Technical Guidelines for Ceramic SLA/DLP Resin
Production

1 Material Composition of the Resin

A highly filled, stably dispersed photopolymer resin is the foundation for high-quality
ceramic 3D prints. The material composition directly influences printability (viscosity,
sedimentation stability) and the properties of the green body as well as the final com-
ponent. Crucial factors include the ceramic fill level and the careful selection of organic
components (monomers/oligomers, photoinitiators) and additives (dispersants and rhe-
ology aids). Table 1 provides an overview of typical components and their functions:

1.1 Ceramic Content (Volume vs. Mass Percentage)

Typically, the highest possible solid content is targeted to increase green body density
and minimize subsequent sintering shrinkage. The volume percentage of the ceramic is
critical (as it determines the packing density in the green body); depending on the ce-
ramic’s density, this corresponds to approximately 1.5-2 times the value in weight per-
centage. Typical formulations range from 50-60 Vol.-% (e.g., 75-85 wt.-% for oxide ceram-
ics) solids. Such high fill levels result in a relatively densely packed green body, which
shrinks, for example, only 12-15% linearly during debinding and sintering, compared to
> 20% with lower fill levels. Low solid contents (< 40 Vol.-%) produce more fluid resins
but lead to high shrinkage and increased crack risk in later stages. Additionally, lower
ceramic content can facilitate UV curing but at the expense of dimensional accuracy. Con-
versely, very high ceramic content (> 60 Vol.-%) complicates processing: viscosity rises
non-linearly, and the mixture becomes pasty or thixotropic, slowing self-leveling in the
printer. As a guideline, an SLA/DLP resin should have a viscosity < 3000 mPas to be evenly
distributed by the coating blade. Therefore, reactive diluents (monomeric diluents) are
often used to keep viscosity in the flowable range at high powder loadings. Furthermore,
it must be ensured that the suspension is long-term stable (no sedimentation or phase
separation)—dispersants and possibly slight thixotropy are critical here.

1.2 Relationship Between Viscosity, UV Transmission, and Layer Resolu-
tion

The ceramic content and additives influence the optical behavior of the resin. High par-
ticle loading means increased scattering and absorption of UV light by the ceramic parti-
cles. The effective light penetration depth decreases, leading to thinner curing layers per
exposure. Advantage: This allows for fine layer thickness (high vertical resolution) with-
out inadvertently curing deeper layers. Disadvantage: At very low penetration depths,
layer adhesion can suffer—if only, e.g., < 50 um is cured per layer, there is a risk of in-
sufficient overlap with the previous layer. An extreme case is darkly colored or non-UV-
transparent ceramics (e.g., SiC, Si3N,): here, the curing depth can be < 50 nm without



Table 1: Typical components of a ceramic SLA/DLP resin and their functions.

Component Examples / Proportion

Function and Influence

Ceramic Powder e.g., Al,03, ZrO,, SiC; 40-
60 Vol.-% (~ 70-85 wt.-%)

Monomers e.g., Acrylates (HDDA,
TMPTA), Methacrylates;

low molecular weight

Rheology Addi- e.g, fumed silica (SiO,-

tives nanopowder), specific
thixotropic agents; 0-3 wt.-
%

Main component of the green body.
A high solid content (> 50 Vol.-%)
ensures high green body density
and reduces shrinkage during de-
binding/sintering. Too low a ceramic
content leads to excessive volume
shrinkage and warpage during sinter-
ing. However, higher powder content
increases viscosity and light scatter-
ing, reducing the depth of cure.
Reactive diluents: Monomers have low
viscosity and reduce the overall vis-
cosity of the suspension. They poly-
merize under UV light into a network
and partly determine polymerization
shrinkage. (Meth)acrylate monomers
cure radically very quickly (high re-
activity but higher shrinkage), while
epoxy monomers polymerize cationi-
cally more slowly (lower shrinkage but
moisture-sensitive). Monomers are se-
lected to achieve a balance between
low viscosity and sufficient crosslink-
ing density.

