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ABSTRACT: Stereolithography 3D printing technology is widely used in aerospace, automotive, medical,
weapons, and other fields because of its high processing accuracy, low cost, simple operation, and flexible
manufacturing. The photocuring 3D printing ceramic slurry is a key part of the photocuring 3D printing
ceramic technology. The preparation techniques of photocurable 3D printing ceramic slurry mainly include
the mechanical mixing method, sol-gel method, ultrasonic dispersion method, and in-situ polymerization
method. This paper summarizes the preparation methods and research progress of photocuring 3D printing
ceramic slurry, expounds the essence of photocuring and the composition and function of ceramic slurry,
and analyzes the influence of various properties of photocuring 3D printing ceramic slurry on the properties
of final products, such as rheological properties, solid content, curing thickness, and stability. Finally, the
existing problems and future development potential of photocuring 3D printing ceramic slurry preparation
technology are summarized.

Keywords: Ceramic 3D printing; Preparation of ceramic slurry; Ceramic slurry performance; Ceramic
materials

1. Introduction

3D printing technology is based on three-dimensional modeling data. The three-dimensional entity is
divided into several two-dimensional planes, and bonded materials such as metal powder, resin, and plastic
are used to solidify from a point to a line, and then to a surface, through layer-by-layer printing. This is
different from the traditional processing method of Subtractive Manufacturing, so it is also called additive
manufacturing [ 1]. Compared with the traditional material reduction manufacturing process, light-cured 3D
printing has the advantages of simple fabrication, fast forming speed, and high precision. It is widely used
in construction, industry, medical treatment, aerospace, and other fields, and has broad application
prospects [2—5]. Ceramic photocuring molding technology is an additive manufacturing process leveraging
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the photopolymerization of a ceramic-loaded resin matrix to fabricate green bodies layer-by-layer. The
ceramic slurry is then placed in the photocuring molding machine for layer-by-layer curing to obtain the
ceramic part blank. The organic binder in the part is removed through a series of processing and debinding
teps, and the part is finally sintered to obtain a dense ceramic part, as shown in Figure 1.
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Figure 1. Schematic diagram of SLA/DLP 3D printing technology [6].

The ceramic photocuring slurry system is generally composed of ceramic powder, photocuring
monomer, photoinitiator, dispersant, diluent, efc. [7]. Due to the addition of ceramic powder, the printing
of ceramic slurry is more difficult than that of ordinary resin. Therefore, the preparation characteristics of
the ceramic slurry and the design of the optical slurry must consider multiple factors, such as solid content,
viscosity, rheological properties, curing thickness, etc. These factors can affect the quality and performance
of the printed product [8,9]. When designing the slurry, not only should the shape, size, structure, and
application scenarios of the required ceramic products be considered, but also the performance and use
conditions of the printing equipment should be considered. In addition, factors such as the cost, stability
[10], and sustainability of the pulp also need to be taken into account. Therefore, the slurry design needs to
be rigorously tested and optimized to ensure the quality and stability of the final product [11].

The purpose of this paper is to discuss the research progress of the preparation of light-cured 3D
printing ceramic slurry, summarize the preparation of light-cured ceramic slurry, and summarize the future
development trend of ceramic slurry preparation.

2. Preparation of Photocurable 3D Printing Ceramic Slurry
2.1. Principle of Photocuring

The essence of photocuring is the photochemical reaction between molecules. The presence of light-
absorbing units in the molecule, that is, the presence of chromophores, is one of the necessary conditions
for photochemical reactions. The photochemical reaction process of photocuring is usually chain
polymerization [12]. Photoinitiators play an important role in photocuring 3D printing ceramic slurry [13].

2.1.1. Mechanism of Action of Photoinitiator

The photocuring reaction can be divided into two types: photoinitiated free radical polymerization and
photoinitiated cationic polymerization [14]. Among them, photo-initiated free radical polymerization
accounts for the majority. In photoinitiated radical polymerization, the photoinitiator can decompose under
light to obtain active free radicals, and the free radicals combine with the monomer to complete the chain
initiation. Based on this, chain growth, chain transfer, and chain termination occur. Common photoinitiators
include benzil and its derivatives, acylphosphine oxides, a-hydroxy ketones, and their derivatives [15,16].

Taking the commonly used benzoin diethyl ether as an example, it can be cleaved into benzoyl radicals
and dimethoxyphenyl radicals after irradiation under ultraviolet light, among which benzoyl radicals have
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higher reactivity. The activity of dimethoxyphenyl radical is relatively low, but it can continue to crack to
produce methyl benzoate and a highly active methyl radical, which in turn initiates the polymerization
reaction [17]. With the progress of photopolymerization reaction, a crosslinked polymer network is formed
to effectively wrap ceramic particles, realizing the fixation of ceramic powder and the formation of ceramic
green bodies. For example, in the light-cured ceramic slurry, free radicals initiate the polymerization of
monomers in the photosensitive resin, forming a polymer that binds the ceramic powder and cures the
ceramic slurry. Figure 2 is the ternary blend photoinitiator reaction principle diagram.
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Figure 2. Reaction principle diagram of ternary blend photoinitiato [18].

