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1 Introduction
Ceramic cores are the key intermediate components 
of hollow blades for aero-engine, which affect the 
reliability and heat resistance of blades with complex 
cooling channels [1-5]. Therefore, the high precision 
of ceramic cores has been the goal of industry and 
academy. Conventional processes, such as hot-press 
moulding and gel film casting, are mature and high 
efficiency for ceramic cores with simple structures [6-8].
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Effect of sintering temperature on microstructure 
and properties of 3D printing polysilazane 
reinforced Al2O3 core

However, due to complexity of moulds and long process 
cycles [9, 10], these conventional processes cannot meet 
the requirements for the preparation of ceramic cores 
with high customization and complexity [11, 12]. Hence, 
a rapid and efficient preparation process for complex 
ceramic cores is needed.

Stereolithography 3D printing is a typical additive 
manufacturing (AM) process that is applicable to a 
wide range of materials. This process is characterized 
by short production cycle, low cost and high design 
freedom [13, 14]. Many researchers have fabricated 
ceramic cores with a slurry mixed by resin (liquid) 
and ceramic powders (solid) via stereolithography 
3D printing. However, a new problem was found that 
the as-built cores are prone to cracking, deformation, 
and low strength. The defects of ceramic core can be 
improved to some extent by increasing the solid content 
of ceramic slurry [13]. At present, the solid content is 
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typically above 50vol.% to ensure the strength of ceramic 
cores, and samples cannot be prepared when the solid content 
is below 40vol.% [2]. However, the printability will decrease 
when the solid content is above 55vol.% due to the increase of 
viscosity [15, 16]. 

In general, ceramic cores are required to meet the following 
requirements: (a) Open porosity is higher than 30%. If the 
open porosity is below 30%, there will be not enough space for 
corrosive liquid to corrode the ceramic cores. However, if the 
open porosity is too high, the strength of the ceramic cores will 
be decreased, causing cracks in the casting process. (b) Flexural 
strength at 25 °C is between 20-30 MPa and about 15 MPa at 
1,500 °C [14]. Thus, to simultaneously meet these requirements, 
a balance between high ceramic-powder content and high 
printability needs to be found.

In recent years, ceramic precursors have been added to 
ceramic slurries to achieve increased ceramic content of cores 
after sintering while with little impact on the printability of 
stereolithography 3D printing [16, 17]. Through the addition of 
precursors into ceramics, the thermomechanical properties of 
ceramics can be improved without adding sintering additives [17]. 
He et al. [17, 18] added SiO2 powders to epoxy acrylate siloxane 
to increase the ceramic content of photocured polysiloxane 
(PSO) precursor to solve the contradiction between high solid 
content and printing difficulty. During the sintering process, the 
PSO/SiO2 precursor was converted into ceramic cores. The 
prepared ceramic cores have no cracks or pores, and exhibit 
good mechanical properties. Common ceramic precursors 
mainly include polysiloxane, polysilazane (PSZ), and 
polysiloxane containing silicon atoms in the main chain [19, 20]. 
After the green body is formed, precursors are converted into 
SiOC, SiCN and SiC ceramics by high temperature pyrolysis. 
Among them, PSZ has the advantages of low viscosity, short 
curing time, high ceramic content and good adhesion to ceramic 
materials. Therefore, doping PSZ into the ceramic slurry is an 
effective way to prepare cores of high ceramic content using a 
low solid content slurry.

In this study, PSZ was doped into the slurry for preparation 
of the Al2O3-based ceramic cores by stereolithography 3D 
printing. The effect of sintering temperature on the properties 
and microstructure of PSZ-reinforced ceramic cores was 
studied. The strengthening mechanism of PSZ on the cores was 
analyzed. The results will provide a reference for fabricating 
a high ceramic content core with a low solid content slurry by 
stereolithography 3D printing.

