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Abstract: To meet the evolving demands of aeroengine development, the structural and performance
requirements for ceramic cores have become increasingly stringent. Vat photopolymerization 3D printing, owing to
its moldless, flexible manufacturing, and other advantages, demonstrates significant potential in the preparation of
ceramic cores with intricate structures. However, its practical application still faces multiple challenges, including
layered structures and property anisotropy, defects such as cracks and collapse during printing and sintering,
forming inaccuracies, and difficulties in controlling surface roughness. Recent advances have focused on
optimizing slurry formulation and rheology, improving curing behavior, introducing auxiliary powders and additives,
tailoring forming parameters, and optimizing the sintering process. Nevertheless, effectively suppressing lamellar
defects, achieving superior dimensional accuracy, and maintaining high surface quality in complex structures
remain the core scientific and technical issues to be solved. Future research should concentrate on refining curing
mechanisms, advancing powder design and organic system optimization, and regulating the coupled processes
of forming, debinding, and sintering to accelerate the application of VPP 3D printed ceramic cores in aerospace
manufacturing.
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1 Introduction of an improved thrust-to-weight ratio in aerospace

engines requires ceramic cores with even more intricate

Ceramic cores are typically utilized for forming the structures and higher performance standards®™ .

internal cavities of complex components in investment The traditional preparation method for ceramic cores

ol 2 : ; ; . o . . .
casting " . The ceramic cores used for aircraft engine is mainly injection molding, which relies on molds and
turbine blades represent the highest level of preparation
for ceramic cores due to their structural complexity and

performance requirements™ *. Meanwhile, the pursuit

involves a lengthy process cycle”. Additive manufacturing
technology, due to its moldless and flexible manufacturing
advantages, possesses advantages in the field of
preparing complex structural components'. Since
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printing!" ', inkjet printing (IIP)!"> "%, direct ink writing
(DIW)!' "1 binder jetting (BJ)!'"*”, selective laser
sintering (SLS)™" *?, selective laser melting (SLM)™**,
and so on. Among them, SLA, DLP, and LCD are
referred to as vat photopolymerization (VPP) 3D printing
technology™!. Compared to other ceramic additive
manufacturing technologies, as shown in Table 1, VPP
ceramic 3D printing demonstrates significant potential
for fabricating the ceramic cores due to its high surface
)[26, 27

quality and high printing accuracy (~pm
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Table 1: Main process parameters of SLA 3D printed
alumina ceramic cores®*4

Additive

manufacturing g R0, Resolution QUSRS
VPP Q:ﬂ?'g?& pum Excellent

DIW Calcia, etc. Um-mm Low

SLS muﬁiiliec,aétc. Um-mm Low
BJ Calgilﬁmiﬁzl”bec:gate, um-mm Medium

However, there are significant challenges in applying VPP
3D printing technology to fabricate ceramic cores with complex
structures® . These challenges primarily arise from the conflict
between the process requirements of VPP 3D printing and the
comprehensive performance requirements of ceramic cores.

VPP 3D printing necessitates ceramic slurries with low

BT and

viscosity (typically<5 Pa-s) and high solid loading
the VPP printing process pursues higher curing depth, good
interlayer bonding, and minimal light scattering to ensure
forming accuracy. The debinding and sintering processes are
crucial to ensure that there is no cracking or deformation in the
final product. Further complicating matters are the interactions
among the slurry preparation, debinding, and sintering
processes. These underlying processes and mechanism need to
be studied in depth.

In addition, the structural and performance requirements
for ceramic cores are very stringent” ***. Currently, there are
mainly two types of ceramic core matrices, alumina and silica,
that applied in investment casting of aircraft engine turbine
blades™. Silica-based ceramic cores employ fused quartz
as the matrix, with sintering aids like alumina and zirconia
incorporated. Conversely, alumina-based ceramic cores utilize
alumina as the matrix, incorporating sintering aids such as
silica, zirconia, and yttria. The comprehensive performance
requirements for ceramic cores include suitable flexural strength
(in both room and high temperature environments), certain
porosity, low surface roughness, and excellent high-temperature
creep resistance, among others™
are mutually constrained.

