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1 Introduction
The hollow turbine blade designed with a complex 
internal structure provides a hollow cooling path[1]. This 
improves the temperature bearing capacity of turbine 
blades and can successfully fabricate the aero-engine
with a high thrust-to-weight ratio. Ceramic cores are 
widely used to form complex inner cavity structures of 
aero-engine turbines[2], which is critical to the yield rate 
and quality of hollow blades[3]. Traditional processes 
for preparing ceramic cores are hot pressing, injection 
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of ceramic materials[32, 33]. The low pyrolysis temperature of 
ceramic polymer precursor significantly reduces the sintering 
temperature[34]. In addition, the polymer precursors used in 
ceramic materials mainly include polyborsilane, polysiloxane, 
and polysilazane, and the silicon carbonitride synthesized 
by the pyrolysis of these precursors can improve the 
high-temperature performance of ceramic cores[35]. Hu et al.[36]

combined polysilazane and alumina powder to prepare a 
ceramic precursor, which was successfully transformed into 
the core-shell silicon oxycarbide ceramic part with excellent 
properties via pyrolysis at different temperatures. Xiao et al.[37] 
prepared a type of photocurable preceramic resin containing 
silica particles, and successfully prepared ceramic green bodies 
using digital light processing technology. After pyrolysis, 
high-performance ceramic composite materials with enhanced 
mechanical properties were obtained.

In this work, alumina ceramic slurry with polysilazane 
precursor was prepared, and Al2O3-based ceramic core was 
successfully prepared using 3D printing technology. The 
influence of polysilazane content on the properties of ceramic 
slurry and the resulting ceramic core was investigated, and 
the underlying regulation mechanism of polysilazane on the 
properties of ceramic core was analyzed.

2 Experimental procedure
2.1 Raw materials
The ceramic powders used to prepare the ceramic slurry were 
alumina with a purity of 99.55wt.% (Hecheng New Material 
Co., Ltd., China). The particle size of the matrix powder was 
measured using a laser particle size analyzer (LA-920, Japan). 
Figure 1 shows the particle size distribution of the powder, 
which exhibits a trimodal distribution. The particle sizes 
corresponding to each peak are 0.67 μm, 7.01 μm, and 29.77 μm,
respectively. The median diameter is 14.46 μm. The liquid 
phase of the slurry contained photosensitive resin [DSM 
(China) Co., Ltd.], dispersant (EFKA FA 4608, BASF, The 
Netherlands), and polysilazane (99% purity, Anhui Ayotta 
Silicon Oil Co., Ltd.). Photopolymerization was initiated by 
photoinitiator 819. The addition of polysilazane was 3%, 5%, 
8%, and 10%, respectively.

molding, and gel casting[1, 4, 5]. However, due to the continuous 
updating and iteration of aero-engines, the internal structure of 
hollow turbine blades is becoming more and more complex, 
and the traditional manufacturing methods are difficult to 
meet the production requirements of ceramic cores with 
complex structures[6]. 3D printing technology has become an 
advanced material forming technology due to its high forming 
accuracy and ability to produce complex structural parts[7, 8]. 
Different from the traditional preparation method, 3D printing 
technology solidifies ceramic slurry layer by layer to form 
green bodies[9]. Then, the ceramic green body is degreased 
and sintered to obtain the product. In the above manufacturing 
process, the ceramic cores with complex structures can be 
quickly formed layer by layer without a mould[10], which 
provides a feasible solution for the preparation of ceramic 
cores with a complex structure.

