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1 Introduction
Jet-engine turbine blades typically possess intricate 
cooling channels that are formed by ceramic cores 
during the casting process [1]. Ceramic cores for blade 
casting mainly devided into two types based on materials: 
silica-based cores and alumina-based cores. However, 
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the thermal stability of silica cores is relatively low, 
and it easily reacts with the alloying elements (Al, Hf, 
C) at high temperatures [2]. Hence, silica cores are not 
appropriate for the high casting temperature of new-
generation superalloys for high-performance hollow 
blades [3]. In contrast, alumina cores are more suitable 
for the high temperature (>1,550 °C) casting process 
of single crystal nickel-based superalloy hollow 
turbine blades due to their stable overall properties and 
excellent chemical stability [4, 5, 41]. 

However, the fabrication of ceramic cores is difficult 
due to the strict requirements for single-crystal 
nickel-based superalloy turbine blade castings. For 
instance, the shrinkage rate of ceramic cores must 
be low, so as to increase dimensional precision and 
avoid possible cracks due to large deformations. 
Besides, the different thermal expansion coefficients of 
alumina and metal can lead to thermal tearing, hence 
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proper porous structure of the alumina core is desired [6, 42]. 
Moreover, to resist mechanical and thermal impact during 
high temperature alloy casting and solidification processes, the 
ceramic core should have a moderate strength [4, 7, 8]. Finally, 
the sintering temperature of ceramic cores must be higher than 
the working temperature; besides, the core will continue to 
sinter during the blade casting process [4, 8, 43]. Consequently, 
the key characteristics of ceramic cores can be summarized 
as: a shrinkage of less than 5%; a proper porosity (>20%); 
a moderate strength (20 MPa-30 MPa); and a sintering 
temperature of higher than 1,550 °C [44].

The complexity of cooling channels, which directly affects 
the design of ceramic cores, is highly sought after in the 
development of more fuel-efficient engines [9, 10]. However, 
the conventional methods of alumina core manufacturing, 
namely hot injection molding and gel casting, not only require 
a long lead-time and expensive cost of tool manufacturing, 
but also the fabrication of molds is limited in geometric 
complexity [11, 12]. In contrast, additive manufacturing 
technology can fabricate ceramic cores without molds, which 
reduces expenses, shortens the leading time of design and 
manufacture, and shows great potential in fabricating intricate 
structures [13-15]. Compared to other additive manufacturing 
methods, vat photopolymerization (VPP) technology shows 
more advantages in the fabrication of ceramic cores with 
fine structures due to its higher dimensional precision [14, 16]. 
Tang et al. [17] discovered that the VPP technology was 
appropriate for the preparation of ceramic cores with low 
shrinkage and complicated structure, demonstrating the 
feasibility of VPP technology for the fabrication of ceramic 
cores. However, the flexural strength of low-shrinkage alumina 
cores can not meet the requirement of high-temperature 
casting of single-crystal blades. Hence, it is necessary to 
further improve the strength of alumina cores fabricated by 
VPP technology and maintain a low shrinkage and a proper 
porosity. 

Recent studies suggest that sintering aids can be added 
into alumina cores to improve mechanical properties [18-20].
Considering that the sintering aids can influence the 
shrinkage of alumina cores, the objective of this work is to 
investigate the applicability of sintering aids doping for the 
additive manufactured alumina cores with a low shrinkage 
and a moderate strength. Several sintering aids elements are 
known in the literature, such as MgO, CaO, SiO2, etc [21]. It was 
reported that the addition of sintering aids exhibited a series 
of excellent properties of alumina cores such as high strength, 
good high-temperature resistance [22, 23]. Although SiO2 and 
MgO are commonly used for the sintering aids of alumina, 
these dopants have a few drawbacks. For instance, Liu et al. [24]

improved the strength of alumina cores by doping with SiO2, 
but the shrinkage in the z-direction reached 7% after sintering 
at 1,500 °C for 3 h. Additionally, SiO2 and MgO can react 
with the key elements in advanced superalloys, which can 
impair thermal stability [25]. CaO is commonly added to 
alumina to improve sintering process. Several reasonable 

