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Abstract

Lithography-based additive manufacturing methods emerged as a powerful method for manufacturing of complex-shaped ceramic parts with
excellent functional and structural properties. This paper summarizes the current state of the art in this field by articulating technological challenges
associated with printing of functional parts. In addition, the paper addresses process requirements towards further enhancing component quality.
A key aspect for obtaining high-quality parts is related to controlling chemical composition and uniformity of the photopolymerizable slurries. The
latter requires in-depth understanding of the underlying photochemical processes. Changes in the formulation of the resin as well as changes in the
exposure strategy distinctly influence bond conversion and gelling, which, in turn, influence the properties of the green part during thermal processing.
Properly optimized processes and material composition allow to target a variety of challenging applications including patient specific parts for digital
dentistry, and 3D-printed ceramics which can operate in harsh environments, as may be required in aerospace or chemical engineering applications.

The paper will also provide an outlook into novel opportunities for 3D-printed ceramics.

Introduction

Ceramic materials offer a wide range of benefits: they provide
high stiffness and strength at comparably low weight, they are
corrosion resistant and mostly biocompatible, and their func-

internal stresses are less of lesser concern compared to
SLS. Nevertheless, eventual defects due to incomplete
adhesion between the layers might degrade the mechani-
cal properties, especially the strength, substantially.

tional properties (thermal and electrical conductivity, optical (3) A further approach,['®!! referred to as “3D-printing”, uses
properties, ...) can be tuned over a large range. Typical fields a ceramic powder bed into which binder is selectively
of application include biomedical engineering (dentistry, ortho- injected by an inkjet head. This process was commer-
pedics, ...), acrospace and energy, and electronics. For many cialized during the 1990s. Ceramic parts made with this
applications small, yet complexly shaped parts are needed, process where successfully utilized as ceramic molds for
making additive manufacturing (AM) a suitable choice for investment casting. The benefits of this process are based
manufacturing.['] on its inherent simplicity and processing speed. It works
Since early 1990, AM technologies have been evaluated for very well with course powders. However, for high per-
directly manufacturing dense ceramic parts: formance ceramics (e.g., alumina or zirconia) with small
particle size (typically<1 pm) and consequently rather
(1) Selective laser sintering (SLS) was one of the first low tapping density, it is difficult to sinter dense ceramic
methods!®”! considered for the fabrication of dense parts.
ceramic parts without the need for intermediate thermal (4) The use of ceramic filled photopolymers for lithography-

processing. Challenges associated with this approach are
mostly related to the large internal stresses that occur due
to fast cooling rates during sintering. Internal stresses in
combination with residual defects led to inferior mechani-
cal properties, when compared with traditionally sintered
components

(2) Fused filament fabrication (FFF)®°1 uses a composite
feedstock made from ceramic particles embedded in a
polymer matrix. After the so-called green part has been
printed, the polymer matrix is decomposed thermally, and
the remaining ceramic powder is sintered to form the final
product. Since de-binding and sintering take place slowly,
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based AMI'? provides another option for obtaining addi-
tively manufactured ceramic parts. The main benefits
of this approach are related to excellent surface quality
and dimensional accuracy which can be obtained using
lithography-based approaches. Parts made from these pro-
cesses exhibit smooth surfaces, thereby enabling the fab-
rication of ceramic parts with exceptionally high strength
values. Additionally, photopolymerizable ceramic slurries
have many properties in common with ceramic slurries
which are traditionally used in ceramic manufacturing. By
employing dispersion strategies known from traditional
processes, photopolymerizable slurries allow for high
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solid loadings (typically 45-60 vol%), even when using
fine particles. This enables fabrication of dense ceramic
parts after thermal processing.

A drawback of lithography-based approaches is the possibil-
ity to introduce defects caused by limited inter-layer bonding
and insufficient thermal debinding of the polymer matrix: After
printing, the green part consists of a composite material con-
taining a cross-linked polymer matrix, a solvent, and ceramic
powder particles. During thermal processing the solvent is
slowly evaporated in a first step (drying) for the purpose of
opening microscopic channels within the green part that allow
for removal of decomposition products which are generated
during the second step of thermal processing (debinding). The
evaporating solvent and the gaseous decomposition products
may lead to internal stresses in the printed part. In the case of
insufficient inter-layer bonding, this will lead to delamination.
Thermal processing therefore needs to be done slowly, result-
ing in rather long thermal processing times (typically 8-72 h)
compared to AM technologies which can directly fabricate
the dense ceramic part (e.g., selective laser sintering). Since
removal rate of solvent and decomposition products is diffu-
sion-controlled, the achievable wall thickness of parts printed
by lithography-based processes is limited to thin-walled parts.
Wall-thicknesses beyond 15-20 mm are difficult to achieve.