! Moreover, these properties

In order to achieve qualified VPP 3D printed ceramic cores,
numerous researchers have undertaken targeted optimizations
of the VPP 3D printing processes, including mold structure
optimization, composition design, high-performance slurry
preparation, and improvement of the printing, debinding, and

%41 This study summarizes the key issues

sintering processes
in VPP 3D printing ceramic cores, including layered structures
and anisotropy, defects suppression, optimization of forming
accuracy and surface quality. By analyzing the underlying
mechanisms and current mitigation strategies, this work aims
to provide a comprehensive reference for process control, and

quality assurance in ceramic additive manufacturing.
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2 Layered structure and anisotropy

VPP 3D printing technology prepares complex structural
parts through discrete and then stacked methods™
this stacking method results in a layered structure within the
green body. Meanwhile, the properties of sintered ceramic

cores exhibit anisotropy. This section summarizes the factors

. However,

contributing to the layered structures and the anisotropic
properties observed in VPP 3D printed ceramic cores.

2.1 Generation of layered structures
Ceramic fabrication processes are often characterized by a
cumulative nature, wherein defects introduced in early stages
cannot be fully mitigated by subsequent processing steps. For
instance, friction among ceramic powders during traditional
dry pressing can cause uneven powder accumulation™. This
unevenness in the microstructure persists after the sintering
process, ultimately influencing the properties of the ceramic
parts. VPP 3D printing exhibits similar characteristics. The
layer-by-layer stacking process in VPP 3D printing inherently
leads to the formation of layered structures, which in turn
affects the final properties of ceramic cores. Exploring the
fundamental reasons and influencing factors causing the
formation of layered structures is of great significance for
regulating the microstructure and properties of ceramic cores.
Powder settling in ceramic slurry is a possible cause for the

formation of layered structures. Zhao et al.[*

suggested that
the ceramic powders in slurry will settle within a short period,
creating gaps between layers during the printing process, as
shown in Figs. 1(a) to (d). They evidenced this conjecture by
yellowing phenomenon during the debinding stage. Certainly,
settlement is a contributing factor. But different settlement
rates of powders, combined with variations in slurry dispersion
stability, can lead to the formation of distinct interlayer gaps.
Printing process has an important influence on the generation
of layered structures. Li et al.*" believed that the interaction
between the scraper and the slurry during the printing process
significantly affected the layered structure, as shown in
Figs. 1(al) to (el). By simulating the slurry flow during
scraper movement, it was found that smaller particles tended to
concentrate on the top and bottom surfaces of each printed layer,
while larger particles accumulated in the middle. As the sintering
temperature increased, the pores among particles migrated
towards the interfaces between the layers and coalesced to

1 3150 simulated the

form larger pores at these interfaces. Li et al
effect of layer thickness on the formation of layered structures
and found that the layer thickness was related to the movement
state of the slurry. The simulation results indicated that turbulence
and the displacement of the maximum-velocity zone, as clearly
depicted in Figs. 1(a2) to (e2), exerted a substantial influence on
the redistribution of ceramic particles with diverse sizes. This
influence was particularly pronounced when the spreading
thickness falled within the range of 100-200 um, ultimately
leading to the formation of a layered structure.

Discontinuity in curing behavior is another significant
factor contributing to the formation of layered structures!”.

The curing degree of ceramic slurry follows a gradient



Special Reviey, N TNNIRLINN

Vol. 22 No. 5 September 2025

(a) (b) (c)

(b2)

(d) (d)

(c2)

(b1) (d1)

(c1)

(d2) (e2)

Fig. 1: Fracture surface of the brown body (a), and corresponding layered structure analysis (b) and three-dimensional
surface image (c), as well as forming schematic diagram of layered structure (d)*": (a1) slurry flow simulation of
ceramic core in the spreading process; (b1-e1) micro-nano CT results of ceramic core samples sintered at different
temperatures of 1,150 °C (b1), 1,200 °C (c1), 1,250 °C (d1), and 1,300 °C (e1), respectively *. (a2) flow velocity of slurry
with different spreading thicknesses; (b2-e2) micro/nano CT results with different print layer thicknesses of 50 um (b2),

