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Abstract: The ceramic slurry was prepared using calcium carbonate powder as the matrix material and polyethylene
glycol aqueous solution as the binder, slender ceramic core green bodies were fabricated by micro-extrusion 3D printing
forming technology, and then water-soluble calcia ceramic cores for casting were obtained by stepwise sintering process.
The effects of air sintering, half-embedded and fully-embedded sintering methods of industrial alumina powder on the
morphology and properties of cores were investigated. The results show that Insulation time has no effect on the
deformation of elongated calcium oxide ceramic core and cracks, with the increase of insulation time, the bulk density of
the ceramic core first increases and then remains unchanged, but the insulation time is too long will cause shrinkage and
deformation of the amount increases. When fully buried sintering is used, the sintering temperature is 1300 °C, the
heating rate is 2 °C/min, and the holding time is 2 h, the core has no cracks, the sintering deformation is 0.11 mm, the
linear shrinkage rate is 10.67 %, the bending strength is 4.96 MPa, and the water solubilization rate is 4.4 g/s-m?, which
is a good overall performance.
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1 Introduction

With the growing demand for complex structures,
lightweight and precision castings in the field of high-end
equipment manufacturing, such as aero-engine blades,
spacecraft components, high-speed rail brake discs and
other key components, the internal cavity structure is
gradually developed in the direction of thin-walled,
complex and integrated!*-?), The manufacturing of such
castings relies on the traditional investment casting
process, the core of which is to accurately form the

complex internal cavity structure through ceramic coresll.

However, the traditional ceramic core preparation
process relies on mold forming, and there are bottlenecks
such as low design freedom, long development cycle, and
high cost of modification, which makes it difficult to
adapt to the rapid iteration of customized production

they are difficult to be de-cored and the process is
complicated!'*12);  MgO-based ceramic cores are
outstanding in high-temperature resistance and thermal
shock resistance, but the problem of hygroscopic

requirements®® 3lIn the 2Ist century, 3D printing
technology, with the characteristics of mold-less,
layer-by-layer molding, has provided a subversive
solution for the efficient preparation of complex ceramic
coresl®,

According to the different matrix materials, the
commonly used ceramic cores can be divided into
SiO»-based ceramic cores, Al,Os-based ceramic cores,
MgO-based ceramic cores, and CaO-based ceramic
coresl’l. SiO»-based ceramic cores are widely used due to
low cost, easy to remove the core, etc., but their
high-temperature strength is insufficient and easy to react
with the metal liquid, which limits their application in the
alloys®°l;  Although
ceramic cores have

casting of high-temperature
AlO3-based
high-temperature stability and mechanical properties,

excellent

chalking has not yet been solved!!*'4; CaO-based
ceramic cores are widely used because of their high
melting point (2572°C), excellent thermomechanical
stability and post-casting water-soluble properties!'!l.
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CaO-based ceramic cores are regarded as ideal
candidates for complex high-temperature castings due to
(2572°C),
stability, and

their  high melting point excellent

thermomechanical post-casting
water-soluble removal propertiest!> 171,

Micro-extrusion 3D printing is formed through
filament-by-filament and layer-by-layer stacking, and the
slurry between adjacent layers is prone to form
microscopic interfacial defects due to the extrusion
pressure, differences in rheological properties, and
non-synchronization of curing rates!!®!°] and these
defects expand into macroscopic cracks due to the
localized stress concentration at the sintering stagell.
This limits the wide application of 3D printing
technology for complex CaO ceramic cores.

The method of buried powder sintering plays an
effective role in suppressing ceramic sintering cracking
and deformation.Li et al?!! buried light-curing 3D printed
alumina ceramic cores into different particle sizes of
alumina powder for sintering, and the results showed that
with the increase of the buried powder particle size from
5 pm to 1,000 pm, the ceramic shrinkage, density, and
flexural strength increased, while the open porosity was
reduced, and the optimal buried powder size was 1,000
um, and the buried powder was 1,000 pm, which is
favorable for balancing the stress in the green body. The
optimal buried powder particle size is 1000 pm, the
buried powder sintering is conducive to balancing the
stress within the green body, and the volatilization of
photosensitive resin compensates for the vapor pressure
of the external environment, which can effectively reduce
the deformation of ceramics and improve their
performance.Huang et al®! improved the mechanical
properties of composite ceramic green bodies by burying
the boron powder-assisted sintering, and the results show
that the buried boron powder sintering effectively inhibits
the decomposition of ceramic green bodies reduces the
grain size and significantly improves the ceramic
hardness and relative density. hardness and relative
density.

