdering.”

85U8017 SUOWIWOD A0 3edldde au Aq pausenob aJe sejoie YO ‘@SN JO S8 10} Akeid18ulUQ A1 UO (SUORIPUOD-pUe-SWLR/W0o" A3 1M AfeIq 1 Ul |uo//Sdny) SUORIPUOD pue sw.e | 8yl 88s *[120z/2T/Tz] uo Ariqiiauliuo Ao|IM elfeleueiyod A Ev00Z 8% I/TTTT 0T/I0p/Woo A3 | 1M Afeiq1 Ul |u0 SO ILe.Bo//Sdny WOy pepeoumod ‘ZT *v20Z ‘9T62TSST



BOSE ET AL.

Journal | m

The part obtained after curing and depowdering is called
a green part, which does not have enough strength and
undergoes sintering or infiltration to achieve densification
and proper mechanical strength.!?'?> Before sintering,
these parts must undergo binder burnout, accomplished
through thermal debinding, catalytic debinding, or solvent
extraction.'?* Figure 2 shows an overview of the binder jet
process and binder jet fabricated sintered parts of various
ceramic compositions. One of the significant advantages
of BJ over other 3DP techniques involves its high pro-
duction rate and high production volume. It also does
not involve a support structure during printing for any
geometry and reduces the chances of oxidation, residual
stresses, and phase change since the process occurs at
room temperature and in the atmosphere.'** It is worth
noting that challenges often arise during the sintering
phase due to ceramic shrinkage, necessitating meticu-
lous optimization in design and printing operations to
attain the precise dimensions requisite for a functional
component.

2.1.2 | Factors influencing print quality

Despite its apparent simplicity, the ultimate quality of
binder jetted parts is contingent upon many variables.
These include the characteristics of the feedstock powder,
factors such as flowability, shape, particle size, and parti-
cle size distribution, as well as properties intrinsic to the
binder itself, including viscosity, chemical stability, inter-
actions with the powder material, binder saturation, and
binder composition. Successful parts fabrication through
BJ necessitates a rigorous optimization process encom-
passing binder composition, powder attributes, and print-
ing parameters. It is essential to recognize that these char-
acteristics exhibit variability contingent upon the specific
composition of the ceramic powder being used, render-
ing BJ a process that lacks versatility when applied across
diverse ceramic compositions. Nevertheless, it remains a
highly sought-after 3DP technique for ceramics due to its
inherent advantages, including the printing process and
minimal capital investment requirements compared with
laser-based alternatives.”® This versatility empowers the
creation of intricate and diverse designs and structures,
cementing BJ’s significance within ceramics 3DP.

Powder characteristics

The printability of ceramic components via BJ hinges on
critical powder characteristics such as flowability, tap den-
sity, powder particle shape, size, and distribution. The
resolution of the green part depends on the uniformity of
powder spread in each layer, a factor heavily influenced by
the flowability of the ceramic powder. Poor flowability can

eramic Society

lead to in-built defects and undesired internal porosities
in the final parts. The shape of ceramic particles is pivotal
in determining flowability and packing density. Spherical
powders typically exhibit superior flowability compared
with irregularly shaped particles. However, while demon-
strating good flowability, spherical powders engage in
point contact postroller compaction, resulting in higher
pore volumes. In contrast, irregularly shaped particles with
increased contact overlap exhibit higher packing density,
yielding a final part with enhanced bulk density. This phe-
nomenon was demonstrated by Suwanprateeb et al.,”® who
observed a 32% higher sintered density and a 20% reduc-
tion in porosity in irregularly shaped hydroxyapatite (HA)
powders compared with their spherical counterparts. A
trade-off between flowability and sintered density is inher-
ent in the BJ process. Spherical powders facilitate optimal
flowability and layer spreading during binder jet opera-
tions, whereas irregularly shaped powders contribute to a
final sintered part with higher density.

The resolution of binder jetted parts is intricately linked
to the layer thickness employed during printing. A lower
layer thickness corresponds to a higher resolution of the
final part. However, the lowest feasible layer thickness
depends on the highest powder particle size. Binder jet
operations typically employ particle sizes of 0.2-200 pm.
Smaller particle sizes increase Vander Waal forces, causing
particle agglomeration and affecting powder flowability.
The wettability of the binder is another critical parameter;
the binder droplets penetrate the powder layer via capil-
lary action into interparticle pores. It is important to note
that the selected binder should wet the powder particles.
Irregularly shaped powders, with greater contact between
flat surfaces, exhibit superior wettability compared with
spherically shaped powders, which form point contacts
at the necks of the pores. Particle size distribution plays
a significant role in powder-based 3DP as it determines
the packing density, binder saturation level, and final sur-
face finish.!** Utilizing multimodal powder emerges as
a strategy to enhance part quality and resolution where
coarse powder particles ensure good flowability while
finer powder particles occupy the pores formed by coarser
powders, reducing pore volume and improving overall
packing density. Sun et al.'® demonstrated this concept by
achieving increased density (1.6 g/cc) and flexural strength
(13.8 MPa) in glass-ceramic materials through a blend of
60% 45-100 um powders and 40% 1-25 um, as opposed to
100% monomodal powders of 45-100 um, which exhibited
lower density (1.45 g/cc) and flexural strength (3.5 MPa).
No consensus exists on the optimal particle size, shape,
and distribution for BJ. Achieving a high-resolution sin-
tered part with increased density necessitates meticulous
optimization of available powder particle characteristics
alongside printing parameters.
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FIGURE 2 Anoverview of the binder jet process and parts fabricated via binder jet demonstrating its potential to process complex

shapes across different ceramic materials. (A) Process flow schematic of a typical binder jet process.'”> (B) Hip stem and human pelvis
fabricated via binder jetting of tricalcium phosphate (TCP).% (C) Lithium alumino-silicate porous bone-substitute implant.”’ (D) Binder jet
printed alumina parts.” (E) Near-net shape printed part composed of Ti-Al-O-C composite.”

Binders

The judicious use of binders is a pivotal factor influenc-
ing the quality of parts in the BJ process. As previously
mentioned, a binder is precisely deposited onto the pow-
der layer through the print head, filling up the pores in

each layer via capillary action and eventually creating the
desired shape. An ideal binder must exhibit low viscosity
and stability against the shear forces induced during print-
ing, be printable, have favorable interaction with powder
material, and have an extended shelf life.!*”12° The low
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viscosity will ensure a smooth flow of individual binder
droplets onto the layer and then break off from the print
head nozzle easily.'?’ It is also important to note that
the binder solution should have a boiling point higher
than room temperature to avoid being solidified during
printing, and the binder resin should not cross-link dur-
ing storage and transport. Given the typically monomeric
nature of binders and their inherent toxicity, using envi-
ronmentally low-risk binders is a noteworthy advantage.
Optimization of the binder saturation level is a critical
parameter that affects the final part resolution. Higher
binder saturation may lead to unwanted penetration into
the current and previous powder layers, potentially dis-
torting the part resolution.'*” The inherent challenge lies
in the limited versatility of binder composition, with spe-
cific binders tailored for distinct ceramic compositions to
ensure optimal binder-powder interactions and produce
high-quality final parts. The particle binding mechanism
is categorized into two primary methods: In-liquid and In-
bed binding. In-liquid binding relies on the binding action
of the jetting liquid, while In-bed binding involves jetting
a rheologically simple liquid onto the powder layer along
with dry glue particles, facilitating binding upon hydra-
tion. In-bed binders often result in voids, as the additives
dissolve in water during printing. Conversely, In-liquid
binders leave minimal to no residue upon thermal degra-
dation; however, they can cause failure of the printhead
due to drying the binder in the nozzle."® The binder is
often infused with nanoceramic particles to improve the
sintered density and reduce shrinkage. The goal is to fill
the voids or interstitial space left by coarse particles during
printing.!!

Printing parameters

Following the optimization of powder particle and binder
characteristics, achieving the desired part density and res-
olution in the BJ process is contingent on carefully selected
printing parameters. Starting with the layer thickness, this
dimension must exceed the particle size of the largest
ceramic powder used. This is usually governed by the
resolution and powder particle size. Sachs et al."*? recom-
mended a layer thickness at least three times the highest
particle size to ensure optimal powder flowability. Higher
layer thicknesses may compromise green strength due
to reduced powder bed density and inadequate binder
penetration. Zhang et al.'** also showed increased power
density and mechanical strength of alumina/glass compos-
ite using a binder jet with lower layer thickness. Empirical
evidence indicates that the most favorable combination of
layer thickness and green body strength lies within 80-
130 pm.”134+°13% Layer thickness could also be affected by
powder size distribution as it affects the flowability and
spread of the powder to form a desired layer thickness.

eramic Society

After layer thickness, printing speed is another criti-
cal parameter that governs the printing step. The printing
speed here includes recoat speed (mm/s), roller transverse
speed (mm/s), and roller rotation speed (rpm). Recoat
speed is the speed of the recoater during powder deposi-
tion. The roller transverse speed is the speed at which the
roller moves through the powder bed, and the roller rota-
tion speed is the speed at which it rotates while moving
across the powder bed.'*” These different speeds and their
coordination are necessary factors that need optimization
depending on powder type and flowability to obtain desir-
able parts. Within BJ, different types of recoaters have been
used to print parts. While the rolling type recoater type
results in an inhomogeneous powder layer, the box-type
recoater causes nonuniform powder flow from powder
aggregation. A recent recoater type, which includes a V-
shaped recoating unit with piezo activation, avoids powder
aggregation and leads to the formation of a homogenous
layer, 141142

Like layer thickness and printing speed, optimizing
binder saturation is a critical step, defined as the ratio
of binder droplets jetted from the print head to the vol-
ume of interparticle pores in the powder layer. While a
high binder saturation is desirable for achieving adequate
green strength and high density, it inevitably results in
prolonged printing operation durations. Pereria et al.'**
conducted a notable study illustrating increased binder sat-
uration’s impact on enhancing calcium phosphate (CaP)’s
bulk density and compressive strength. The orientation
of the sample during the build process emerges as a cru-
cial determinant of both strength and surface roughness.
A generally preferred approach is to position the high
aspect ratio (HAR) of a single layer in the x-y plane,
with the layer height along the z-direction. This orienta-
tion in the x-y plane promotes stronger bonding within a
single layer compared with the interlayer bonding along
the z-direction. Castilho et al."*® demonstrated a tangible
difference in compressive strength for tricalcium phos-
phate (TCP), showcasing 19 MPa when printed along the
y-direction versus 14.4 MPa when the part was oriented
along the z-axis. This insight highlights the substantial
impact that build orientation can exert on the mechanical
properties of the final printed part. Consequently, thought-
ful consideration of build orientation is vital for achieving
the desired strength and surface finish combination in BJ
applications.