100 um (c2), 150 um (d2), and 200 pm (e2), respectively™

distribution along the curing direction, with the highest curing
degree observed near the slurry surface where the light source
is incident™*”. As the light source penetrates deeper into the
slurry, the curing degree gradually decreases. Furthermore, the
connection between layers relies on the curing of the previous
layer by the subsequent one, which is one of the important
reasons for the formation of layered structures. Factors that
influence the curing process will also affect the generation
of layered structures™. Li et al.* investigated the impact of
curing depth on layered structures, as shown in Fig. 2. Their
findings revealed that a lower curing depth is insufficient to
guarantee robust interlayer connections, leading to noticeable
layer separation. As the curing depth increases, the incident
light can enhance the connection between the next layer and the
current layer.

2.2 Performance anisotropy and controlling

Layered structures of VPP 3D printed ceramic cores are

manifestations of anisotropic microstructure, and in most
cases, the layered structure will be retained in the sintered
sample and exhibit performance anisotropy. Niu et al.’"
optimized the anisotropy of silica-based ceramic cores by
adding alumina powder. In ceramic cores without alumina
powder, a multilayer structure with obvious interlayer gaps
was observed in the horizontal printing direction, which was
related to particle deposition during the printing process.
When the alumina content reached 6wt.%, the microstructure
became more uniform due to enhanced particle rearrangement

between different layers. Li et al.’!

printed silica-based ceramic
cores with different directions and controlled the anisotropy
of the microstructure and properties using aluminum powder,
as illustrated in Figs. 3(al-el). The optimized ceramic cores
exhibited high-temperature strengths of 16.6 MPa and 16.1 MPa
in different printing directions.

In subsequent research, Li et al.l*”

used metallic silicon
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(@) (b)
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Fig. 2: Microstructures of sintered ceramic core samples with different curing depths: (a) 80 pm; (b) 100 pm; (c) 150 ym;
(d) 200 pm; morphologies of samples with different curing depths: (a1) 80 ym; (b1) 100 um; (c1) 150 pm; (d1) 200 um;
and sintered ceramic core sample with a curing depth of 150 um: (e-f) different surfaces; (g-i) corresponding

microstructure and local magnified image™”

powder to regulate the interlayer structure in silica-based
ceramic core fabricated by VPP 3D printing and observed
that the volume expansion resulting from the conversion of
metallic silicon to silica during sintering can partially fill the
interlayer gaps and inhibit shrinkage rate.

Fan et al.’"

investigated the impact of different particle
sizes of fused quartz on the mechanical properties anisotropy
of VPP 3D printed ceramic cores, as shown in Figs. 3(a2-¢2).
The results indicated that the finer powder in the slurry had
strong dispersibility and promoted the rearrangement of
interlayer particles during the sintering process. As the particle
size decreased from 35 pm to 5 um, the ratio of vertical strength
to horizontal strength (o,/0,) increased from 0.48 to 0.86,
indicating enhanced mechanical uniformity.

The suppression of mechanical anisotropy mainly focuses
on powder design, which can be divided into two parts: on
the one hand, promoting particle rearrangement by increasing
the sintering activity of the powder; on the other hand,
compensating for interlayer gaps through additives™ >, These
methods provide insights into the formation mechanisms of
layered structures. However, the underlying causes remain
incompletely understood, and more importantly, effective
strategies for suppressing such structures require further
development.

3 Defects of 3D printed ceramic cores

Layered structure is a prominent microstructural feature of

VPP 3D printed ceramic cores""

, and poor control of the
layered structure can easily lead to significant defects in
VPP 3D printed ceramic cores. Furthermore, ceramic cores
are characterized by their intricate structure, which makes
their fabrication a challenging endeavor. Improper processes

employed during printing, debinding, and sintering stages can
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equally trigger the emergence of cracks, surface defects, and
even lead to complete formation failures.

