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In this work, alumina ceramics were formed via stereolithography-based 3D printing

technology in order to fabricate ceramic cores in a fast and cost-effective way. Effects

of holding time during sintering on microstructure and properties of alumina ceramics

were investigated. Sintered alumina ceramics were made up of layered structures due to

layer-by-layer formingmethod. In addition, interlayer spacing decreased with the increase

in holding time. Average particle size, shrinkage, crystallite size, flexural strength, and

hardness increased with the increase in holding time due to strong interfacial bonding

among alumina particles. Open porosity decreased slightly as holding time increased.

Moreover, it was found that holding time had little influence on bulk density, phase

composition, and chemical bonds of the ceramics. The shrinkage in Z direction was

about 1.8 times higher than that in X or Y directions due to layered structure caused by

3D printing forming method. The optimum holding time was 90min, which resulted in

ceramics with interlayering spacing of 11.8µm, shrinkage of 2.1% in X direction, 2.1%

in Y direction, and 4.1% in Z direction, flexural strength of 20.7 MPa, nano-indentation

hardness of 17.6 GPa, Vickers hardness of 114.3 HV, bulk density of 2.5 g/cm3, and

open porosity of 39.0%.

Keywords: holding time, sintering, alumina ceramics, microstructure, stereolithography

INTRODUCTION

Alumina ceramic core is a complex part with fine structure, which can be used to manufacture
high-temperature hollow turbine blades because it provides efficient cooling passage for the blades
(Gromada et al., 2015). Alumina ceramic has excellent properties, such as low thermal expansion
coefficient, high chemical stability, and good high-temperature performance (Ikeda et al., 2011).
It is therefore extensively applied in the astronautics engineering and material engineering fields
related to high-temperature environments (Chen et al., 2019). One of the most difficult and
significant problems of preparing alumina ceramic core is its preparation method and prototyping
precision. Traditionally, the ceramic core is prepared through investment casting method. As a
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result, limitations have occurred in the fabrication process,
including long production cycle, high cost, and low precision
(Wu et al., 2009; Li et al., 2019a,b,c).

The emergence and rapid development of stereolithography-
based 3D printing technology offers a new method to solve the
above-mentioned problems. 3D printing technology integrates
computer-aided design, material processing, and molding,
which are based on digital model files. Using this technique,
special metallic materials, inorganic materials, and medical
biomaterials are stacked layer-by-layer in accordance with
extrusion, sintering, melting, light curing, jet, and other methods
to create the desired physical objects (Bose et al., 2013; Sun
et al., 2013; Gebler et al., 2014; Liu et al., 2020). 3D printing
technology has been successfully applied in the field of metal
materials and polymer materials. However, there are still
many technical problems in the field of inorganic non-metallic
ceramics (Shao et al., 2017). One of the most significant problems
of 3D printing technology is the deformation and cracks
generated during sintering process, especially for ceramic cores
with complex structures (Scheithauer et al., 2015). Moreover,
ceramic core needs to meet certain mechanical performance
and physical property requirements, such as flexural strength
>20 MPa and open porosity higher than 20% (Park et al.,
2019). Therefore, the sintering process is a key factor, which
influences the deformation, cracking, and mechanical properties
of the ceramics.

At present, the studies on stereolithography-based 3D
printing of ceramic cores are still at an early stage. Tang et al.
(2018) applied 3D printing technology to fabricate alumina
ceramic cores, which were sintered at 1,600◦C for 180min.
The products exhibited high strength and could satisfy the
requirements of ceramic cores in alloy casting. Yang et al.
(2019) fabricated CaO-based ceramic mold by stereolithography,
which was sintered at 1,400◦C for 180min and obtained a
bending strength of 14.1 MPa. Halloran (2016) explored the
depth, the width, and the profile during curing process, which
related to the optical properties of monomer, slurry, and
photo-active components in stereolithography. The preparation
of ceramic cores involves the fabrication of green bodies,
debinding, and sintering processes. The sintering process should
be first optimized to achieve a number of key requirements,
which including moderate flexural strength, low shrinkage, and
moderate open porosity (Giordano et al., 1995). The holding
time during sintering involves a process of mass transfer, grain
boundary migration, and particle growth (Gao et al., 2000).
Appropriate holding time can eliminate pores and promote
densification, but a very long holding time would decrease the
density, due to abnormal growth of particles and deformation
of green bodies, and reduce the mechanical properties of
materials (Cha and Hong, 2003; Liu et al., 2018; Cheng et al.,
2019; Tangcharoen et al., 2019). Therefore, the holding time
should not be blindly extended. In this research, the effect of
holding time on the microstructure and properties of 3D printed
alumina ceramics was investigated to optimize the sintering
process. Several characterization and test methods were applied
to analyze and evaluate the sintering effect. Finally, the flexural
strength, shrinkage, and open porosity of the sintered alumina