Used to adjust viscosity and flow be-
havior. Add slight thixotropy to the
suspension: high viscosity at rest (pre-
vents demixing/sedimentation), more
fluid under shear (facilitates coating).
Fumed silica (highly dispersed SiO,) is
commonly used, forming a particulate
network in the resin to create struc-
tural viscosity. Caution: The amount
must be optimized—too little provides
no stabilization, too much drastically
increases viscosity and yield point,
which can hinder coating.

measures, leading to weak interlayer bonding and a tendency for cracks/pores. To com-
pensate, exposure energy and layer thickness must be carefully adjusted (see Section 2).
Conversely, low particle loadings increase UV transmission: the resin becomes “deeper”
and wider curable (greater depth of cure D,). This can allow thicker layers to be cured in
one exposure step, but the risk of over-curing (bleeding) increases: light penetrates later-
ally and deeply into unintended areas, polymerizing resin beyond the intended contours.
The result is blurred details and reduced dimensional accuracy in xy- and z-directions.
Therefore, with transparent, low-viscosity resins, the exposure dose must be strictly con-
trolled. A certain degree of light absorption/scattering by the ceramic is actually bene-



ficial, as it limits the lateral spread of exposure and enables sharper contours. Optimal
resolution is achieved by aligning the resin formulation and exposure parameters so that
the cured layer thickness roughly matches the desired layer thickness. In summary: High
fill levels improve green body density and reduce final shrinkage but require higher ex-
posure energy and thinner layers for precise results. Low fill levels facilitate exposure
(greater curing depth) but bring higher shrinkage and potentially poorer resolution.

2 Printing Process (SLA/DLP/LCD)

The printing process must be adapted to the properties of the ceramic resin. Different
ceramic contents and viscosities require adjusted printing parameters to achieve opti-
mal component quality. The following provides recommendations for print settings and
requirements for the printing environment.

» Layer Thickness and Exposure Time: Choose the layer thickness based on the ce-
ramic content and light penetration. With high ceramic content (50-60 Vol.-%), the
curing depth is lower, so thinner layers (typically 25-50 pm) are advisable to ensure
each layer is fully cured and bonded to the previous one. Accordingly, the expo-
sure time/exposure energy must be increased to achieve sufficient polymerization
despite scattering. Example: A highly filled ZrO, resin may require double the ex-
posure time of a low-filled resin for the same layer thickness. With lower ceramic
content (30—40 Vol.-%), thicker layers (50-100+ pm) can be used, as UV light pene-
trates deeper. However, caution is needed: The exposure energy must be dosed so
that no more than the nominal layer thickness is cured (— avoid over-curing). As
a guideline, the working curve applies: For each resin, a critical exposure value
E. and a half-value penetration depth D, can be determined experimentally. The
energy supplied per layer should be set to achieve a depth of ~ layer thickness +
10-20% overlap (for good bonding).

» Exposure Energy and Component Quality: Component quality (accuracy, surface
resolution, green body stability) is highly sensitive to changes in exposure:

— Too low exposure leads to under-curing—layers remain partially liquid or rub-
bery. The green body is soft, warpage can occur during removal, and layers
may delaminate. Microstructurally, pores remain between incompletely cross-
linked areas, which can cause defects later.

— Too high exposure leads to over-curing—the polymerization zone extends be-
yond the intended boundaries. Component edges become blurred, and details
smear. Additionally, polymerization shrinkage within each layer increases,
which can lead to internal stresses. Severe overexposure can manifest as an
“elephant’s foot” (widened base at the start of layers due to excessive exposure
of the first layers). Therefore, exposure time and intensity should be empiri-
cally optimized (exposure series) to stay within the window between under-
and over-curing.

» Tip: Large volume areas are better exposed in slightly subdivided exposure inter-
vals rather than in one step to avoid stress peaks. For example, a layer image can
be split into two or more consecutive exposures with short intermediate pauses.
This interval exposure demonstrably reduces shrinkage stresses and decreases the
tendency for warpage or layer cracks in the green body.