Compared with silica-based ceramic cores, Al2O3-based 
ceramic cores have been widely studied and utilized due to 
their excellent high temperature performance and high creep 
resistance[11]. Generally, Al2O3-based ceramic cores have a 
higher sintering temperature, which makes them a higher 
flexural strength, so as to resist the impact of molten metal. 
However, the higher sintering temperature results in a lower 
porosity of the ceramic core, making it difficult to dissolve 
after casting[12]. Due to the contradiction between the flexural 
strength and porosity of Al2O3-based ceramic cores, how to 
balance the relationship between flexural strength and porosity 
has become a research hotspot[13-15]. Currently, the research on 
the porosity and flexural strength of 3D printed Al2O3-based
ceramic cores mainly focuses on modifying the liquid 
phase components of the slurry[16-20], designing the material 
composition[21-24], and optimizing the sintering process[25, 26]. 
Li et al.[27] added vinyl acetate to the ceramic slurry to 
improve the adhesion between the alumina powder and the 
photosensitive resin, which effectively increased the flexural 
strength of the ceramic samples. Liu et al.[28] used nano-silica 
to improve the performance of Al2O3-based ceramic cores. 
Huo et al.[11] successfully prepared core-shell reinforced 
ceramic cores using SiO2 and Y2O3 as mineralizers. Li et al.[29]

developed a novel alumina particle grading strategy that 
effectively balanced the relationship between porosity and 
flexural strength. Li et al.[12] found that sintering temperature 
has a significant effect on the shrinkage and flexural strength 
of alumina ceramics. It can be seen from a large number of 
research results that the increase of sintering temperature or the 
addition of mineralizers can effectively improve the mechanical 
properties of ceramic cores, but the decrease of porosity will 
seriously affect the leaching efficiency of the ceramic cores. 

Ceramic slurry is the prerequisite for the production of 
high performance ceramic cores. However, most of studies on 
ceramic slurry have mainly focused on improving solid loading 
capacity and curing properties[30, 31], with limited research 
addressing the fundamental design of slurry composition. In 
recent years, the addition of polymer precursors to ceramic 
slurry and then directly transforming them into ceramics 
through pyrolysis has become a new strategy for the preparation Fig. 1: Particle size distribution of alumina powder
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2.2 Ceramic core preparation
Figure 2 shows the preparation diagram of an Al2O3-based
ceramic core with polysilazane addition. Firstly, the liquid phase 
was prepared by mixing a photosensitive resin, polysilazane, 
and a dispersant in a resin-to-dispersant mass ratio of 7:3. The 
alumina powder was then mixed with the liquid phase and the 
ceramic slurry was prepared by stirring with a mixer. After 

that, the ceramic slurry was put into the grinding tank and then, 
zirconia grinding balls were added. Finally, the ceramic slurry 
with a solid load of 45vol.% was obtained by grinding with a 
planetary ball mill (Changsha Mickey Instruments Co., Ltd., 
China) for 2 h. After vacuum defoaming, the Al2O3-based
ceramic green body was prepared using the 3D printing 
equipment (Beijing Shiwei Technology Co., Ltd., China).

Fig. 2: Schematic showing the fabrication of Al2O3-based ceramic samples with polysilazane addition

Fig. 3: Schematic diagram of 3D printing equipment

The 3D printing equipment diagram is shown in Fig. 3. 
During the printing process, a layer of ceramic slurry was 
spread by a scraper. Then, the printing platform descended 
to the slurry layer. The ceramic slurry was irradiated and 
the first layer was cured to the printing platform. The layer 
thickness was equal to slice thickness. After the curing 
process was completed, the printing platform rose a certain 
distance, and the scraper spread a layer of slurry again. Repeat 
these steps until the ceramic green body was printed. The 
ceramic green bodies were degreased and sintered in a muffle 
furnace (Shanghai Quanshuo Electric Furnace Co., Ltd.).
Firstly, the ceramic green body was heated to 500 °C at a rate 
of 2 °C·min-1 and held for 750 min. Then, heated to 1,000 °C at 
a rate of 1 °C·min-1 and held for 1,000 min. Finally, the ceramic 
green body was heated to 1,450 °C at a rate of 0.5 °C·min-1 and 
held for 400 min. After sintering, the ceramic green body was 
cooled in the muffle furnace.

2.3 Microstructure and properties
The microstructure of the sintered samples was observed by 
means of field emission scanning electron microscopy and 

energy dispersive spectrometry (FE-SEM; Quanta FEG 250, 
FEI Co. Ltd., USA). The morphology and elemental distribution 
of the ceramic core were characterized by transmission electron 
microscopy (TEM; Themis Z, FEI, USA).