Wang [18] began to study the formula of silicon carbide photosensitive slurry, and focused on the
ternary blending photoinitiator system composed of free radical photoinitiator, cationic photoinitiator, and
tertiary amine co-initiator. Through the characteristics of redox reaction in the system, the problem that SiC
slurry cannot be cured in the deep layer due to high refractive index was successfully solved. Chen [19] et
al. designed and synthesized a novel water-based and polymerizable photoinitiator. The molecular structure
of this photoinitiator contains double bonds and carboxyl groups, so that the photoinitiator has both
polymerizability and water solubility. This waterborne UV-curable emulsion does not require an external
photoinitiator, and its film has excellent film properties after UV curing. Ding et al. [9] found that the
addition of 2~3 wt.% (relative to resin mass), the photoinitiator was the best in the curing process of ceramic
slurry. The core function of the photoinitiator is to absorb laser energy and trigger the curing effect between
the resins, thereby accelerating the curing process of the slurry. Shen [20] et al. studied a stable refractory
Si3N4 slurry with low viscosity. The optimized formula of slurry containing 48 vol.% SizN4 is
HEMA:HDDA:TMPTA = 3:4:3 (volume ratio). With the addition of 1 wt.% BYK110 dispersant (related
to the mass of powder), and the amount of photoinitiator TPO added is 3% of the mass of the mixed
refractory resin. The recommended particle size for preparing SizsNaslurry is 0.5 pm. The optimized slurry
had a viscosity of 2.09 Pa s at a shear rate of 30 s”!. The maximum unsupported cantilever span is 4 mm.
Chen [6] et al. studied the effect of three different photoinitiators on the curing broadening of ceramic slurry.
They found that the curing broadening of ceramic slurry corresponding to three different photoinitiators
increased with the increase of curing depth and followed a linear trend. Since the typical layer thickness of
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3D printing in the photocuring process is in the range of 30—200 pm, the selection of TPO as a photoinitiator
in this range can provide higher curing accuracy. When TPO is used as photoinitiator, the broadening depth
only increases slightly with the increase of photoinitiator concentration. The above research shows that the
photoinitiator plays a vital role in the photocuring of 3D printing ceramic slurry.

2.1.2. Photocuring Reaction Process

Photochemical reaction usually includes two processes: the excitation process and the chemical
reaction. The electrons in the ground state molecule absorb light energy and transition from the low-energy
bonding orbital to the high-energy anti-bonding orbital, so that the ground state molecule becomes an
excited molecule. Excited molecules can not only directly undergo chemical reactions, but also react with
active substances such as free radicals and ions. At the same time, the excited molecules may also undergo
energy transfer to generate active substances, participate in the reaction, or inactivation. The photochemical
reaction follows Crotthus-Draper’s law and the Stark-Einstein’s law. The wavelength of the photochemical
reaction light source must match the wavelength of the absorption of the reaction substance, and the
absorption of a molecule from the ground state to the excited state is quantized. The absorption of light
obeys Beer-Lambert’s law [21].

In the process of photocuring, a series of physical and chemical changes will occur in the ceramic
slurry. First, the photoinitiator absorbs ultraviolet light energy and produces active species such as free
radicals or cations. These active species initiate the polymerization reaction of monomers in the
photosensitive resin to form a three-dimensional network structure. As the polymerization reaction
proceeds, the viscosity of the ceramic slurry gradually increases, from liquid to solid. In this process, the
ceramic powder is wrapped in a polymer network to form a ceramic body with a certain strength. At the
same time, due to the exothermic effect of the polymerization reaction, the temperature of the ceramic
slurry will increase. In addition, the photocuring process may also be accompanied by some side reactions,
such as chain termination and chain transfer, which will affect the degree of polymerization, molecular
weight distribution, efc. In a word, the photocuring process is a complex physical and chemical change
process, which has an important influence on the properties of photocuring 3D printing ceramic slurry [22].

2.2. Composition and Function of Ceramic Slurry

The photocuring 3D printing ceramic slurry is a complex system, which is usually composed of ceramic
powder, solvent, dispersant, adhesive, and other components, which determine the performance of the
slurry and the quality of the final printed product [23].

2.2.1. Characteristics and Influence of Ceramic Powders

Ceramic powder is the main solid phase component of ceramic slurry, which determines the basic
properties and final use of ceramic products [24]. The physical properties of ceramic particles (such as
particle size, distribution, shape, surface state, etc.) will affect the dispersion, sedimentation, and
rheological properties of the slurry, and also play an important role in the optical properties of the particles
themselves (light scattering, absorption, refraction, and reflection). Ceramic powders undergo physical and
chemical changes during sintering, forming ceramic materials with specific strength, hardness, heat
resistance, corrosion resistance, and other properties. For example, alumina ceramic powder can be used to
manufacture ceramic products with high temperature resistance, and zirconia ceramic powder is often used
to make ceramic tools with high strength and high toughness.

The smaller particle size helps to achieve a high solid content of the ceramic slurry, because the smaller
particle size can form a higher packing density and increase the content of the ceramic powder in the slurry.
At the same time, the uniformity of particle size is also very important. Consistent particle size distribution
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ensures that the ceramic slurry forms a uniform microstructure during photocuring, thereby improving the
performance of printed products. In addition, the purity of ceramic powder is directly related to the
performance of the ceramic slurry. High purity ceramic powder can reduce impurities, reduce the
absorbance of the slurry, and improve the curing efficiency [25].