2 Experimental procedures
2.1 Sample fabrication
The fabrication process of sample includes slurry fabrication, 
curing, degreasing and sintering. The solid phase of the 
slurry was Al2O3 powder with purity of 99.55wt.%, and the 
liquid phase was photosensitive resin. In this study, the solid 
content of the ceramic slurry was 45vol.%. The photosensitive 
resin contained the crosslinker edoxylated (5) pentateradiol 

tetraacrylate (PPTTA) (DSM-AGI) and the precursor 
polysilazane (PSZ) (Anhui Ayotta Silicon Oil Co., Ltd.). 
The content of PSZ in the ceramic slurry was 10vol.%. The 
BASK dispersant (EFKA FA 4608, BASF, The Netherlands) 
was used. The Al2O3 powder after drying was mixed with 
photosensitive resin. The abrasive machine (Changsha Michi 
Instrument Equipment Co., Ltd.) was used for ball grinding. 
The rotation speed was 400 rpm and the ball grinding time 
was 12 h. The ZrO2 balls with 8 mm in diameter were used as 
the grinding ball, and the mass ratio of the ZrO2 balls to the 
slurry was 1:3. Finally, the prepared ceramic slurry was printed 
using a stereolithography 3D printer (Beijing TenDimensions 
Technology Co., Ltd.). Figure 1 shows the schematic diagram 
of the stereolithography 3D printer. A bottom-up mode for 
printing was used, and the shape of the curing layer was 
controlled by UV light [21]. Printing parameters were as follows: 
the thickness of a single-layer was 100 μm, the exposure time 
was 6 s, the power was 12 mW·cm-2, and the depth of slurry in 
feeder bowl was 150 μm.

Fig. 1: Schematic diagram of stereolithography 3D printer

After the green bodies were prepared, they were degreased 
and sintered and then furnace cooling, as shown in Fig. 2. In the 
first stage, the green bodies were heated to 500 °C at 2 °C·min-1 
and held for 750 min. In the second stage, the green bodies were 
heated to 1,000 °C at 1 °C·min-1 and held for 1,000 min. In 
the third stage, the green bodies were heated to the sintering 
temperature T (T=1,300 °C; 1,350 °C; 1,400 °C; 1,450 °C; 
1,500 °C) at 0.5 °C·min-1 and held for 400 min. After sintering, 
the cores were cooled to 400 °C at 5 °C·min-1, and then cooled 
with the furnace.

Fig. 2: Degreasing-sintering process of ceramic cores
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2.2 Property test
Archimedes drainage method was used to measure the bulk 
density and open porosity of the ceramic cores [22]. The bulk 
density (ρ) and open porosity (Wα) of the ceramic core were 
calculated by Eqs. (1) and (2), respectively:

(1)

(2)

(3)

(4)

(5)

where L is the length of green body (mm), and L1 is the length 
of ceramic core after sintering (mm).

Three points flexural method was used to test the flexural 
strength of the samples at 25 °C and 1,500 °C, respectively, as 

where, n1 is the weight of green body, and n2 is the weight of 
sintering ceramic core.

A vernier caliper was used to measure the size of the sample 
in the X/Y/Z directions before and after sintering, and Eq. (4) 
was used to calculate the shrinkage rate (δ):

where, m1 is the weight of the dried ceramic core, m2 is the 
weight of the ceramic core in water, m3 is the weight of the 
ceramic core filled with deionized water in the air, and ρwater is 
the density of deionized water. 

According to the weight of the ceramic core sample before 
and after sintering, the weight loss rate (W) of the ceramic core 
was calculated by Eq. (3):

shown in Eq. (5):

Fig. 3:  Fracture morphologies of PSZ-reinforced ceramic cores after sintering at different temperatures: 
(a) 1,300 °C; (b) 1,350 °C; (c) 1,400 °C; (d) 1,450 °C; (e) 1,500 °C

(a) (b) (c)

(d) (e)

where, σw is the flexural strength (MPa), P is the load at fracture 
of ceramic core (N), b is the width of ceramic core (mm), and h 
is the thickness of ceramic core (mm). The experiment was 
performed at L=20 mm.

2.3 Characterization of microstructure and 
phase constitution

A field emission scanning electron microscope (FE-SEM; 
Quanta FEG 250, FEI Co., Ltd., USA) was used to analyze the 
fracture surface of the ceramic core after the flexural strength 
test. To study the effect of temperature on the properties 
of PSZ-reinforced ceramic cores, transmission electron 
microscopy (TEM; Themis Z, FEI, USA) and X-ray energy 
dispersive spectroscopy (EDS) were used to characterize 
the sintering state and the elemental distribution. The X-ray 
diffraction (XRD; SmartLab, Rigaku Instrument Corp., Japan) 
was used to determine the phase constitution of the ceramic 
core sample after sintering, under the scanning speed of 
10°·min-1 and scanning angle of 10°-90°.