Postprocessing

Following the BJ process, a green body is obtained, char-
acterized by a lack of strength, necessitating subsequent
sintering to obtain the high-density body. Ideally, the pack-
ing density of the green part should be around 60% of
the ultimate density of the ceramic.'** The following step,
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crucial for achieving desired properties, involves depow-
dering to remove residual powders from the pores of the
printed structure. Depowdering impacts the surface rough-
ness of the final part, as an inadequate process may leave
residual powder particles on open surfaces, leading to
elevated roughness post-sintering. Depowdering methods
include force application throughout the vibration during
printing,” needle-assisted compressed air treatment,'* or
the use of boiling fluid within the pores.'*® The selection
of the depowdering technique is contingent on the printed
part geometry and design complexity.

After depowdering, the printed parts undergo the binder
removal step. This is typically done through thermal
debonding, solvent extraction, or catalytic debinding,
followed by sintering.!”®> The sintering process involves
inter-ceramic particle bonding through atomic diffusion
at elevated temperatures to produce dense parts. The sin-
tering temperature is an inherent property of the ceramic
composition, and external factors such as powder particle
shape and size influence sintering kinetics. Due to a larger
contact angle between particles, irregularly shaped parti-
cles favor sintering behavior compared with spherically
shaped particles that tend to undergo necking during diffu-
sion, resulting in higher residual porosities.”*” Reduction
in the surface energy is the driving force in sintering;
finer particles, possessing higher specific surface energy,
promote the sintering process compared with coarser
particles.'*® Different sintering methods have been uti-
lized to achieve denser parts with improved mechanical
properties. The conventional sintering technique involves
the heat energy from an outside heating element. The
heat travels from outside to inside through radiation, con-
duction, and convection. This generates the temperature
gradient and the internal stresses, which cause undesir-
able defects in the sintered part.'*” Microwave sintering is
an advanced technique involving volumetric heating of the
part. A microwave is a form of electromagnetic energy with
a frequency of 0.3-300 MHz. Here, the material absorbs
the microwave energy through electromagnetic radiation
and transforms this radiation into heat energy through-
out the material.®® This causes uniform heating and
shorter sintering time with controlled grain growth and
higher densification when compared with conventional
sintering.”

As highlighted earlier, shrinkage is a critical consider-
ation in the solid-state sintering of ceramics. Meticulous
optimization of the designed part’s dimensions is imper-
ative to achieve the final sintered part with the required
dimensions. Rigorous attention to these factors ensures
the successful transformation of green bodies into fully
sintered parts with the desired structural integrity and
dimensional accuracy.

2.2 | SLA of ceramics

2.21 | Brief history and methodology

SLA, also known as “VPP,” represents the pioneering 3DP
technique developed in the 1980s by Chuck Hull. Initially
designed to fabricate photopolymers, SLA’s application
extended to ceramic fabrication in the 1990s.° The SLA
process entails a liquid monomer-ceramic particle suspen-
sion within a vat, with the build stage moving along the z-
direction (Figure 3A). A point laser or light source emitting
UV-range wavelengths cures the liquid precursor—a pho-
topolymerizable monomer with homogeneously dispersed
ceramic particles of nano or micrometer size—onto the
build plate as per the design specified in the CAD file. The
build stage progressively descends throughout each layer,
covering the preceding layer with the liquid precursor,
followed by laser curing. This iterative process continues
until the completion of part fabrication, yielding the green
part—a cured photopolymer network with ceramic parti-
cle inclusions. After fabrication, the green body undergoes
postprocessing, which encompasses pyrolysis to remove
the organics, leaving behind the ceramic structure. This
is followed by sintering the ceramic at high temperatures
to achieve a purely ceramic structure devoid of polymer
traces. SLA’s versatility and precision in ceramic fabrica-
tion have propelled its adoption across various industries,
including aerospace, automotive, and biomedical.>2 As
research advances and technology evolves, SLA remains
a leading 3DP technique for ceramic production, offering
intricate geometries and precise components that meet the
demands of modern manufacturing processes.

In 1996, Nakamoto and Yamaguchi®' introduced a
groundbreaking advancement in the field of SLA known
as “DLP,” which was further refined by Bertsch et al.
in 1997.°? DLP, similar to SLA, operates by progressively
lowering a build stage with each layer. However, it distin-
guishes itself by employing a mask-based UV light source,
typically utilizing a liquid crystal display as the dynamic
mask generator. This innovation enabled rapid curing of
entire layers of photopolymerizable liquid in moments, in
contrast to the point curing method employed in tradi-
tional SLA. The utilization of ultra-fast light switching and
integral projection in DLP significantly reduces printing
time compared with SLA. DLP achieves higher resolutions
for printed parts than conventional SLA methods.">* Sim-
ilar to SLA, the maximum part height achievable in DLP
was initially constrained by the height of the build cham-
ber. A significant advancement in DLP technology was
made to overcome this limitation, replacing the top-bottom
approach with a bottom-up approach (Figure 3B).">* The
key distinction lies in the positioning of the digital light
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sintered parts.’ (D and E) Barium titanate complex parts are fabricated using digital light processing 3D printing technology.

projector: in the top-bottom approach, the projector is
located above the curable monomer layer, whereas in a
bottom-up approach, it is situated at the bottom of the sys-
tem, separated from the chamber by a glass window. The
build stage is inverted, and ensuring proper curing of the
initial layer and its adhesion to the build plate is crucial
to prevent part failure. As each layer cures, the build stage
ascends within the monomer chamber, while liquid resin
flows between the gap beneath the light projector win-
dow and the preceding layer, followed by curing of the
subsequent layer.

Many factors, such as resin matrix and printing param-
eters, influence the quality of the final part produced via
SLA or DLP. Achieving accurate dimensionality, struc-

Coated glass slide * Liquid photocurable
resin

Lens

Laser
Digital mirror device —
(DMD)

Schematic representation of (A) point curing by stereolithography.'® (B) Bottom-up digital light processing (DLP).!%* (C)

Silicon carbide ceramic part was prepared using stereolithography on a preceramic polymer. Below is a comparison between the green and
161

tural integrity, and surface quality necessitates meticulous
optimizations.”>>'>® Printing parameters such as layer
thickness, exposure time of UV source, and scanning
speed further need optimizations along with resin matrix
characteristics for a successful printed green body part
with accurate dimensionality, structural integrity, and
surface quality. The layer thickness determines the final
resolution of the printed part. The exposure time of the
UV source governs the degree of polymerization and
curing of the resin matrix. Precise exposure time control
is essential to achieve uniform curing and prevent under-
or overcuring. The UV source’s scanning speed affects
the polymerization and curing rate. Alumina (Al,03)
and zirconia (ZrO,) are among the most commonly used
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ceramic materials in SLA.3*3° These materials offer a com-
bination of desirable mechanical, thermal, and chemical
properties, making them well suited for a wide range of
applications across various industries. Figure 3C-F shows
complex structures printed using SLA and DLP.

2.2.2 | Process and printing parameters

The resin for the ceramic SLA contains ceramic powder, a
dispersant, and a monomer solution.®”> The process starts
with adding the fine ceramic powder to the photocurable
resin. Many parameters need optimization for the suc-
cessful printing of ceramic parts, with ceramic suspension
characteristics playing a pivotal role in achieving proper
dispersion and homogeneity of particles throughout the
resin matrix. Adding organic additives and surfactants can
enhance dispersion, reduce viscosity, and improve wet-
ting characteristics, facilitating the uniform distribution of
ceramic particles.

For a high-precision and defect-free part, the ceramic
suspension should exhibit good rheological behavior,
including long-term stability and workable viscosity. The
particles in the slurry should be uniformly suspended and
remain stable until the printing is complete. The viscosity
of the ceramic slurry depends on the extent of the solids
loading. With an increase in the loading of ceramic parti-
cles, the viscosity of the slurry increases. However, while
a low-volume fraction of ceramics particles causes high
shrinkage and low density in the final part during sinter-
ing, a high-volume fraction of ceramics particles makes
slurry too viscous to work with. Proper optimization needs
to be done to ensure high-quality parts.

During printing, cured depth and width are critical for
final part accuracy. Multiple factors influence cured width,
including powder characteristics, particle size and refrac-
tive index, resin polymer properties, and ceramic slurry
characteristics, such as ceramic volume fraction, inter-
particle distance, and irradiation wavelength. Maintaining
low cured width ensures high resolution and precision in
the final part.”? Achieving high-quality, functional parts
via SLA necessitates meticulous optimization of the resin
matrix and printing parameters. By carefully managing
these variables and selecting suitable ceramic materi-
als, manufacturers can produce components with desired
dimensional accuracy, structural integrity, and surface
quality, meeting diverse application requirements.

2.2.3 | Postprocessing

Postprocessing treatment is one of the critical steps that
determines the properties of the final part. Different post-

processing steps include UV curing to cure the uncured
resin, removal of the support structure from the part, and
densification. The green parts usually undergo debinding
to remove the binder or other organic residue from the
printed part. This leaves behind a fragile ceramic structure
with poor mechanical properties. Based on the powder
sensitivities, the debinding step can be carried out in dif-
ferent environments. In a study utilizing SLA of alumina,
the samples were debinded in air, argon, and vacuum.™’
The results showed that debinded samples in the air
showed better flexural strength and relative density. In
the air environment, the exothermic reaction was favored
for debinding, while under the argon environment, the
endothermic reaction took place, which made a difference
in the final properties. After the debinding step, the
parts undergo sintering to achieve the desired part with
improved densification and mechanical properties. Like
debinding, this step is carried out at an elevated temper-
ature, leading to further shrinkage. However, no polymer
removal or decomposition occurs. Different sintering
approaches include solid-state sintering, liquid-phase
sintering, and precursor infiltration.** Depending on the
material type, part size, solids loading, and particle size,
the postprocessing steps can vary and, therefore, need
proper optimization to ensure defect-free parts.>®

2.3 | 3DP of ceramics from liquid
precursors

Most 3DP technologies for ceramics are typically based on
the use of powders that are either employed to form a dry
powder bed, such as in BJ, SLS/SLM, or are continuously
supplied to a heat source, as in DED or are embedded
into solid or liquid polymers/photopolymers to generate
filaments or pellets (FFF), tapes (LOM), slurries (1JP), or
photocurable slurries (SLA/DLP). The choice of powder
characteristics is determined not only by the requirements
of the part to be produced but is often influenced by the
specific AM technology adopted for the fabrication.

For instance, the use of fine particles that promote
sintering and the high particle loading desirable in pho-
tocurable slurries in SLA/DLP, TPP result in very high
viscosities, requiring the implementation of suitable ways
for generating homogeneous thin layers to be cured in the
layer-wise process, such as the use of a rotating blade/vat or
a tape-casting approach, leading to significantly increased
equipment complexity and cost. Moreover, particle stabi-
lization in a nonaqueous medium is often tricky, caus-
ing segregation phenomena within the slurry that are
incompatible with the long printing times required. Fur-
thermore, the difference in refractive index between the
particles and the surrounding liquid leads to the loss of
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resolution because of scattering and, together with high
absorbance for some materials, can significantly reduce
the penetration depth of the radiation. When particles
have to flow through a nozzle, the maximum particle
size determines the minimum acceptable nozzle diameter,
thereby limiting the printed part’s size and surface quality.
Additionally, clogging of the nozzle can often occur.