» Print Speed and Recoating: Highly viscous, heavily filled resins often require
longer self-leveling times after each layer. Set a Z-wait time (e.g., 20-30 s) if nec-
essary before the next exposure begins to ensure the fresh layer is even. Some
printers use a blade or coated blade for even distribution. For very viscous resins, it
may help to reduce the coating speed and increase the contact pressure to avoid air
bubbles and streaks. Ensure that shear forces during coating are not too high—the
resin should ideally flow in a Newtonian manner (evenly without drastic thicken-
ing at low shear rates). Thixotropic resins require mechanical activation (stirring
or blade movement) to flow; plan for a periodic stirring process if the machine al-
lows.

» Printing Environment Requirements: A controlled environment is essential for
reproducible printing results:

- Temperature: Maintain the printing chamber and resin at a constant temper-
ature (typically 25-35 °C). Moderate heating of the resin tank to ~ 30-40 °C
significantly reduces resin viscosity and improves flow and leveling behavior.
Additionally, a tempered build chamber reduces thermal stresses during ex-
posure: At too low temperatures (e.g., 15 °C), local heating from UV energy in
the component can cause warpage. Tests show that with a heated chamber
(~ 40 °C), no warpage occurred in the green body, which was clearly visible
at room temperature. Many industrial DLP systems have a heating function
for the resin tank or a heated build chamber. The coating tool can also some-
times be heated; for example, a 70 °C warm blade ensured the planarity of a
highly viscous suspension (25,000 mPas). However, excessively high tempera-
tures (> 50-60 °C) should be avoided, as photoinitiators or resin components
may age prematurely or solvent components may evaporate. Recommenda-
tion: ~ 30-40 °C chamber and resin temperature offer a good compromise
between low viscosity and material safety.

- Humidity: Keep the relative humidity in the workspace as constant and low as
possible (e.g., < 50%). While the direct impact of humidity on radical acrylate
polymerization is minimal, cationic photopolymers (epoxies) are sensitive to
ambient humidity—normal humidity can slow or stop chain polymerization.
Additionally, highly hygroscopic powders (some ceramics or additives) may
absorb moisture, potentially leading to micropores (from evaporating water)
during exposure. A dry environment (air-conditioned room) increases process
stability. A clean, dust-free environment also prevents dirt particles from en-
tering the resin tank, which could cause light scattering or print errors.

— Light Protection: Ensure no stray UV light enters the system (direct sunlight,
UV lamps, etc.) to prevent premature curing of the resin in the tank. Work
preferably under yellow light or enclosed conditions.

With an adapted parameter setup—thin layers and strong exposure for highly filled
resins vs. thicker layers and moderate exposure for low-filled ones—and a controlled en-
vironment (temperature, humidity), precise, warp-free green bodies can be produced. It
is advisable to conduct a parameter study (exposure test, viscosity test under temper-
ature influences, etc.) for each new resin formulation to determine the ideal process
window.



3 Post-Processing and Debinding

After printing, the fabricated green body (a composite of polymer matrix and ceramic
particles) is post-processed. The goal is to remove residual liquid resin (cleaning), fully
cure the component (possibly UV post-curing), and then controllably remove the organic
binder (debinding) before sintering the pure ceramic structure. Each step must be per-
formed carefully to avoid cracks, warpage, or defects.

3.1 Cleaning the Green Body

Immediately after printing, a layer of uncured resin typically adheres to the component
surface. This must be removed, as it can otherwise cause local stresses or stains during
debinding. Common methods include:

» Solvent Cleaning: Rinsing or immersing in a suitable solvent (often isopropanol,
ethanol, or specialized cleaning liquids). The component is typically swirled in the
bath for a few minutes or rinsed with a spray bottle. Important: Avoid excessive
exposure time! Resins (especially acrylates) can swell or become brittle with pro-
longed IPA contact, damaging fine details. Observations show that overly aggres-
sive solvents or prolonged baths can soften and detach the top, slightly cured layer.
Therefore, rinse parts only as long as necessary to remove excess resin.