mechanistic explanations for the beneficial effect of CaO 
include solute-drag, particle-pinning, modification of defect 
chemistry, increase of surface diffusivity, modification of 
viscosity, surface tension and wettability of liquid phase, and 
modification of interfacial properties [26]. Johnson et al. [27, 28]

proposed that CaO-doped alumina eliminated the migration 
of pores from grain boundaries after sintering, thus inhibiting 
grain growth, which resulted in improved mechanical properties 
of the sintered alumina. Moreover, Bateman et al. [29] concluded 
that the presence of liquid phase after sintering of CaO-doped 
alumina promoted mass transfer and thus promoted sintering 
densification. It is also revealed that CaO doping can cause 
the calcium ions to segregate at grain boundaries, thus 
strengthening grain boundaries and improving the mechanical 
properties of alumina [30, 31]. All these theories conclude that 
there is no doubt about the enhancement of CaO for alumina. 
Although some studies have demonstrated that CaO doping 
can enhance the strength of alumina cores, the excessive 
shrinkage observed in these strengthened cores fails to meet the 
requirements for blade casting applications [19, 32]. Consequently, 
the applicability of CaO dopant in the fabrication of porous and 
low-shrinkage alumina cores was evaluated in this study.

For this purpose, alumina cores were successfully 
manufactured by reinforcing CaO-doped alumina using the 
VPP technology. The microstructure, elemental distribution, 
phase composition, and properties of alumina cores with 
different CaO contents have been systematically investigated. 
Microstructural analyses and flexural strength tests were 
performed to investigate the effect of CaO on the mechanical 
performance and the strengthening mechanism of the alumina 
cores.

2 Experiment
2.1 Fabrication of green samples
Coarse Al2O3 particles (3.96 g·cm-3, D50=5 μm, Aladdin, China) 
and fine Al2O3 particles (3.96 g·cm-3, D50=500 nm, Aladdin, 
China) were used as the raw material to prepare the Al2O3 

ceramic paste. CaO (3.32 g·cm-3, 500 nm, Aladdin, China) 
was employed as sintering aid. The samples were prepared by 
mixing the particles in specific ratios, as shown in Table 1.

The vat photopolymerization pastes consisted of coarse 
and fine alumina powders in a 2:1 weight ratio, with HDDA 
(1.01 g·cm-3, Aladdin, China) as the photosensitive resin, 
Carbomer 940 (Aladdin, China) as the thickening agent, 
and TPO (1.17 g·cm-3, Guangzhou Lihou Trading Co., Ltd., 
China) and KOS110 (Guangzhou Kangoushuang Trade Co., 
Ltd., China) as the photoinitiator and dispersant. The mixture 
was then ball-milled for 12 h at 300 rpm. The final formulation 
resulted in a paste with a solid content of 65%. Finally, 
alumina green bodies were fabricated from the pastes using 
a commercial ceramic 3D printer (3D Ceram C900, France). 
To ensure manufacturing quality and efficiency, the printing 
thickness per layer was set at 50 μm.
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Table 1: Formula of ceramic samples with different     
CaO contents

Sample number Sintering aids CaO (wt.%)

C-1 1

C-2 2

C-3 3

2.2 Debinding and sintering process
Debinding and sintering are crucial steps in ceramic core 
preparation, with the sintering process determining the final 
product quality. Firstly, the cleaned alumina green bodies were 
dried either on the surface or entirely to remove moisture, 
followed by debinding to eliminate organic materials. This step 
was performed in air at a heating rate of 1 °C·min-1. To prevent 
cracking from an excessive heating rate, the temperature was 
maintained at 160 °C, 200 °C, 300 °C, 400 °C, and 450 °C for 
1 h each, followed by at 800 °C kept for 1 h before cooling to 
room temperature at 5 °C·min-1. The debinded samples were 
sintered in air using a muffle furnace at 1,550 °C, 1,600 °C, 
and 1,650 °C, with a 4 h holding time at each temperature. 
The heating rate was set to 5 °C·min-1, and the samples were 
cooled to room temperature in the furnace after sintering. 

2.3 Characterization
The dimensions of the ceramic samples: length (X direction), 
width (Y direction), and height (Z direction), were measured 
before and after sintering using a digital caliper. Ten samples 
were taken from each group, and the average value was 
calculated. The linear shrinkage rate (∆l) was calculated using 
Eq. (1):

                                                              
 (1)

where l1 is the measured dimension of the sample before 
sintering, and l2 is the measured dimension of the sample after 
sintering.