After degreasing and sintering, the volume of the ceramic 
samples has a certain degree of shrinkage. The size of the 
ceramic samples was measured using a vernier caliper. 
The sintering shrinkage (δ) was calculated according to the 
dimensional variation of the samples in three directions. The 
sintering shrinkage was calculated by:

                                                                (1)

where L is the size of the ceramic sample before sintering, and 
L1 is the size of the ceramic sample after sintering.

The porosity of the ceramic samples was measured by 
Archimedes drainage method. The porosity (P) of the ceramic 
samples was calculated by Eq. (2):

                                                            (2)

where m1 is the dry weight of the ceramic sample, m2 is the 
floating weight, and m3 is the wet weight.

The flexural strength of the samples was tested at room 
temperature (25 °C) and high temperature (1,500 °C). During the
high-temperature strength test, the heating rate was 8 °C·min-1

and the holding time was 15 min. The flexural strength (σ) 
of the ceramic samples was measured by the three-point
flexural test and calculated using the following equation:

		                                                     (3)

where F is the load on the specimen, s is the distance between 



548

CHINA  FOUNDRY Vol. 22 No. 5 September 2025
Research & Development

the two fulcrums, and b and h are the width and thickness of 
the specimen, respectively.

3 Optimization of printing 
parameters

In order to optimize the printing parameters and ensure the 
successful printing of the ceramic cores, the effects of different 
contents of polysilazane on the curing depth of slurries were 
studied. Exposure time and exposure power are important 
parameters that affect curing depth. The relationship between 
curing depth and actual exposure power can be characterized 
by the Beer-Lambert law[38, 39], as shown in Eq. (4):		

	                    		                     (4)

where Cp is the curing depth of the ceramic slurry after 
ultraviolet irradiation, Dp is the depth of ultraviolet penetration, 
Ec is the critical exposure energy, and E is the actual exposure 
energy during printing.

Figures 4(a) to (d) show the curing depth of ceramic slurry 
with different polysilazane contents at different exposure 
power and exposure time. For ceramic slurry with different 
polysilazane contents, the curing depth increases gradually 
with the increase of both exposure power and exposure time. 
In the 3D printing process, the greater the curing depth, the 
greater the bond strength between the adjacent layers of 
the ceramic green body, which is beneficial to resist crack 
propagation and improve mechanical properties. The curing 
depth is generally 1.5 to 2 times the layer thickness to ensure 
printing of qualified ceramic green bodies[22]. In this study, the 
layer thickness of the printer was set to 100 μm. As shown in 

Fig. 4, both 5 s and 6 s are within the acceptable range; 
considering the team’s previous research results, 6 s was 
ultimately selected. Thus, the optimal printing parameters of 
the 3D printing ceramic slurry with polysilazane addition are 
determined to be an exposure power of 6 mW·cm-2 and an 
exposure time of 6 s. Under these conditions, the curing depth 
of ceramic slurry with different polysilazane contents are within 
a reasonable range.

4 Results and discussion
4.1 Microstructure and phase constitution
Figures 5(a) to (d) shows the room-temperature fracture 
morphology of ceramic cores containing different polysilazane 
contents, fabricated under optimal printing parameters: an 
exposure power of 6 mW·cm-2 and an exposure time of 6 s. 
In Fig. 5, large alumina particles are represented by yellow 
dotted lines, intergranular fractures are represented by green 
dotted lines, and transgranular fractures are represented by 
red dotted lines. Pores are observed in all the ceramic samples 
with different polysilazane contents, which are attributed to 
the removal of resin at high temperatures. The existence of 
pores is conducive to the leaching of ceramic cores. Figure 5(a) 
shows an SEM image of the fracture surface of the ceramic 
sample with a polysilazane content of 3%. Alumina particles 
with a smooth surface can be clearly observed, indicating that 
the fracture mode is intergranular fracture. The bonding strength 
between the ceramic particles is weak. When the addition of 
polysilazane increases to 5%, the fracture mode of the ceramic 
core is a mixed fracture mode, in which intergranular fracture 
and transgranular fracture exist simultaneously, as shown in 