But for small and complexly shaped parts, which require
excellent mechanical properties, lithography-based approaches
are currently the most commonly used technologies, and sev-
eral commercial suppliers (Lithoz GmbH, 3D-Ceram Sinto,
Admatec BV,...) provide systems and materials for 3D-printing
of high-performance ceramics.

Materials and methods

Systems and processes

Several types of systems for lithography-based ceramic
3D-printing have been proposed. What they all have in com-
mon is their (1) layer-wise approach for defining shapes of
virtually arbitrary part complexity and a (2) light-engine which
allows the selective exposure of photopolymerizable slurries.
The slurry can either be exposed either in a raster-based or in
a vector-based fashion.

Vector-based approache use a laser-beam which is
guided over the slurry surface via a galvanometer scanner.
The path which the laser beam is following corresponds to
the specific cross-section that needs to be solidified. Alterna-
tively, a dynamic mask can be used to expose the whole layer
in one shot. Early mask-based approaches where relying on
liquid crystalline displays (LCD)!'®!”1 which could project
digital images onto the slurry. The limited transmissivity of
LCD-panels for light with short wavelengths (365—450 nm)
and the rather poor contrast-ratio between on- and off-pixels
motivated the shift towards digital mirror devices (DMD).[!8!]
Such devices contain a large number of micro-mirrors (e.g.,
1980 x 1200 pixels) which can be readily tilted at high
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frequencies. If a mirror is in on-position, white light is pro-
jected onto the respective region of the vat containing the
slurry. If a mirror element is off, no light is projected onto
the photosensitive formulation, leaving the slurry liquid in this
area. As light-source, high-power light-emitting diodes (LEDs)
are used in commercially available machines. In order to reduce
scattering of the light in the ceramic-filled slurry, long wave-
lengths (see “Slurry formulation” Section) are preferred. Light
scattering and light absorption of the ceramic particles limit
the penetration depth in the slurry, which in, in turn, limits the
maximum layer thickness resulting in insufficient inter-layer
bonding.

Laser-based as well as DMD-based systems have their
distinct benefits and drawbacks. From an optical perspective,
laser-based systems have an advantage since there is less trade-
off between feature resolution and build size: with an appropri-
ate optical design, it is possible to print large parts which at the
same time have excellent feature resolution (typically between
10 and 50 pm). This is in contrast to DMD-based systems,
where one has to choose between large build-size and high
feature resolution. A chip with 1980 % 1200 pixels and a pixel
size of 50 um at the vat yields a build size of 99 x 60mm?. If
the feature resolution needs to be improved, build size will be
reduced and vice versa. This trade-off can be circumvented
by adopting moving DMD chips or multi-chip systems, which
allow to stitch the individual images together. But the neces-
sary changes in the system design will increase the engineering
complexity.

Choosing either vector- or raster-based approaches will have
a substantial influence on the kinetics of the photochemistry
happening during exposure. For vector-scanning systems, the
combination of laser power, laser spot size, and scan speed
will define the energy dose and the exposure time which each
voxel within the photopolymerizable formulation will experi-
ence. The scan speed is of specific relevance, since large scan
speeds are needed to increase throughput. At the same time,
an increase in scan speed will reduce the exposure time if all
other parameters are left constant. In the case of formulations
with rather low reactivity and a delayed gel point (see “Slurry
formulation” Section) this can lead to problems regarding insuf-
ficient double bond conversion. Raster-based systems are of
benefit in this context since they expose the whole layer in one
shot. This leads to much longer exposure times for each voxel
without sacrificing throughput.