In this experiment, the density and porosity of sintered 
Al2O3 ceramic samples were determined using the Archimedes 
displacement method. An analytical balance (ME 104/02, 
0.0001 g, Mettler-Toledo Instruments, Shanghai) with an 
accuracy of 0.0001 g was used to measure the mass of the 
sintered samples. 

Rotational rheology experiment was performed using a 
rotational rheometer equipped with parallel plate fixtures 
(25 mm in diameter) and a fixture gap set to 0.1 mm. The test 
temperature was set to 25 °C and maintained by the built-in 
control system to ensure stability. To ensure uniform temperature 
distribution, the paste was kept in the lab environment for at 
least 1 h before testing to reach thermal equilibrium. 

The microstructure of the alumina ceramic samples was 
observed using scanning electron microscopy (Evo18, Carl 
Zeiss, Germany). Morphological changes in alumina and 
calcium oxide particles, along with fracture characteristics and 
porosity distribution, were analyzed. 

3 Results and discussion  
3.1 Rheological properties
In previous work [17], the formulation of graded alumina 
materials was investigated, converting the slurry into a 
ceramic paste exhibiting Bingham pseudoplastic behavior. 
The paste, with a solid content of 65%, demonstrated shear 
thinning properties and yield stress. As the CaO doping 
content increases, the actual solid content of the alumina 
paste also rises. As shown in Fig. 1(a), the apparent viscosity 
increases with the rise in CaO doping content. The paste’s 
viscosity is influenced by the solid content, described by the 
Krieger-Dougherty model:  

 
                                                                                             

(2)

where, μ represents the viscosity of the ceramic paste (Pa·s), 
while μ0 denotes the resin viscosity (Pa·s). β is the effective 
packing factor, indicating how the thickness of the dispersant 
adsorption layer influences viscosity. The intrinsic viscosity 
[μ] depends on the particle geometry, with a value of 2.5 
for spherical particles. φ is the actual solid content of the 
paste, and φm represents the maximum solid content, which 
is determined by the particle size distribution of the ceramic 
particles. After doping with CaO, similar to the effect of 
fine particle doping, the fine particles fill the gaps between 
coarse particles, increasing the solid content and modifying 
the gradation ratio. Consequently, as the amount of CaO 
increases, the apparent viscosity of the alumina paste rises. 
As shown in Fig. 1(b), when varying amounts of CaO are 
added to the alumina paste, the relationship between shear 
stress and shear rate exhibits a curved trend, rather than a 
linear trend. This indicates that the doped alumina paste 
behaves as a non-Newtonian fluid. Additionally, Fig. 1(b) 
demonstrates that, regardless of CaO content, the shear 
stress of the alumina slurry does not reach zero, indicating a 
degree of shape retention, characteristic of a Bingham fluid. 
Furthermore, the non-linear relationship between shear stress 
and shear rate indicates that the alumina paste exhibits shear 
thinning behavior, confirming its characteristics as a Bingham 
pseudoplastic fluid.

   
                                                                                              

  (3)

In Eq. (3), τ represents shear stress [as shown in the 
Fig. 1(a)] in Pa, and (∂u/∂y) denotes the shear rate in s-1. τ0 is 
the yield stress of the paste (obtained by fitting) in Pa. K is the 
consistency index (also obtained by fitting), measured in (Pa·s)ⁿ. 
When K equals 0, it represents an ideal fluid. K<1 indicates a 
low-viscosity fluid, such as water, while K>1 means viscosity 
increases with K. The flow behavior index n (obtained by 
fitting) signifies shear thickening when n>1 and shear thinning 
when n<1. Equation (3) was used to analyze and fit the shear 
stress data of alumina pastes with varying levels of CaO 
doping (fitting R2= 0.95). The fitted K values are 42.31, 45.65, 
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and 57.79, all exceeding 1, showing that viscosity increases 
with higher CaO doping. Additionally, the fitted n values are 
0.563, 0.594, and 0.599, all below 1, confirming the shear 
thinning behavior of the alumina paste.