2.2.2. Functions of Dispersants

The dispersant can adsorb on the surface of the ceramic powder, reduce the interaction force between
the particles, prevent the agglomeration and precipitation of the ceramic powder, and keep the slurry in a
uniform dispersion state. The addition of dispersant can effectively improve the solid content and fluidity
of the slurry, reduce the viscosity of the slurry, and thus improve the molding quality and production
efficiency of ceramic products. Zheng et al. [26] combined DLP printing technology to study the effects of
oligomer and monomer types, dispersants, photoinitiators, and solid content of ceramic powder on the
rheological properties of photocurable printing ceramic slurry. It was found that when HDDA was selected
as monomer, KH-560 dispersant with 2.5% (mass fraction) was added, the content of photoinitiator was 3%
(mass fraction) and the solid content was 45% (volume fraction), the mechanical properties of the prepared
ceramic parts were the best, and the relative density of the ceramic parts was 98.5%. Jiao et al. [27] verified
that PMA25 was the best dispersant for ceramic slurry. When the volume content of alumina in alumina
ceramic slurry is 60 vol.% and the composition of alumina ceramic powder is 2 pm (35.2 wt.%) + 5 um (0
wt.%) + 10 pm (64.8 wt.%), the viscosity of alumina ceramic slurry is the lowest, which is 1556.8 mPa-s.
Liu [28] studied the influence of the type and content of photoinitiators and dispersants on ceramic slurry.
With increasing content of photoinitiator and dispersant, the rheological and curing properties of the
ceramic slurry were first improved, then weakened. The optimum dosage of photoinitiator and dispersant
was 0.5% and 4% (mass fraction), respectively.

Fan et al. [8] used eight different dispersants to prepare a ceramic slurry with a solid content of 45
vol.%. Then, according to the type of single dispersant (BYK9076, BYK111, KOS163, KOS110) and
double dispersant (the addition ratio of double dispersant is 1:1) and the concentration of dispersant (9
vol.%, 11 vol.%, 13 vol.%, 15 vol.%, 17 vol.%), 13 sets of experiments were designed as shown in Table
1, and the printing parameters of the matching slurry were obtained by testing the curing accuracy and
curing depth.

Table 1. Experimental groups with different dispersant types, dispersant concentrations, and solid loads.

Label Dispersants Dispersant Concentration (vol.%) Solid Loading (vol.%)
1# BYK9076 10 45/50/55/60/65/70
2# KOS163 10 45/50/55/60/65/70
3# BYKI111 10 45/50/55/60/65/70
4# KOS110 10 45/50/55/60/65/70
S# BYK9076 + BYK111 10 65
6# BYK9076 + KOS163 10 65
TH# KOS163 + KOS110 10 65
8# BYK9076 + BYK111 9/11/13/15/17 65
O# BYK9076 + BYK111 13 66/67/68/69/70/71

2.2.3. Function of Monomer Resin

The monomer resin plays the role of diluent in the light-cured 3D printing ceramic slurry. Acrylic
monomer resin is generally used in photocuring materials. It mainly serves to dissolve oligomers, fill
intermolecular gaps, reduce shrinkage, increase photocuring rate, and reduce system viscosity. It is a kind
of polymer with very low functionality and is almost not used as the main body of polymerization [29].
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Due to the high viscosity of the oligomer, the viscosity of the photosensitive resin for 3D printing is usually
lower than 300 mPa-s, so it is necessary to add monomer photosensitive resin as an active diluent to adjust
the viscosity [30]. Different monomer resins have different viscosities and reactivity. Choosing the
appropriate monomer resin can adjust the slurry viscosity to meet the requirements of 3D printing photocuring.
For example, in some studies, by selecting a specific monomer resin, the solid content of the slurry can be
increased under the premise of ensuring good fluidity of the slurry, thereby reducing shrinkage, deformation,
and cracking during degreasing and sintering. In addition, the monomer resin can also affect the curing
accuracy of the ceramic slurry. Appropriate monomer resin can be combined with photoinitiator, ultraviolet
absorber, etc., to control the curing rate and monomer conversion rate, and improve the curing accuracy.

Niu [31] measured that the equal polyurethane acrylate had the lowest critical transmission depth and
critical exposure through experiments, and the values were 321.74 um and 20.022 mJ/cm?, respectively. As
shown in Table 2, it is concluded that polyurethane acrylate is the easiest to cure, and epoxy acrylate is the
most difficult to cure.

Table 2. The critical transmission depth and critical exposure of different oligomer photosensitive resins [31].

. Critical Transmission Depth/ Critical Exposure/
Specimen 5
pm (mJ-cm™)
epoxy acrylate 408.70 25.104
aliphatic urethane acrylate 321.74 20.022
polyurethane acrylate modified by pdms 347.21 21.595

Ding [32] et al. measured the viscosity of micron-sized SiC ceramic slurry prepared by different resin
monomers (shear rate is 60 s ). It is concluded that viscosity decreases with increasing HDDA content.

3. Study on the Preparation Method of Photocurable 3D Printing Ceramic Slurry

The preparation methods for photocurable 3D printing ceramic slurry include mechanical mixing, sol-
gel, ultrasonic dispersion, and in-situ polymerization.

3.1. The Mechanical Mixing Method

The mechanical mixing method is the most commonly used method for the preparation of light-cured
3D printing ceramic slurry, which mainly includes the following key steps: The first step is the preparation
of raw materials. According to the performance and application requirements of the required ceramic
materials, different ceramic powders, photosensitive resins, and other additives are selected. For example,
alumina ceramic powder is often used in wear-resistant and high temperature resistant parts; zirconia
ceramic powder has high strength and toughness, which is suitable for occasions with high mechanical
properties [33]. The particle size distribution, shape, and purity of ceramic powder have an important
influence on the performance of the slurry and the quality of the final printed parts. Generally, the powder
is required to have a uniform particle size, regular shape, and high purity [34]. Secondly, ceramic powder,
photosensitive resin, and other additives were added to the stirring container according to a certain
proportion, and the mechanical stirrer was used for preliminary stirring to make the two mixed evenly. In
general, the volume fraction of ceramic powder is between 30% and 60% to ensure that the slurry has
sufficient ceramic content, good fluidity, and printability [35]. The stirring speed and time need to be
adjusted according to the volume and viscosity of the slurry. The general stirring speed is 100—1000 r/min,
and the stirring time is 10-30 min.