ceramics were measured to evaluate whether they could meet the
requirements of ceramic core.

EXPERIMENTAL PROCEDURE

Fabrication of Alumina Green Bodies
The alumina green bodies (Li et al., 2019a,b,c) (50 × 4 ×

3mm) were printed via a 3D printer (AutoceraM, Beijing Ten
Dimensions Technology Co., Ltd.) with LED light source and
405 nm wavelength. During the printing process, the exposure
energy, the single layer exposure time, and the layer thickness
were 10 mW/cm2, 10 s and 0.1mm, respectively. The alumina
powder (AW-SF, purity ≥ 99.0%, Henan Hecheng Inorganic
New Material Co., Ltd.) was dried at 200◦C for 5 h in a blast
air oven and then used for preparation of the ceramic slurry.
The ceramic slurry was prepared by the following procedure:
495 g of Al2O3 powder was added to 100 g of photosensitive
resin (Al100-1, Beijing Ten Dimensions Technology Co., Ltd.)
slowly, and the mixture was stirred vigorously. After the slurry
was mixed uniformly, it was ball-milled for 2 h with a planet-
type grinding mill at the rate of 400 rpm. Then, the slurry was
vacuum defoamed for 10min and obtained the final alumina
ceramic slurry.

Debinding and Sintering Processes
The green bodies were debinded and sintered in a muffle furnace
(Hefei Ke Jing Materials Technology Co., Ltd. China). Firstly, the
samples were heated to 200◦C with a heating rate of 2◦C/min.
Secondly, the samples were heated to 550◦C with a heating rate
of 1◦C/min and maintained for 2 h. Thirdly, the samples were
heated to 1,300◦Cwith a heating rate of 5◦C/min andmaintained
for H minutes (H = 30, 60, 90, 120, 150, 180min). Finally, the
samples were cooled to 600◦Cwith a heating rate of 5◦C/min and
subsequently cooled in a furnace. The samples were denoted as
S(H), and H = 30, 60, 90, 120, 150, 180min. The debinding and
sintering profiles are illustrated in Figure 1.

FIGURE 1 | Debinding and sintering processes of the green bodies.
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Characterization
X-ray diffraction (XRD) curves were recorded on a Bruker D8
FOCUS (Bruker Corporation, Germany) X-ray diffractometer
with Cu Kα radiation. Firstly, the diffraction angle of 2θ was
scanned over the range from 10 to 90◦. Secondly, the voltage
was 40 kV, and the generator current was 30mA. Thirdly, the
scan rate was 0.02◦ s−1 per step. The crystallite size of Al2O3 was
calculated using the following Scherrer’s equation from the peak
at 2θ = 35.3◦ (Mazloumi et al., 2006).

d =
Kλ

B cos θ
(1)

where, d is the average crystallite size of Al2O3 (nm), K is the
Scherrer constant (0.89 in the present case), λ is the wavelength
of X-ray (0.154056 nm), and B is the peak width at half-height
of Al2O3.

Raman spectra of the samples were measured on a Confocal
Raman Microscope System (Alpha300R, WITec) with a laser
source of 532 nm, power of 50 mW, and slit width of 50µm.
X-ray photoelectron spectroscopy (XPS) was performed using
an Axis Supra (Shimadzu) photoelectron spectrometer. Scanning
electron microscope (SEM) images were obtained using a Helios
G4 CX microscope (FEI Corporation). Transmission electron
microscopy (TEM) images were obtained using a Tecnai G2
F20 system (FEI Corporation). Energy spectrum analysis (EDS)
was also conducted to obtain the elemental composition of
the samples.