When the applied stress is below τ0, the paste behaves like 
a solid, undergoing elastic deformation without flowing. In 
contrast, when the applied stress exceeds τ0, the paste begins 
to flow viscously. Using Eq. (3) for fitting, the yield stresses of 
the three CaO-doped pastes are 36.49 Pa, 40.79 Pa, and 46.06 Pa, 
demonstrating that yield stress increases with an increase in 
CaO doping amount.

3.2 Effect of CaO on microstructure of alumina
At a sintering temperature of 1,550 °C, the morphology of 
some fine Al2O3 particles begins to change, as shown in 
Fig. 2(a), with spherical alumina particles transforming into 
flaky particles. These flaky particles feature flat top and bottom 
surfaces, along with curved side surfaces. Sintering reactions 
occur where the curved side surfaces make contact or where 
they meet the flat surfaces. In contrast, it is challenging for 
the flat surfaces to sinter together due to a weaker driving 
force and a larger atomic diffusion range, leading to a slower 
sintering rate. As a result, during the sintering process, 
these regions connect to form an integrated structure with a 
central cavity, as shown in Fig. 2(b). Pores remain within the 
internal spaces formed by the flaky grains, and this hollow 
structure preserves the high porosity of the alumina core after 
high-temperature sintering. In contrast, coarse particles are 
less likely to fully sinter due to their larger radius of curvature 

and lower specific surface area, which decrease the sintering 
driving force [33]. Therefore, the particle size of alumina 
ceramic powder is a key factor affecting the sintering process.

When the sintering reaction of alumina ceramic particles 
is fully initiated, grain boundaries form, resulting a reduction 
in the pores between particles and promoting ceramic 
densification. During this process, the grain size increases, 
accompanied by the migration of pores and grain boundaries, 
grain neck growth, and ceramic shrinkage, as shown in 
Fig. 2(c). Coarse particles are difficult to sinter, and therefore, 
they typically do not participate in the sintering reaction or 
form grain boundaries and grain necks, which hinders the 
densification process. Thus, alumina ceramics produced via the 
gradation method primarily depend on the sintering activity 
of fine particles and the influence of coarse particles on 
densification. However, coarse particles can inhibit sintering 
progression, delaying densification, preserving the pore 
structure, and controlling the post-sintering shrinkage rate.

SEM microstructures of alumina samples with varying CaO 
doping contents (0wt.%, 1wt.%, 2wt.%, and 3wt.%), sintered 
at 1,550 °C, are shown in Figs. 3(a-d). As the CaO content 
increases, the transformation of fine alumina particles into 
flake-like particles gradually decreases. In Fig. 3(d), almost 
no flake-like grains are observed, with the fine alumina 
particles remaining spherical. These results indicate that CaO 
doping inhibits the transformation of fine alumina particles 
into flake-like structures, reducing the formation of hollow 
structures and lowering porosity.

Fig. 1: Effect of shear rate on viscosity (a) and shear stress (b) of alumina paste doped with CaO

(a) (b)

Fig. 2: Morphology of fine particles of alumina sintered at 1,550 °C: (a) morphology of fine particles; 
                               (b) pores between flake crystals; (c) morphology of coarse particles
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Fig. 3: Morphology of alumina grains with different doping levels at 1,550 °C: (a) 0wt.%; (b) 1wt.%; (c) 2wt.%; (d) 3wt.%

In general, doping CaO into alumina undergoes a sintering 
reaction through solid-phase sintering. During solid-phase 
sintering process, there are mainly two exchange mechanisms 
between Ca2+ and Al3+. One mechanism is that two Ca2+ ions 
replace two Al3+ ions, creating an oxygen vacancy [45,46]. 
The resulting oxygen vacancies introduce lattice defects, 
affecting crystal stability, while the additional ions influence 
crystal growth and arrangement. These two factors ultimately 
influence the sintering behavior. Additionally, two ions 
exchange mechanisms increase the oxygen diffusion coefficient 
while reduce the Al3+ diffusion coefficient. The Al3+ diffusion 
coefficient describes the movement rate of Al3+ within the 
alumina crystal, significantly impacting the sintering process. 
As the CaO doping content increases, the Al3+ diffusion 
coefficient decreases, slowing the outward diffusion of Al3+ 

from the particle surface or interior, thereby inhibiting the 
bonding between crystal particles.