For this reason, in this paper, the ceramic slurry is
prepared with calcium carbonate powder as the matrix
material and polyethylene glycol aqueous solution as the
binder, and the ceramic core green bodies are prepared by
micro-extrusion 3D printing technology. Using air
sintering, half-embedded and fully-embedded sintering of
industrial alumina powder, the influence of holding time
on the properties of elongated CaO ceramic cores, such
as morphology, sintering deformation, bending strength,
and water solubility rate, etc., was investigated, and the

optimized sintering strategy of water-soluble CaO
ceramic cores was determined, and the deformation
mechanism of elongated CaO ceramic cores in the
process of sintering was analyzed, so that elongated
water-soluble CaO ceramic cores with low shrinkage and
deformation could be prepared. CaO ceramic cores with
low shrinkage and low deformation were prepared.
2 Experimental section
2.1 Raw materials

In this study, 1 250 mesh CaCOj3; powder (D50=4.62
pm, Changzhou Yuanxin Materials Technology Co., Ltd.,
China) was used as the matrix material, and the particle
size and microscopic morphology of the particles are
shown in Fig. 1. Polyethylene glycol (PEG, Mw=4 000
g/mol, China National Pharmaceutical Group Chemical
Reagent Co., Ltd.) solution with a mass fraction of 30
wt.% was configured with deionized water as the solvent
as the binder, and organosilicone antifoam (BYK-066N,
Wuhan Joyan Science and Technology Co., Ltd.) was
used in order to remove air bubbles from ceramic pastes.

&
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Dg, = 4.62 pm
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(a)particle size distribution (b)microscopic morphology
Fig. 1 Properties of calcium carbonate powder
2.2 Preparation of ceramic cores

The preparation process of ceramic core samples
mainly  includes  ceramic  slurry  preparation,
micro-extrusion 3D printing process and heat treatment
process (drying and sintering), and the schematic
diagram of the micro-extrusion 3D printing process is
shown in Fig. 2.

Calcium carbonate powder was added to the PEG
aqueous solution with manual mixing until initial
dispersion, and 0.5% silicone defoamer was added to
remove air bubbles in the slurry, and finally the mixed
slurry was transferred to a planetary ball mill (QM-QX,
Nanjing Laibu Science and Technology), and ball milled
at a speed of 300 r/min for 9 h. The composition of its
slurry is shown in Table 1.

Tab. 1 CaO Ceramic Paste Components

Slurry Composition Quantity(g)
CaCOs 147.34
PEG solution 48.88
Silicone antifoam agent 1
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The ceramic slurry after ball milling was injected

into the extrusion barrel of the laboratory's
self-developed micro-extrusion 3D printing device,
installed the appropriate needle and loaded into the
printer, using Simplify 3D software to set the printing
parameters®’]. The length, width and height of the
prepared slender ceramic green bodies were 120 mm, 6
mm and 2 mm, respectively, and the ceramic green
bodies were self-hardened at room temperature and then
moved to the drying oven (DZF-6030, Shanghai
Jinghong Experimental Equipment Co., Ltd.) with a set
temperature of 70 °C for 24 h. After drying, the green
bodies were placed in a high-temperature sintering
furnace (YMG1600-40, Shanghai Yanwu Science and
Technology Co., Ltd.) for sintering. After drying, the

green bodies were placed in a high temperature sintering

furnace (YMG1600-40, Shanghai Yanwei Technology Co.

At the end of sintering, the ceramic core was naturally
cooled to room temperature to obtain the elongated CaO

ceramic core.
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Fig. 2 Schematic of Direct Ink Writing (DIW) 3D priting

2.3 Sintering process program

Sintering, as a key link in the preparation process
of ceramic cores, the core mechanism is to promote the
formation of strong chemical bonding between
particles through high-temperature heat treatment to
effectively reduce the porosity of the material, which
significantly improves the degree of densification of
ceramic cores and their mechanical property
indexes[?+251,

Three sintering methods were selected for the
study: air sintering(?°?°], semi-buried sintering3®*!1 and
fully buried sinteringB?33. Among them, 200 mesh
white corundum was used for the buried powder
sintering. Air sintering involves placing the ceramic
cores directly in a sintering furnace for heating, which

is a simple method but may lead to oxidization and

deformation of the ceramic cores. Semi-embedded
sintering involves partially burying the ceramic core in
the powder, utilizing the cushioning effect of the
powder to minimize thermal stress and reduce the risk
of cracking. Fully buried sintering involves burying the
entire ceramic core in the powder to achieve more
uniform heat transfer and more effective thermal stress
control. The three sintering processes are shown in Fig.
3.