The presence of particles causes all of the above issues
and can be avoided if a liquid precursor is used instead.*!
Such precursors include PCPs'®? and sol-gel solutions.'®?
It is noteworthy to observe that they allow for the pro-
duction not only of ceramics but also of glasses and glass
ceramics and that the transformation from a precursor to a
ceramic material occurs via a thermal treatment, typically
in a controlled atmosphere. Naturally, the use of fully lig-
uid feedstocks for 3DP of ceramics has its disadvantages;
for instance, they cannot be used in BJ, SLS/SLM, DED, or
FDM technologies either due to intrinsic limitations in the
technologies themselves or because current equipment is
not structured to handle liquid systems. Furthermore, the
compositional range of the resulting ceramics is somewhat
limited when using PCPs since, typically, only silicon-
based materials are available. Sol-gel systems are much
more versatile in terms of the ceramic compositions that
can be achieved but suffer severely from low strength
and drying defects when in the gel stage, making the
fabrication of quality parts very challenging.

PCP-based, low viscosity, and highly transparent fully
liquid photocurable solutions have been successfully
employed in a variety of 3DP technologies, such as DLP,
TPP, and VAM, enabling the fabrication of defect-free parts
with feature sizes in a range from the submicron to the
hundreds of microns.> Photocuring ability can be pro-
vided to the precursor by grafting photocurable moieties'®*
or blending the PCP with a photocurable polymer.*?
Click chemistry obtains a high ceramic yield and pre-
ceramic thermoset parts using conventional DLP* or
self-propagating photopolymer waveguide technology.'"

By controlling the rheology of the solution, for instance,
adapting the precursor concentration, adding fillers, or
exploiting the fast evaporation of a solvent, intricate archi-
tectures with spanning features can be manufactured by
DIW>>> and the use of elastomeric PCPs enables the
fabrication of complex 3D structures starting from 2D
sheets further processed by origami.** The addition of
inert/reactive/sacrificial solid particles or fibers to the all-
liquid PCP solutions allows for the production of parts
possessing porous struts,'® CMCs,” or bioceramics.>
SiOC, SiC, SiCN, and advanced oxide ceramic parts have
been obtained employing the above AM approaches. Some
examples of parts produced using PCP-based feedstocks
and the different technologies above are reported in
Figure 4.
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The use in 3DP technologies of sol-gel solutions, either
based on alkoxides or salts, has been so far limited to
very few examples, such as glass,***> mesoporous silica,®!
yttrium aluminum garnet,46 barium titanate,*’ and tita-
nium carbide* for DLP. Moreover, organic-inorganic
hybrid materials can also be obtained,* further extending
the range of applicability of the approach. DIW has also
been successfully used to produce silica, silica-titania, and
silica-germania glasses.””'°>1%” The complex microstruc-
tural development of titania sol-gel inks during printing
has been investigated in situ.’® It has been demonstrated
that sol-gel precursors, particularly silicon alkoxides, can
undergo thermal crosslinking and develop glass phases
also without previous hydrolysis and condensation; there-
fore, they have been embedded in DLP inks*’ as well as in
colloidal suspensions for spatial UV-assisted DIW, where
they act both as rheology and sintering aids.”” Figure 5
highlights the versatility of the feedstocks containing sol-
gel precursors in terms of applicable technologies and
different compositions that can be produced.

There has been an increasing wealth of investigations
concerning the 3DP of ceramics using precursors, testify-
ing to the considerable scientific and technological interest
in this specific field, although some challenges remain to
be addressed. The primary issue is that converting from
precursor to ceramic occurs with weight loss, gas evo-
lution, and significant shrinkage. On the one side, this
limits the maximum thickness achievable after firing to
a few millimeters and becomes problematic, especially
when the architecture of the part is anisotropic.'®® On
the other side, however, the significant change in volume
increases the resolution that can be achieved, enabling it
to go beyond the limitations in the minimum feature size
realizable that are typical of the specific 3DP technology
employed.

Future directions for the research on 3DP using pre-
cursors will undoubtedly take further advantage of the
main positive characteristics of the approach, namely the
high transparency of the formulations and rheology con-
trollable in a wide range of values. Indeed, this enables
printing using approaches that require a significant pen-
etration depth for the radiation, such as TPP and VAM,
and some examples have already been recently published
in the literature.%>'%°-2 Moreover, for TPP, particle-free
resins remove the limit in the printing resolution of fea-
tures, which is given by the length scale of the dispersed
particles. Furthermore, the lack of particles in the feed-
stock should also make it possible to reduce the nozzle
size in DIW significantly, thereby increasing the resolution
achievable and providing significantly higher strength (or
strength-to-density ratios) for parts with cellular architec-
tures. At the same time, using a photocurable solution as
the ink enables the free forming of complex structures by
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FIGURE 4 Flowchart of the fabrication of PCP-derived parts using different AM technologies—material extrusion,™

vat-photopolymerization,** and a novel hybrid approach.*

DIW coupled with UV irradiation, which could be further
enhanced using advanced AM technologies, such as RAM.

2.4 | Directink writing

Direct ink writing (DIW) is a filament deposition method
that involves extrusion of powder-loaded suspensions or
inks through a nozzle. By guiding the path of the nozzle
(Figure 6A)° via the use of a robot, gantry, or other sys-
tem, complex parts can be built up layer-by-layer. Among
the first to realize the great potential of this 3DP tech-
nique for ceramics was a team from Sandia National
Labs led by Joseph Cesarano II1.%! While extrusion-based
AM methods are being explored across different material
classes, including constructing large-scale concrete struc-
tures, the primary focus of this article addresses the DIW
of inks of submicron ceramic powders followed by sin-
tering. Discussed presently is a brief overview of DIW,
recent highlights, and a discussion of challenges and
opportunities. More extensive review articles on DIW are
available.®?%

DIW has found great utility for the 3DP of ceramics
for several reasons. First, much is known about prepar-
ing high-solids and stable colloidal suspensions of ceramic
powders, an outgrowth of basic ceramic research that rec-
ognized the need to control interparticle forces to reduce
processing defects and increase green-body densities.'”?
Using dispersants in water-based suspensions to create
repulsive forces between powders, inks with powder load-
ings of greater than 50 vol.% are not uncommon, with
some inks approaching 60 vol.% solids.”> Maximizing the
powder loading increases the green body density after dry-
ing, reducing the porosity that must be removed during

sintering. Second, by adjusting dispersant amounts, the
pH of the water, ceramic powder volume loadings, and
adding 1-5 vol.% organic polymers, it is possible to cre-
ate inks with yield-pseudoplastic rheology. Inks with this
rheological behavior a possess yield stress, a requirement
for DIW printing, and are shear thinning. The yield stress
is essential as it provides structure to the printed part
after the shear stress is removed and supports subsequent
printed layers, while shear thinning helps extrudability
through small nozzles. Third, the high melting temper-
ature of ceramics makes 3DP techniques often used for
direct printing of metals, where the powder is melted via
a laser, less valuable due to large thermal gradients and
the development of residual stresses during cooling. Com-
bined with the low fracture toughness of ceramics, these
residual stresses often lead to printed parts cracking. In
DIW, printing occurs at or near room temperature; typi-
cally, the only residual stresses in the printed parts occur
during drying. These can be managed by controlled-rate
water removal in a humid atmosphere. After drying, the
part is sintered in a second processing step to remove
porosity. Thus, DIW is an indirect 3DP process.

Early DIW work focused on printing alumina powders
as a model material due to low cost, ease of stabilization
in water-based inks, and simple sintering protocols. As
an example of a successful DIW ink composition, 55 vol.%
submicron alumina powders with an anionic disper-
sant (Darvan 821a), 5 vol.% 55k g/mol molecular weight
polyvinylpyrrolidone, and balance water were successfully
printed through a 1.25 mm nozzle at a shear rate of ~20
s.!% The static yield strength of this ink was 157 Pa; yield
strengths below 100 Pa were too low to support subsequent
layers, while inks with strengths above 250 Pa did not flow
well out of the nozzle. B,C,"* SiC,%* Zr0,,"> and other
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essential ceramics have also been used in DIW. Recently,
SizN, inks have been printed successfully with ~46 vol.%
powder loading (Figure 6B).°

One of the most significant advantages of DIW rel-
ative to other ceramic 3DP methods is the ability to
orient HAR phases such as chopped fibers, whiskers,
and platelets in the extrusion direction during layer
buildup.®>'”° HAR phases are added to manipulate prop-
erties such as strength, toughness, thermal conductivity,
and so on. HAR phase alignment occurs due to the high
shear stresses generated near the nozzle walls (Figure 6C).
Cox!"’ recently printed a 10 vol.% carbon fiber (Cy)/45 vol.%
SiC powder CMC that was pressureless sintered to 96% rel-
ative density. The average 4-pt bend strength of this DIW
CMC was 343 MPa, with a Weibull modulus of 10.7. Sim-
ilarly, dense monolithic SiC-only samples demonstrated a
4-point bend strength of 351 MPa with a Weibull modulus
of 7.4. Beyond the high strength and narrower distribution
of strengths, fiber pullout (Figure 6D) and noncatastrophic
failure behavior (Figure 6E) were observed, demonstrating
that 3DP approaches such as DIW can be used to prepare
CMC materials.

2.5 | Challenges and opportunities for
DIW-based 3DP

CMCs have found commercial success in the aviation
industry'’® and are being considered for emerging oppor-
tunities in hypersonic flight. C¢/SiC and SiC;/SiC CMCs
have a long history of process development.'’"'¥0 Much is
known about, for example, how to fabricate CMC com-
posites, including the layup of plies, matrix densification
steps, BN and pyrolytic graphite debond coatings, and so
on. However, the high processing costs and long lead times
associated with CMC part production make the discov-
ery and maturation of alternative processing approaches
for the fabrication of CMCs attractive. It is believed that
DIW is a fully matured processing approach that could
reduce costs and shorten the lead times of traditional 2D
CMC processing routes while also providing the requisite
mechanical properties for high-temperature applications.
As such, there is an opportunity for the DIW scientific
community to move this AM technology toward that goal.

There are many advantages to using DIW for the pro-
duction of CMCs. First, it would afford new matrices to
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FIGURE 6 (A) Direct ink written 46.5 vol.% Si;N, ink, extruded through a rastering 1 mm nozzle.*® (B) Printed lattice of a 46.5 vol.%
Si;N, ink.% (C) Schematic representation showing the alignment of short fibers through a nozzle during extrusion and an adjacent image
showing the local shear stress through a 1 mm orifice.*® (D) SEM micrograph of a failed DIW 0° C;/SiC CMC near the tensile axis showing
fiber pullout.®’ (E) Load versus deflection plot of a DIW 0° C¢/SiC CMC showing cracking events (circled) and reloading before failure.®’ (F)
DIW C;/SiC CMCs with a 0°/90° orientation of the fibers, and (G) in situ synchrotron X-ray imaging during printing of SiC fiber and epoxy
ink, showing the presence of many highly-misoriented and bent fibers in ink. The nominal extrusion speed was 2 mm/s. The image was

obtained from Dr. Croom.

be explored by simply developing inks with other high-
temperature ceramic powders such as ZrB, and HfB,
and non-SiC carbides such as ZrC and HfC. Secondly,
unlike traditionally processed CMCs, where the fibers are
oriented by hand placement of the individual plies, the
orientation of the fibers is controlled by the flow of the col-
loidal slurry through the nozzle during the writing process.