Bulk densities of the alumina ceramics were measured with
the Archimedes method. Accuracy of the balance was 0.0001 g
(Mettler Toledo, Switzerland) (Sun et al., 2005).

Flexural strength of the sintered samples was tested with an
electronic universal testing machine (CMT4304, SUNS, China)
using the three-point bendingmethod. The loading speed was 0.5
mm/min, and the span was 30mm. The calculation formula for
flexural strength is shown as follows (Liu et al., 2013):

σf =
3FL

2bd2
(2)

where σf is the bending strength (MPa), F is the maximum load
(N), L is the span of lower fixture (mm), b is the width of the
sample (mm), and d is the thickness of the sample (mm).

Surface roughness of the sample was measured by atomic
force microscope (AFM, Dimension Icon, Bruker, USA), and the
spring constant was 0.40 N/m (Ersu et al., 2009).

Nano-indentation test was performed using a nano-test
apparatus (TI980, Hysitron, USA). Static indentation test was
conducted at room temperature. First, the head approaches the
surface of the sample at the speed of 2 mN/s, and after contacting
the sample, it is loaded to the maximum load 10 mN for 5 s and
unloaded for 5 s after reaching the maximum load sustained for
2 s. The load-displacement curve was recorded by the connected
computer during the whole test, and 5 points were tested for each
sample (Gong et al., 2005).

Vickers hardness test was performed on a Micro/Macro
Automatic Hardness Testing system (LM248AT, LECO, USA).

The load was 1,000 g, the dwell time was 15 s, and 5 points were
tested for each sample.

RESULTS AND DISCUSSION

Microstructure and Composition
The sample microstructure observed by SEM is shown in
Figure 2. The results showed that delamination phenomenon
existed in all the samples, which were sintered with different
holding times. Cracks were observed in the samples sintered
for 30min, and the size of cracks was 4.1µm. However, no
cracks were found in the samples when the holding time
during sintering was increased to 60min or longer. Before
the debinding and sintering processes, the green bodies were
composed of alumina powder and photosensitive resin. During
the debinding process, photosensitive resin was heated and
turned into gases, such as carbon dioxide and water vapor.
These volatile components were removed from the green bodies,
and only alumina powder was left in the samples after the
debinding process (Choi and Jeong, 2009), Then, the sintering
process was conducted to promote the alumina particles to stick
together. Sintering is the densification process of alumina green
bodies at high temperature. When the sintering temperature
and holding time increase, the alumina particles bond with each
other, the particles grow, and the pores and particle boundaries
gradually decrease. Through material transfer, the total volume
shrinks, the density increases, and the sample finally becomes a
hard-polycrystalline sintered body with a certain microstructure
(Bodišová et al., 2007). When the holding time was only 30min,
the particles did not grow large enough, and there were voids
between particle boundaries. Therefore, cracks were found in
the 30min sintered samples. As the holding time increased to
60min and above, the particles grew and the voids between
particle boundaries decreased, so the cracks disappeared. This
demonstrates that 30min was too short for the sintering process,
while 60min and longer was suitable to decrease cracks in the
alumina ceramic.

Figure 2 also shows that all the samples were composed of
layers, as the 3D printed alumina ceramics have lamination
structure. The green bodies were printed layer-by-layer via 3D
printer, the degree of curing reaction among Z direction are not
uniform, so the binding force of the layers in the Z direction was
relatively weak compared with that in X and Y directions. As the
green bodies were debinded and sintered, the adhesion strength
between particles in Z direction was weak, so interlayer spacing
existed in the alumina ceramics. The layered structure common
exists in 3D printed samples. For example, Schwentenwein
and Homa (2015) observed layer-by-layer structure in dense
alumina ceramics fabricated through stereolithography based
3D printing technology. Azarmi and Amiri (2019) studied
the microstructural evolution during fabrication of alumina
ceramic using stereolithography technique, and demonstrated
the formation of layered structure for the samples as the 3D
model of the parts was sliced to filmy sections, which were
printed layer-by-layer on the printing platform. Hu et al. (2018)
found that the force of separation during layer printing was
the key influencing factor for achieving successful printing
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FIGURE 2 | The layered structure of sintered samples observed by SEM: (A) 30min; (B) 60min; (C) 90min; (D) 120min; (E) 150min; (F) 180min.

process. Firstly, the complex green bodies were printed layer-by-
layer, followed secondly by the removal of binders, and thirdly,
the ceramics were densified through high-temperature thermal
treatment. The layered structures of the above ceramics were
consistent with the layer-by-layer structure of the samples shown
in Figure 2.