 Ultrasonic Bath: A short ultrasonic bath (in alcohol solutions or gentler water/detergent
mixtures) can help remove resin from narrow gaps and cavities. However, caution
is needed with ultrasound: Cavitation and vibrations can damage or break delicate
green body structures. Studies show that ultrasound cleans the smallest holes most
effectively but also causes the most structural damage to the green body. A com-
promise is to use very short ultrasonic pulses (a few seconds) or avoid ultrasound
for delicate parts.

» Spray and Pressure Cleaning: Alternatively, the part can be rinsed with a strong
solvent jet (e.g., from a spray bottle or pressure sprayer). This spray cleaning re-
moves resin from surfaces without the intense mechanical shock waves of ultra-
sound. Studies recommend a combination for complex geometries: first, a short ul-
trasonic cleaning for deep cavities, then pressure rinsing to remove residual resin—
this minimizes the risk of damage.

After cleaning, the component should be carefully dried with compressed air or paper
towels. Do not heat in an oven before complete debinding! (Risk of premature curing or
warpage due to partial binder heating).

If necessary, UV post-curing follows: Many resins do not reach 100% conversion after
printing. To maximize the green body’s strength, it can be fully cured in a UV post-curing
chamber (several minutes under UV lamps). This improves handling stability and pre-
vents sticky surfaces. This step is especially recommended if the component needs to be
stable enough for further processing (debinding). (Note: In very thick or opaque areas,
UV post-curing light may not penetrate everywhere; polymerization remains incomplete
there, which must be considered during debinding.)

3.2 Debinding (Binder Removal)

Once the green body is fully cleaned and cured, the organic matrix is removed to pro-
duce a pure “brown body” of ceramic. This is a critical step—errors during debinding



are the most common cause of cracks and warpage. Thermal debinding (slow heating
in an oven) and, in some cases, solvent-based debinding (chemical extraction of certain
binder components) are distinguished. In practice, UV-cured systems are typically de-
bound thermally, as the polymers are highly cross-linked and insoluble.

* Thermal Debinding: Gradually heat the component in an oven to break down the
organic components. Typical procedure:

— Slow heating from room temperature to ca. 200-250 °C at a very low rate (e.g.,
1 Kmin™1). In this range, many polymers (acrylate networks, binders) decom-
pose and become volatile. If the ramp-up is too fast, internal pressure and
stresses build up, which can cause cracks or “bloating” of the part. Therefore,
holding times (e.g., 2 h at 250 °C) can be included to give the binder sufficient
time to escape.

— Further temperature increase to ~400-600 °C at a moderate rate. Here, carbon-
containing binder residues burn off completely in the presence of oxygen. Many
processes switch to an air atmosphere at this stage if the oven started inert—
oxygen ensures no carbon remains, and all organic residues are oxidized. A
clean burnout is important, as residual carbon reduces the ceramic’s sinter-
ing activity (grain growth is inhibited, parts remain porous and weak) and can
cause conductivity in, e.g., electrical applications.

- Beyond ~ 600 °C, organic components are typically no longer present—the
part now consists of sintered primary particles but is not yet cohesive. Usually,
the sintering process follows seamlessly (see Section 4) rather than cooling the
part.

It is critical to ensure adequate gas exhaust during the entire debinding process. Or-
ganic decomposition products (gases, vapors) must be able to escape from the oven—a
light purge with air or inert carrier gas can help. Otherwise, decomposition products
can accumulate in the part’s pore system, leading to internal explosion effects. Vacuum
phases are also sometimes used to facilitate outgassing. Some processes use a two-stage
approach: first debind in a vacuum or under inert protective gas to gently remove most
binders, then allow some air oxygen at the end to burn off remaining carbon residues.
This “hybrid” debinding can minimize cracking while ensuring clean polymer removal.