Fig. 4: Curing depth of ceramic slurry with different polysilazane contents: (a) 3%; (b) 5%; (c) 8%; (d) 10%

(a) (b)

(c) (d)
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Fig. 5: SEM images of sintered ceramic samples with different polysilazane contents: (a) 3%; (b) 5%; (c) 8%; (d) 10%

Fig. 5(b). As shown in Fig. 5(c), when the content of polysilazane 
is 8%, the fracture mode is still a mixture of transgranular and 
intergranular fracture, but predominantly transgranular fracture. 
While, as the content of polysilazane exceeds 8%, the bonding 
strength between the particles increases and the fracture mode 
is transgranular fracture. The strengthening mechanism of 
polysilazane on the flexural strength of the ceramic cores will be 
discussed in the following section.

To further analyze the pyrolysis of polysilazane and the 
strengthening mechanism of Al2O3-based ceramic cores, 
the elemental distribution of ceramic cores with different 
polysilazane contents was characterized, as shown in Fig. 6. 
As the matrix powder of the ceramic cores is alumina, both 
the Al and O elements are distributed throughout the ceramic 
cores, regardless of polysilazane content. In addition to Al and 
O, enriched Si, C, and N can also be observed, and there are 

(a) (b)

(c) (d)

Fig. 6: Elemental distribution of ceramic samples with different polysilazane contents: (a-f) 3%; (g-l) 5%; (m-r) 8%; (s-x) 10%
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overlapping areas of enrichment of these three elements. With 
the increase of polysilazane content, the concentration of Si, N, 
and C in the aggregation area increases, which indicates that 
SiCN is formed during the pyrolysis of polysilazane.

Figure 7 shows the XRD patterns of the ceramic cores with 
different contents of polysilazane. Since the matrix of the 

Fig. 7: XRD patterns of sintered ceramic samples with 
different polysilazane contents

 Fig. 8: TEM images of a sintered ceramic sample with 5% polysilazane content: (a) TEM analysis result; 
(b-f) elemental distribution

(a) (b) (c)

(d) (e) (f)

ceramic core is alumina, the XRD of the ceramic cores with 
different contents of polysilazane contains alumina diffraction 
peaks (PDF#46-1212). When the content of polysilazane is 3%, 
the diffraction peak of silica (PDF#74-0764) can be observed. 
With the increase of the content of polysilazane, the intensity of 
the diffraction peak of silica increases slightly, which indicates 
that the decomposition product of polysilazane is silica. 
According to previous study[40], polysilazane can be pyrolyzed 
into SiCN and SiO2 after pyrolysis at high temperatures. When 
the sintering temperature is 1,450 °C, SiO2 produced by the 
pyrolysis of polysilazane reacts with Al2O3 to form mullite. 
Therefore, when the content of polysilazane is 10%, the 
diffraction peak of mullite (PDF#79-1458) can be observed in 
the XRD pattern. While, as the content of polysilazane is less 
than 10%, there is no significant diffraction peak of mullite, 
which may be due to the low content of mullite. Another 
decomposition product of polysilazane is SiCN. Because SiCN 
is amorphous, there is no obvious diffraction peak in the XRD 
pattern[36, 40]. However, the distribution of elements in Fig. 6 
can prove the existence of SiCN.

To explore the influence mechanism of polysilazane 
decomposition products on the properties of ceramic cores, 
the element distribution of ceramic particles was analyzed by 
TEM, as shown in Fig. 8. Consistent with the above analysis 
results, Al, O, C, N, and Si elements are detected on the 
particle surface. This proves that the pyrolysis products of the 
polysilazane adhered to the surface of the matrix particles. 
The Al-, O-, and Si-enriched regions on the particle surface 
are found to overlap, as shown in Figs. 8(b), (e), and (f). This 
may be due to that the SiO2 generated during the pyrolysis of 
polysilazane reacts with Al2O3 to form mullite.