The preliminary mixed slurry and a certain amount of ball mill balls are put into the ball mill tank for
ball milling treatment. The material of ball mill balls is generally zirconia, alumina, efc., with a diameter of
0.5-5 mm. The number and size of ball mill balls need to be selected according to the volume of the ball
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mill tank and the amount of slurry. The ball mill tank is installed on the ball mill, and the appropriate ball
milling parameters are set, such as ball milling speed, ball milling time, and so on. The ball milling speed
is generally 100-500 r/min, and the ball milling time is 2—4 h. During the ball milling process, the ball
milling balls continuously collide and rub with the slurry, so that the ceramic powder is further dispersed in
the photosensitive resin, and the viscosity of the slurry can also be reduced.

Finally, there may be some large particles or impurities in the slurry after ball milling, which need to be
removed by filtration and the viscosity, solid content, and stability of the prepared ceramic slurry are checked.

Compared with other methods for preparing photocurable 3D printing ceramic slurries, the mechanical
mixing method offers the advantages of simple operation, broad applicability, and strong adjustability. It is
the most widely used preparation method in the laboratory, usually through the mixer. However, it is
difficult to achieve complete uniformity by stirring and ball milling. Therefore, in some cases, local
agglomeration of ceramic powder may occur, which affects the performance of the slurry and the quality
of the printed parts. At the same time, during the ball milling process, the continuous collision and friction
between the ball milling ball and the slurry may lead to the wear of the ball milling ball, thus introducing
impurities into the slurry. These impurities may affect the curing reaction of the photosensitive resin and
reduce the performance of the printing parts.

3.2. Sol-Gel Method

Different from the mechanical mixing method, the sol-gel method first selects the precursor. Metal
alkoxides are one of the commonly used precursors. For example, tetracthyl orthosilicate (TEOS) is often
used to prepare silicon oxide ceramics. Then, the selected precursor was dissolved in a suitable solvent, and
an appropriate amount of water was added to initiate the hydrolysis reaction. After hydrolysis, the product
will undergo a polycondensation reaction to form a polymer network structure, so that the solution gradually
transforms into a sol. By adding acid or alkali to adjust the pH value of the sol, the performance of the sol
can be optimized. In order to improve the stability and dispersibility of the sol, an appropriate amount of
stabilizer or dispersant can be added. The stabilizer can be adsorbed on the surface of the sol particles to
prevent agglomeration between the particles. The dispersant can reduce the interaction force between the
particles and make the sol more evenly dispersed in the solvent. Finally, after adding ceramic powder,
stirring, ball milling, adding the photoinitiator, and filtering the prepared ceramic slurry through the
filtration device, impurities and large particles are removed, and finally, a stable and uniform ceramic slurry
is obtained.

Compared with other preparation methods of ceramic slurry, the advantages and disadvantages of the
sol-gel method are also obvious. The advantage is that the sol-gel method can achieve uniform mixing at
the molecular level, so that the distribution of each component in the ceramic slurry is very uniform, which
helps to improve the performance uniformity and stability of ceramic products. And the slurry has high
purity. Because the slurry in the sol state has good fluidity, ceramic products with complex shapes can be
prepared by various molding techniques. The disadvantages are a complex process, large drying shrinkage,
a long time period, and high cost.

3.3. Ultrasonic Dispersion Method

Figure 3 is the schematic diagram of the principle of ultrasonic equipment. First, according to the
performance and application requirements of the required ceramic materials, select the appropriate ceramic
powder. Then select a photosensitive resin, dispersant, and photoinitiator that are well compatible with the
ceramic powder, have a moderate curing speed, and provide high strength after curing. A certain proportion
of ceramic powder and photosensitive resin is added to the container, and the mechanical stirrer is used for
preliminary mixing, so that the two are roughly evenly distributed. The purpose of preliminary mixing is
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to make the subsequent ultrasonic dispersion process more efficient. The preliminary mixed slurry was
placed in the ultrasonic equipment for dispersion. The ultrasonic equipment forms tiny bubbles in the slurry
by generating high-frequency sound waves. These bubbles exert a strong local impact force when they
break, effectively dispersing the ceramic powder and making it evenly distributed in the photosensitive
resin. There may be some larger particles or impurities in the slurry after ultrasonic dispersion, which need
to be removed by filtration. According to the need, the performance of the slurry can be further adjusted.
For example, an appropriate amount of diluent can be added to reduce the viscosity of the slurry and
improve its fluidity, or a thickener to improve the stability of the slurry and prevent the precipitation of
ceramic powder. At the same time, the pH value of the slurry can also be adjusted to improve its
dispersibility and stability.

The preparation of light-cured 3D printing ceramic slurry by the ultrasonic dispersion method offers
good dispersion and simple operation, but it also has limitations, such as the high cost of ultrasonic
equipment and the long ultrasonic treatment time. In practical applications, it is necessary to select the
appropriate preparation method according to the specific situation.
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Figure 3. The ultrasonic grinding process: (a) grinding schematic; (b) abrasive grain movement trajectory [36].