» Solvent Debinding (Optional): In rare cases, the resin formulation contains a pro-
portion of extractable binder (e.g., wax, thermoplastic components) alongside the
UV resin. Then, a solvent bath can be used before the thermal step to gently remove
these components. For SLA green bodies, this is rare, as the network is insoluble. If
such a process is planned (e.g., extracting wax from a UV-cured wax/resin hybrid),
the solvent must not swell the polymer. Often, the temperature is low (50-100 °C)
and the duration long (several hours to days). Overall, this method is uncommon
for photopolymer resins, so the focus is on thermal debinding.

3.3 Influence on Cracking and Warpage

Debinding poses significant risks to the component:

» Cracking: Rapidly rising temperatures or overly thick cross-sections can lead to in-
ternal cracks, as gases form in the core of the component that cannot escape quickly
enough. The pressure then causes microcracks in the material. These cracks persist
as severe defects in the later sintered part. Therefore: always use slow heating rates
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in the critical decomposition range and plan for longer holding phases. Cracking
can also be prevented at the design stage—uniform wall thicknesses and avoid-
ing solid, massive areas or providing them with ventilation holes. Delamination
(layer separation) can occur if insufficiently bonded material was present between
printed layers; during debinding, these planes separate. This indicates that insuffi-
cient over-curing/bonding was achieved in the printing process.

» Warpage: During debinding, the component shrinks noticeably (the polymer ma-
trix shrinks/disappears). If this shrinkage is uneven, the component deforms. Causes:
inhomogeneous temperature distribution in the oven, too rapid heating of the exte-
rior vs. interior, or anisotropic green body density. For example, flat, plate-shaped
green bodies may lift or sag at the edges. To minimize warpage, the part should be
stored as stress-free as possible—small, light parts can be debound on powder beds
or ceramic honeycomb plates so they do not sink during softening. Large flat parts
may require supports (setters) to prevent sagging. Nevertheless, some warpage is
almost unavoidable; it is partially compensated during sintering (gravity and sin-
tering forces can sometimes slightly straighten a warped part, but this should not
be relied upon).

* Debinding Atmosphere: As mentioned, the atmosphere also affects cracking/warpage
issues. In air, decomposition and oxidation typically proceed exothermically, gen-
erating local heat—this requires even more cautious temperature control but en-
sures no residual binder remains (thus fewer irregularities in the part). In inert
gas/vacuum, decomposition is more endothermic and gentler, but some carbon may
remain, which must burn off during sintering (potentially causing cracks there).
Studies on Al,03 show that air-debound parts tend to have slightly better mechani-
cal properties than argon-debound ones, likely due to complete burnout rates. Re-
gardless of the atmosphere, debinding is usually the most delicate step—incorrect
parameters can irreparably destroy the component. Therefore, standardized de-
binding cycles (e.g., scaled holding times based on part mass and thickness) and
possibly monitoring (e.g., mass loss recording via thermogravimetric analysis dur-
ing development) are recommended.

After debinding, a brown body of ceramic particles with ~ 40-60% porosity remains.
This is very fragile (can be crushed by hand) and should be fed into the sintering process
with minimal mechanical stress.

4 Sintering Process

In the sintering process, the brown body is sintered into a dense ceramic component,
i.e,, high-temperature treatment causes diffusion and bonding of particles into a solid
structure. Sintering parameters depend heavily on the ceramic material. The following
describes temperature profiles, the relationship between ceramic content and shrinkage,
and the influence of the atmosphere.

4.1 Temperature Profiles by Ceramic Type

Each ceramic has an optimal sintering temperature or program to achieve high density
with minimal grain growth. Table 2 provides guideline values for common ceramics:

Note: Exact sintering parameters should be determined empirically for each material
batch (density and strength measurements), as powder quality and grain size have an
influence.



4.2 Shrinkage and Density

During sintering, the component shrinks further as pores close and particles coalesce
into a denser structure. The extent of shrinkage depends significantly on the ceramic
content in the green body:

* Ahigh ceramic volume fraction (dense packing) leads to less shrinkage, as less void
space was occupied by the binder. For example, highly filled formulations (~ 55 Vol.-
% ceramic) typically shrink linearly by 15-20%, corresponding to about 40-50%
volume shrinkage.