furnace housing Insulation layer Heat source

ALOj crucible 200 mesh AL O, buried pong

‘ Core specimen ‘

ALO; plates —‘ =
——

Bare sintering Half-buried sintering Fully-buried sintering

Fig. 3 Schematic diagram of different sintering methods for CaO
ceramic cores

Our research team has previously tested the
thermogravimetric analysis of the completely dried
ceramic coregreen bodies!!*), and the ceramic core green
bodies showed two significant mass loss stages during
the heat treatment process: at 200 °C, which was mainly
attributed to the thermal decomposition and volatilization
of physically adsorbed water and PEG; and at 750 °C,
which originated from the decomposition of CaCOs into
CaO and CO.. Based on this, this study adopts a stepwise
sintering process with staged holding times at 200 °C and
750 °C, respectively, to achieve optimized sintering of
core green bodies.

The sintering curves of ceramic core green bodies
with different holding times are shown in Fig. 4. Under
the condition of ensuring the constant heating rate and
sintering temperature, the ceramic core specimens were
sintered at 200 °C, 750 °C and 1 300 °C with holding
times of 1, 2, 3 and 4 h, respectively, where the heating
rate was selected to be 2 °C/min, and the final sintering
temperature was 1 300 °C.
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Fig. 4 Sintering curves with different holding times
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2.4 Performance Characterization

In order to ensure the reliability of the results, the
following macroscopic performance of each group are
tested five ceramic core samples and take the average
value.

Fig. 5 shows the three-dimensional model of the
homemade two-point support gage and the measurement
schematic. The high-temperature sintering deformation
(AH) was measured by the homemade two-point support
gage, and was calculated as the height difference between
the lowest point of the ceramic core and the bottom of
the gage before and after sintering (Hi-Hz), where H; is
the height before sintering and H2 is the height after
sintering.

(a)

wo-point support heat
deflection gage

(a) Sintering deformation amount of two-point support gage
model (b) Physical measurement diagram (c) Measurement
diagram
Fig. 5 Sintering deformation of two-point support gauge model
and physical measurement

The dimensional changes of the samples before and
after sintering were measured using vernier calipers at
the three center points of the ceramic cores, length, width
and height, respectively, to calculate the linear shrinkage.
The flexural strength of the ceramic cores was tested
according to the three-point bending method using a
universal testing machine (ETM105D-T, Shenzhen Wanji
Experimental Equipment Co., Ltd.).

The porosity and bulk density of the ceramic cores
were tested using a density balance (LQ-C5003,
Shanghai Yaoxin Electronic Technology Co., Ltd.) based
on the Archimedes drainage method(?®!, and kerosene was
chosen as the measurement medium (density of kerosene

at room temperature p0 = 0.78 g/cm3) because
CaO-based ceramic cores are easily collapsed in water,
the mass of the ceramic cores was measured using a
density balance (LQ-C5003, Shanghai Yaoxin Electronic
Technology Co., Ltd.), and the mass of the ceramic cores
was calculated using a density balance. The mass of dry
ceramic core in air, the mass of ceramic core saturated
with kerosene in air and the mass of ceramic core
saturated with kerosene in kerosene are G1, G2 and G3
respectively, the porosity Po=(G2-G1)/(G2-G3), the bulk
density p=G1xpo/(G2-G3).

The mass change of CaO ceramic cores in a
constant humidity flask for 48 h was determined to
calculate the moisture absorption rate. The ceramic cores
were placed in water at room temperature, and the mass
and surface area of the ceramic cores were recorded as m
and s. A stopwatch was used to time the collapse time of
the ceramic cores, t, and the water solubilization rate of
K=m/sxt. The
morphology and internal structure of the ceramic

the ceramic cores, microscopic
powders, the 3D-printed molded ceramic green bodies,
and the sintered ceramic cores were observed by using a
super depth-of-field microscope (RX-100, Ho-Vision Co.
Ltd., Japan).