Interlayer spacing in the alumina ceramics shown in Figure 2

was measured and the results are shown in Figure 3. It was
found that the interlayer spacing decreased as the holding time
increased. The interlayer spacing was 24.7µm when sintered for
30min and 8.4µm when sintered for 180min. The interlayer
spacing decreased significantly when the holding time increased
to 60 and 90min.When the holding time was higher than 90min,
the variation was relatively low. This means that the holding time
is a key parameter that affects the interlayer spacing of alumina
ceramics. Based on the above results, 90min was considered as a
suitable holding time during sintering process.

Figure 4 shows the microstructure of intergranular bonding
of alumina ceramics sintered with different holding times. When
sintered for 30min, there were large pores in the samples
with pore size of about 6.0µm. As the holding time increased
to 60min, the size of pores decreased to about 4.1µm. As
the holding time during sintering was further increased to
90min and more, the pores disappeared. This phenomenon
indicates that increasing the holding time can promote the
pores in the sample to decrease and gradually disappear. Some
researchers have found that the microstructure could affect the
mechanical properties and there are some relationships between
microstructure and mechanical properties. For example, Li et al.
(2019d) fabricated porous alumina ceramic with bimodal pore
size distribution and found that the binding strength decreased

FIGURE 3 | Variation tendency of interlayer spacing sintered with different

holding times.

as the porosity increased. Wang et al. (2009) researched fine
alumina-zirconia ceramics and found that increase in holding
time could increase the density of samples and the grain size
of particles. Average grain size of the alumina ceramic was
measured, and the results are shown in Figure 5. Average grain
sizes of the samples were 1.2, 1.3, 1.6, 2.2, 2.2, and 2.2µm
when the holding times were 30, 60, 90, 120, 150, and 180min,
respectively. The average grain size increased as the holding
time increased over the range of 30–120min. Then the average
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FIGURE 4 | SEM images of sintered samples: (A) 30min; (B) 60min; (C) 90min; (D) 120min; (E) 150min; (F) 180min.

FIGURE 5 | Average grain size of alumina ceramic sintered with different

holding times.

grain size reached a constant value when the holding time was
in the range of 120–180min. This indicated that the grain size
increased when the holding time was in a relatively small range
(30∼120min), while the grain size did not increase further
when the holding time was more than 120min. Teng et al.
(2007) researched the effect of alumina grain size on the flexural
properties of alumina-based ceramics and found that nano-
scale alumina ceramic with high density and flexural strength
was comparable with micro-scale alumina ceramics due to the
grain fining, grain boundary reinforcement, and transgranular

FIGURE 6 | TEM images of 90min sintered samples: (A) TEM image; (B)

Further enlarged TEM image; (C) HRTEM image; (D) Selected area electron

diffraction pattern.

fracture mode. Therefore, 120min was considered a sufficient
holding time, and longer holding time could not affect the grain
size significantly.

Micromorphology of the sample sintered for 90min was
observed by TEM, and the images are shown in Figure 6. The
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TEM images (Figures 6A,B) show that the particle size was
uniform, and some of the particles were connected together. The
size of particles may affect the mechanical properties of alumina
ceramic. Some researchers observed alumina ceramics by TEM
and found that nanostructures of the ceramics were related to
their physical and mechanical properties. For example, Calvié
et al. (2012) performed real-time TEM observation for alumina
ceramic of nano-particles during compression and found that
of small particles 40 nm in diameter could experience severe
plastic deformation without failure, and brittle fracture was

observed in the 120-nm-sized nano-particles. Nie et al. (2002)
analyzed alumina coatings fabricated using plasma electrolysis
and observed an inner layer with nanocrystalline (1.5µm)
and an intermediate layer with nanocrystalline (50–60 nm) in
the coating by TEM. Then, the higher resistance to wear
and corrosion could be partly attributed to the occurrence of
these interlayers.

