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Abstract: Alumina ceramics with different sintering temperatures in argon atmosphere were obtained
using stereolithography-based 3D printing. The effects of sintering temperature on microstructure and
physical and mechanical properties were investigated. The results show that the average particle size,
shrinkage, bulk density, crystallite size, flexural strength, Vickers hardness, and nanoindentation
hardness increased with the increase in sintering temperature, whereas the open porosity decreased
with increasing sintering temperature. No change was observed in phase composition, chemical bond,
atomic ratio, and surface roughness. For the sintered samples, the shrinkage in Z direction is much
greater than that in X or Y direction. The optimum sintering temperature in argon atmosphere is 1350 C
with a shrinkage of 3.0%, 3.2%, and 5.5% in X, ¥, and Z directions, respectively, flexural strength of
26.7 MPa, Vickers hardness of 198.5 HV, nanoindentation hardness of 33.1 GPa, bulk density of 2.5 g/cm3,
and open porosity of 33.8%. The optimum sintering temperature was 70 “C higher than that sintering
in air atmosphere when achieved the similar properties.
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manufacturing of ceramic core [1,2]. The alumina
ceramic cores possess good chemical stability and
creep resistance, ensuring the dimensional accuracy
and pass rate of directional columnar and single crystal

1 Introduction

Turbine blade designers and manufacturers aim to
continuously improve the cooling structure and efficiency

. hollow blad ith lex i ity struct
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and reducing the manufacturing cost of blades [3]. The
alumina-based ceramic cores could withstand higher
operation temperature than silica-based ceramic cores
due to its excellent anti-sustained high temperature
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capability. However, there are many problems in the
forming method of alumina ceramic cores in practical
production, restricting the application of alumina ceramic
cores [4]. Traditionally, alumina ceramic cores are
prepared using investment casting method, requiring a
long cycle production period with low precision and
complex process [5].

In recent years, because of the rise of 3D printing
technology in the field of ceramics, it provides a rapid
and accurate preparation method for complex ceramic
parts [6-9]. However, ceramic components prepared
using stereolithography 3D printing technology usually
have a higher shrinkage and easy to crack [10]. Chen
et al. [11] prepared cordierite ceramic parts with a
shrinkage of 33.7%—60.8% using stereolithography-based
3D printing method and found that distinct features of
cracks are demonstrated on different surfaces of as-
printed samples. Liu et al. [12] fabricated zirconia-based
ceramics using stereolithography with a shrinkage of
20.0%—-22.4% for the sintered samples. He et al. [13]
fabricated complex-shaped zirconia ceramic parts via
stereolithography with a shrinkage of 35.3%. Although
many studies have been conducted to improve the 3D
printing technology, the shrinkage of ceramic is still
very large.

Except the deformation caused by excessive shrinkage,
alumina ceramic cores still should satisfy the requirements
of open porosity and flexural strength. Because the
ceramic cores should be removed, its open porosity
should be greater than 30%. During the preparation of
hollow turbine blades, the ceramic cores should be able
to withstand a certain amount of impact; therefore, its
flexural strength should be greater than 20 MPa [14-19].

As the rate of argon diffusion was slightly lower
than oxygen, the sintering process was slightly different
compared to the sintering in air atmosphere [20-22].
Ben Ayed et al. [23] reported that the use of argon as
sintering atmosphere helps to maintain the density of
sintered bodies at its highest value at much higher
temperatures. Mandal et al. [24] reported that the weight
loss of SiC—y-AlION composite was higher when sintered
in argon than nitrogen. Mulla and Krstic [25] reported
that argon atmosphere exceeds the rate of densification
for B-SiC with Al,O; additions. As sintering could
determine the microstructure of ceramics, this study
aims to optimize the sintering process to control the
physical and mechanical properties of ceramics. When
sintered in different atmospheres, the gases present in the
pores of ceramics are different, and their rate of diffusion

is also different, causing different growths of particles
[26-28], which would change the properties of sintered
ceramics. Therefore, argon atmosphere was used in this
study to evaluate the effect of sintering temperature on
the microstructure and mechanical properties of
3D-printed alumina ceramics. Several characterization
and test methods were used to analyze and evaluate the
sintered alumina ceramics.

2 Experimental

2.1 Fabrication of alumina green bodies

A 3D printer (AutoceraM, Beijing Ten Dimensions
Technology Co., Ltd., China) equipped with a LED
light source of 405 nm wavelength was used to print
alumina green bodies (50 mm x 4 mm % 3 mm). During
the printing, the exposure energy was 10 mW/cm?, the
single layer exposure time was 10 s, and the layer
thickness was 0.1 mm. To prepare ceramic slurries,
alumina powders (AW-SF, Henan Hecheng Inorganic
New Material Co., Ltd., China) were dried at 200 C
for 5 h in a blast air oven. Ceramic slurry was prepared
as follows: 495 g of Al,O; powder was added to 100 g
photosensitive resin (A1100-1, Beijing Ten Dimensions
Technology Co., Ltd., China) slowly, and the reaction
mixture was stirred vigorously. It was ball-milled for 2 h
using a planet-type grinding mill at a rate of 400 rpm
after the slurries were stirred evenly. Then, the slurries
were vacuum defoamed for 10 min to obtain the alumina
ceramic slurry.