3 Results and discussion
3.1 Surface morphology of ceramic cores

The results and discussion section should be
organized using appropriate sub-headings. Use a normal,
plain font for text. Do not use field functions. Use tab
stops or other commands for indents, not the space bar.
Use the table function, not spreadsheets, to make tables.
Use the equation editor or MathType for equations.
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Fig. 6 Surface morphology of ceramic cores sintered at
different holding times: (a) 1h; (b) 2h; (¢) 3h; (d) 4h

3.2 Study of sintering properties of ceramic cores
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3.2.1 High temperature sintering deformation

The high-temperature sintering deformation of
sintered CaO cores at different holding times is shown in
Fig. 7. Under the same sintering method when the
holding time is increased from 1 h to 3 h, the
high-temperature sintering deformation of ceramic cores
grows slowly, and the sintering deformation of cores
increases sharply from 3 h to 4 h. The sintering
deformation of air-sintered cores is shown in Fig. 7.
When the holding time increases from 1 h to 3 h, the
high-temperature sintering deformation of air-sintered
cores increases from 0.68 mm to 0.84 mm, and when the
holding time increases from 3 h to 4 h, the
high-temperature ~ sintering deformation of cores
increases from 0.84 mm to 1.6 mm.

When the holding time is the same, the
high-temperature sintering deformation of the cores
obtained by the fully embedded sintering method is the
smallest, followed by the half-embedded sintering
method, and the largest sintering deformation of the cores
obtained by air sintering. When the holding time is 4 h,
the air sintering core deformation is 1.6 mm, while the
semi-buried sintering is 1.13 mm, while the fully buried
sintering is only 0.61 mm. buried powder sintering can
reduce the ceramic core in the holding time when the
warping deformation is longer, the fully buried sintering
anti-warping deformation effect is more obvious. The
reason is that the buried powder can provide a uniform
temperature field for the core green body during heating,
and the sintered powder can provide a support point for
the green body, which can reduce the sintering stress and
thus reduce the high-temperature sintering deformation
of the core.

[ZZ7) Bare sintering
20 F 2] alt-buriea
Fully-buried

2 3
Holding timeé (h)

Fig. 7 Effect of holding time on deformation of ceramic cores
3.2.2 Linear shrinkage

The results of linear shrinkage of sintered ceramic
cores with different holding times are shown in Fig. 8.
Under the same sintering method, the linear shrinkage of

the ceramic core increases gradually with the increase of
holding time. When the holding time increases from 1 h
to 4 h, the linear shrinkage of ceramic cores increases
from 14.36% to 15.78%; semi-buried sintering increases
from 12.41% to 14.19%; and fully buried sintering
increases from 10.26% to 11.1%. This is due to the
increase in linear shrinkage caused by the long time of
the ceramic cores in the sintering furnace.

When the holding time was constant, the air
sintering linear shrinkage was the largest, followed by
semi-buried sintering, and fully buried sintering had the
smallest linear shrinkage. When the holding time is 2 h,
the linear shrinkage of air-sintered cores is 14.92%,
semi-buried sintering is 12.73%, and fully buried
sintering is only 10.67%. When the holding time is
longer, the ceramic core sintering deformation is larger
and the linear shrinkage increases, while the buried
powder sintering reduces the sintering deformation and
the shrinkage of the ceramic core decreases.

Fully-buried

Holding time (h) , Half-buried

Bare sintering
Fig.8 Effect of holding time on X-direction linear shrinkage rate
of ceramic cores

3.2.3 Bending strength

The results of the bending strength of sintered
ceramic cores with different holding times are shown
in Fig. 9. The bending strength of air-sintered cores
increases from 2.91 MPa to 4.04 MPa when the
holding time is increased from 1 h to 2 h. The bending
strength of the cores increases slowly from 4.04 MPa
to 4.48 MPa when the holding time is increased from
2 h to 4 h. The bending strength of the cores under
half-embedded sintering and fully-embedded sintering
methods shows the same trend.
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Fig.9 Effect of holding time on flexural strength of ceramic
cores
3.2.4 Porosity and bulk density

The porosity of the sintered ceramic cores with
different holding times is shown in Fig. 10. When the
sintering method is the same, when the holding time is
increased from 1 h to 2 h, the bulk density of CaO
ceramic cores increases, and when the holding time is
increased from 2 h to 4 h, the bulk density of the cores is
basically unchanged. While porosity and bulk density
and bulk density change trend is opposite, when the
holding time increased from 1 h to 4 h, the porosity of
ceramic core is the first to decline and then remain
unchanged.

When the holding time is the same, the bulk density
of ceramic cores with gas sintering method is the largest,
followed by half-embedded sintering, and the bulk
density of ceramic cores with full-embedded sintering is
the smallest. For the porosity, among the three sintering
methods, the porosity of fully buried sintered ceramic
cores was the largest, followed by semi-buried sintering,
and the air sintered ceramic cores had the smallest

porosity.