As shown in Fig. 4, smaller fine particles are closely 
attached to the surfaces of larger coarse particles, resulting in 
grain growth and changes in particle morphology. The labels in 
Fig. 4 indicate that the fine particles are randomly distributed 
on the surfaces of the coarse particles, forming protruding 
structures. As shown in Fig. 4(c), this structure prevents 
direct contact between particles, maintaining a gap between 

them and creating a unique porous structure on the particle 
surface. Based on the sintering morphology described above, 
this porous structure formed by the protrusions preserves the 
porosity of the ceramic cores even after high-temperature 
sintering. Furthermore, as the CaO content increases, the 
number of fine particles attached to the coarse particles also 
increases. This may be due to the increase in CaO altering the 
sintering behavior of fine alumina particles, inhibiting their 
transformation into flake-like structures. This reduction in 
planar structures increases the likelihood of contact between 
spherical fine alumina particles and coarse particles, resulting 
in more protrusions on the coarse particle surfaces.

At 1,550 °C, 1,600 °C, and 1,650 °C, both CaO (melting 
point: 2,572 °C) and Al2O3 (melting point: 2,072 °C) remain in 
the solid state, as their melting points are significantly higher 
than these reaction temperatures. CaO gradually diffuses to 
the surface of alumina particles through solid-state diffusion, 
facilitating the reaction at the interface. The formation of 
CaO·6Al2O3 results in a solid layer of reaction products at the 
interface, strengthening the bond at the interface with alumina 
particles, increasing interface densification and improving 
interfacial strength, thereby enhancing the material’s overall 
microstructure [34]. Hence, the strong ionic or covalent bonds at 
the CaO·6Al2O3 and alumina interface reduce grain boundary 

Fig. 4: Morphology of coarse alumina particles with different CaO doping levels after sintering at 1,550 °C: (a) 1wt.%; 
                 (b) 2wt.%; (c) 3wt.%
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sliding, inhibiting crack propagation. Additionally, the thermal 
expansion coefficient of CaO·6Al2O3 is similar to that of 
Al2O3, minimizing stress concentration at the interface under 
high-temperature conditions, improving thermal stability, 
and reducing the risk of stress-induced cracking [35]. The 
intercrystalline CaO·6Al2O3 film, which inhibits the abnormal 
growth of alumina grains and prevents large alumina particles 
from transforming into plate-like crystals, helps maintain a 
more intact sphericity and plays a role in grain refinement. 
However, the formation of CaO·6Al2O3 creates a new phase 
interface between CaO and Al2O3, partially hindering further 
diffusion of Ca2+ and O2-, thus slowing the subsequent reaction 
rate. As the reaction progresses, the CaO·6Al2O3 layer 
thickens, further limiting the diffusion path of the reactants. 
Due to the formation of a denser CaO·6Al2O3 layer at the grain 
boundaries between CaO and Al2O3, the overall porosity of the 

material is reduced to a certain extent.
In addition to the effect of CaO doping on ceramic 

properties, sintering temperature is a key factor, as it 
influences the diffusion behavior of Al3+ in Al2O3. Typically, 
increasing the sintering temperature accelerates Al3+ diffusion, 
enhances particle bonding, and thus increases the sintering 
rate. Conversely, lowering the sintering temperature slows the 
sintering rate. Thus, increasing the temperature promotes the 
densification process, reducing the porosity of alumina ceramic 
cores. As shown in Fig. 5, higher sintering temperatures reduce 
the transformation of fine alumina particles into flake-like 
structures and facilitate grain growth. For instance, alumina 
sintered at 1,650 °C has larger grains compared to alumina 
sintered at 1,550 °C. Grain growth occurs as alumina particles 
with larger curvature radii absorb smaller particles, causing 
grain boundaries to vanish and forming larger grains [36].

Fig. 5: Morphology of alumina ceramics with different sintering temperatures and CaO doping levels:
                              (a)-(d) morphology of alumina with CaO doping levels of 0wt.%-3wt.% at 1,550 °C; 
                              (a1)-(d1) morphology of alumina with CaO doping levels of 0wt.%-3wt.% at 1,600 °C; 
                              (a2)-(d2) morphology of alumina with CaO doping levels of 0wt.%-3wt.% at 1,650 °C

At elevated temperatures, CaO·6Al2O3 becomes the 
dominant product of the reaction between CaO and alumina 
(Al2O3). Due to the low volume fraction of CaO, the reaction 
predominantly takes place at the interface between dispersed 
CaO particles and the alumina matrix, as shown in the red 
dotted circle in Fig. 6. 