Clear lattice fringe of the alumina ceramic was observed in
HRTEM image (Figure 6C), and the lattice spacing was 0.155 nm,
which represents the (211) crystallographic plane of α-alumina.

FIGURE 7 | Elemental distribution obtained from TEM images of 90min sintered samples: (A) HAADF image; (B) Distribution of Al element; (C) Distribution of

O element; (D) Distribution of C element; (E) EDS curve.

FIGURE 8 | XRD results of alumina ceramic sintered with different holding times: (A) The XRD curves and (B) The crystallite size.
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Selected area electron diffraction pattern (Figure 6D) indicates
that the sintered alumina ceramic was a single crystal structure.
Single crystal structure was also observed by Perrie et al. (2005)
who researched the femtosecond laser micro-structuring of
alumina ceramic. They found that, according to the optimizing
of the processing parameters, the residual surface roughness of
the samples could be decreased below that of the pristine surface
of Ra = 0.8µm, and the debris produced consisted primarily of
single crystal nanoparticles for alumina particles with diameters
increased from 20 nm to 1µm and with the average diameter
of 300 nm.

The elemental distribution obtained from TEM images
of 90min sintered samples is shown in Figure 7. The
elemental distribution images (Figures 7A,B) show the uniform

FIGURE 9 | Raman spectra of alumina ceramic sintered with different holding

times.

FIGURE 10 | XPS curves of alumina ceramic sintered with different holding

times.

distribution of Al and O elements. The distribution of C element
(Figure 7C) represent the carbon film used to prepare the TEM
samples. The EDS curve (Figure 7D) indicates that the main
elements in samples were Al, O, and C.

Phase composition data obtained from XRD of the alumina
ceramics sintered with different holding times are shown in
Figure 8A. The XRD patterns indicate that all the samples were

TABLE 1 | Atomic ratio (XPS) of alumina ceramic sintered with different holding

times.

Sample ID O Al

S(30) 53.10 46.90

S(90) 53.27 46.73

S(150) 52.20 47.80

FIGURE 11 | Shrinkage of alumina ceramic sintered with different holding

times.

FIGURE 12 | Bulk density and open porosity of sintered alumina ceramic with

different holding times.
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composed of α-alumina, and no phase transitions occurred
during sintering in air for different holding times. The peaks
in Figure 8A indicate the presence of α-alumina phase (Eklund
et al., 2008). Figure 8B shows the change trend of crystallite size
of alumina ceramics with sintering holding time. The results
indicated that the crystallite size increased as the holding time
increased, but the growth rate was different. In the range of 30–
60min, the crystallite size increased from 53.2 to 53.5 nm, with
variation of only 0.3 nm. As the holding time increased from 90
to 120min, the crystallite size increased from 67.0 to 76.2 nm,
which shows a relatively fast growth rate. However, as the holding
time was further extended, the growth rate began to slow. The
crystallite size increased from 78.5 to 84.1 nm as the holding
time increased from 150 to 180min. This phenomenon indicates
that relatively short holding time during the sintering process
would lead to relatively small crystallite size, and extending the
holding time of sintering process was beneficial to increase the
crystallite size of alumina ceramics. Some researchers found that
the crystallite size affects the microstructure of sintered ceramics.
For example, Shojai and Mäntylä (2001) investigated the effect of
holding time on the properties of 3Y-ZrO2 membranes and found
that (1) the grain growth was controlled and hindered by a solute
drag mechanism due to the segregation of yttria in the grain
boundaries, (2) low grain growth of the samples indicated that
the movability of pores was higher than that of grain boundaries,

and (3) impurities influenced the grain growth of Y-TZP through
their effects on diffusion rate and grain boundaries mobility. This
means that the growth rate of particles is influenced by a number
of factors.