* A low solid content (loose packing) results in correspondingly greater sintering
shrinkage: 30 Vol.-% ceramic can shrink > 25% linearly (i.e., > 60% volume loss).
This is often accompanied by increased anisotropy—shrinkage in XY direction vs.
Z direction may differ if the green body’s layer structure becomes noticeable. High
fill levels allow for more predictable and lower shrinkage, which is crucial for di-
mensionally accurate components.

Design Note: The CAD model must account for the expected sintering shrinkage as
a scaling factor (often print 15-20% larger than the final dimension, depending on the
determined shrinkage).

4.3 Temperature Control and Atmosphere Influence

Compared to debinding, sintering can use faster heating rates, as no sudden gas releases
occur—the brown body is open-porous, and diffusion processes proceed controllably.
Typical rates are 3-10 K min~—*!, unless sintering additives require specific heating stages.
The holding temperature is chosen to achieve high density without excessive coarsening
of the structure. Too high a sintering temperature can lead to abnormal grain growth:
large grains grow at the expense of smaller ones, which can degrade mechanical prop-
erties (especially toughness). Additionally, overheating can trap pores through grain co-
alescence (residual porosity). A study on ZTA (zirconia-toughened Al,03) showed, for
example, that density increases up to 1600 °C but decreases at higher temperatures—an
indication of optimal sintering completion at ~ 1600 °C. Conversely, too low temper-
atures leave residual porosity in the material: the theoretical density is not achieved,
and pores remain open. Porosities of just 2-5% (relative) can reduce strength by > 50%.
Therefore, slight overheating is often preferable to under-sintering.
The sintering atmosphere particularly affects chemically reactive materials:

* Oxide Ceramics (Al,03, Zr0O,, etc.) are typically sintered in air or O, atmosphere
to ensure a complete oxidation environment. Inert atmospheres are only neces-
sary if the material has volatile components (not the case for Al,03/Zr0,). However,
reports indicate that vacuum-sintered Al,03 may exhibit different microstructure
states (e.g., reduced Al,05; with oxygen vacancies), which can alter properties. Gen-
erally, air sintering of oxides provides reliable results and maximum density.

* Non-Oxide Ceramics must be sintered under inert gas or vacuum. For example,
SizN, decomposes in air or forms an oxide layer; SiC oxidizes above ca. 800 °C to
Si0,, which disrupts sintering. Additionally, some non-oxides react with carbon—
e.g., carburization can occur in carbide-containing atmospheres. Argon is a com-
mon sintering gas; for nitride ceramics, nitrogen is also used (to keep the atmo-
sphere saturated and prevent decomposition).



» The atmosphere can also affect microstructure kinetics: In reducing atmospheres,
certain phases may stabilize, or grain growth may accelerate. For example, ZrO,
sinters slightly differently in argon (oxygen vacancies may form), which made shrink-
age slightly anisotropic in experiments.

» Pressure-Assisted Sintering: In industrial applications (outside pure SLA processes),
hot isostatic pressing (HIP) is sometimes used post-sintering to close remaining
pores. This is beyond the scope of this guideline but is mentioned, as atmospheres
(argon under high pressure) are combined with temperature here.

In summary, a specific sintering profile must be followed for each ceramic type to
achieve high density without excessive warpage. The ceramic packing volume achieved
in the green body significantly determines how much the part will shrink—thus, all pre-
vious steps (fill level, debinding) must be optimized to obtain a warp-free, dense compo-
nent in the sintering process.

5 Properties of the Sintered Final Component

After successful sintering, a ceramic final component is obtained, with properties influ-
enced by the entire process chain. Key parameters include mechanical strength (flexural
strength, compressive strength), hardness, density (relative density compared to theo-
retical), and porosity and microstructure. Ideally, a sintered part achieves density and
strength comparable to conventionally produced ceramics. The following describes how
process parameters affect these final properties and what typical values are achievable.