For processing of ceramic filled slurries, additional aspects
need to be considered. On one side, the high solid loading will
lead to a substantial increase in the viscosity of the slurry.
For the purpose of filling the process zone with fresh slurry
after one layer has been exposed, dedicated recoating mecha-
nisms have been proposed. In the case of exposure from below
through a transparent vat, a rotating vat can ensure that fresh
slurry is always present before the next exposure step. When
the slurry is exposed from above, dedicated blades are used
to ensure a uniform and sufficiently thin recoating of the part
beneath the surface.
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Since the density of the inorganic fillers is typically much
higher than the density of photopolymerizable organic formu-
lation, measures for preventing sedimentation of the ceramic
particles must be taken. On one side, proper dispersion of the
particles is necessary. Additionally, continuous agitation of
the slurry is helpful to avoid sedimentation. Above-mentioned
rotating vat is very helpful in this context. In Fig. 1 the princi-
ple setup of a modern ceramic 3D-printer is sketched.

Materials

Successful manufacturing of 3D-printed ceramic parts with
good mechanical properties, requires a deep understanding of
the ceramic particles in use, the formulation of the photopoly-
merizable slurry, and the printing parameters together with the
details of thermal post-processing. In this section, key issues
regarding the composition of the ceramic-filled slurries will
be discussed.

Fracture mechanical aspects

One of the major challenges when dealing with 3D-printed
ceramics is the limited fracture toughness of the bulk ceramic
material. The inherently low toughness of ceramic materials
makes them sensitive towards defects, which can limit the
strength of the final part when a layer-wise manufacturing
process is employed. In order to estimate the influence of
surface roughness on the final strength, Eq. (1) needs to be

Figure 1. Schematic scheme of a lithography-based ceramic
3D-printer. 1 building platform, 2 vat, 3 optical system with DMD,
4 light source (LED).
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considered, where the stress intensity factor K is related to
the external stress o, the form factor f'and the defect size a.

K=o-f-J7a (1)

When rearranging this formula to calculate the critical

crack size a, in relation to the fracture toughness K, of the
material, Eq. (2) is obtained.

2
ac=<ch) L @)
i T

For our purposes, we use a form factor f=1. Assuming
that a high performance silicon nitride material is investi-
gated,!””! a K, = 6.5MPa./m and a 4-point bending strength
o = 930MPa can be inserted into Eq. (2). This leads to a
value for a. = 15 pm, which needs to be related to the typical
layer thickness used in additive manufacturing. In the case
of lithography-based AM systems, layer thicknesses between
25 and 50 pm are common for printing load-bearing ceramic
parts. From above estimations it becomes obvious, that opti-
mized exposure strategies (e.g., greyscale exposure) and
thermal processing schemes are needed to avoid reduction
in strength owing to the notches introduced by the printing
process.

Above presented theoretical considerations are in good
accordance with experimental evidence. When using CNC-
machined molds in combination with gelcasting slurries,?%2!!
4-point bending beams with defined surface roughness can
be obtained. By utilizing different machining paths, molds
with scalloped machining grooves parallel to the long axis of
the beam can be prepared [Fig. 2(b)], as well as molds with
perpendicular scallops. Parallel scallops, being in the same
direction as the stresses acting on the 4-point-bending beam,
should have no influence on the strength of the material. In

(a) (b)

Figure 2. Perpendicular (a) and parallel machining grooves on
3-point bending beams.



MRS 50th Anniversary Prospective

contrast, perpendicularly scalloped surfaces [Fig. 2(a)] serve
as notches and potentially reduce the strength, depending on
their depth.

Table I summarizes measured data. As expected, polished
samples show the highest strength. The surface of sintered sili-
con nitride is very sensitive to the sintering atmosphere and
the reaction of the non-sintered powder with the surrounding
atmosphere will lead to a certain degree of roughness and vari-
ations in the chemical composition of the surface in comparison
to the bulk. This explains why even in the case of parallel scal-
loped surfaces the strength of unpolished samples is reduced.
Small perpendicular notches (1 and 5 pm, respectively) may
lead further strength reduction. Only notches in the range of
10 um and beyond [in reasonable agreement with linear elastic
fracture mechanics, see Eq. (2)] will lead to further reduction
in strength.

In the context of ceramic AM these findings indicate the
importance of carefully controlling internal and external defects
if load bearing ceramic parts are to be 3D-printed. Besides pre-
cise machinery and exposure parameters facilitating the manu-
facturing of parts with smooth surfaces, this will also require
well formulated photopolymerizable ceramic slurries.