Traditional composite architectures, such as 0°, 0°/90°
(Figure 6F), quasi-isotropic, and so on, can be prepared by
changing the write direction. However, as the technique
matures, more complicated designs, including the inter-
nal structure, could be developed, which are complicated
with current processes. Third, the matrix phase in DIW
CMCs can be formed and densified in one step, implifying
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matrix densification approaches (e.g., polymer infiltration
and pyrolysis, liquid silicon infiltration, or chemical vapor
infiltration) used in traditionally processed CMCs. Fur-
thermore, there is an opportunity to reduce the tooling
costs associated with traditional CMC forming. Rather
than starting with, for example, a wedge-shaped tool and
the lay-up of plies on its surface, DIW CMCs could be
printed directly into the desired wedge-shaped part. These
are just a few advantages of using DIW as a processing
route for making CMC materials.

Despite successes using fiber- and powder-loaded inks
to fabricate DIW CMCs, there are many challenges. First,
there are limitations to the volume loading and length
of fiber that can be incorporated into inks while retain-
ing its extrudability. For example, Croom et al.'®! studied
the mechanics of nozzle clogging using computed tomog-
raphy for SiC fiber volume loadings up to 5.75% (no
ceramic powders were added), noting several contribut-
ing mechanisms. Of these, upstream fiber entanglement
and accumulation of fibers near the nozzle exit are most
important as the fiber volume increases (see Figure 6G).
Preparation of inks with higher fiber loadings will be
essential as the fiber phase has been shown to change
the crack path during failure via fiber pullout and should
carry more load. Those variables that govern interactions
between the fiber and powder as they move relative to
one another in shear and through a narrowing nozzle
are crucial for enabling DIW of CMCs and should be
investigated as little is known fundamentally about these
composite fluids. Interactions of the fiber and powder dur-
ing sintering may also be challenging, and coating systems
may need to be developed to preserve the fiber morphol-
ogy. Developing DIW methods to incorporate continuous
fibers could also move this processing approach forward;
however, nearly all continuous fiber 3DP research is on
polymer matrix composites. Second, fiber loading strongly
influences the sinterability of the DIW parts. For exam-
ple, carbon fiber volume loadings of 15 vol.% caused the
overall densification of the SiC powders to fall below 90%
relative density.*” While exhibiting minimal to no change
in length during the sintering process, the fibers negatively
influence how much the SiC powders shrink during sinter-
ing. Fibers hindering shrinkage in DIW printed ceramics
has been noted as a problem before.'®? Thus, understand-
ing and controlling the local sintering dynamics will be
critical. Third, different drying behaviors, coefficients of
thermal expansion, and elastic modulus between the fiber
and the matrix can cause distortion and cracking of the
dried and sintered bodies in some composite architec-
tures. Scaling laboratory-sized parts to larger ones will
likely reveal particular challenges centered around dry-
ing. Understanding the development of drying stresses as
a function of part thickness, fiber loading and orienta-

tion, and powder loading will be key. Thus, it is evident
that understanding the development of residual stresses
that develop between fiber and matrix during printing,
drying, and sintering is critical. With a thorough scien-
tific understanding of the processing variables, it should
be possible to mature the DIW process to produce high-
performing structural ceramic parts and enable lower cost
and significantly increased complexity in design.

2.6 | Extrusion-based 3DP of ceramics
The fused deposition of ceramics™ (FDC™) process
(Figure 7A-7C) was developed at Rutgers University (NJ,
USA) and patented by Safari and Danforth et al.,'®>!84
and was implemented to fabricate functional materials,
including electromechanical actuators and sensors. The
FDC™ process is an independent offshoot of the FDM™
process, which uses a thermoplastic polymer as filament
feedstock, the details of which can be found elsewhere.!84
The FDM™ process is limited to the fabrication of parts
and components that are based on polymer materials. The
FDC™ process is a 3DP method that lends itself to print
ceramics.'®

The breakthrough of the FDC™ process is the success-
ful development of four different binder formulations for
the uniform dispersion of any chosen ceramic powder
in the thermoplastic polymer.'3*'®” The ceramic—polymer
mixture is then extruded into a filament feedstock (35—
65 vol% solids loading) (Figure 7A) and then fed into the
liquefier of the FDC™ system (Figure 7B). The fabricated
part is then subjected to a thermal cycle to remove the
mixture’s polymer (4-component binder) phase, leaving
behind a ceramic preform.'®>!%¢ Upon sintering, a highly
dense 3D ceramic object is obtained in a free-form fashion.
The Rutgers group also developed a multihead (MH-FDC)
(Figure 7C) system capable of building a 3D object made
of distinct materials by codeposition. The MH-FDC sys-
tem also has a built-in printing flaw detection feedback
circuit. Multimaterial piezoelectric actuators comprised of
soft and hard Pb(Zrys, Tiys5)O5; (PZT) (Figure 7D), and
metal electrodes were successfully demonstrated using
MH-FDC.IS&lgg

2.6.1 | Electromechanical actuators by FDC™
An electromechanical actuator converts electrical energy
to mechanical energy via first-order (piezoelectricity) and
second-order (electrostriction) effects.'”® Such actuators,
single phase or their composites, produce exact motion
in the ~1-100 ym and can generate high force, making
them very versatile devices in various engineering systems.
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(A) Polymer (thermosetting) matrix—ceramic reinforced FDC™ filament feedstock of 1.9 mm diameter. The filament is

comprised of the 4-component binder. Solids loading varies from 35 to 65%. (B) Schematic representation of the FDC™ process showing the
liquefier. The thermosetting polymer containing the ceramic materials is molten and deposited on an xyz stage where the 3D object solidifies.
(C) The multihead FDC™ (MH-FDC) system enables one to fabricate 3D parts using distinct materials by codeposition. The system also has a

flaw monitoring system. (D) A ceramic-ceramic composite transducer comprised of hard and soft Pb(Zr, 5,Ti, 5)O; (PZT) as fabricated by
MH-FDC. (E) PZT-based piezoelectric below actuators by FDC™. (F) PZT-based rhombohedral lattice structured piezoelectric actuator by
FDC™. (G) PZT-based tube array piezoelectric actuator by FDC™. (H) PZT-based serpentine piezoelectric actuator by FDC™ (I) PZT-based
3D ladder structured piezoelectric actuator by FDC™. (J) PZT-based spiral piezoelectric actuator by FDC™. (K) Comparison of tip
displacement between spiral and strip actuators as a function of applied voltage, showing the displacement amplification due to the “shape

effect.” (L) Cross-sectional scanning electron microscope image of a cosintered bi-layer electromechanical bending actuator by FDC™. Top
layer is piezoelectric 0.65 Pb(Mg,3,Nb,/3)05-0.35PbTiO; (~480 um); bottom later is electrostrictive 0.90 Pb(Mg,3,Nb,/3)0;-10PbTiO;. (M)
The comparison of the electric field response of the cosintered bi-layer electromechanical bending actuator by FDCTM shows the effect of the
piezoelectric—electrostrictive layer thickness ratio on tip displacement. Also shown is the asymmetry of the tip displacement as a function of

the applied voltage’s polarity.

Such electromechanical devices can also be sensors where
a mechanical stimulus produces an electrical response.'”"

The FDC™ process surpasses the limitations of con-
ventional fabrication methods for electromechanical
actuators.””’ As such, one can accomplish form factor
engineering (Figure 7E-I), where one utilizes the design
of the transducer to amplify its displacement.®’*" The
contribution of a novel design to the displacement is addi-
tive to the intrinsic response of the material, providing
much-needed amplification of the mechanical output.
The FDC™ process allows one to create complex-shaped
ceramic transducers and fabricate complex-shaped poly-
mer matrix electromechanical diphasic composites by a
two-step process.”” The FDC™ process also enables one

to create monolithic ceramic-ceramic composites of any
arbitrary shape.®”-%

The Rutgers group has demonstrated the effectiveness
of the FDC™ process by developing novel actuators like
spiral, telescoping, dome, tube, curved and multilayered
tubes, bellows, oval actuators, ladder structure, serpentine,
rhombohedral-lattice, among others (Figure 7E-J).8-%
Spiral actuators (Figure 7J) exhibit large field-induced
displacement because both tangential and radial displace-
ments are triggered, with the tangential displacement
being dominant.”’ The tangential displacement reaches
1.9 mm at 11.6 kV/cm, 12 times that of a PZT strip of the
same dimensions (Figure 7K). The blocking force is 0.8
N for driving fields of 1.3 to 3.3 kV/cm as it is inversely
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proportional to the displacement.’! Bilayer actuators, com-

prised of piezoelectric 0.65 Pb(Mgy/3,Nb,/3)03-0.35PbTiO;
and electrostrictive 0.90 Pb(Mg,3,Nb,/3)03-0.10PbTiO3,
were also fabricated. Bilayer spirals demonstrate increased
tangential displacement attributed to the strain differ-
ential induced by the electric field across the inter-
face of the piezoelectric and electrostrictive materials.
The cofiring process was conducted at 1250°C for 1 h,
adjusting filament properties and integrating two dis-
tinct materials. These bilayers demonstrated a tangential
displacement of 510 um at an electric field strength of
500 V/cm, surpassing the 200 um displacement observed
in single-material actuators under the same electric field
conditions.”

The fabrication of monolithic multimaterial monomor-
phic actuators using the same materials as in the spiral
follows the same approach (the interface and the bilay-
ers are depicted in Figure 7L).°*** The monomorphic
devices are planar, while the exact mechanism of the
bilayer spiral amplifies the tip displacement (x). How-
ever, the x depends on the polarity of the applied electric
field (E), that is, x(E) > x(—E) (Figure 7M).”>°* In other
words, the displacement is asymmetric. The degree of
symmetry can be fine-tuned by the judicious choice of
piezoelectric and electrostrictive layer thickness, which
is relatively straightforward using the FDC™ process
(Figure 7M).73%4

Novel PZT ceramic-polymer composites and
rhombohedral-lattice structures, with various orien-
tations of the ceramic phase to the poling direction,
were also demonstrated with the FDC™ process using a
two-step process (Figure 7F). The orientation angle (6) of
the ceramic phase was varied from 0° and 75° with 15°
increments. The ceramic structures fabricated by FDC™
were embedded in hard epoxy. Owing to the transverse
coefficient (ds,) becoming a positive quantity (d3; > 0)
where d;, = d3; + ds;, these composites demonstrate an
effective hydrostatic piezoelectric coefficient (dj,).'”