* Density and Porosity: The achievable relative density is a primary quality crite-
rion. Optimally, > 95-99% of the theoretical density is achieved. Any remaining
porosity (open or closed) acts as a defect and reduces strength. A key factor for
high density is the high ceramic fill level in the green body and complete debind-
ing. If the solid content was too low or binder residues/carbon remained in the part,
residual porosity results even after maximum sintering. For example, a binder-
jetted and sintered Al,0O3 part (only ~ 96% density) had a Vickers hardness of only
~ 1.5 GPa, about 10% of dense ceramic hardness. In contrast, SLA-produced parts
with optimized processes often achieve > 98% density—correspondingly, hardness
and strength increase significantly. An example is zirconia: At ~ 95% density, a
hardness of 12.2 GPa was measured, while well-sintered (> 99%) samples reach ~
14 GPa or more—comparable to conventionally pressed references. Similarly, for
Al,03: Printed samples with 97.5% density achieved ~ 16.5 GPa Vickers hardness
(dense polycrystalline Al,05 is ~ 17-18 GPa). Porosity thus significantly reduces
hardness and stiffness. It can also affect impermeability (for liquid or gas perme-
ability requirements). For structural components, the aim is to reduce pores to
< 2%. If minor residual pores are unavoidable, infiltration techniques (impregna-
tion with resin or glaze) can be considered to fill the pores—this is an additional
process.

* Mechanical Strength (Flexural Strength, Compressive Strength): This depends
on density, grain structure, and any cracks present (fracture mechanics per Weibull:
the largest defects limit strength). A crack-free, densely sintered part can achieve
strengths comparable to or even surpassing conventional quality. For example,
stereolithographically printed 3Y-TZP (zirconia) achieved flexural strengths of 1000~
1150 MPa—values in the range of isostatically pressed and sintered TZP. Alumina
components typically achieve 300-400 MPa flexural strength if ~ 99% dense and
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no major processing cracks are present. Incomplete layer bonding or remaining
microcracks from rapid debinding are detrimental: even a small crack reduces ef-
fective strength to a fraction. Thus, crack prevention in all prior process steps is
critical. Compressive strength (relevant, e.g., for ceramic bearings) is less sensitive
to individual pores but is often a multiple of flexural strength (e.g., > 2000 MPa
for Al,03). It is also improved by higher density and homogeneity. Fracture tough-
ness is primarily determined by material choice (e.g., transformation toughening
in Zr0O,). The additively manufactured microstructure shows similar values to con-
ventional ones, provided no major defects are present.

» Hardness: The Vickers or Knoop hardness of a sintered part strongly correlates
with density and grain structure. As mentioned, well-sintered printed ceramics
achieve near-reference hardnesses: Zirconia ~ 12-14 GPa, Alumina ~ 15-17 GPa,
SiC ~ 25 GPa (at > 99% density). Interestingly, studies suggest that additively manu-
factured ceramics may locally exhibit higher hardness than standard material due
to finer grain structures or uniform microstructure. In any case, hardness increases
significantly with rising sintering temperature (and thus density), approaches a
maximum, and may decrease again if grain growth occurs.

* Microstructure and Anisotropy: A potential disadvantage of layer-by-layer con-
struction is anisotropy in the microstructure. There may be a slight difference
between the layer plane (XY) and the build direction (Z): if layers were not 100%
tightly joined, fine layer lines (e.g., thin pore rows or grain boundary layers) may re-
main visible after sintering. This sometimes manifests as slightly lower Z-strength.
Good process control (sufficient over-curing per layer, isotropic shrinkage) mini-
mizes this. In fact, optimal sintering parameters (long holding time, high temper-
ature) have nearly eliminated interlayer gaps, significantly increasing mechanical
integrity between layers. Ideally, the microstructure is isotropic with no preferred
directions—differences in strength/hardness between print directions are then in
the single-digit percentage range. If anisotropy persists, heat treatment (e.g., HIP)
can further mitigate it.

» Impact of the Process Chain: All steps ultimately influence the final properties:

— High ceramic fill level and good dispersion reduce defects (agglomerate flaws)
and provide high green and sintered densities — higher strength and hardness.