Raman spectra of the alumina ceramics sintered with different
holding times are shown in Figure 9. The peaks of all of the
samples were the same and located at 378, 418, 432, 451, 578,
645, and 751 cm−1, respectively. These data indicate that the
samples consisted of α-alumina phase, in accordance with the
results reported by (Kadleiková et al., 2001) on the Raman spectra
of synthetic sapphire. The peak at 451 cm−1 represents the
vibrations of Al-O bond (Mariotto et al., 1990; Reyes-López et al.,
2013). Although the holding time during sintering process was
different, the samples were sintered at the same temperature
of 1,300◦C at which the photosensitive resin was decomposed
completely. Therefore, no C or O compounds were detected in
the samples. The Raman results indicate that the holding time
during sintering process did not affect the chemical composition
of samples.

XPS curves of the alumina ceramic sintered with different
holding times are shown in Figure 10. The peaks at 529, 117, and
72 eV represent O 1s, Al 2s, and Al 2p, respectively. The peaks
of alumina ceramics sintered with different holding times were
almost the same, indicating that the chemical bonds of different
samples were similar. The holding time during the sintering

FIGURE 13 | Mechanical properties of the samples sintered with different holding times: (A) Flexural strength; (B) Vickers hardness; (C) Load-displacement curves

from nano-indentation tests; (D) Hardness obtained from nano-indentation tests.
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process had little effect on the state of chemical bonds. The
atomic ratio data obtained from XPS of alumina ceramic sintered
with different holding times are shown in Table 1. It can be
seen that the elemental content of different samples was basically
consistent, and the holding time during sintering process did
not affect the composition and content of each element. Klym
(2017) applied XPS method to investigate the effect of holding
time during sintering on MgO-Al2O3 nanoceramics and found
that structural perfection of ceramics increased with holding time
during sintering. This indicates that different sintering holding
times would affect the chemical bonds in sample composed of
various compounds. Since the object of this research was pure
α-alumina, no change in chemical bonds was detected.

Physical Properties
Shrinkage data of the alumina ceramic sintered with different
holding times are shown in Figure 11. The results showed that
the shrinkage in Z direction was different from that in X or Y
directions. The shrinkage in Z direction was between 3.2 and
4.8%, the shrinkage in X direction was between 1.6 and 2.6%,
and the shrinkage in Y direction was between 1.2 and 2.5%.
The shrinkage in Z direction was about 1.8 times as much in
X direction or Y direction. Moreover, the shrinkage increased
as the holding time increased during sintering process. Chen
et al. (2018) fabricated PZT ceramic with shrinkage of 30.8% and

found that the shrinkage was induced by the combination and
growth of the grains at high thermal temperature treatment. Guo
et al. (2019) fabricated titanium dioxide ceramic with shrinkage
of 51.1∼70.4% and found that the shrinkage of X, Y, and Z
directions of the sintered ceramics was anisotropic. Furthermore,
the shrinkage in the Z direction was obviously greater than that in
X direction or Y direction, which wasmainly related to the reason
of surface exposure.

The green bodies were fabricated by layer-by-layer forming
method, which led to weak binding force in Z direction compared
with X or Y direction. After the debinding and sintering
processes, the weak binding force led to greater shrinkage.
Therefore, the shrinkage in Z direction was about 1.8 times as
much as that in X or Y directions. The low shrinkage would
slowly decrease the deformation of the parts, especially for
alumina ceramic core with complex structures. He et al. (2018)
fabricated zirconia ceramic parts through stereolithography-
based 3D printing technology and found that the sintered
bodies displayed significant shrinkage of 35.26% after sintering.
Brinckmann et al. (2018) fabricated SiC-based composite
ceramics through stereolithography with shrinkage of 37%.
Aduba et al. (2017) fabricated β-tricalcium phosphate through
stereolithography with shrinkage of 7.14∼12.91% and found that
the shrinkage in Z direction was significantly greater than that in
the other two build orientations. Thus, the shrinkage of sample

FIGURE 14 | A three-dimensional diagram of the sample surface obtained from AFM with different holding times: (A) 30min; (B) 60min; (C) 90min; (D) 120min; (E)

150min; (F) 180min.
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fabricated through stereolithography method was relatively large
due to the removal of photosensitive resin, which was introduced
in the ceramic slurry for photopolymerization reaction.