2.6.2 | Alternate 3DP processes for
electromechanical actuators and sensors

Other 3DP processes were implemented for the fabrica-
tion of objects that are based on functional ceramics. For
instance, the direct-write MicroPen™ process was adapted
by the Rutgers group for the printing of quasi-planar
devices.'”® General electric adopted a digital microprinting
process to fabricate piezoelectric transducers for medical
ultrasound imaging, including matching and backing lay-
ers and the adhesive joints connecting the transducer.'**
Robocasting has proven to be a highly effective 3DP
method in developing PZT composites comprising a 3D
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ladder structure with solid PZT caps.'>'*° Such com-
posites have high hydrostatic piezoelectric coefficients,
making them attractive for sensor applications. More-
over, using barium titanate ceramic suspension to fabricate
a piezoelectric part using projection-based SLA enables
one to develop conformal components for cornea imaging
in ophthalmological applications.'””-'% Freeform injection
molding, a hybrid 3DP, was an effective method for fabri-
cating conformal and air-ceramic composite piezoelectric
structures.'”” Reactive-colloidal inks were demonstrated
for 3DP by robocasting of BaTiOs-based ceramics.”’’ Tun-
able 3D-printed PVDF-TrFE piezoelectric arrays were in
situ polarized recently.?"!

2.6.3 | Prospective developments in 3DP of
electromechanical transducers

Various 3DP processes open new avenues for developing
unprecedented composite, multi-material, and multifunc-
tional transducers. Essentially, one can develop artificial
macrocrystals that conventional processing methods could
not obtain. For instance, a multi-material system with a
specific connectivity pattern can be fabricated to induce
cross-coupling between disparate phenomena such as
ferroelectricity and ferromagnetism or magnetostrictive-
piezoelectric/electrostrictive coupling, flexoelectric com-
posite, among others. We believe a major future direction
seems to be 3DP under applied fields (primarily electrics,
magnetic, and thermal fields) that will enable one to
obtain nano- and microscale scale ordering in the final
3D composite. Such ordering would then serve to obtain
the desired nano- and microstructures. We also anticipate
that electroactive polymer matrix composites with ceramic
particles dispersed in the polymer will find significant
applications in energy storage applications where 3DP will
play a significant role.

However, some challenges exist requiring resolution.
The layer thickness in 3DP must be reduced to at least 5-
10 um. This can only be obtained with unique feedstock
in which colloidal control is necessary to disperse ~100—
200 nm particles in a polymer matrix. Second, hardware
capable of depositing such thin layers needs to be devel-
oped. Third, the resolution of the spatial displacement of
the hardware needs to be improved. Advances in the above
direction will likely pay dividends one cannot fully predict.

The 3DP approach was successfully extended to
microelectronics?®? and similar applications using ink?*
and aerosol-based’** feedstock, enabling one to develop
devices on suitable substrates. Hence, 3DP has the
potential to impact surface acoustic wave devices and
micromechanical  electro-mechanical  systems,?0>204
among others.
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FIGURE 8

2.7 | 3DP of melt growth ceramics by
laser DED

Melt growth ceramics (MGCs), obtained directly by melt-
ing and solidification of pure raw materials, are famous for
their ultra-high-temperature properties and microstruc-
tural stability that develop as a response to clean and high-
strength bonding interface shared by atoms.’*>?’ The
main preparation methods, including directional solidifi-
cation methods, such as Bridgman, laser-heated float zone,
and nondirectional solidification methods, such as com-
bustion or explosion synthesis, generally have long prepa-
ration periods, large subsequent machining allowance,
and challenges in preparing complex structures.’’%20?
Therefore, for efficient and high-quality MGC fabrica-
tion, developing effective near-net-shaping techniques is of
prime importance. Schematic representations of the laser-
directed energy deposition (LDED) system and typical
deposition structures are shown in Figure 8.

LDED, also known as laser-engineered net shaping, is
a kind of 3DP technology based on synchronous feed-
ing. LDED uses a high-energy laser beam to melt high-
purity ceramic powders completely, directly shaping 3D
structures by in situ deposition of the melted materials.
Synchronous feeding and in situ deposition impart signifi-
cant advantages in the parts manufacturing cycle, material
composition, and utilization. Furthermore, the bottom-up
and layer-by-layer deposition methods in LDED remove
roadblocks due to mold restrictions, allowing it to fabricate
ceramic parts with arbitrary shapes and sizes. Since it was
first successfully applied to the preparation of Al,0; MGCs

Schematic representation of the LDED system and typical deposition structures.

by Balla et al.,’® various MGCs, including single-phase,
composite, and gradient ceramics, have been successfully
achieved.

LDED technology, characterized by a high energy den-
sity heat source and no need for sintering agent doping,
provides excellent convenience for preparing single-phase
ceramics with high-purity and high melting points. Balla
et al.* shaped dense Al,O; bulks with sizes up to 25 mm
under optimized process conditions using a continuous
wave Nd:YAG laser. Cong et al.”'? studied the influence
of critical process parameters on the shaping quality of
Al,0; MGCs and finally obtained the optimized pro-
cessing window. Niu et al.?!! established a mathematical
model that considers process parameters and material’s
physical properties based on energy conservation. Al,03
MGCs prepared by LDED are generally composed of
coarse columnar crystals along the build direction, mainly
attributed to the solidification condition of near one-
dimensional heat dissipation during deposition.?-?!0-213
Fan et al.”'* also deposited yttria-stabilized zirconia (YSZ)
thin wall structures with a relative density of 98.7% and
found that the m-ZrO, in the raw material transformed
into t-ZrO, and c-ZrO,.

Compared with single-phase ceramics, LDED of Al,O;-
based composite ceramics has attracted more attention
due to their diversified properties. Reasonable composi-
tion design allows composite ceramics to inherit the high
strength of Al,O5; while absorbing the unique properties
of other composites. Al,03/YSZ MGCs have been proved
to possess better microstructure and mechanical proper-
ties than pure Al,O; or YSZ.?>"?0 The Al,0;/YSZ MGCs
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with different composition ratios are composed of primary
Al,O3 phase or ZrO, and intergranular eutectic matrix, but
the content of each phase is different, which also leads to
the difference in properties. Accordingly, Niu et al.??!-2%3
realized the real-time preparation of Al,03/YSZ, Al,O5-
TiCp, and Al,03/YSZ-TiCp gradient ceramics by changing
the composition ratio during the LDED process. Compared
with the direct transition, the gradient transition allevi-
ates the stress, and the crack problem at the interface
is solved. In particular, the interface’s element distribu-
tion and mechanical properties also change from step
transition to near linear smooth transition.

In addition to the macroscopic composite of mate-
rials similar to Al,03/YSZ MGCs, some composites
even react in situ under a high-temperature melt state,
thus obtaining new phases, unique microstructure, and
properties. Huang et al.??*??> confirmed that aluminum
titanate (Al Ti,O,, AT) with a thermal expansion coef-
ficient close to zero was synthesized in situ from Al,O3
and TiO,. The continuous AT matrix effectively allevi-
ates the destructive effect of high thermal stress gen-
erated during LDED on MGCs. Correspondingly, a sig-
nificant crack suppression effect was found, and some
crack-free A/AT irregular structures with cross-sectional
dimensions of 20-30 mm were achieved.”?*?*” Simi-
larly, SiO,, Y,03;, and MgO were also used to syn-
thesize Al,O5/mullite,”?®?* Al,05/Y5Al;0;,,2%%! and
MgAl, 0,722 MGCs with Al,Os, respectively. The dop-
ing of rare earth oxides, such as Er,O; and GdO,,
has also achieved remarkable results.?3*-236:208.209 gy
etal.”** realized the large-scale Al,0;/GdAlO5/ZrO, cylin-
drical structures with fine and uniform microstructure
by using LDED. Fan et al.*° prepared high-density
Al,03/Y3Al501,/ZrO, MGCs with finer microstructure
and better properties than Al,03/Y3Als0;, through LDED.

Undeniably, the unique advantages of simple pro-
cesses and high manufacturing flexibility of LDED pro-
vide a new technical scheme for rapid and low-cost
preparation of MGCs. However, MGCs are subjected to
complex and high thermal stress caused by a high-
temperature gradient, much higher than their fracture
strength. Therefore, severe cracking is the most essential
problem restricting the engineering application of LDED
in MGC preparation. Although a series of methods, includ-
ing process optimization3?2'0-211:226-228 an(d external-field
assistance,?!>%16:230,237.238 have been applied to improve the
shaping quality, the cross-section size of crack-free MGCs
has not been effectively broken through. In addition, the
secondary problems associated with rapid solidification,
such as heterogeneity of microstructure and properties,
pore defects, and so on, have not been completely solved.

It is believed that further research is needed in the fol-
lowing key areas to promote the eventual application of
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LDED in MGCs. It is necessary to accurately grasp the
cracking mechanism of MGCs in the LDED process and
develop effective thermal stress control methods to achieve
low-stress direct AM of large-scale MGCs. More in-depth
understanding of ceramic melts’ solidification behavior
and microstructure formation mechanism during LDED,
laying a theoretical foundation for developing integrated
regulation methods for microstructure and properties.
Designing unique raw materials suitable for LDED is also
a breakthrough in solving microstructural defects and
properties. Research on the processing and posttreatment
process systems for different MGCs also deserves further
attention.

2.8 | PBF processing of ceramics

The PBF technique requires layer-wise ceramic powders
to undergo high laser heating. PBF can be further classi-
fied into two main categories: SLS and SLM. In contrast
to BJ, most components processed through SLS/M typi-
cally do not require an additional step of binder burnout
and sintering. SLS involves sintering ceramic particles at
a temperature lower than their melting point. This pro-
cess relies on the solid-state diffusion of powder particles
across grain boundaries and their subsequent coalescence.
The sintering temperature, though insufficient to induce
complete melting, fosters the formation of strong bonds
between adjacent particles. In contrast, SLM entails com-
pletely melting ceramic powder particles, transitioning
them from a solid to a liquid phase, followed by rapid cool-
ing. This comprehensive melting and solidification process
leads to the formation of fully dense components with
intricate geometries. Unlike SLS, SLM involves a higher
energy input, resulting in the complete melting and fusion
of the ceramic powder. The rapid cooling phase generates
fine microstructures and can enhance specific material
properties. SLS and SLM offer unique advantages in terms
of speed, precision, and achievable complexity of designs.
The choice between the two methods often depends on the
specific material requirements and the desired character-
istics of the final ceramic component. An overview of the
SLS/M process and various parts fabricated via SLS/M are
shown in Figure 9.