An et al.®>*" conducted research on VPP 3D printed
silica-based ceramic cores and found that cracks in these cores
could be divided into interlayer cracks and intralayer cracks,
as shown in Figs. 4(a) and (b). Intralayer cracking primarily
arose from thermal and shrinkage stresses during sintering.
Relatively uneven curing in the interlayer regions caused
weak interlayer bonding, which facilitated crack initiation and
propagation. Sepecifically, the number of cracks increased
with the sintering temperatures. Furthermore, the impact of
different printing directions on crack formation in silica-based
ceramic cores was also explored. Different printing directions
led to variations in the fracture modes of the ceramic cores, as
shown in Figs. 5(a) to (d). The flexural strength of the ceramic
cores depends on the interlayer bonding strength of samples
printed in different directions, and catastrophic fractures often
occur at weak interlayer interfaces.

Mu et al.’” prepared ceramic core green bodies using a high
solid loading ceramic slurry with varying curing parameters.
Figure 6 depicts a great number of interlayer gap defects
along the printing direction when using a low exposure energy
density and a short exposure time.

Besides the forming parameters, slurry composition also
has a significant impact on the tendency for defect formation.
Ozkan et al.”™ found that the slurry composition and properties had
an important influence on the occurrence of crack defects during
the preparation of silica-based ceramic cores. Figures 7(a) to (d)
show that an excessively strong curing capability or an overly
high viscosity of the slurry can lead to a heightened propensity
for crack formation. Figure 7(b) shows a ceramic core prepared
under optimized conditions without obvious crack defects.

The findings presented by Kong et al.”” indicate that the
utilization of the buried combustion method (BCM) can
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Fig. 3: Schematic diagram of different printing directions (a), microstructure of fracture surface of ceramic cores with
different Al contents: (a1) 0%; (b1) 2.5%; (c1) 7.5%; (d1) 10%, and flexure strengths of ceramic cores and o,/0},
ratios (e1)®"; microstructure of fracture surface of ceramic cores with different particle sizes: (a2) 35 uym;

(b2) 25 pm; (c2) 14 pm; (d2) 5 um, and flexure strength of ceramic cores and o/}, ratios (€2)*"

effectively mitigate the inclination towards the generation of
crack defects in alumina ceramic cores, as shown in Fig. 8(a).
Further characterization revealed that buried combustion method
also reduced the surface roughness of sintered ceramic cores
from 2.29 pum to 0.79 um, as illustrated in Fig. 8(b). This result
proves that controlling the temperature field during debinding
and sintering processes to promote orderly degradation of organic
matter is an important means for suppressing crack formation.
However, it is very difficult to prepare complex-structured
ceramic cores through buried combustion methods. Two step
debinding through atmosphere control is an effective strategy
for complex structured ceramic cores®” "),

Hu et al.[>*! carried out in-depth and comprehensive
research focusing on the defects associated with both structural
design and the forming process of VPP 3D-printed ceramic
cores. Hu et al.”® further discovered curing error and collapse

defects, as shown in Figs. 8(al) and (bl). The principal cause
of curing error lies in the insufficient stiffness of the as-cured
green body. This issue is particularly pronounced when the
building part incorporates thin-walled or cantilever structures.
Green bodies possessing such structural configurations are
prone to deformation during the printing process, ultimately
leading to inaccurate printing outcomes. Collapse defects in
3D-printed ceramic cores can indeed occur due to the escalation
of internal stress that occurs during the printing of thick sections
within the cross-sectional structure, ultimately resulting in
forming failure. In addition, they tried to design an internal
lattice structure to reduce the occurrence of crack defects
and believed that excessively thickness in the printed green
body could increase the likelihood of crack defects during
debinding, as shown in Figs. 8(a2) and (b2)"*”. Optimizing
the model structure could leverage the advantages of additive

497




Special Review
Vol. 22 No. 5 September 2025

CHINA FOUNDRY

(@)