3.4. In-Situ Polymerization

According to the performance and application requirements of the required ceramic materials,
appropriate ceramic powders, monomers, and prepolymers are selected. Based on the characteristics of the
monomers and prepolymers, appropriate initiators and catalysts were selected. As needed, you can also add
other additives, such as dispersants, stabilizers, and plasticizers. The ceramic powder is uniformly mixed
with the monomer and the prepolymer, and can be mechanically stirred and ultrasonically dispersed. During
mixing, agglomeration and precipitation of the ceramic powder should be avoided to ensure uniform
dispersion in the monomer and prepolymer. According to the type and amount of the selected initiator and
catalyst, it is added to the mixed ceramic powder and monomer or prepolymer. The addition of initiator and
catalyst can initiate the polymerization of monomers and prepolymers, thereby wrapping the ceramic
powder in the polymer network. After the polymerization reaction is complete, the ceramic slurry undergoes
post-treatment, such as filtration, washing, and drying.

The ceramic slurry prepared by in-situ polymerization has the characteristics of good uniformity, strong
adhesion, strong adjustability, and a wide application range. This method is an effective method for
preparing photocuring 3D printing ceramic slurry. By selecting appropriate ceramic powder, monomer,
prepolymer, initiator, and catalyst, and controlling the polymerization reaction conditions, a ceramic slurry
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with excellent performance can be prepared, which provides strong support for the development of
photocuring 3D printing ceramic technology.

4. Study on the Properties of Photocurable 3D Printing Ceramic Slurry
4.1. Rheological Properties

The rheological property of slurry is a very important parameter in ceramic photocuring printing
technology, because it directly affects the printing quality and the physical properties of the finished product.
Rheological properties refer to the fluidity and deformation of materials, which can be evaluated by
measuring the deformation rate and stress of materials under shear stress.

4.1.1. The Effect of Rheological Properties on the Properties of Ceramic Products

The influence of rheological properties on the properties of ceramic products is multifaceted, including
improving molding efficiency and quality, improving plasticity and plasticity, affecting hardness and
strength, affecting density and compactness, and enhancing stability and durability. Therefore, in the
process of ceramic manufacturing, it is necessary to pay attention to the control and adjustment of
rheological properties in order to obtain ceramic products with excellent performance.

Ceramic materials with good rheological properties are easier to flow and fill the mold during the
forming process, thereby improving the forming efficiency. At the same time, good rheological properties
can also reduce defects in ceramic products during the molding process, such as bubbles and cracks, and
improve product quality. The addition of a rheological agent can improve the rheological properties of
ceramics and make it easier to plastic deformation. This is particularly important for the production of
ceramic products with complex shapes, because good plasticity and plasticity make ceramic materials better
adapt to the shape of the mold and reduce the difficulty of forming and damage rate. An appropriate amount
of rheological agent can improve the plasticity and plasticity of ceramics, but too much rheological agent will
lead to too strong plasticity of ceramics, which will affect its hardness and strength. Therefore, in the process
of ceramic manufacturing, it is necessary to control the amount of rheological agent added to balance the
relationship between plasticity and hardness and strength. The improvement of rtheological properties can also
improve the density and compactness of ceramic products. The rheological agent can make the ceramic
material better fill the mold during the molding process, reduce the pores and voids, and thus improve the
density and compactness of the product. This is of great significance for improving the wear resistance,
corrosion resistance, and other properties of ceramic products. An appropriate amount of rheological agent
can enhance the stability and durability of ceramics. Rheological agents can improve the internal structure of
ceramic materials, reduce internal stress and defects, thereby improving their wear resistance and corrosion
resistance, which is of great significance for prolonging the service life of ceramic products.

4.1.2. Factors Affecting the Rheological Properties of Ceramic Slurry

The factors affecting the rheological properties of slurry include slurry composition, particle shape and
size, solid content, surface properties, solvent type and content, type and content of dispersant or diluent,
resin ratio, and so on. Among them, the shape and size of the particles have the most significant effect on
the rheological properties. When the particle size is large, the viscosity of the slurry will increase, which
makes the rheological properties worse; when the particle shape is irregular, the increase of friction between
particles will also lead to a decrease in rheological properties. The rheological model is a mathematical
model describing the rheological behavior of materials, and it is the core theory of slurry control in
photocuring 3D printing ceramics. Zhang et al. [37] systematically studied the rheological behavior of silica
slurry, and confirmed its pseudoplasticity and yield characteristics; the POA-DELM algorithm was used to
optimize the rheological prediction model, and the fitting accuracy R? > 0.99; the increase of the proportion
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of nano powder will strengthen the shear thinning, and the increase of the proportion of micron powder will
reduce the viscosity. Tsetsekou et al. [38] compared three commercial dispersants, Darvan C, Dolapix CE 64,
and Duramax D 3005, and concluded that the type of dispersant used would affect the viscosity of the slurry,
which in turn affected the casting rate, thereby affecting the green body and sintering density of the sample.

They found that for the highest solid content (80 wt.%) used, the casting speed of the slurry stabilized
with Dolapix CE 64 was the slowest, allowing for denser particle filling during the casting process, resulting
in a slip-form casting sample with the highest density, thereby optimizing the rheological properties of the
alumina slurry in ceramic processing applications. Griffith et al. [39] have shown that the slurry has better
fluidity and viscosity when the solid content is low, but the printed ceramic parts will have large shrinkage
and deformation. When the solid content gradually increases, the shrinkage and deformation of the ceramic
parts decrease, but the fluidity and viscosity of the slurry also decrease, which may affect the printing
quality and accuracy. In order to ensure that the subsequent debinding and sintering process has no obvious
defects, the solid content of the ceramic slurry must reach at least 40 vol.%. Zhong et al. [40] measured the
effects of different resin ratios, solid content, and dispersant on the rheological properties of ceramic slurry
by adjusting the resin ratio, solid content, and dispersant content in the ceramic slurry formula. The
experimental results are shown in Figure 4.
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Figure 4. Rheological property curves of slurry under different conditions [40]. (a) Rheological property curves of zirconia
ceramic slurry with different resin ratios. (b) Rheological property curves of zirconia ceramic slurry with different solid content.