3 Results and discussion
3.1 Microstructure and phase constitution
The fracture morphology of ceramic cores at different sintering 
temperatures after flexural test was observed by SEM, as 
shown in Fig. 3. It can be found that there are some pores in 
the ceramic core after degreasing and sintering. The number of 
pores decreases with the increase of sintering temperature. The 
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Fig. 5: Phase constitution of PSZ-reinforced ceramic cores 
after sintering

Fig. 4: Morphology and elemental distribution of ceramic cores sintered at 1,450 °C: (a) TEM image; (b) Al; 
(c) O; (d) Si; (e) N; (f) C

formation of pores is related to two factors: On the one hand, 
during the process of degreasing, the cured photosensitive 
resin in ceramic cores is removed due to its instability at high 
temperatures (200-500 °C). Therefore, pores are formed 
in the position occupied by the cured photosensitive resin. 
On the other hand, irregular Al2O3 particles joined together 
can also lead to the formation of pores [23, 24]. In addition, the 
phenomenon of grain growth can be observed, which can be 
explained by the Arrhenius-type kinetic analysis model [25], as 
shown in Eq. (6):

core. This may be because the pyrolysis behavior of the PSZ 
does not occur at this sintering temperature. As the sintering 
temperature exceeds 1,400 °C, the large particles are regarded 
as the skeleton in the microstructure of the core, and the small 
particles are attached to the surface or fill between the large 
particles [Figs. 3(c) and (d)]. This may be because PSZ has been 
pyrolyzed at high sintering temperatures. The sintering necks 
are formed among some large particles [Figs. 3(d) and (e)].

Figure 4 shows the morphology and elemental distribution of 
the ceramic cores sintered at 1,450 °C. As shown in Fig. 4(a),
several microcracks are observed in bright particles, furthermore, 
the mergence of particles and sintering necks between large 
particles are observed. The strength of ceramic cores is directly 
determined by the strength of sintered necks [26]. EDS results show 
the bright particles are Al2O3 [Figs. 4(b) and (c)], the black area 
between the particles is the pore, and the gray sintering necks 
are the overlap of Si, N and C [Figs. 4(d, e and f)]. Thus, SiCN 
was generated by pyrolysis of PSZ at 1,450 °C. The Al-rich, 
Si-rich and O-rich areas are coincide, indicating that mullite 
phase may be generated.

(a) (b) (c)

(d) (e) (f)

Figure 5 shows the XRD patterns of PSZ-reinforced ceramic 
cores at different sintering temperatures. When the sintering 
temperature is 1,300 °C and 1,350 °C, only Al2O3 can be 
detected. As the sintering temperature increases to 1,400 °C, 
a small amount of SiO2 is detected because PSZ is pyrolyzed. 
When the sintering temperature increases to 1,450 °C, mullite 
is detected and the content of SiO2 decreases. This is because 
the SiO2 particles attached to the surface of Al2O3 particles 
react with Al2O3 to generate the mullite (3Al2O3·2SiO2). Thus, 
the content of SiO2 decreases with the increase of sintering 
temperature. As the sintering temperature further increases to 
1,500 °C, mullite and SiO2 particles are also detected in the 
PSZ-reinforced ceramic core, but the content of SiO2 decreases 
and mullite increases compared with that at 1,450 °C.