2.2 Debinding and sintering processes

The green bodies underwent debinding and presintering
in a muffle furnace (Hefei Ke Jing Materials Technology
Co., Ltd., China). First, the samples were heated to 200 C
with a heating rate of 2 ‘C/min. Second, the samples
were heated to 550 C with a heating rate of 1 C/min
and maintained for 2 h. Third, the samples were heated
to 1000 °C with a heating rate of 5 ‘C/min and maintained
for 2 h. Finally, the samples were cooled to 600 C
with a heating rate of 5 C/min and subsequently
subjected to furnace cooling. These processes were
carried out in air atmosphere. The debinding and
presintering profile is shown in Fig. 1(a).

Then, the samples were transferred to a tube furnace
(Hefei Ke Jing Materials Technology Co., Ltd., China).
First, the samples were heated to 200 “C with a heating
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Fig.1 (a) Debinding, presintering, and (b) sintering processes of green bodies.

rate of 2 ‘C/min. Second, the samples were heated to
550 C with a heating rate of 1 ‘C/min and maintained
for 2 h. Third, the samples were heated to the target
temperature 7 ( 7= 1150, 1200, 1250, 1300, 1350 C)
with a heating rate of 5 “C/min and maintained for 2 h.
Finally, the samples were cooled to 600 C with a
heating rate of 5 ‘C/min and subsequently subjected to
furnace cooling. These processes were carried out in
argon atmosphere. The sintering profile is shown in
Fig. 1(b). The samples were denoted as S(7), and T =
1150, 1200, 1250, 1300, 1350 C.

2.3 Characterization

X-ray diffraction (XRD) patterns were recorded using
a Bruker D8 FOCUS (Bruker Corporation, Germany)
X-ray diffractometer equipped with Cu Ko radiation.
The diffraction angle 26 was scanned from 10° to 90°.
The voltage was 40 kV, and the generator current was
30 mA. The scan rate was 0.02 (°)/s per step. The
crystallite size of alumina was calculated using the
Scherrer’s equation from the peak at 260 = 35.3° as
follows [29].

K2
Bcosd

where d is the average crystallite size of alumina (nm),
K is the Scherrer constant (0.89 in this case), 4 is the
wavelength of X-ray (0.154056 nm), and B is the peak
width at half height of alumina.

The Raman spectra of samples were measured using
a Confocal Raman Microscope system (Alpha300R,
WiITec) with a laser source of 532 nm, power of 50 mW,
and slit width of 50 um. X-ray photoelectron spectroscopy
(XPS) was performed using an Axis Supra (Shimadzu)
photoelectron spectrometer. Scanning electron microscopy
(SEM) images were obtained from Helios G4 CX (FEI
Corporation). Transmission electron microscopy (TEM)

(1

images were obtained from Tecnai G2 F20 (FEI Corp-
oration). Energy spectrum analysis (EDS) was also
conducted to obtain elemental distribution.

The bulk density of sintered samples was measured
using the Archimedes method [30]. The accuracy of
balance was 0.0001 g (Mettler Toledo, Switzerland).

The flexural strength of sintered samples was tested
using an electronic universal testing machine (CMT4304,
SUNS, China) using the three-point flexure method
[31]. The loading speed was 0.5 mm/min, and the span
was 30 mm.

The surface roughness of sample was measured by
atomic force microscopy (Dimension Icon, Bruker,
USA), and the spring constant was 0.40 N/m [32].

The nanoindentation test was performed using a
nano-test apparatus (TI980, Hysitron, USA). Static
indentation test was carried out at room temperature.
First, the head approaches the surface of sample at a
speed of 2 mN/s, and after contacting the sample, it is
loaded to the maximum load of 10 mN using 5 s for
loading and unloaded using 5 s after reaching the
maximum load sustained for 2 s. The load—displacement
curve was recorded using the connected computer
during the entire test, and five points were tested for
each sample [33].

The Vickers hardness test was performed using a
Micro/Macro Automatic Hardness Testing (LM248AT,
LECO, USA). The load was 1000 g, the dwell was 15 s,
and five points were tested for each sample.