— Optimal printing parameters (sufficient exposure, clean layer bonding) pre-
vent structural weaknesses (e.g., layer separations) — homogeneous strength
in the component.

— Careful debinding prevents cracking — no major critical defects that act as
fracture initiators.

- Proper sintering (temperature, time, atmosphere) yields maximum density and
desired microstructure — high strength, hardness, low porosity.

If the process chain is well-coordinated, additively manufactured ceramic compo-

nents can achieve properties close to or, in some cases, superior to conventional form-

ing methods (pressing, injection molding). For example, it was reported that 3D-printed

Al,03 ceramic cores for casting applications achieved a density of 3.88 gcm =3 (~ 97.5%)

and a microhardness of 16.5 GPa. High-performance ceramics like ZrO, achieved frac-

ture toughnesses around 6 MPam®° and flexural strengths > 1000 MPa———valuesabsolutelysuitable forte
In conclusion, the quality of the final component is only as good as the weakest link in

the process: any negligence (powder clumps, incorrect resin dosing, too rapid heating,
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etc.) can leave pores or cracks that drastically reduce strength. In industrial practice,
ceramic SLA resin production requires stringent quality control along the entire process
chain—from material mixing (viscosity testing, particle analysis) through printing (test
components, exposure calibration) to sintering (shrinkage control, density testing). Only
then can consistently flawless, crack-free, and dimensionally accurate ceramic compo-
nents with high strength, hardness, and density be produced.
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Table 2: Example sintering parameters for various ceramic types (guideline values).

Ceramic Type

Sintering At-
mosphere

Typical Sintering
Profile (Heating &
Holding Time)

Special Considerations

Aluminum Ox-
ide (Aleg)

Zirconium Diox-
ide (3Y-TZP)

Silicon Carbide
(SiC)

Silicon Nitride
(SisNy)

Hydroxyapatite

(Ca10(PO4)6(0H)2)

Air (Oxidation)

Air

Argon (Inert)

Nitrogen (Inert)

Air

Heat at 3-5 Kmin™! to
~ 1550 °C, hold ~ 2 h.
Slow cooling.

Heat at 5 Kmin™! to
1400-1500 °C, hold
1-2 h (depending on
part size).

Heat at 5 Kmin!
to 2000-2100 °C,
hold 1-2 h. (Optional:
pressureless sintering
with additives or hot
pressing at 1850 °C
under pressure).

Heat at 5 Kmin~! to
1650-1750 °C, hold
1 h. Controlled cool-
ing.

Heat at 2-5 Kmin!
to 1200-1300 °C, hold
1 h (for full densifi-
cation, possibly up to
1300 °C).

Requires high temperature
for dense sintering (~ 99%
theoretical density). Above
1600 °C, grain growth and
warpage risk increase.

Yttria-stabilized 7Zr0,
sinters at slightly lower
temperatures than Al,Os.
Full density ~ 99% achiev-
able at 1450 °C. Higher
temperatures lead to
grain growth and phase
transformations. Optimal
temperature ~ 1450 °C.
Sintering in argon possi-
ble, e.g., 1350 °C, to avoid

reduction; anisotropic
shrinkage X/Y vs. Z ca.
3-5%.

Very high sintering tem-
perature required (strong
covalent bonding). Sinter-
ing additives (B, C) often
added, enabling liquid-
phase sintering from ~
1800 °C. Strict inert gas
atmosphere, as SiC oxidizes
above ~ 800 °C in O, pres-
ence (SiO, formation).
Requires sintering aids
(Y,03, Al,03) for high
density (liquid-phase sin-
tering). N, atmosphere
prevents thermolysis of
SigN, (decomposition to Si
and N, above ~ 1500 °C).
Yields fine-grained, high-
strength  structure  at
optimal temperature; ex-
cessive temperature leads
to g-phase growth.

Typical bioceramic (bone
replacement). Decomposes
above 1350 °C (loss of OH),
hence moderate sintering
temperature. Yields porous
structure (if desired for
bone integration).

-
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