4.1.3. Common Measurement Methods of Slurry Rheological Properties

The commonly used methods for measuring rheological properties include the rotational viscometer,
compression test, and shear test [41]. Among them, the rotational viscometer is a measurement method
based on the Newtonian fluid model. By rotating a cylindrical rotor, the viscosity of the slurry under shear
stress is measured. Compression test and shear test are used to measure the deformation properties of
materials by applying different forces, so as to evaluate their rheological properties. In addition, rheological
properties of the slurry can be explored using a rheometer, which determines the viscosity of the liquid by
rotating the test sample and measuring the force and deformation. Specifically, the test sample in the rotary
rheometer is mounted between a pair of rotating disks, with one stationary and the other rotating at different
speeds. When the liquid is placed between two discs, it is subjected to shear and normal stresses as it rotates.
These forces will lead to deformation of the liquid, such as distortion and compression. The rheometer
calculates the viscosity of the liquid by measuring the force and deformation between the discs. It can measure
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the rheological properties of liquids, including viscosity, elastic modulus, and shear modulus. The instrument
can also perform a variety of tests, such as rheological time tests, flow stress tests, axial tensile tests, and more.
These tests can help us to understand the behavior and characteristics of liquid mechanics more
comprehensively.

In summary, the rheological properties of the slurry are one of the important factors affecting the
ceramic photocuring printing technology, which need to be evaluated and optimized by scientific
measurement and analysis methods.

4.2. Solid Content

The solid content of ceramic slurry refers to the percentage of the mass of solid substances in the
ceramic slurry to the total mass of the ceramic slurry. The solid content is an important parameter of ceramic
slurry, which has an important influence on the performance and production process of ceramic products.
In the process of ceramic production and processing, it is necessary to accurately measure and control the
solid content of ceramic slurry to ensure the quality of ceramic products.

4.2.1. The Effect of Solid Content on the Properties of Ceramic Products

The solid content of ceramic slurry refers to the percentage of the mass of solid substances in the
ceramic slurry to the total mass of the ceramic slurry. Solid content is an important parameter of ceramic
slurry. Generally speaking, the higher the solid content, the greater the density of ceramic products. A
higher solid content means more ceramic particles are closely packed during molding, reducing the gap
between particles and making the product’s internal structure denser after sintering, thereby increasing its
density. For example, in the production of alumina ceramics, an appropriate increase in the solid content of
the slurry can make the density of the sintered alumina ceramics closer to the theoretical density. On the
contrary, when the solid content is low, the gap between the ceramic particles is large, and the density of
the sintered product is relatively low, which may affect its physical and mechanical properties.

In terms of mechanical properties, the products prepared by high solid content ceramic slurry usually
have higher strength. On the one hand, the high solid content increases the contact points between the
ceramic particles. During the sintering process, the bonding between the particles is closer, and the formed
chemical bonds or physical connections are stronger, thereby improving the strength of the product. On the
other hand, low porosity also helps to improve the strength of the product, because the presence of pores
will become a stress concentration point and reduce the strength of the product. For example, in the 3D
printing of zirconia ceramics, increasing the slurry’s solid content can significantly improve the flexural
and compressive strengths of the printed products. In terms of machinability, the slurry with low solid
content has good fluidity and is easy to fill and shape in the mold, but the product’s strength and density
may be low. Although the slurry with high solid content can prepare products with good performance, it
has poor fluidity and high requirements for the molding process. Special molding equipment or process
may be needed to ensure the uniform filling and molding of the slurry.

In terms of sintering performance, the slurry with high solid content needs a higher temperature and
longer time to achieve complete densification during sintering, because the resistance between particles is
large, and the material transmission and diffusion are relatively difficult. The slurry with low solid content
can be sintered at a lower temperature, but high density products may not be obtained. In addition, the slurry
with low solid content is easy to form more pores during the molding and sintering process. This is because
there are many liquid components in the slurry. During drying and sintering, the volatilization of the liquid
will leave more pores inside the product. The slurry with high solid content has relatively few liquid
components due to the close accumulation between the particles, and there are fewer pores formed during
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the sintering process, thereby reducing the porosity of the product. The lower porosity can improve the
strength, hardness, wear resistance, and other properties of ceramic products.

Jin [42] et al. successfully prepared a slurry with high solid loading and low viscosity by changing the
composition of the resin. They found that when HDDA:TMPTA was 6:2, the slurry exhibited low viscosity,
high stability, and excellent curing performance. This work provides a theoretical basis for the optimisation
and application of slurry in three-dimensional lithography 3D printing of ceramic cores. Li [43] et al.
prepared different solid contents (60%, 70%, 75%, volume fraction) of lead lanthanum zirconate titanate
(PLZT) ceramic slurry by a 3D printing process for slurry direct writing ceramics with a single screw
extrusion structure. The effect of solid content on the flow properties of slurry in the screw groove was
studied by the MRT LBM method. It is found that the three kinds of ceramic slurry show obvious non-
Newtonian fluid shear thinning characteristics, and the MRT LBM method can effectively realize the flow
simulation of ceramic slurry in the 3D printing process. With the increase in solid content, the slurry flow
rate decreases. Pei et al. [44] studied the effects of infiltration pressure and solid content of infiltration
slurry on the relative density and compressive properties of ceramics.