Fig. 4: SEM images of cracks in sintered ceramic cores (a) and schematic of typical microstructures at
different positions within VPP 3D-printed ceramic cores (b)*”

(a) (b)

(d)

Fig. 5: Three printing models (M1-M3) of ceramic core samples (a); schematic of flexural strength test of ceramic core
samples with different models (b); schematic diagram of fracture modes of ceramic cores sintered at 1,250 °C in
different printing directions (M1: surface stress concentration; M2: surface stress concentration but with stronger
performance; M3: weak interlayer bonding) (c); 3D fracture model of (c) (d)*®

498



Special Reviey, N TNNIRLINN

Vol. 22 No. 5 September 2025

Fig. 6: Sample images of VPP 3D printed ceramic cores with different energy dose'™”

(b)

Fig. 7: Influence of binder components (M1-M4 were composed of oligomers and monomers in different ratios) and powder
particle sizes (P1: ds,: 7.71 pm; P2: d;,: 12.22 pm) on layered defects: (a) condition of printed ceramic core samples;
(b) a close look up of sintered ceramic core; (c) relationship between curing depth and actual energy dose; (d) peeling

forces for P2 loaded suspensions, showing the impact of viscosity on peeling forces

manufacturing to reduce the occurrence of crack defects. The
above research results indicate that printing ceramic cores with
complex structures utilizing VPP 3D method is a challenging
task. Comprehensive optimization is required to suppress
defects, including structural design and molding parameters.
The primary defect in ceramic cores produced by VPP 3D
printing is layered crack defects caused by poor interlayer
bonding®” "\, This defect is closely related to slurry properties,
forming parameters, debinding and sintering processes.
Achieving good interlayer bonding is the key to reduce layered
crack defects, thus the slurry composition and forming processes
have decisive influences on the layered cracks. In addition to
layered cracks, sintering cracks predominantly manifest in
silica-based ceramic cores, with the phase transformation of

[58]

cristobalite being the primary catalyst for crack defect formation.
Conversely, the predominant crystalline phase in sintered
alumina-based ceramic cores is a-Al,O,, which does not undergo
complex phase transitions that lead to cracking. Nevertheless,
deformation-induced cracking during the sintering of components
with intricate structures necessitates thorough investigation in
both silica-based and alumina-based ceramic cores.

Apart from cracks, further defects such as curing errors and
collapse occurring during the printing process also need to be
studied in depth. They involve factors such as curing ability and
curing shrinkage of ceramic slurry, mechanical properties of
green body, and forming methods (top-down or bottom-up mode).
These are the key constraints limiting the application of VPP
3D printed ceramic cores.
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(a)

(b)

(b1)

(a2) (b2)

Fig. 8: Cross sections of ceramic core samples at different sintering temperatures with and without BCM (samples are
directly exposed to furnace) (a), 3D surface morphology of ceramic core samples sintered at 1,300 °C with and
without BCM (b)®", schematic diagram of curing error (a1) and crushing defect (b1)?, external surface (a2) and

hollow cavity with a lattice structure (b2) of a sintered hollow core sample

4 Forming accuracy and surface
quality

Among various ceramic additive manufacturing technologies,
VPP 3D printing boasts the highest theoretical forming

precision and surface quality'®”

. However, during the actual
printing process, there are numerous factors that hinder the

forming precision and surface quality of ceramic cores.

4.1 Forming accuracy

The slurry properties have a significant impact on forming
accuracy. Ozkan et al.!””! demonstrated that the rheological
behavior and curing properties of slurry were crucial factors
influencing the surface quality of green bodies, as depicted in
Figs. 9(a) to (e). Excessive slurry viscosity leads to higher shear
forces acting on the green body during the forming process,
causing deformation or damage of the green body shown in
Figs. 9(f) and (g). Furthermore, the curing performance of the
slurry will affect the forming quality by changing the bonding
between the as-printed green body and the substrate (Only point
at the equipment forming by bottom to up mode).