—m— Bare sintering
—e— HalL-buried
Fully-buried
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Fig.10 Effect of holding time on porosity and bulk density of

ceramic cores
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3.2.5 Moisture absorption rate and water solubility
rate

The 48-h moisture absorption rates of CaO ceramic
cores obtained by sintering at different holding times are
shown in Fig. 11. The moisture absorption rates of ceramic
cores sintered at different holding times are basically the same,
so the holding time has almost no effect on the moisture
absorption performance of ceramic cores.

In order to investigate the effect of different sintering
methods on the moisture absorption rate of the cores, the
moisture absorption rate of ceramic cores with a holding time
of 2 h was tested under air, half-buried and full-buried
sintering for 48 h. The moisture absorption rate of ceramic
cores with a holding time of 2 h was tested as shown in Fig.
12. In the first 12 h, the air-sintered ceramic cores had the
largest moisture absorption rate, followed by semi-buried
sintering, and the fully buried sintered cores had the smallest
moisture absorption rate, and in the 12-48 h period, the fully
buried sintered cores had the largest moisture absorption rate,
followed by semi-buried sintering, and the air-sintered cores
had the smallest moisture absorption rate.
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Fig.11 Effect of holding time on moisture absorption rate of

ceramic cores
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Fig.12 Effect of heating method on moisture absorption rate of
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slender ceramic cores

The water dissolution rate of CaO ceramic cores
with different holding times is shown in Fig. 13. With the
same sintering method, the water dissolution rate of
ceramic cores decreases slowly with the increase of
holding time, which is due to the increase of holding time
increases the bulk density of the cores and decreases the
water dissolution rate. When the holding time is the same,
air sintered ceramic core water dissolution rate is the
fastest, half buried sintering followed by the slowest fully
buried sintering. This is due to the buried powder
sintering reduces the bulk density inside the core, the
larger porosity is conducive to water into the core inside,
accelerate the collapse rate of the core, water solubility
rate increases.

5.0
_m— Baresintering
—e— Half-buried
—A~— Fully-buried
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B35 ] -
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30 1 1 1 1
1 2 3 4
Holding time(n)

Fig.13 Effect of holding time on water-soluble rate of ceramic

cores

3.3 Microscopic morphology analysis

The microscopic morphology of CaO ceramic cores
with different holding times is shown in Fig. 14. When
the holding time is increased from 1 h to 2 h, the grain
density increases and the connection becomes more
compact, and with the further increase of the holding
time to 3-4 h, the CaO grains are almost no longer further
densified.

Holding time is a key stage in the sintering process,
and the growth of ceramic particles is mainly in the
holding stage. When the holding time reaches a certain
length, the ceramic particles do not grow, and the bulk
density of the ceramic core does not grow further with
the increase of the holding time, so the holding time of 2
h can be used to obtain the densification of the core as
well as save the cost of core preparation.

Hold 1h Hold 2h Hold 3 Hold 4h

Bare
sintering|

Buried
powder
sintering

Fig.14 Microscopic morphology of ceramic cores sintered at

different holding times

Under the fully buried sintering process, when the
holding time is 2 h, the ceramic core does not produce
cracks, the thermal deformation is only 0.11 mm, the
linear shrinkage is 10.67%, and the bending strength is
4.96 MPa, which reduces the cost and at the same time
can get the CaO ceramic cores with excellent
comprehensive performance.

4 Conclusions

*Insulation time on the slender ceramic core deformation
and cracks do not have a greater impact, with the
increase in insulation time, ceramic core bulk density
first increased and then remain unchanged, but the
insulation time is too long will cause shrinkage and
deformation increase.

* The use of buried powder sintering will increase the
density of the surface layer of the core, improve the
strength; can reduce the bulk density of the inner core,
the porosity increases, CaO ceramic core water solubility
rate is accelerated, which is conducive to post-casting
cleanup.

* Comprehensive consideration of CaO ceramic core
sintering deformation, bending strength and water
solubility rate and other properties, when the use of
industrial alumina buried sintering method, the sintering
temperature of 1300 °C, the heating rate of 2 °C / min,
the holding time of 2 h, sintered slender CaO ceramic
cores have no crack, sintering deformation of only 0.11
mm, linear shrinkage rate of 10.67%, bending strength of
4.96 MPa, the water solubility rate of 4.96 MPa, the
water solubility rate of 4.96 MPa, the water solubility
rate of 4.96 MPa, the water solubility rate of 4.96 MPa.
4.96 MPa, and the water dissolution rate was 4.4 g/s‘m?,
with excellent comprehensive performance.
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