The results show that the infiltration slurry with relatively low solid content is more effective at
improving the relative density of ceramic sintered samples with relatively large diameters, whereas the
slurry with relatively high solid content is more suitable for ceramic samples with relatively small diameters.
The flexural strength of 3D printed ceramics after infiltration is more than 10 times higher than that of
uninfiltrated ceramics. With the increase in the solid content of the slurry, the bending strength of the
ceramic sample increases first. When the solid content (volume fraction) of the slurry exceeds 40%, the
bending strength does not change significantly. Zhang et al. [45] tested the viscosity of silicon-based
ceramic slurry with various solid contents. With increasing solid content, the viscosity of light-cured
ceramic slurry will gradually increase. When the solid content exceeds 50 vol.%, the viscosity of the
ceramic slurry increases sharply. The solid content of the self-developed light-cured ceramic slurry can
reach 45 vol.%, the viscosity value is 800 mPa-s, and the leveling is good, which meets the requirements
of three-dimensional digital molding technology.

4.2.2. Factors Affecting the Solid Content of Ceramic Slurry

The factors affecting the solid content of ceramic slurry include the particle size, particle shape, and
purity of ceramic powder, the type and amount of dispersant, the properties of the solvent, and the
preparation process of the slurry. In addition, temperature and humidity also have a certain influence on the
solid content of ceramic slurry [46]. The most important factor affecting the solid content of the slurry is
the characteristics of the powder. Smaller ceramic particles have a large specific surface area, high surface
energy, strong attraction between particles, and are easy to form agglomerates. This agglomeration
phenomenon will occupy space and reduce the number of solid particles that can be accommodated in the
slurry, thereby lowering the slurry’s solid content. The accumulation mode and space occupation of ceramic
particles with different shapes in the slurry are different. The spherical particles can be arranged more closely
during accumulation, resulting in a small gap, which is beneficial for improving the slurry’s solid content.
However, irregularly shaped particles, such as flakes and needles, will have a large gap during accumulation,
resulting in a relatively low slurry solid content. The impurities in the ceramic powder also affect the solid
content of the slurry. Some impurities may adsorb on the surface of ceramic particles, hindering particle
dispersion and thereby reducing the solid content; or the impurity itself may occupy a certain space, reducing
the effective volume of solid particles in the slurry and thereby affecting the solid content.
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4.3. Curing Thickness

The curing thickness of ceramic slurry for photocuring 3D printing refers to the vertical thickness of
the ceramic slurry that can undergo a curing reaction under light irradiation under specific photocuring
conditions [47]. The curing thickness of ceramic slurry is very important for photocuring 3D printed
ceramic products.

4.3.1. The Effect of Curing Thickness on the Properties of Ceramic Products

The curing thickness has a significant effect on the properties of ceramic products, which is mainly
reflected in physical properties, mechanical properties, and microstructure. In terms of physical properties,
higher precision control can be achieved during the printing process when the curing thickness is small.
Because the thickness of each layer is thin, the cumulative error is relatively small, and the size and shape
of the design model can be more accurately restored. For example, in the production of some ceramic parts
with complex fine structure, a thinner curing thickness can ensure that the size deviation is controlled within
a very small range and improve the consistency between the product and the design. Moreover, a thinner
curing thickness usually produces a smoother surface. This is because the thickness of each layer is small,
allowing it to be cured more evenly during the photocuring process and reducing surface roughness. On the
contrary, a larger curing thickness may lead to a rough surface. This is because the thicker layer may appear
incomplete curing or uneven curing during the curing process, thus forming a bumpy phenomenon on the
surface, affecting the appearance of the product and subsequent processing.

In terms of mechanical properties, an appropriate curing thickness can improve the strength of ceramic
products. When the curing thickness is moderate, the bonding between layers is close, and stress can be
more effectively transmitted when force is applied, thereby improving overall strength. At the same time,
a moderate curing thickness can impart ceramic products with some deformation capacity under stress,
thereby improving toughness. This is because under the appropriate curing thickness, the microstructure
inside the ceramic is more uniform, which can better disperse the stress and avoid brittle fracture caused by
stress concentration. Too thin or too thick a curing thickness may reduce toughness. When the curing
thickness is too thin, the brittleness of the product is large, and the fracture is more likely to occur. When
the curing thickness is too thick, defects and inhomogeneities may form, reducing toughness.

In terms of microstructure, the curing thickness will affect the porosity of ceramic products. When the
curing thickness is small, the photocuring process can be more fully cured to reduce the generation of pores.
Therefore, the thinner curing thickness usually makes the ceramic products have lower porosity and
improves the density and performance of the products. In addition, the curing thickness also has a certain
influence on the grain size and distribution of ceramic products. Under the appropriate curing thickness,
the temperature and curing rate during the photocuring process are relatively stable, which is conducive to
the uniform growth and distribution of ceramic grains. For example, in the preparation of some high-
performance ceramic materials, controlling the curing thickness can obtain a microstructure with uniform
grain size and reasonable distribution, and improve the performance of the material.

Zhan [48] analyzed the influence of different treatment factors on the curing depth of light-cured
composite resin and discussed the relationship between different treatment factors and curing depth. The
results showed that there were statistically significant differences between different light curing units,
irradiation distance, and curing time (p < 0.01). There was a significant linear correlation between the three
factors and the curing depth (p <0.01). The curing depth of the light-cured composite resin may be affected
by these three factors. Among them, the curing time is the most important factor, and there is still an
interaction between the three factors. Shen [49] analyzed the influence of printing parameters on the curing
depth by the response surface method, and obtained that the printing parameters directly affect the
mechanical properties of the product. With the increase of curing depth, the accuracy of the product on the
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Z axis decreases, while the accuracy on the X-Y axis increases first and then decreases. Xu et al. [50]
studied the influence of construction parameters on the width and depth of the solidified line in the new SL
system, and concluded that under the same scanning conditions, compared with the solidified line
constructed by the current SL system, the solidified line constructed by the high-resolution SL system has
a smaller width and a deeper depth.