Bulk density, open porosity, growth rate, and variation
tendency of growth rate of the sintered alumina ceramics with
different holding times are shown in Figure 12. Bulk density was
between 2.4 and 2.5 g/cm3, while the difference in bulk density
among samples sintered with different holding times was very
small, which indicated that the influence of holding time on
bulk density was low. Open porosity of alumina ceramic sintered
with different holding times was between 36.7 and 39.9%, which
exhibited a slight variation. The slight variation was because the
open porosity decreased as the holding time increased. During
the sintering process, the main purpose of extending the holding
time is to accelerate the densification of alumina ceramics, along
with the migration of particles, rearrangement, and shrinkage.
The increased holding time during sintering process promoted
the particle growth, so the open porosity decreased slightly.

Mechanical Properties
Figure 13 shows the mechanical properties of samples, which
include flexural strength, Vickers hardness, load-displacement
curves, and nano-indentation derived hardness. As seen from
Figure 13A, flexural strength increased from 15.6 to 22.2 MPa,
Vickers hardness increased from 82.0 to 137.1 HV, and hardness
obtained from nano-indentation test increased from 13.6 to
30.1 GPa as the holding time increased from 30 to 180min.
These results indicate that the flexural strength and hardness of
alumina ceramics increased with the increase in holding time
during the debinding process over the range of 30∼180min.
According to Figures 2, 3, the interlayer spacing decreased as
the holding time increased. According to Figure 4, increasing the
holding time promoted the pores in the sample to decrease and
gradually disappear. According to Figure 5, the average particle
size increased as the holding time increased over the range of 30–
120min. The decreased interlayer spacing, decreased pores, and
increased particle sizemay lead to the increase in flexural strength
and hardness. Figure 12 shows that there was a slight decrease
in open porosity as the holding time increased. According to
Ryskewitsch equation (Yu et al., 2018), shown as follows, flexural
strength of ceramic decreases as the porosity increases.

σ = σ0 exp(−αp) (3)

where σ is the strength (MPa), σ0 is the strength with porosity at
0 (MPa), p is the porosity (%), and α is a constant.

where σ ∝ exp(−p) (4)

The hardness of alumina ceramic mainly depends on its crystal
structure andmicrostructure. The variation tendency of hardness
was similar to that of flexural strength. This may be because
the interlayer spacing, pores, particle size, and open porosity
had slight influence on the hardness. Wang (2013) fabricated
alumina ceramic parts through stereolithography with a flexural
strength of 327∼472 MPa due to the high relative density of
98%. Tasaki et al. (2010) investigated the mechanical properties

of alumina dental crowns fabricated through stereolithography,
which exhibited the flexural strength of 587 MPa. Xing et al.
(2017) investigated themechanical properties of 3D printed ZrO2

ceramic through stereolithography, which showed a high flexural
strength of 1,154 MPa. As the alumina ceramics prepared in
this study are used in the field of ceramic core and need to
be removed later, the strength cannot be too high. In order to
evaluate the surface roughness of the alumina ceramics sintered
with different holding times, the AFMwas used to test the sample
surface roughness. The results are shown in Figure 14. The
results indicate that the surface roughness of different samples
was similar and the holding time during sintering has little effect
on the surface roughness.

CONCLUSIONS

This paper investigated the influence of holding time during air
debinding process on the microstructure, physical properties,
and mechanical properties of 3D printed alumina ceramics. The
conclusions can be summarized as follows:

(1) The interlayer spacing decreased as the holding time
increased because the alumina green bodies were prepared
by layer-by-layer forming method and extended sintering
time. The average particle size, shrinkage, crystallite size,
flexural strength, and hardness increased as the holding
time increased due to the strong interfacial bonding among
alumina particles.

(2) The open porosity decreased slightly as the holding time
increased, and the holding time had little influence on the
bulk density, phase composition, and chemical bonds of the
ceramic sample. The shrinkage in Z direction was about 1.8
times greater than that in X or Y direction due to the layer
structure formed by 3D printing preparation method.

(3) The optimum holding time was considered to be 90min,
which resulted in ceramic product with interlayering spacing
of 11.8µm, shrinkage of 2.1% in X direction, 2.1% in Y
direction, and 4.1% in Z direction, flexural strength of
20.7 MPa, nano-indentation hardness of 17.6 GPa, Vickers
hardness of 114.3 HV, bulk density of 2.5 g/cm3, and open
porosity of 39.0%.
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