2.8.1 | Selective laser sintering

SLS uses a pulsed laser to sinter fine ceramic particles.'!
The origins of this technology can be traced back to the
University of Texas at Austin.'*” The subsequent commer-
cialization of SLS took shape in 1992 by DTM Corporation,
eventually acquired by 3D Systems in 2001. The SLS
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FIGURE 9 An overview of the SLS/M process and various parts fabricated via SLS/M. (A) Process schematic of the powder bed-based
laser operation of ceramics.”*” (B) Complex alumina parts made using selective laser sintering.?*° (C) Pure ZrO, processed via SLS/M.*° (D)
Parts processed via SLM composed of ZrO,.”® (E) Complex and porous shapes made of Al,O; toughened Zr0O,.!% (F) Dental restoration bridge

processed via SLS of Al,O; and ZrO, mixture.!*

process resembles the binder jet operation, with a notable
deviation—using a laser instead of a printhead with the
binder. In SLS, ceramics undergo direct sintering in the
powder bed stage, eliminating the need for a separate
sintering cycle. Ceramic powders are preheated below
the melting point or the glass transition temperature to
mitigate thermal distortions. The print chamber is purged
with nitrogen or argon to prevent ceramic degradation
at elevated temperatures. In each layer of powder spread
onto the build stage, a laser sinters the ceramic powders
according to the CAD file. Postprinting, the part can cool

down to room temperature to prevent distortions. SLS of
ceramics, however, presents challenges. The inherently
high melting point of ceramics necessitates substantially
high laser power for the printing operation. Using high-
energy lasers, coupled with the elevated temperature of
the powder supply stage and extended cooling times,
renders SLS less efficient and cost effective. Ceramics can
be processed via direct SLS, involving the direct sintering
of ceramic surfaces, or via indirect SLS, which entails
coating ceramic powders with an organic phase possess-
ing a lower melting point than the ceramic itself. Despite
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these challenges, SLS of ceramics remains a promising
avenue, unlocking opportunities for intricate and func-
tional ceramic components, particularly when tailored to
specific material requirements and design complexities.

Direct SLS employs a high-energy focused laser beam
on ceramic particles, inducing sintering at elevated tem-
peratures. This method can be further classified into two
distinct categories: powder-based and slurry-based direct
SLS. In powder-based SLS, ceramic powders are meticu-
lously layered onto the build stage through a feeding mech-
anism while the laser operates. This process necessitates a
uniform spread of the powder layer with high packing den-
sity. Insufficient packing density leads to lower sintered
density and distorted parts. Shishkovsky et al.”® success-
fully demonstrated the SLS fabrication of an alumina and
zirconia composite mixture, showcasing potential insula-
tors and coatings applications. Wang et al.”*! extended the
applications of powder-based SLS, showcasing the success-
ful processing of alumina-zirconia-silica glass-ceramic
compositions tailored for dental applications.

A slurry-based direct SLS utilizes a homogeneous slurry
instead of individual ceramic powders. A doctor blade
spreads the slurry onto the build stage, followed by a drying
process and subsequent laser operation.?*? This approach
allows for finer ceramic particles, resulting in higher-
density final parts.”’>*> However, mechanical properties
may be compromised, and the potential for thermal crack-
ing arises due to microstructural inhomogeneities.”” The
choice between powder-based and slurry-based direct
SLS depends on specific application requirements, con-
sidering factors such as desired mechanical properties,
thermal performance, and the complexity of the final
part. Both methodologies, despite their respective chal-
lenges, contribute significantly to the advancement of
ceramics processing through SLS, offering diverse possi-
bilities for applications in insulation, coatings, and dental
components.

Indirect SLS involves the utilization of ceramic parti-
cles coated with an organic or polymeric material. The
process involves melting and fusing the polymeric sur-
face on the ceramic particles through laser operation.?**
While this method eliminates the need for high-power
lasers during the initial process, an additional step of
binder removal and sintering of the ceramics is essential
to achieve high-density functional parts. The advantage
of using an organic or polymeric coating is its lower
melting temperature than ceramics, making high-power
lasers unnecessary. This characteristic renders indirect
SLS more versatile than direct SLS. A semicrystalline
polymer as a binding agent is often preferred due to its
higher density than amorphous polymers.”*> However,
challenges may arise from distortions caused by the high
shrinkage characteristics of semicrystalline polymers. A
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range of polymeric binders is employed in indirect SLS,
including epoxy resins, polymethacrylates, acrylic binders,
polypropylene, and more.?**~?*° Each binder offers unique
properties, influencing the final characteristics of the sin-
tered ceramic part. Indirect SLS, with its versatility and
varied binder options, provides a flexible approach to
ceramic processing.

2.8.2 | Selective laser melting

In contrast to SLS, the SLM process involves melting
ceramic particles in a layered powder bed state. Given
the high melting points of ceramics, the SLM operation
requires high-power lasers. Once the ceramic powders are
melted, they undergo rapid solidification. Laser absorp-
tion, an inherent property of the ceramic composition
used, is a critical criterion for the SLM process. For
instance, alumina and silica exhibit less than 10% laser
absorption toward Nd:YAG lasers (1.06 um wavelength) but
display high laser absorption (96%) toward CO, lasers with
a higher wavelength (10.6 um wavelength).'”> Conversely,
silicon and tungsten carbide show 75-85% laser absorp-
tion toward Nd:YAG and 48-66% absorption toward CO,
lasers.!%* SLM is advantageous for processing high-density
parts with favorable mechanical properties.'’* However,
the process involves melting ceramics and rapid cooling,
leading to phase changes due to nonequilibrium process-
ing conditions.”>” Wilkes et al.”® have demonstrated a dual
laser system for SLM operations on a zirconia and alu-
mina mixture—a CO, laser for preheating the powder
and an Nd:YAG laser for selective melting. Their work
demonstrated that higher surface resolution was achieved
without preheating powders, resulting in a loss of mechan-
ical strength in the parts.”® Yves-Christian reported the
potential of SLM by achieving close to 100% dense zirconia-
alumina parts with 500 MPa of flexural strength.'’® With
its ability to achieve high-density parts and favorable
mechanical properties, SLM in ceramics presents a promis-
ing avenue for advanced manufacturing applications.

3 | APPLICATIONS OF 3DP OF
CERAMICS

3.1 | Structural ceramics

Two potential routes for exploring advanced manufac-
turing of functionalized ceramics were identified and
pursued. DIW was selected for its capability to mix two
or more inks in situ dynamically before extrusion.’® DIW

produced functionally graded B4C-SiC multimaterial
ceramics. As a complementary research effort, ceramics
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FIGURE 10 (A)Modified TAZ Lulzbot setup with dual B4C/SiC feed system. (B) Continuously graded DIW and hot-pressed B4C-SiC
part. (C) Hot pressed discretely graded B4C-SiC DIW part showing residual stress cracking. (D) Hot-pressed textured alumina microstructure

produced via SLA.

with microstructural texture were printed using shear
alignment on a SLA-based Admaflex 130 system,”! sim-
ilar to efforts by other groups on DIW of chopped fiber
composites’” and textured barium titanate.”>> In the
long term, combining these research efforts would enable
multiscale microstructure tailoring through composition
grading with platelet or fiber-seeded inks.

DIW of functionally graded B4C-SiC ceramics was per-
formed using a custom-built system based on a Taz 6
Lulzbot FFF 3D printer modified to print aqueous ceramic
ink with multimaterial and in-line shear mixing capabil-
ities (Figure 10A).°° The Taz 6 firmware was modified to
remove temperature-related errors, print head spatial vari-
ations, and custom tool path modifications. Slic3r,>>* a 3D
slicing engine, prepared the G-code and sent it to Taz.
The composition was controlled by parameters manually
added into the G-code to control the ratio of ceramic inks
mixed in the auger.

B4C (mean particle size ~0.8 um) and SiC (mean particle
size ~0.7 um) powders were processed into high ceramic
content aqueous ink formulations. The rheological behav-
ior was controlled using mixtures of organic binders and
dispersants and deionized water. Ink formulations were
mixed using a DAC 400 VAC SpeedMixer (Flacktek, Lan-
drum, SC) at speeds up to 2000 rpm. Continuous and
discrete B4C/SiC composites were printed with this system
and sintered to >98% theoretical density by hot pressing

at 1950°C and 35 MPa for 2 h. Microstructural character-
ization was performed via scanning electron microscopy
(SEM) on cross-sectioned and polished specimens, high-
lighting controlled interfaces between B4C and SiC layers
(Figure 10B) and the presence of residual stress cracking in
specimens with sharply graded interfaces (Figure 10C).

SLA of textured ceramics was performed with an
Admaflex 130 using a customized photocurable ceramic
feedstock based on Tethon Genesis resin (Tethon 3D,
Omaha, NB) containing alumina powder (Al6, Alma-
tis, D50 = 0.4 pm) and alumina platelets (Alusion,
D50 = 7.9 um, mean thickness = 200 nm).>' The resin’s
shear viscosity increased with solids loading up to a max-
imum usable viscosity of 500 Pa s at 40 vol.% solids
loading. The platelet fraction of ceramic also influenced
viscosity, with platelet fractions of 30 and 50% reduc-
ing viscosity while increasing the flow index, weakening
the shear-thinning behavior of the ink. Platelet fractions
above 50% were unattainable due to high viscosity during
mixing.

The resin containing 35 vol.% solids loading, with
the ceramic solids having a platelet fraction of 15%, was
successfully printed on an Admaflex 130 printer. Shear
alignment was characterized with SEM (Figure 10D)
and measured as 0.045 and 0.114 pre- and post-sintering
using Lotgering factors calculated from XRD scans.
Both specimens were sintered by hot pressing to >99%
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theoretical density as measured by areal analysis. A
minimal grain growth with submicron grain size and
10:1 platelet aspect ratio was confirmed via stereographic
analysis. Indentation toughness testing observed no
significant impact of the microstructural texture on
toughness or crack deflection. This was attributed to the
strong interfacial bonding between alumina grains and
demonstrates the additional need for interfacial property
control to realize the toughness properties of textured
microstructures.

3.2 | 3D Printed transparent ceramics for
future laser gain media

Since the invention of translucent Al,O; ceramics for
streetlamp envelopes made by General Electric in the
1950s, transparent ceramic materials have improved
in optical clarity and are starting to be implemented
in several essential applications. While typically more
costly to fabricate than traditional glass or single-crystal
optics, transparent ceramics can sometimes offer a solu-
tion where other optical materials cannot fulfill the
performance requirements. The most widely deployed
example of such an application is using MgAl,0, spinel
for armored bullet-proof windows due to the extreme
strength-to-weight ratio compared with traditional
glass.”>> Similar high-performance optical applications
where ceramics offer a benefit include laser gain media
with higher and more uniform doping than some hard-
to-grow single crystals and radiation detectors able
to be produced in large sizes impossible to grow as
single crystals while still maintaining high detector
performance.>?62>8

One application in which ceramic optics can offer a
unique solution and is particularly difficult and costly
using traditional glass or single crystal materials is com-
posite optics, that is, components consisting of multiple
regions with different compositions, doping, index of
refraction, and so on, within a single optical material.
Owing to the all-solid-state fabrication from green body
to sintered structure, ceramics are particularly amenable
to fabrication where a predetermined tailored structure
remains intact, which is impossible to achieve via melt-
growth techniques. This fabrication advantage has allowed
optical ceramics to develop a new functional role as
composite laser gain media.>”’

Solid-state laser gain media currently employ standard
geometries, including rods, waveguides, disks, and slabs
(Figure 11). However, in attempts to improve thermal
management, beam quality, and energy storage, more
advanced laser gain media design requires incorporating
features such as undoped edge cladding, doping gradients,
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index control, and saturable absorbers. Some composite
optics, such as endcaps, can be made by diffusion bonding
single crystals, but this process is complicated and only
available in simple geometries.”® More complex shapes,
such as edge cladding, have been fabricated by assembling
pre-sintered ceramic structures and forming the optical
bond during the final stages of sintering.?*' More recently,
with the improved development of 3D ceramics printing,
more complex optical structures are being created for use
as laser gain media.