4.2 Shrinkage and open porosity of ceramic 
cores

Figure 9 shows the shrinkage and open porosity of sintered 

ceramic cores with different polysilazane additions. 
Figure 9(a) shows the shrinkage of the ceramic core in different 
directions. With the increase of polysilazane content, the 
shrinkage of the core in the X (length) and Y (width) directions 
firstly decreases and then increases, and slightly decreases 
again when the polysilazane content reaches 10%, while the 
shrinkage in the Z (height) direction decreases gradually. During 
the heat treatment process, the green body of the ceramic core 
generally goes through two stages: low-temperature degreasing 
and high-temperature sintering. Firstly, the resin in the ceramic 
green body is removed at a low temperature, leaving a large 
number of pores. Then, the ceramic particles are combined 
and grown at high temperatures, thus, the porosity and volume 
of the ceramic core decrease. The pyrolysis of polysilazane 
takes place mainly in the second stage of the heat treatment 
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Fig. 9: Effect of polysilazane content on shrinkage (a) and open porosity (b) of ceramic samples

(a) (b)

process, and a large number of small particles are produced 
from the decomposition of polysilazane. When the content 
of polysilazane is less than 5%, the driving force of sintering 
mainly comes from the matrix particles. The large particles in 
the ceramic core form the framework, while the small particles 
produced by the pyrolysis of polysilazane fill the pores, 
reducing sintering shrinkage by suppressing the approach of 
large particles during the sintering process. At this time, the 
sintering shrinkage of the ceramic cores gradually decreases. 
When the content of polysilazane exceeds 5%, a great number 
of small particles produced by the pyrolysis of polysilazane 
increase the surface energy of the system, enhance the 
sintering driving force, and promote sintering shrinkage along 
X and Y directions. Therefore, the shrinkage of the ceramic 
cores gradually increases. However, the small particles 
aggregated between the layers can effectively fill the interlayer 
gap, compensate for the volume shrinkage, and reduce the 
sintering shrinkage in the Z direction. Figure 9(b) shows the 
changing trend of porosity of ceramic cores with polysilazane 
content. Contrary to the trend of sintering shrinkage, the 
porosity of the ceramic cores increases slightly and then 
decreases continuously with the increase of polysilazane 
content. When the content of polysilazane is 5%, the porosity 
of the core reaches a maximum of 36.7%. A larger porosity 
can improve the leaching performance of the ceramic cores. 
When the content of polysilazane is higher than 5%, the small 
particles promote sintering and lead to larger shrinkage, and at 
the same time, the porosity decreases gradually.

Figure 10 shows the flexural strength of ceramic cores with 

different polysilazane contents at 25 °C and 1,500 °C. With 
the increase of polysilazane content, both the flexural strength 
at 25 °C and 1,500 °C firstly increase and then decrease. 
When the content of polysilazane is 8%, the flexural strength 
reaches its peak of 33.8 MPa at 25 °C. When the content of 
polysilazane is 5%, the flexural strength reaches its peak of 
13.1 MPa at 1,500 °C. As mentioned above, with the increase 
of polysilazane content from 3% to 5%, the fracture mode 
of the ceramic core changes from an intergranular fracture 
mode to a mixed fracture mode. This change of fracture 
mode improves the strength of the ceramic cores. However, 
when the addition of polysilazane continues to increase, 
the SiO2 generated by the pyrolysis of the polysilazane is 
excessive. Due to the softening of SiO2 during the sintering 
process, the bonding strength between the matrix particles is 
weakened, and the mechanical properties of the ceramic cores 
are worsen. Compared to the flexural strength at 25 °C, this 
effect is more obvious at 1,500 °C. Therefore, when the content 
of polysilazane exceeds 8%, the flexural strength at high 
temperatures tends to decrease.

In conclusion, in order to ensure the ceramic cores have 
qualified flexural strength and porosity, the optimal amount 
of polysilazane is 5%. In this case, the flexural strength of the 
ceramic cores is 31.5 MPa at 25 °C, 13.1 MPa at 1,500 °C, and 
the porosity is 36.7%.