3.3 Mechanical properties of CaO-doped alumina
Figures 7(a, b, and c) illustrate the variation in shrinkage rate 
with CaO doping after sintering alumina samples at 1,550 °C, 
1,600 °C, and 1,650 °C, respectively. As CaO doping increases 
and sintering temperature rises, the shrinkage rate in the X, Y, 
and Z directions gradually increases. Additionally, Fig. 8(a) 
summarizes the changes in flexural strength with CaO doping 
after sintering at the same temperatures. Higher CaO content 

Fig. 6: Schematic representation of morphological
                    evolution of Al2O3 particles
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and sintering temperature improve the mechanical properties 
of the ceramics. For instance, at a sintering temperature of 
1,550 °C, the flexural strength of pure alumina (A-1) is 
6.06 MPa. With increasing CaO doping, the flexural strength 
of C-1, C-2, and C-3 samples rises to 54.29 MPa, 58.94 MPa, 
and 69.15 MPa, respectively. Additionally, higher sintering 
temperatures improve flexural strength. When the temperature 
increases from 1,550 °C to 1,650 °C, the flexural strength of 
pure alumina, A-1, C-1, C-2, and C-3 increases from 6.06 MPa,
54.29 MPa, 58.94 MPa, and 69.15 MPa to 25.33 MPa, 
134.89 MPa, 146.13 MPa, and 153.84 MPa, respectively. 
According to the sintering diffusion coefficient (D) equation, 
as shown in Eq. (4), the diffusion coefficient can be expressed 
as a function of temperature and material properties:

                                                                                             (4)

where, q represents the atomic diffusion activation energy, v 
is the atomic jump frequency, and λ denotes the atomic jump 
distance. Increasing the sintering temperature accelerates the 
atomic diffusion rate, enhances the densification process, and 
ultimately improves the flexural strength of materials. 

In Fig. 8(a), it is evident that with CaO doping increases 
from 1wt.% to 2wt.% and 3wt.%, there is a clear improvement 
in the flexural strength of alumina samples. As the sintering 
temperature rises, the flexural strength of the C-1, C-2, and 
C-3 samples increases significantly. This suggests that at lower 
sintering temperatures, the sintering reaction between CaO and 
Al2O3 remains incomplete.                                                                                       

Increasing the sintering temperature accelerates atomic 
diffusion, enhancing the diffusion rates of Ca2+ and Al3+, 
increasing the sintering rate, and promoting the reaction between 
CaO and pure alumina. Additionally, after raising the sintering 
temperature, the shrinkage rate of doped samples increases 
sharply, aligning with the changes in flexural strength [37, 38].

Based on the mechanical performance tests of sintered 
alumina samples with varying doping levels, as shown in 
Fig. 8(a), it is clear that CaO doping enhances the mechanical 
properties of alumina cores. However, the improvement in 
mechanical properties caused by CaO doping is excessively 
high. For example, at a sintering temperature of 1,550 °C, 
the flexural strength of C-1, C-2, and C-3 samples ranges from 
54.29 MPa to 69.15 MPa, exceeding the required mechanical 

properties for casting cores. Furthermore, Fig. 8(b) shows 
the variation in porosity with CaO doping in alumina 
samples sintered at 1,550 °C, 1,600 °C, and 1,650 °C, which 
demonstrates an inverse trend compared to mechanical 
properties. The porosity of C-1, C-2, and C-3 samples ranges 
from 15.61% to 26.9%, failing to meet casting requirements for 
cores. These experimental results suggest that although CaO 
doping significantly enhances core performance, it adversely 
affects shrinkage rate and porosity, making it unsuitable for 
producing high-precision, shape-controlled cores.  