DIW of ceramic slurries was combined with transpar-
ent ceramic processing to create an Nd-doped YAG core
laser rod with an undoped cylindrical cladding along
the full length of the rod.”*»?®* This work showed the
feasibility of printing complex doping profiles in opti-
cal ceramics, including a radial gradient; however, it also
highlighted the difficulty in achieving a uniform index
of refraction suitable for the propagation of a coherent
laser beam. Inert dopants (e.g., Lu) were used in the clad
region to compensate for the index change induced by the
core’s active ion dopant (Nd). Even when the index was
matched perfectly for these two regions, unequal dopant
diffusion across the interface can create up to several
hundred ppm index fluctuation.?** Using Gd as a compen-
sating dopant with more similar diffusion kinetics to Nd
improved the index homogeneity. Additionally, the design
of a gradient doping profile rather than a sharp compo-
sitional interface relaxed some precision and resolution
requirements. Therefore, improved design, printing, and
processing parameters are needed to take full advantage of
these composite structures.

While DIW effectively builds advanced 3D structures, it
is inherently limited in resolution. Nozzle sizes for DIW
of ceramic particle-based slurries are typically greater than
500 microns. Attempts to use smaller nozzles require low-
viscosity inks and are subject to frequent clogs. Collectively
jetting discrete droplets onto a substrate is another 3DP
technique or printing spatially tailored geometries into a
ceramic green body.”®> This method requires low-solids-
loading inks but can print smaller feature sizes owing
to the small 0.5nL droplet size. Particularly suited for
printing thin layers of material, this method was used to
successfully print planar waveguide structures with thick-
nesses ranging from 25 to 400 microns. Optical properties,
including laser mode control, can be optimized by print-
ing specific layer thicknesses and controlling the change in
index between the waveguide core and clad; however, layer
uniformity and interface roughness must be perfected to
minimize optical scatter.

Similar developments in new printing styles and other
ceramic 3DP techniques of green bodies are currently
being pursued to fabricate thin disk and slab laser geome-
tries. Transparent ceramics are a relatively uncommon
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form of optical material but have a few specific advantages
in applications where traditional glass or single crystals
cannot be used. Specifically, when used in conjunction
with the ever-improving 3DP techniques, optical ceramics
have the potential to open a new dominion of solid-state
laser design.

3.3 | Biological applications of 3DP of
ceramics

Replicating nature’s intricate structures and compositions
poses a considerable challenge, especially in biomedical
research, where everyone’s unique anatomy adds com-
plexity. However, 3DP has emerged as a transformative
tool, showing potential in creating patient-specific implant
structures that closely match the shape and size of the
human bone to be replaced. This reduces postopera-
tive complications and facilitates faster healing for the
patient.’®® 3DP enables the fabrication of site-specific
structures with variations in functional gradient density,
toughness, strength, and composition.’” Among the mate-
rials that closely resemble the composition of natural
bone, bioceramic materials such as alumina, zirconia, and
CaP have demonstrated favorable biological interactions
with tissues (Figure 12). 3DP, coupled with bioceramic
fabrication, has opened numerous opportunities in devel-
oping materials for bone tissue engineering. Despite the
promising potential, challenges persist in the manufac-
turing techniques employed for bioceramics, primarily
due to their high melting points and inherent brittleness.
However, due to the excellent bioactive nature of these
materials, they have found applications in biomedical
implants. The synergistic approach of 3DP and bioce-
ramics exemplifies a promising avenue in bone-tissue
engineering.

Several standard laser gain media geometries and examples of how 3D Printed ceramics can offer unique solutions and

3.31 | Alumina ceramics

The utilization of alumina as a clinical biomaterial dates
back to the 1970s, marking over two decades of its
prominent role in dental and orthopedic applications.?*’
Alumina, a bioinert material known for its exceptional
mechanical strength, wear resistance, and biocompatibil-
ity, has become a cornerstone in various medical contexts.
Notably, its outstanding tribological properties have led
to its widespread adoption as the articulating surface in
total hip arthroplasty implants.?’**”! The innate bioinert-
ness of alumina surfaces has spurred efforts to enhance
osteogenesis within the alumina matrix. Techniques such
as introducing dopants like Ca, Mg, and Si have been
explored. Howlett et al.’’? investigated the impact of Mg-
doped alumina, revealing a significant improvement in
the adhesion of human bone-derived cells compared with
monolithic Al,05. Similarly, Pabbruwe et al.?’* explored
the effects of Ca, Mn, and Cr dopants in alumina, each
contributing to enhanced biological performance: Ca pro-
moted hypertrophic bone formation, Cr enhanced bone
remodeling, and Mn demonstrated a capacity to promote
osteogenesis.

Surface modification strategies, including the intro-
duction of amino ion groups, have demonstrated
enhanced osteogenesis compared with plain alumina
compositions.””* Alumina surfaces are often coated
with bioactive ceramics such as HA, TCP, and bioglass.
These coatings, enriched with osteogenic, angiogenic,
and antibacterial dopants, aim to induce specific biolog-
ical functionalities.”>?’® In dental implants, alumina’s
high strength positions it prominently in applications
like dental crowns, bridges, and endodontic posts.?”’
Dehurtevent et al.”’® have successfully made alumina
dental crowns using the SLA technique and studied
the effect of the different building orientations on the
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processed via SLA-based DLP technique;*° (C) Binderjet printed calcium phosphate ceramic scaffolds with different surface topography.

(D) Patient-specific 3D printed calcium phosphate cranial implants.®

mechanical and physical properties of the crown. It was
found that ZY-oriented print with the smallest number
of layers showed the best behavior. Griffith et al.?! also
showed successful freeform alumina fabrication with
SLA using fine powder suspension in photopolymerizable
media. Aqueous acrylamide-based suspension was used
for alumina with viscosity below 500 mPa/s and cure
depth above 300 um, having a dose of 1500 mJ/cm?. These
alumina dental implants have recently been made using
FDM or fused deposition with glass infiltration.”” These
glass-infiltrated samples showed enhanced mechani-
cal strength for 260 MPa, similar to leucite-type glass
ceramics.

Alumina could also be employed as a porous scaffold
with interconnected porosity for bone tissue engineering
applications.”’”” In one of the studies, controlled poros-
ity 3D-honeycomb alumina scaffolds were made using an
indirect fused deposition process, showing control over
the shape of both internal architecture and the part.?*°
The study showed that as the porosity amount increases,
the strength of the alumina ceramics starts to decrease
exponentially. Stringent guidelines from the US Food and
Drug Administration emphasize the implementation of
only high-purity alumina for such critical applications.?*!
The journey of alumina in biomedical applications has wit-

- American Ceramic Society

3D Printed bio-ceramic implants (A) Alumina bone graft with gradient porosity;*° (B) Monolithic zirconia dental screw
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nessed remarkable evolution. From initial uses with a 13%
failure rate to modern advancements reducing failures to
less than 5%, alumina manufacturing has entered a new
era with the development of a third-generation marked by
high purity and high density.?’7-282283

3.3.2 | Zirconia ceramics

Introduced as a dental material in the early 1990s, zirco-
nia has emerged as a polymorphic ceramic with excep-
tional properties, surpassing even alumina in flexural
strength.”®* Its remarkable strength, bioinert characteris-
tics, and excellent corrosion and wear resistance position
zirconia as a versatile material for various applications,
spanning dental and orthopedic restorations.”®>~?%’ Zirco-
nia is often stabilized in the cubic or tetragonal phase
through the addition of stabilizing dopants such as yttria
(Y,03), magnesia (MgO), ceria (CeO,), or calcium oxide
(Ca0).2%%2%% Dental applications commonly involve using
zirconia doped with three mol.% yttria.”’’ The first 3D-
printed zirconia dental implant was made in 2009 using
direct IJP.?°! Osman et al.?> also showed the printing
of zirconia dental implants using SLA with accurate
dimensions and close mechanical properties compared
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with conventional implants. Many recent studies have
also reported successful fabrication of zirconia full con-
tour crowns and bridges.?**?% Lu et al.**® have reported
that yttria-stabilized tetragonal zirconia polycrystal (Y-
TZP) made using DLP acquires flexural strength compared
with conventional subtractive manufacturing. While the
uniaxial and biaxial strength shown by Y-TZP using sub-
tractive manufacturing was 1171 and 984 MPa, the DLP
fabricated part showed uniaxial and biaxial strength of
1004 and 742 MPa, respectively. 3DP Zirconia is also uti-
lized to fabricate ultra-thin veneers to treat worn-out
or abrasive tooth substances.?”® Surface functionalization
treatments are pivotal in inducing bioactivity and pro-
moting host bone affinity for zirconia implants. Strategies
include depositing phosphosilicate glasses, HA, or fluorap-
atite layers and the surface attachment of hydroxyl groups.
These approaches have proven effective in enhancing bio-
logical activity at the host bone and implant interface
compared with pure zirconia.””’ " Beyond its dental
applications, zirconia’s excellent wear rates position it as
a compelling choice as hip prosthesis material due to its
biocompatibility and wear resistance. Studies have demon-
strated low wear rates on both hip and knee simulators,
further establishing the credibility of zirconia in orthope-
dic settings.*"! Zhu et al.>’> made zirconia-based implants
for the hip joint using Makerbot Z18 3D Printer and
incorporated zinc oxide nanoparticles to induce antibac-
terial properties. The antibacterial efficacy was studied
against Escherichia coli and Staphylococcus aureus and
showed that adding zinc oxide showed anti-bacterial effi-
cacy of 91.7 + 1.1 and 99.8 + 0.25%, respectively. Further
in vivo results showed that the implant after 4 weeks did
not dislocate from its position and exhibited bone for-
mation. Incorporating zirconia in biomedical engineering
underscores its dual role as a material of strength and bio-
compatibility. With continuous advancements in surface
treatments and its proven performance in diverse appli-
cations, zirconia stands as a testament to the evolving
landscape of biomaterials in pursuing enhanced patient
outcomes.