Slurry formulation

When formulating ceramic filled slurries suitable for stereo-
lithography,??! the organic matrix, the type of ceramic filler and
the interaction between filler and matrix need to be considered.
The ceramic slurries need to contain rather high amounts of
ceramic powder of>45 vol% in order to ensure proper densi-
fication upon sintering. The photocurable organic matrix is a
tailored system for each used grade of ceramic powder. These
binders are based on a low viscous solvent, reactive mono-
mers of different functionality based on acrylate and meth-
acrylate chemistry, a photoinitiator that is active at the emitted
wavelength of the LEDs at a low amount of less than 1 wt%,
and process specific additives such as dispersants to properly
homogenize and stabilize the suspension a s well as dyes to
moderate the light penetration.

Table I. 4-point bending strength of Si;N, beams with varying sur-
face roughness, after.>”]

Sample preparation Scallop height Strength

mm MPa
Polished - 930
Unpolished, parallel - 414
Unpolished, perpendicularly scalloped 0.001 406
surfaces
Unpolished, perpendicularly scalloped 0.005 416
surfaces
Unpolished, perpendicularly scalloped 0.01 288
surfaces
Unpolished, perpendicularly scalloped 0.1 231
surfaces

Due to scattering by ceramic particles and absorption by the
photoinitiator and additives, the penetration depth of light into
the slurry is limited. This limits the maximum layer thickness
which can be used, and also leads to a polymerization gradient
within individual layers. This gradient can cause interlaminar
cracking during debinding and drying. By tuning the refrac-
tive index of the organic matrix towards the refractive index
of the ceramic particles,!**) the cure depth can be increased to
minimize the polymerization gradient.

Typically, the cure depth should be at least twice the layer
thickness to achieve proper bonding between the layers. The
cure depth can be increased by using longer exposure times,
which unfortunately leads to reduced build speed and reduced
feature resolution due to lateral scattering of the light. The
main factors which influence scattering, and as a result the
penetration depth D, can be determined from theoretical
considerations!>* which relate Dy, to the average particle diam-
eter ds, a scattering term Q and the solid loading @ as:

2 dsp

Q can be calculated from the inter-particulate distance £,
the wavelength A of the used light and #, the difference of the
refractive indices of matrix and filler:

h 2
Q=--An “

As can be seen from Egs. (3) and (4), the main influencing
factor is the difference of the refractive indices between parti-
cles and matrix. Furthermore, solid loading and average parti-
cle diameter are relevant. In addition to scattering, absorption
can take place, which yields challenges when dark ceramics
like silicon carbide or silicon nitride are to be processed. For
non-absorbing ceramics like most oxide ceramics, scattering is
the dominating mechanism which limits the penetration depth.
Since D, depends inversely to the square of An, even moder-
ate increases in the refractive index of the organic phase will
reduce scattering. Refractive index matching,!**! which works
well with a number of oxide ceramics and glass ceramics, is
therefore a helpful tool to achieving a more uniform exposure
and better feature resolution within each layer.

Due to the high reactivity and good availability of corre-
sponding monomers and oligomers, formulations based on
acrylate and methacrylate chemistry are commonly used in
photopolymerizable slurries. In combination with efficient
visible-light photoinitiators, the fast free radical photopolym-
erization of multifunctional acrylate monomers leads to high
crosslinking densities and gelation at low double bond conver-
sion (DBC). This is helpful for achieving high build speeds
at low light intensities. On the other hand, high crosslinking
densities might cause cracking of the green part during drying
and debinding.

It is therefore necessary to balance the crosslink density,
the solvent content and the exposure strategy in order to reach
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a practical compromise between high reactivity, resulting in
higher throughput, and possible challenges during debinding.

A useful concept in this respect is the gelpoint formulation
(see Fig. 3). The gelpoint of a photopolymerizable formulation
refers to the intersection between the storage modulus curve
(G") with the curve of the loss modulus (G"). Before the gel-
point, the slurry is liquid, after the gelpoint the formulation can
behaves like a solid. A delayed gel point is helpful to reduce
shrinkage and internal stresses, but poses challenges for the
exposure strategy: For rather weakly crosslinked photopoly-
mers, which are preferred for 3D-printing of ceramics, the time
t,p Which is necessary to reach the point where the formulation
becomes solid like is typically in the range of several seconds.
This leads to consequences for the used exposure strategy, since
not only the light dose but also its distribution over time is rel-
evant for the outcome of the exposure process. For determining
the photorheological properties of photopolymer formulations,
a photorheometer which can combine the measurement of vis-
coelasticity in combination with infrared spectra (see Fig. 3) is
a very helpful tool.