(6)

where,  and  are the grain size at time t and 0, respectively, 
m is the grain growth index, and K is a constant. According to 
Eq. (6), the grain size increases with the increase of sintering 
temperature at a constant sintering rate and time. In the fracture 
surface of ceramic cores sintered at 1,300 °C and 1,350 °C 
[Figs. 3(a) and (b)], it can be seen that the surface of large 
ceramic particles is smooth and no other substances exist in the 
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Fig. 6: Bulk density and open porosity of PSZ-reinforced 
ceramic cores after sintering at different temperatures

Fig. 7: Shrinkage rate (a) and weight loss rate (b) of PSZ-
reinforced ceramic cores at different sintering 
temperatures

(a)

(b)

3.2 Comprehensive physical properties 
analysis

Figure 6 shows the bulk density and open porosity of PSZ-
reinforced ceramic cores at different sintering temperatures. 
From 1,300 °C to 1,500 °C, the bulk density of PSZ-reinforced 
ceramic cores is monotonously increased from 2.13 g·cm-3 to 
2.41 g·cm-3, and the open porosity is decreased from 41.57% 
to 34.61%. The variation trend of open porosity is consistent 
with the classical sintering theory [9, 27]. It is also observed that 
the growth rate of the bulk density is a nonlinear function 
of sintering temperature. This is because higher sintering 
temperatures provide more energy during the heating process [28],
and the densification of the PSZ-reinforced ceramic cores is 
driven by this energy [28]. The process of densification mainly 
includes particles growth, pores closure, and bulk shrinkage [29, 30].
Therefore, the increase of energy would cause the shrinkage of 
the ceramic and the increase of the bulk density of ceramics. 
Li et al. [31] have sintered green bodies of 3D-printed Al2O3-based
ceramics at different temperatures and compared their bulk 
densities. Results showed that the bulk density of the ceramics 
was higher at higher sintering temperature, which are consistent 
with the conclusion of this work. Therefore, the sintering 
temperature is the key factor that determins the bulk density of 
sintered ceramics. Figure 6 also shows that the open porosity 
decreases with the increase of sintering temperature. Because 
higher sintering temperature promotes the growth of particles 
and reduce the distance between particles [28], resulting in the 
formation of sintering neck between adjacent particles. The 
sintering neck would occupy the place of the original hole, 
which reduce the open porosity. Hence, the bulk density and 
open porosity of ceramics are closely related to the sintering 
temperature, and their variation trend with sintering temperature 
is opposite. The open porosity changes from 41.57% to 34.61% 
with an increase in sintering temperature, which are all greater 
than 30%, can meet the application requirements [14]. 

The shrinkage rate in the X/Y/Z directions of PSZ-reinforced 
ceramic core after sintered at different temperatures is shown in 
Fig. 7(a). It can be found the shrinkage rate increases with the 
increase of sintering temperature at all of the X/Y/Z directions, 
which is consistent with the result that the higher the sintering 
temperature, the higher the bulk density of ceramic core. The 

higher sintering temperature provides a greater driving force or 
energy for sintering ceramic cores. Thus, the diffusion rate of 
atom between Al2O3 particles is accelerated, which is conducive 
to the densification process and the formation of sintering necks 
between adjacent particles [32]. The cross-sectional area of the 
sintering neck also increases with the increase of sintering 
temperature, which further promotes the densification process, 
and then increases the linear shrinkage [32]. The shrinkage rate 
is the maximum in the Z direction due to that the binding force 
between 3D-printed ceramic layers is weak [33, 34]. 

The weight loss rate of PSZ-reinforced ceramic cores after 
sintered at different temperatures is shown in Fig. 7(b). As the 
sintering temperature increases from 1,300 °C to 1,500 °C, the 
average weight loss rate of cores is 24.46%, 24.56%, 24.23%, 
22.11%, 24.16%, respectively. The difference between the largest 
and the smallest value is 2.45%, indicating that the variation 
range in the weight loss rate of PSZ-reinforced ceramic cores is 
very small at different sintering temperatures. The weight loss is 
mainly caused by the decomposition of organic substances such 
as photosensitive resin and dispersant during degreasing.