3.3.3 | CaP ceramics

Due to their remarkable similarity to the natural bone’s
composition, calcium phosphate (CaP) ceramics exhibit
exceptional bioactivity and stand as one of the most widely
used ceramic materials for bone regeneration and repair.
Whether as the primary composition in artificial bone
grafts or as coatings on metallic implants, CaP chemistry,
especially hydroxyapatite (HA) and tri-calcium phosphate
(TCP), holds prevalence in biological applications.?*-394
They constitute approximately 60 wt.% of natural bone and

90 wt.% of tooth enamel. CaP emerge as a fitting material
for bone scaffolds and replacement applications.

CaPs typically comprise of calcium ions (Ca?*) and
orthophosphate ions (PO,>~); the Ca/P atomic ratio influ-
ences their properties. Apatites with a Ca/P ratio of 1.5 to
1.67, such as HA, are known for their stability and low
resorbability. Pure HAs (Ca;,(PO,)s(OH),) with a Ca/P
ratio of 1.67 have demonstrated long-term un-resorbed
behavior in the body after several years of implantation®*
and showcased bioactivity and osteoconductivity.>°® TCP,
such as -TCP (Ca3(PO,),) with a Ca/P atomic ratio
of 1.5, is known to resorb into the body. The choice
between HA and S-TCP depends on the application;
for instance, bone scaffolds requiring long-term integrity
after implantation may use HA, while -TCP is suit-
able for applications such as bone tissue engineering
scaffolds.

Apart from providing support as a bone graft, the 3D
Printed CaP can also be a localized delivery vehicle. It can
deliver osteogenic drugs, growth factors for bone repair,
and antibiotics to treat infections. Oral administration of
drugs to treat bone repair has limited overall efficacy due
to systemic circulation and low drug concentration at the
desired site. Localized drug delivery provides an excellent
route by maximizing the dosage amount at the desired site,
minimizing side effects to other normal cells, and improv-
ing the overall therapeutic efficacy.’’” Some in vitro and in
vivo results of CaP scaffolds for bone tissue engineering are
shown in Figure 13.

Despite their exceptional bioactivity, a drawback of CaPs
is their mechanical strength. They exhibit brittleness and
low tensile strength, ranging from 6 to 10 MPa.**” This
restricts their applications to low-load-bearing sites such
as cranial and maxillofacial regions or as coatings on Ti-
based implant materials for high-load-bearing sites. One
of the most promising applications of 3D-printed CaPs
lies in bone tissue engineering. 3DP enables the creation
of porous scaffolds with controlled pore architecture and
functionalized composition, which can be used to fill bone

defects and support the growth of new bone at the implant
site.3%123

4 | CHALLENGES AND FUTURE
DIRECTIONS

As outlined in this article, research related to 3DP of
ceramics started in the early 1990s, and researchers were
developing processes for various metal 3DPs around the
same time. Yet, in the past three decades, significant
development has happened in metal 3DP, widely used
in numerous applications, but ceramic 3DP is still in its
infancy. In 2022, the American Ceramic Society and the
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FIGURE 13 3D Printed calcium phosphate scaffold for bone tissue engineering. (A) Schematic representation of binder jet 3D
printing.”® (B) Microwave-sintered 3D printed tricalcium phosphate scaffolds for bone tissue engineering. (C) and (D) A densified 3DP TCP
scaffold with designed porosity of 400 um after sintering results in reduced pore size with intrinsic residual micropores in the range of

5-20 um as shown through scanning electron microscopy.” (E) In vitro release profile of epigallocatechin gallate (EGCG), an extract from
green tea, exhibiting a release of 75% after 21 days from 3DP TCP scaffold.” (F) The release of EGCG significantly reduces osteosarcoma
growth to 66% compared with control.” (G) Morphology of the cells shows ruptured morphology in the presence of EGCG on day 3 and day
7.7? (H) Curcumin (an active ingredient from turmeric) release from the scaffold shows 64% release with the addition of the PCL-PEG
polymer system.>*® (I) The release of curcumin from the 3DP TCP scaffold shows improved bone growth at the tissue-material interface,

where the reddish-orange section shows the osteoid-like new bone formation and mineralized bone is shown in green.*%® (J) The

histomorphometric analysis by ImageJ shows enhanced bone growth in the curcumin-coated scaffold after six weeks of surgery.

Materials Research Society jointly organized a webinar
to highlight different aspects of 3DP of ceramics. Experts
worldwide participated in this webinar to share their
insights and how they feel the 3DP of ceramics will evolve
in the coming days. This webinar covered various 3DP
ceramic processing and applications. This review article is
a culmination of that Webinar. Not only do experts from
worldwide write each section of this review paper, but it
also covers the current technological need, recent develop-
ments, and applications of 3D Printed ceramic structures.
This review differs from other review articles published in
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recent years because of the in-depth processing-properties
relationships given here, keeping current and future appli-
cations in mind. This is only possible because of subject
matter experts’ commentary, which makes this review pos-
sible. This review article is timely and critical for scientists
and engineers dealing with ceramics.

3DP of ceramics is a fast-moving field in which many
innovations are currently being developed. However,
the 3DP of ceramics is still in its infancy because of
significant challenges related to materials development
for different 3DP processes, process optimizations, and
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extensive postprocessing requirements. Researchers
have published many articles on different ceramic 3DP
processes; however, very few commercial systems are
available for ceramic 3DP. DIW, ceramic slurry-filled
SLA, and BJ systems are the most popular for ceramic
3DP, and these technologies are seeing some commercial
success. This section outlines some critical issues related
to ceramic 3DP processes and potential future directions
on how ceramic 3DP can make a difference. We have
divided challenges into three categories—preprocessing,
processing, and postprocessing-related.

Preprocessing challenges: Preprocessing challenges will
vary from process to process. For SLA or FDC processes, for
example, extensive materials development work is needed
to design the ceramic-filled slurry or filaments, respec-
tively. Selecting ideal surfactants to increase the solids
loading or a plasticizer to increase the flexibility of the fil-
aments is not trivial. Also, starting powder particle size,
distribution, and shape are critical to the process’s overall
flowability. Interestingly, although most polymer develop-
ment work is needed during the preprocessing steps to
make the 3DP process work, it is vital to remember that
all polymers must be removed during the postprocessing
steps to have a dense ceramic part. Naturally, preprocess-
ing steps require an extensive understanding of processing
and postprocessing operations. Binders developed during
preprocessing are sensitive to materials chemistry. For
example, a slurry composition developed for Al,O; may
not work directly for SiC powders. Many ceramic powders
are moisture sensitive, and special storage may be required
for starting materials. This can make process optimiza-
tion challenging as the viscosities may change at different
times of the year or in different locations with varying
humidity. A closed build environment, strict materials
storage protocols, and minimum batch-to-batch powder-
particle size variations are needed to make ceramic 3DP
commercially successful. Finally, the reusability of unused
starting materials also requires good scientific under-
standing and strict protocols to minimize batch-to-batch
variations. Standards for usable DIW and SLA inks should
be developed to help future researchers more accurately
target their compositions. The composition-rheology rela-
tionships of inks containing anisotropic particulates are
particularly poorly understood. Additional first-principles
rheological experiments and simulations are needed to
determine the relationships between flow properties and
particulate morphology, aspect ratio, and size distribu-
tion. Such knowledge will be necessary for developing
more advanced inks that reach higher fractions of oriented
particulates.

Processing challenges: Processing-related challenges are
unique to each 3DP process and have already been
discussed in detail. For example, challenges related to

melt-cast LDED processes are different from those of
slurry-based SLA. However, a few aspects are common
for all processes, such as dimensional tolerances, support
structures and how to remove them, and part size. Pro-
cesses like LDED are suitable for small parts with simple
shapes, while BJ can print large parts with complex shapes.
However, extensive process optimization is needed for all
processes before reliable and reproducible parts can be 3D
printed. Printing of functionalized parts is hampered by
the lack of design and control software that enables con-
trol over factors other than shape. Additional data had to be
manually inserted into the G-code used to execute the print
to control composition in the DIW experiments as usable
part files. stl format and slicing software only account for
shape information.

Postprocessing challenges: The main post-processing
challenges are removing support structures, binder
removal, and densification or sintering. Processes like
SLA require additional curing steps, or BJ needs drying
and depowdering, which are unique. Removing the
support structure without damaging the part can be an
issue for fused deposition or DIW parts, as those parts
do not have high mechanical strength in the green state.
Binder removal of SLA or FDC is challenging due to low
solids-loading. In most cases, thermal debinding is used,
where a slow heating rate removes the binder from the
part, followed by high-temperature sintering. If binder
chemistry can be designed such that solvent extraction
can be used to remove a part of the initial binder volume,
then faster heating can be used to remove the remaining
binder. Naturally, designing polymer chemistry becomes
essential not just for the preprocessing steps but also for
the postprocessing. The sintering of 3D-printed parts is
sensitive to the materials’ chemistry. While the oxide
ceramics can be sintered in air, nitrides, carbides, or
borides require unique sintering environments to prevent
degradation. Unfortunately, cracking, delamination, and
warping are common in 3D-printed ceramic parts, which
are evident after the sintering cycles. This is not only frus-
trating but also makes ceramic 3DP expensive. Sintering
multimaterial green bodies requires that the constituents
be chemically compatible and have similar densification
temperatures. Densification of parts with anisotropic
particulates is also challenging due to the anisotropic
shrinkage of platelets and fibers and the tendency to cre-
ate “overhang” porosity. Even when densification can be
achieved, residual stresses from the coefficient of thermal
expansion mismatches can cause cracking or spallation.
Future research should investigate novel cosintering or
additive methods that avoid the need for green body
densification to minimize these issues. Methods are also
needed to model the residual stresses more accurately
when designing and sintering multimaterial ceramics.

85U8017 SUOWIWOD A0 3edldde au Aq pausenob aJe sejoie YO ‘@SN JO S8 10} Akeid18ulUQ A1 UO (SUORIPUOD-pUe-SWLR/W0o" A3 1M AfeIq 1 Ul |uo//Sdny) SUORIPUOD pue sw.e | 8yl 88s *[120z/2T/Tz] uo Ariqiiauliuo Ao|IM elfeleueiyod A Ev00Z 8% I/TTTT 0T/I0p/Woo A3 | 1M Afeiq1 Ul |u0 SO ILe.Bo//Sdny WOy pepeoumod ‘ZT *v20Z ‘9T62TSST



BOSE ET AL.

JO nal 7909

Ceramic 3DP’s future is headed in directions that offer
capabilities beyond the traditional shape-control of AM
techniques, with increasing demand for and research on
capabilities enabling multi-material and microstructurally
controlled parts.

Although this manuscript is focused primarily on
pure ceramic part fabrication, significant work has been
done over the years on ceramic-based composites that
involve ceramic printing. 3DP of metal-ceramic com-
posites where ceramic preforms were infiltrated with
liquid metals can enhance the mechanical properties
significantly.’'” In recent years, LDED has been used to
print ceramic-metal or functionally graded composites
offering unique location-specific properties or naturally
architected designs.>''*!® Future research with ceramics
and composites using 3DP has the potential to transform
ceramic processing as it did to metals and polymers and
is expected to enable innovative product designs offering
location-specific properties and on-demand manufactur-
ing.
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