An additional important aspect of slurry formulation is a
good dispersion of the ceramic particles in the photopolymeriz-
able formulation.*®! This can be achieved by choosing appro-
priate dispersing agents, which serve as compatibilizer between
the different polarities of ceramic particles and organic matrix.

Applications

Biomedical engineering

Patient-specific implants are already well established and
one of the key drivers in AM for biomedical applications. As
already mentioned above ceramics could be either bioinert (no
reaction from the body against the material) or bioresorbable
(full resorption of the material by the body). Both ceramic
material classes are already used in biomedical applications
and AM offers now new possibilities (Fig. 4).

Lithium disilicate is a well-known and aesthetic material for
dental reconstruction but is difficult to shape. It may be either
casted, a time-consuming process, or subtractively machined.
Both approaches have in common that it is not possible to make
thin parts, which is only possible with AM as it enables fabri-
cation of so-called non-prep veneers. Dental non-prep veneers
are thin, shell-like restorations. As the name suggests, these
restorations can be applied without prior invasive preparation
of teeth making. As a consequence, the required medical pro-
cedure is more comfortable for patients as it does not require
anesthetics and the removal of enamel.

By analogy, the production of crowns is also possible. For
increased aesthetics a core—shell principle can be applied to
mimic the natural structure of the teeth with a dentin core
and an enamel shell. This can be done by printing, sintering
and assembly of two separate elements printed from different
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Figure 3. With photorheology, the viscoelastic properties of a photopolymer can be related to the double bond conversion. 5!
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Figure 4. 3D-printed non-prep veneers from lithium disilicate with
(right) and without (left) pigments. Source: Lithoz GmbH.

suspensions—one element containing a given pigment and the
other element containing another or none—or even by using
multi-material printing techniques?”) to combine the two dif-
ferent suspensions directly during 3D-printing. The resulting
crown using this multi-material printing is depicted in Fig. 5.
Resorbable materials like calcium phosphates (hydroxyapa-
tite or tricalcium phosphate) or bioglasses (S45S5 or similar)
can be used as bone replacement scaffold to ensure the healing

Figure 5. 3D-printed crown using a bi-material printing approach
to combine pigment-containing lithium disilicate in the core with
unpigmented lithium disilicate in the shell. Source: Lithoz GmbH.

of bigger size defects. The human body resorbs these mate-
rials and uses their chemical compounds to grow new bone
in the body. After implantation, these scaffolds are gradually
resorbed by the human body (the resorption rate is depending
on the size, the material, and the density of the implants) and
remodeled into native bone tissue so that the defect is then
eventually completely recovered with natural bone. The main
applications for these materials are in the cranio-maxillofacial
area and especially cranial implants as shown in Fig. 6.

Energy and aerospace engineering

Aerospace and power industries are continually seeking to
increase engine efficiency to reduce the fuel consumption and
carbon footprint. This could be achieved by increasing the
working temperature of the engines, but the turbine blades are
already run above their melting temperature of the material,
which is possible due to air cooling of the blades and ther-
mal barrier coatings. These blades are usually casted and in
order to form the complex internal cooling channels during
the casting of metal turbine blades, a ceramic core, which is
usually are injection molded, is necessary. To further increase
the efficiency more sophisticated cooling channels (multi-wall
cores) must be introduced and these cannot be injection molded
anymore. Examples of AM fabricated casting cores are shown
in Fig. 7.

Industrial applications

As already pointed out at the beginning of this article, ceram-
ics have special material properties, which allows them to
withstand harsh environmental conditions, such as corrosive
atmospheres, high temperatures and high wear. Hence, they are
used in multiple applications, where other materials would fail.
Nozzles for high abrasive materials, catalyst carriers for satel-
lite propulsion, or microreactorst?®! are just some examples for
such use cases. Also, the textile and semiconductor industry?!
benefit from ceramic parts. Traditional processes, such as injec-
tion molding or milling, reach their limits when it comes to

Figure 6. 3D-printed cranial implant made from hydroxyapatite.
Source: Lithoz GmbH.
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Figure 7. Ceramic casting cores in the as-printed green state
directly after printing (left) and after debinding and sintering (right).
Source: Lithoz GmbH.

complex structures or small batches. For obvious reasons, 3D
printing can opens entirely new technological opportunities.