4.3.2. Factors Affecting the Solid Content of Ceramic Slurry

The factors affecting the solid content of ceramic slurry include ceramic powder characteristics, resin
characteristics, photoinitiator, light source parameters, printing parameters, temperature, humidity, and
other environmental factors. Among them, the powder characteristics have the greatest influence on the
solid content of ceramic slurry [51].

The smaller ceramic particles have a large specific surface area, high surface energy, and are prone to
agglomeration. The formation of aggregates will occupy space, reducing the number of solid particles that
can be accommodated in the slurry, thereby reducing the solid content of the slurry and affecting the curing
thickness. The agglomeration tendency of larger particles is relatively weak, and it is easier to disperse in
the slurry, which is beneficial to improve the curing thickness. However, if the particles are too large, it
may affect the uniformity of the slurry and have an adverse effect on the curing thickness. The spherical
particles can be arranged more closely during accumulation, and the gap is smaller, which is beneficial to
improve the solid content and curing thickness of the slurry. However, irregularly shaped particles, such as
flakes, needles, etc., will have a large gap in the accumulation, resulting in a relatively low solid content of
the slurry, and the curing thickness will also be affected.

In addition, different types of photosensitive resins have differences in light absorption ability and
reactivity, which will affect the curing thickness. Different photoinitiators have different sensitivity to light
and reactivity, which will also affect the curing thickness. When the concentration of photoinitiator is too
low, the active center of the curing reaction is less, the curing reaction is incomplete, and the curing
thickness is small. If the concentration of photoinitiator is too high, the light absorption ability of the system
will be too strong, and the penetration depth of light in the slurry will be reduced, which may reduce the
curing thickness.

Finally, the light source parameters also affect the curing thickness of the slurry. A stronger light source
can provide more light energy, so that the photosensitive resin in the slurry can undergo a faster curing
reaction, thereby increasing the curing thickness. However, if the intensity of the light source is too high, it
may cause the slurry to overheat, resulting in some adverse effects, such as the agglomeration of ceramic
particles, the decomposition of resin, efc. With the extension of exposure time, the light energy absorbed
by the slurry increases, the curing reaction proceeds more fully, and the curing thickness will gradually
increase. However, if the exposure time is too long, over-curing may occur, which will affect the
dimensional accuracy and performance of the parts.

5. The Existing Problems and Future Development Trend of Photocuring 3D Printing Ceramic
Slurry Preparation

Different from traditional ceramic material manufacturing methods, light-cured 3D printing technology
has the advantages of high processing accuracy, low cost, simple operation, and flexible manufacturing.
Therefore, ceramic material additive manufacturing technology has become one of the advanced
manufacturing technologies that has attracted much attention in recent years [52—54]. The combination of
photocurable 3D printing technology and ceramic molding manufacturing can solve many problems caused
by the use of traditional ceramic manufacturing technology. However, the stability of the slurry, the
contradiction between viscosity and solid content, and the defects in the debinding and sintering process
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still limit the development of this technology [55,56]. The density of ceramic particles is usually large, and
it is easy to settle in the slurry due to gravity. If the sedimentation stability is not good, the slurry will have
uneven composition during storage or printing, which will affect the printing quality. In order to improve
the density and performance of ceramic products, it is necessary to increase the ceramic solid content in the
slurry. However, the addition of ceramic particles will increase the viscosity of the slurry, resulting in poor
fluidity of the slurry, and it is difficult to smoothly extrude and spread during the printing process, affecting
the accuracy and efficiency of printing.

During the sintering process, the ceramic particles shrink, which may lead to changes in the size and
shape of the printed parts [57]. If the uniformity of the slurry is not good or the sintering process parameters
are unreasonable, this shrinkage and deformation will be more serious, affecting the accuracy and
performance of the printed parts [54,58]. Therefore, compared with other ceramic manufacturing
technologies, photocurable 3D printing ceramic technology has certain advantages and certain limitations.
The preparation method of photocurable 3D printing ceramic slurry has become a heavy burden.

Compared with polymer materials and metal materials, the 3D printing technology of ceramic materials
started late [59]. There is still a certain gap between domestic and foreign research on ceramic materials,
but we have great room for development and potential, so China’s ceramic 3D printing is both opportunities
and challenges. If the following problems can be solved, the future photocuring 3D printing technology
will be more widely used in medical [36] and aerospace [37] and other fields. At present, 3D printing
ceramic slurry should focus on solving the following three problems to meet the needs of photocuring 3D
printing technology:

(1) In addition to traditional dispersants, photoinitiators and other additives, more multifunctional
additives will be developed in the future, such as additives that have both dispersion and toughening
effects, additives that can improve photocuring efficiency and ceramic properties.

(2) More advanced dispersion technologies, such as ultrasonic dispersion, electrostatic dispersion,
mechanical stirring and ultrasonic combination, can further improve the dispersion effect of ceramic
particles in the slurry, reduce agglomeration, and thus improve the stability and uniformity of the slurry.

(3) Study the surface modification technology of ceramic particles, improve the compatibility between
ceramic particles and photosensitive resin, and further improve the dispersion effect.
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