4.3 Strengthening mechanism
Figure 11 shows the mechanism by which polysilazane 
enhances the strength of the ceramic cores. According to 

Fig. 10: Effect of polysilazane content on flexural strength of ceramic samples: (a) 25 °C; (b) 1, 500 °C

(a) (b)



552

CHINA  FOUNDRY Vol. 22 No. 5 September 2025
Research & Development

Fig. 11: Strengthening mechanism of polysilazane on ceramic core: (a) structural diagram of ceramic samples before 
and after sintering; (b) schematic diagram of fracture mode of sintered ceramic samples with different 
polysilazane contents

previous studies[41,42], polysilazane can be pyrolyzed to 
produce SiCN, SiO2, and SiCNO at high temperatures, which 
is consistent with the results in Figs. 6 and 7 of this study. The 
pyrolysis products of polysilazane adhere to the surface of 
ceramic matrix particles in the amorphous phase. Additionally, 
some of the SiO2 in the product reacts with Al2O3 to form 
mullite. When the content of polysilazane is 3%, it is difficult 
to improve the performance of the ceramic core due to the 
low amount of pyrolysis products. Therefore, when the crack 
propagates to the surface of the ceramic particles, the crack 
would propagate along the surface of the ceramic particles 
because of the low bonding strength between the ceramic 
particles. With the increase of polysilazane content from 
3% to 5%, the small particles produced by pyrolysis fill the 
pores and connect the ceramic particles, and thus the bonding 
strength between the particles is enhanced. The fracture mode 
of the ceramic core changes from intergranular fracture to 
mixed fracture. The pyrolysis products of polysilazane play 
an important role in improving the performance of ceramic 
cores. There are two main reasons[43, 44]: (1) The SiCN in the 
product has excellent thermal and mechanical properties, and 
remains thermally stable up to 1,500 ºC; (2) The pyrolysis 
products adhere to the surface of the ceramic particles in the 
amorphous phase, improving the bonding strength between the 
matrix particles. As shown in the local magnification diagram of 
Fig. 11(b), the strong bonding force between these amorphous 
phases and the ceramic matrix particles made the crack 
propagation direction move to the interior of the matrix grains. 
When the content of polysilazane reaches 10%, the amount of 
SiO2 produced by pyrolysis of the polysilazane is excessive. 
Because SiO2 is easy to soften at high temperatures, the 
bonding strength between matrix particles encapsulated by 
SiO2 decreases, which leads to the deterioration of ceramic core 
properties. In summary, when the content of polysilazane is 5%, 
the ceramic core exhibits excellent mechanical properties. 

5 Conclusions
In this study, high performance ceramic cores reinforced with 
polysilazane were prepared using 3D printing technology. 
The underlying regulation mechanism of polysilazane on 
the microstructure and mechanical properties of Al2O3-based
ceramic core was studied. The main conclusions are as follows:

(1) With the increase of polysilazane content, both the flexural 
strength and porosity of the ceramic cores firstly increase and 
then decrease. However, the shrinkage shows an opposite 
trend. When the content of polysilazane is 5%, the ceramic 
core exhibits the most excellent comprehensive properties: 
the flexural strength is 31.5 MPa at 25 °C and 13.1 MPa at 
1,500 °C, and the open porosity is 36.7%.

(2) The decomposition products of polysilazane mainly 
include SiCN, SiCNO, and SiO2. SiO2 reacts with the matrix 
particles to produce mullite. The adhesion of the pyrolysis 
products to the surface of the ceramic particles improves the 
properties of ceramic cores. However, when polysilazane is 
excessive, the softening of SiO2 at high temperatures leads to 
the decrease of bonding strength between the ceramic particles.

(3) The fracture mode of ceramic cores changes from 
intergranular fracture to transgranular fracture with an increase 
in polysilazane content, thereby enhancing the strength of 
the ceramic cores. This study provides a new strategy for the 
preparation of high performance ceramic cores.
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