The forming process also has a considerable influence on
printing accuracy of ceramic cores. Mu et al.”” compared the
effects of different forming parameters on accuracy, as shown
in Fig. 10, and found that when the energy density is too high,
the as-printed parts are prone to over-curing, which results
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[40]

in the loss of detailed features in the green body. Conversely,
when the energy density is lower, the forming accuracy
is higher. However, low energy leads to poor green body
strength, making it susceptible to defects and even causing
printing failures.

Doping is an important means to enhance forming accuracy.
Silica-based ceramic cores use fused quartz as the main
crystalline phase, which exhibits significant light scattering,
thereby, reduce forming accuracy. Feng et al.”* added an
appropriate amount of graphite to the silica-based ceramic slurry
to improve forming accuracy, as shown in Figs. 11(a) to (d). By
increasing the absorbance of the slurry with graphite, overcuring
is reduced. Additionally, hollow structures in thick sections of
the ceramic cores were designed to reduce curing shrinkage
and improve forming accuracy, as shown in Figs. 11(e) and (f).
Niu et al.” incorporated mullite fibers into silica-based ceramic
cores to hinder sintering shrinkage and enhance forming
accuracy, as depicted in Figs. 12(a) and (b).

In addition to improving the forming accuracy, severe
shrinkage during the sintering process can affect the accuracy
of the final product, especially for complex-structured ceramic
cores. Reducing sintering shrinkage is a crucial direction for
improving the forming accuracy of ceramic cores'®’. Tang et al.*”)
selected a kind of alumina powder that underwent a transformation
from spherical to platelet shape during sintering to reduce the
sintered shrinkage, as illustrated in Figs. 13(a) to (c). Li et al.””
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(a) ©

(b)

(e)

(f)

(d)

Fig. 9: Images of VPP 3D printed ceramic cores (a), precision of a sintered ceramic core fabricated by VPP 3D printing (b),
rheological behavior of ceramic core slurries with the shear rate ranges from 0 to 200 s™ at various temperatures (c),
variation of slurry viscosity with temperature at a fixed shear rate of 100 s™ (d), rheological behavior of ceramic
core suspensions during different VPP printing times (e), peeling force (f) and peak reaction force (g) against
number of printed layers for VPP 3D printed ceramic core samples™™

Fig. 10: Macroscopic of single-layer samples with
different curing parameters™

reduced the sintered shrinkage of alumina-based ceramic cores
using a novel approach called atmosphere-controlled in-situ
oxidation of aluminum powder, as shown in Figs. 13(al) to (d1).
Aluminum powder was protected from oxidation by argon gas at
low temperatures, and the molten aluminum promoted sintering
at high temperatures. After switching the atmosphere from argon
to air, the molten aluminum oxidized and expanded, reducing
the sintering shrinkage and improving the forming accuracy of
ceramic cores.

(a) (b)

(c) (d) (e)

(f)

Fig. 11: Accuracy of cured samples before (a) and
after (b) adding graphite to ceramic core
slurries, and photos of ceramic cores with a
complex structure: (c) green body; (d) forming
accuracy inspection; (e) sintered ceramic
core; (f) grid structure™®

4.2 Surface quality

Ceramic cores used for aircraft engine turbine blades require
high surface quality. VPP 3D printing parameters have a
significant impact on surface roughness. Xing et al.”" analyzed
the influence of layer thickness on the surface roughness of
ceramic cores, as shown in Figs. 14(a) to (h). The results
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(@)

(b)

Fig. 12: Incorporation of mullite fibers into VPP
3D-printed ceramic core slurry facilitates the
oriented distribution of mullite fibers (a), and
sintered shrinkage of ceramic core samples in
different directions versus fiber content (b)®"

(@) (b)
(@1) o)
(c1)

indicated that the surface roughness of the ceramic core
specimens increased from Ra=2.3 pm to Ra=6.1 um as the
layer thickness increased from 25 pm to 100 um. However,
reducing the layer thickness would significantly increase the
fabrication time. The layer thickness needs to be determined
based on both requirements and production efficiency.