Discussion and future perspectives
The previous section provides guidance where 3D-printed
ceramics may find useful applications. In recent years, it could
be shown that the requirements regarding reproducibility, cost,
precision and part quality can meet the needs for a range of
applications, even in demanding fields like biomedical engi-
neering. This leaves room for substantial future growth of
3D-printed ceramics. We submit the hypothesis that the fol-
lowing parameters will determine to what extent 3D-printing
of ceramics will broaden future applications:

(1) Part size: AM benefits from applications, where rather
small parts are required, since the cost per part typically
scales linearly with the part volume.

(2) Customizability: AM is of benefit in applications, where
customizability (e.g., patient specific geometries for medi-
cal implants) is of importance. In contrast to many other
manufacturing methods, customizability comes for free
when using AM.

(3) Shape complexity: Complex geometries with internal
channels, freeform-structures and overhanging features
are in many cases difficult to fabricate with traditional
manufacturing methods (e.g., CNC machining). Applica-
tions which require such features (e.g., heat exchangers,
nozzles for combustion engines, ...) can achieve signifi-
cant performance gains when relying on AM.
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Figure 8. Qualitative estimation of the potential market volume
over irreplaceability of 3D-printed parts in various fields of appli-
cation.

(4) Digitalization: As an inherently digital manufacturing
method, AM benefits from use cases where digital mod-
els are easily available, e.g., patient data from intraoral
scanners in digital dentistry or computer tomography data
in medicine.

The combination of customizability, shape complexity and
digitalization will determine, how “irreplaceable” AM is for
specific applications. Figure 8 shows a qualitative diagram
which reflects the view of the authors regarding the future
potential of various AM applications. Since no specific numbers
on applications relying on ceramic materials were available,
Fig. 8 depicts the overall situation, with no limitation on spe-
cific materials, assuming that ceramics follow a similar trend
like polymers and metals. We believe that applications related
to biomedicine show significant potential, in terms of market
volume as well as irreplaceability of AM in this segment: The
demand for customization is by the nature of the applications
large (e.g., digital dentistry), the part sizes are small and cost
per part can be high. In addition, ceramics have certain benefits
regarding biocompatibility and aesthetics compared to poly-
mers and metals. Although the entry barriers (regulatory affairs,
efficient access to the market, ...) are high, the benefits are large
enough to justify significant efforts to overcome these barriers.
The market size is sufficiently large, in 20205%! the worldwide
medical market had a size of 120 Bill. US$. Of specific interest
for AM is the dental market, whose overall size is estimated to
be 38 Bill. US$ in 2022.3" AM is already covering a substan-
tial part of this market, e.g., by providing 3D-printed dental
aligners for orthodontics.

Another boost for 3D-printed ceramics comes from the fact
that the acquisition of digital models (e.g., obtained by com-
puted tomography or intraoral scanners) is becoming more
and more standard in fields such as orthodontics, implantology
and restorative dentistry. Maintaining this momentum requires
further expanding manufacturing tools that area capable of
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printing digital models of biomedical-grade materials. Ceram-
ics with good biocompatibility, excellent aesthetics and ade-
quate mechanical properties are the right choice for many of
such applications.

3D-printed ceramics turned out to be an excellent choice for
a variety of applications in chemical and mechanical engineer-
ing, where parts with complex shapes need to operate under
harsh environmental conditions (high temperature, and corro-
sive media) are needed. We anticipate that the number of appli-
cations benefitting from 3D-printed ceramics will grow further.

As indicated in Fig. 8, fields like electronics and electro-
chemistry (batteries and fuel cells) offer large potential for
3D-printed ceramics. Lithography is a well-established tech-
nology in micro-electronics, and the demand for future min-
iaturization and further integration plays into the hands of
lithography-based 3D-printing of ceramics. The latter provides
for necessary resolution, needed structural properties, as well
as electrical and thermal properties, including electronic and
ionic conductivity. Other relevant material properties as such
as coefficient of thermal expansion and chemical and thermal
stability are also achievable with 3D-printed ceramics. Appli-
cations such as complexly shaped ceramic separators or heat
thinks with conformal cooling channels might open inroads
into large and growing markets. In terms of potential market
size, microelectronics with its large global market size of 440
Bill. US$ in 20208 will increasingly offer very interesting
use-cases for 3D-printed ceramic parts (e.g., electrical con-
nectors, interconnects, 3D-printed functional ceramic parts for
Sensors, ...).
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