As shown in Fig. 8, the results for flexural strength and 
porosity in CaO-doped alumina samples are presented. The 
sintering activity of fine particles, along with the enhanced 
sintering reaction between fine and coarse particles after 
CaO doping, leads to a denser system, thereby improving 
the flexural strength of alumina ceramic cores in an air 
atmosphere. Considering the shrinkage rate, porosity, and 
mechanical properties of alumina ceramic cores, it is evident 
that CaO doping alone cannot fully meet the high-precision 
requirements for shape and dimensional control. However, 
based on the observed trends, CaO doping leads to a steep 
increase in both flexural strength and shrinkage rate of alumina 
ceramics. Thus, although CaO doping significantly enhances 
the performance of alumina, it is unfavorable for controlling 
the shrinkage rate in alumina cores [39].

The research results show that the performance of graded 
VPP-alumina ceramic cores is influenced by CaO doping, 
and adjusting the doping levels significantly improves the 
overall performance of the cores. Previous studies indicate 
that particle size grading can effectively limit the shrinkage 
rate of alumina cores while maintaining high porosity [39, 40]. 
However, this approach remains limited by low flexural 
strength, which does not meet the casting requirement for 
single-crystal turbine blades. The main issue is attributed to the 
low sintering driving force of coarse particles in the grading 
system, which inhibits sintering activity and reduces the 
sintering rate. Consequently, higher sintering temperatures and 
longer holding times are necessary for greater densification. 
Doping with CaO as a sintering aid alters the exchange 
between Ca2+ and Al3+, modifying the sintering behavior of fine 
alumina particles and inhibiting the transformation of spherical 
fine particles into flaky grains. The retained spherical fine 
particles enhance sintering activity, thereby improving flexural 

Fig. 7: Linear shrinkage rates of alumina ceramics with different CaO contents sintered at 1,550 °C (a); 1,600 °C (b); 1,650 °C (c)

(a) (b) (c)
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strength. Simultaneously, the retained flaky grains and coarse 
particles preserve the porous structure and limit the shrinkage 
of alumina samples. Thus, doping with CaO sintering 
aids is crucial for producing alumina cores with qualified 
performance. However, given the significant enhancement 
effect, fine-tuning the doping content and optimizing the 
sintering temperature are essential for further improving the 
overall performance of the alumina ceramic cores.

4 Conclusions 
Ceramic stereolithography technology was employed to 
manufacture CaO-doped alumina ceramic cores. Samples 
with varying doping amounts and sintering temperatures were 
characterized for their micro and macro performance, and their 
results were compared with those of cores made using other 
sintering aids. The following conclusions are drawn:

(1) In CaO-doped a lumina ceramics prepared via 
stereolithography technology, CaO doping can induce changes 
in surface charge distribution and lattice structure of Al2O3, 
affecting surface energy states and interactions with other 
substances. The introduction of CaO can add atoms or ions 
to the alumina crystal structure, modifying its chemical 
properties. These chemical alterations may lead to variations 
in surface energy, disrupting the Wulff equilibrium, which in 
turn affects the sintering behavior of fine alumina particles, 
inhibiting the transformation of spherical fine particles into 
flaky grains. The retained spherical fine particles enhance 
sintering activity, thereby increasing flexural strength, while 
the retained flaky grains and coarse particles preserve the 
porous structure, limiting the shrinkage of alumina samples to 
some extent.

(2) By adjusting the CaO doping content and sintering 
temperature, sintering in an air atmosphere (>1,500 °C) 
effectively enhances the flexural strength of alumina cores. The 
impact of CaO doping is significant, as it enables the porosity  
of alumina cores to be maintained between 20% and 30%, and 
the sintering shrinkage rate is controlled to approximately 5% 
under sintering at 1,600 °C with 1% CaO doping. 

(3) Considering the shrinkage rate, porosity, and mechanical 
properties of alumina ceramic cores, CaO doping significantly 
enhances their strength but negatively impacts shrinkage rate 

and porosity. Consequently, although the current limitations 
in shape and dimensional control of alumina cores hinder 
the efficient production of high-precision ceramic cores for 
industrial applications, the fabricated cores remain valuable 
for experimental research. For instance, they can be utilized to 
validate critical performance parameters such as leachability 
(core removal efficiency), thermal stability under high-
temperature conditions, and mechanical strength. Additionally, 
these cores provide essential data for optimizing sintering 
parameters, compositional adjustments, and defect mitigation 
strategies, thereby guiding future improvements in precision 
and reliability.
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