Additionally, the local angles of complex-structured
ceramic cores also affect the roughness of the formed surface
based on “stair-stepping effect”””. When the local surface
curvature is larger, the stair-stepping effect on the surface
becomes more obvious. This requires improving the sample
placement strategy during model processing. Sintering
scheme has a significant impact on the surface quality of
ceramic materials.

Li et al.” studied the influence of sintering temperatures
on the surface roughness of silica-based ceramic core
specimens, as shown in Figs. 15(a) to (c). The results indicated
that different sintering temperatures altered the liquid
phase content, mullite formation, mullite morphology, and
distribution of the amorphous phase between particles during

(c)

(d1)

Fig. 13: Optimization of alumina ceramic core powder to reduce sintering shrinkage rate: (a) schematic diagram of the
transformation of ceramic powder during sintering process; (b) microstructure of platelet-like particles within VPP
3D printed ceramic core samples; (c) comparison of shrinkage-porosity relationship between this work®® and other
works; (a1) Ar-series sintering regimes; (b1) schematic diagram of microstructure formation; (c1) microstructure
change regulated by atmosphere; (d1) linear shrinkage comparison of 3D printed alumina ceramic cores™
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(a) (b)

(e)
(f)

(c) (d)

(9)

Fig. 14: Macroscopic and surface morphology of ceramic core samples with different layer thicknesses: (a) 25 pm;
(b) 50 pym; (c) 75 ym; and (d) 100 pm; (e-g) micrograph of VPP 3D printed Al,O; ceramic core; (h) surface

morphology of different positions of green body and sintered body

the sintering process of the cores. In fact, a higher degree
of densification tends to result in higher surface quality. But
phase transformations during sintering are often additional
factors that need to be considered.

Increasing the curing depth is an effective method to improve
surface quality. Li et al."™” found that the surface roughness
of the green body decreased from 2.1 um to 1.2 pm when the
curing depth was increased from 80 um to 200 pm with a layer
thickness of 50 um. Meanwhile, the surface roughness of the
sintered specimen decreased from 1.8 pm to 0.8 pm, as shown
in Figs. 16(a) and (b). Furthermore, this study also showed that
specimens with different printing angles exhibited different

[71]

surface defects at different curing depths. A higher curing depth
could significantly reduce the occurrence of surface defects.
However, excessively high curing depths could easily reduce
forming accuracy.

5 Challenges and prospects

Ceramic cores featuring complex geometries, high dimensional
accuracy, and excellent surface finish represent a key application
domain for VPP ceramic 3D printing technology. However, it
has been identified that the layered structure and the lamellar
defects are the first critical issues to address, particularly when
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(a)

(b)

(c)

Fig. 15: 2D and 3D surface morphologies and roughness of the printed
surfaces of silica-based ceramic cores sintered at different
temperatures: (a1) 1,100 °C; (b1) 1,200 °C; and (c1) 1,300 °C"

(@)

Fig. 16: Surface roughness and morphology of VPP 3D printed
ceramic core green bodies and as-sintered samples (a),
and SEM images of as-sintered trapezoidal samples with
different bottom angles (b)*"

fabricating samples with larger sizes or thick walls. Additionally, forming
defects, such as collapse and curing error arising from slurry properties and
intricate structures, constitute another key problem that needs to be resolved.
When designing slurry compositions, apart from focusing on parameters
like curing depth, the curing shrinkage and the strength of the green body
are also crucial for achieving high-quality forming. VPP 3D printing is
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widely used due to its high forming accuracy and
surface quality. However, the selection of powder,
including crystallinity, particle size distribution,
must be tailored to the specific performance
requirements of the ceramic cores. This
customization process, however, can introduce
considerable variability, thereby compromising
the accuracy of the curing mechanism. Organic
composition and powder design are effective
means to improve forming accuracy. However, the
relevant curing theory needs further development.
Finally, the sintering process often accompanies
significant sintering shrinkage. Achieving near-
zero sintering shrinkage is often considered an
effective means to realize high-precision forming
of ceramic cores with complex structures.
However, near-zero sintering shrinkage places
higher demands on the regulation of ceramic
powders and comprehensive properties.
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