Figure 8 shows the flexural strength of PSZ-reinforced ceramic 
cores sintered at different temperatures. When the sintering 
temperature increases from 1,300 °C to 1,450 °C, the flexural 
strength of PSZ-reinforced ceramic cores increases. The average 
flexural strength increases from 13.43 MPa to 32.70 MPa
at 25 °C and from 2.05 MPa to 13.65 MPa at 1,500 °C. A too 
low sintering temperature results in insufficient sintering of 
core samples, and the binding force between Al2O3 particles in 
the PSZ-reinforced ceramic cores is weak. Thus, the flexural 
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Fig. 8: Flexural strength of PSZ-reinforced ceramic cores 
at different sintering temperatures

strength of the cores is low. With the increase of sintering 
temperature, the atom diffusion coefficient between particles 
increases, the sintering process of the core samples is promoted, 
which enhances the binding force between particles [35]. As a 
result, the flexural strength of the cores is increased. When the 
sintering temperature reaches 1,400 °C, as shown in Fig. 3(c)
and Fig. 5, a small amount of SiO2 is detected due to the 
pyrolysis of PSZ. During the sintering process, SiO2 particles 
fill the pores between Al2O3 particles and restrict the growth of 
particles in the ceramic core, therefore, improves the flexural 
strength of PSZ-reinforced ceramic cores. The flexural strength 
of the ceramic cores reaches the peak when the sintering 
temperature is 1,450 °C, which is 28.394 MPa at 25 °C and 
13.649 MPa at 1,500 °C. As shown in Fig. 3(d), a large number 
of pyrolysis products are observed in the SEM images. They 
distribute among adjacent Al2O3 particles to form sintering 
necks, thus resulting in high flexural strength of ceramic core [32].

According to Figs. 4 and 5, the sintering necks are mainly 
composed of SiO2, SiCN, SiCNO and mullite phase. Due to that 
the mullite has a higher strength at high-temperature [3], it plays 
an important role in improving the flexural strength. When the 
sintering temperature continues to increase, the average flexural 
strength of the ceramic cores is decreased at both 25 °C and 
1,500 °C. This is because the amounts of SiCN and SiCNO 
produced by the pyrolysis of PSZ is increased when sintering at 
1,500 °C, therefore, the content of SiO2 and mullite are increased [36]. 

3.3 Sintering mechanism
Figure 9 schematically shows the sintering mechanism of 
PSZ-reinforced ceramic cores in different sintering stages. Firstly, 
the ceramic slurry is printed to green bodies by stereolithography 
3D printing. Next, the green bodies are degreased and sintered 
in the sintering furnace. The aim of degreasing is to remove the 
cured photosensitive resin contained in the green bodies. In this 
process, the distance between Al2O3 particles becomes shorter, 
and the bulk of the green bodies becomes smaller. Then, the 
green bodies are sintered to densify the ceramic particles, as 
shown in Fig. 9(b). When the sintering temperature is below 
1,400 °C, the microstructure and phase constitution of the core 
have no obvious change, as shown in Figs. 3(a, b) and 5. When 
the sintering temperature reaches 1,400 °C, a small amount 
of SiO2 is detected by XRD, and PSZ starts to pyrolyze. In the 
initial stage of pyrolysis of the PSZ, N and C react with oxygen 
to generate NO2 and CO2, as shown in Eqs. (7) and (8) [37]:

(7)

(8)

N+O2=NO2

C+O2=CO2

Fig. 9: Schematic diagram showing the sintering mechanism of PSZ-reinforced ceramic core in different 
sintering stages: (a) green body; (b) early stage of sintering; (c) middle stage of sintering; (d) final 
stage of sintering

(a) (b)

(c) (d)
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(9)

(10)

(11)

(12)

2SiCN+O2=2SiCNO

3Al2O3+2SiO2=3Al2O3·2SiO2

Si+O2=SiO2 

After the volatilization of these two gases, some pores would 
be left in the ceramic cores. With the temperature increasing, 
the Si-N bond in PSZ breaks and reacts with the inserted 
C==O unit to generate SiCN [38], as shown in Eq. (9):

(2) PSZ can be pyrolyzed as the sintering temperature 
reaches 1,400 °C. The pyrolysis products of PSZ include 
SiCN, SiCNO and SiO2. The SiO2 particles attach to the 
surface of Al2O3 particles and then react with the Al2O3 to 
generate mullite.

(3) The optimal sintering temperature of PSZ-reinforced 
ceramic core is 1,450 °C. At this sintering temperature, the 
open porosity of the ceramic core is 36.60%, flexural strength 
is 28.794 MPa at 25 °C and 13.649 MPa at 1,500 °C, which 
can meet the casting requirements of hollow blades. 
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