3 Results and discussion

3.1 Microstructure and composition

The microstructure observed by SEM is shown in Fig. 2.
The results show that all the samples sintered at different
temperatures exhibited delamination. Cracks were
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observed in the samples sintered at 1300 C, and the
size of cracks was 4.5 um. The interlayer spacing of
different samples is shown in Fig. 3, indicating that the
interlayer spacing first decreases and then increases
with increasing sintering temperature in argon. As the
samples were fabricated using 3D printing forming
method, the binding force of alumina particles in X-Y
plane is different from that in Z direction. After
debinding and sintering, the weak binding force of
alumina particles in Z direction shows the spacing
among layers. The sintering driving force is very low
when sintered at 1150 ‘C, leading to weak binding
force of alumina particles. This resulted in a relatively
greater interlayer spacing for sintered alumina
ceramics. As the sintering temperature was increased
to 1200 C, the increased sintering driving force promoted
the bonding of layers together, thus decreasing the
interlayer spacing. However, as the sintering temperature
continued to increase, the densification process would
promote the shrinkage of sintered alumina ceramic,
thus increasing the interlayer spacing. In the range of
1200-1350 °C, the interlayer spacing was increasing as
the sintering temperature increased. Higher sintering
temperature promotes the shrinkage process of the
sintered ceramics. The distance of the particles between
adjacent layers increases as the increasing sintering
temperature, which exhibited the increasing interlayer
spacing phenomenon. A layer-by-layer phenomenon
also existed in the dense alumina ceramics fabricated
using stereolithography method. Schwentenwein and
Homa [34] sintered alumina ceramic at 1600 C
prepared using stereolithography and found that on the
outside of fabricated objects, grooves from the layer
boundaries exist at a microscopic level.

Fig. 2 Sintered samples observed by SEM at (a) 1150, (b) 1200, (c) 1250, (d) 1300, and (e) 1350 C.

Interlayer spacing (pm)
%

T T T T
1150 1200 1250 1300 1350
Temperature (*C)

Fig. 3 Variation tendency of interlayer spacing sintered
at different temperatures.

The microstructure of alumina ceramics sintered at
different temperatures is shown in Fig. 4. Connected
borders, unconnected borders, and pores were observed
in each sample, indicating that a large number of voids
exist in the alumina ceramics. As the green bodies
were composed of photosensitive resin and alumina
powders, the photosensitive resin was volatilized
during debinding [35], subsequently forming voids due
to the removal of photosensitive resin. Then, a large
number of alumina powders connected together due to
sintering. The average particle size of alumina ceramics
sintered at different temperatures is shown in Fig. 5,
indicating that the average particle size increased with
increasing the sintering temperature, i.e., a higher
sintering temperature would promote the growth of
particles. This is a common phenomenon observed in
other ceramics, Hahn et al. [36] monitored the grain
growth of sintered TiO, using XRD and SEM and
found that the grain growth begins at 600 C and
rapidly accelerates at 1000 ‘C. Pookmanee et al. [37]
observed the microstructure of sodium titanate ceramics
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Fig. 5 Average particle size of alumina ceramic sintered
at different temperatures.

and found that the average particle size increased
significantly as the sintering temperature increased,
whereas the average particle size was 0.7, 1.6, 3.0-8.0 pm
when the sintering temperature was 800, 900, 1000 C,
respectively. The increasing sintering temperature
leading to increasing particle size can be explained
using Eq. (2), showing the dependence of diffusion to
sintering temperature [38]. The increased temperature
leads to the increased diffusion coefficient, leading to
the growth of particles.

D =D, exp(%) 2)

where D is the diffusion coefficient, D, is a constant
of diffusion, @ 1is the activation energy, R is
Boltzmann’s constant, and 7 is the test environment
temperature.

By combining the flexural strength results described
in the latter part, the sintering temperature should be at
1350 “C. Then, the micromorphology of samples sintered
at 1350 C obtained from TEM is shown in Fig. 6. The

¥ %, . “"c".’ n(ule.tli;;'m N
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Fig. 4 SEM images of samples sintered at different temperatures: (a) 1150, (b) 1200, (c) 1250, (d) 1300, and (¢) 1350 C.

TEM images (Figs. 6(a) and 6(b)) show the presence
of pores in the sintered samples, and some particles
were connected together. The lattice fringe (Fig. 6(c))
of alumina ceramic is shown in the high-resolution
transmission electron microscopy (HRTEM) image,
and the lattice spacing is 0.155 nm, representing the
(211) crystallographic plane of a-alumina. The selected-
area electron diffraction pattern (Fig. 6(d)) indicates
that the sintered alumina ceramics has a single crystal
structure. The elemental distribution obtained from the
TEM images of 1350 ‘C sintered samples is shown in
Fig. 7. The elemental distribution images (Figs. 7(b)
and 7(c)) show the uniform distribution of Al and O.
The distribution of C (Fig. 7(d)) has the shape of
copper microscope grid used to prepare the TEM
samples. The EDS curve (Fig. 7(e)) indicates that the
main elements in the samples are Al and O. Although
the sintering process lacked oxygen, O was detected in
the sample. This O might have arisen from the Al,Os;
the debinding process would introduce some O atoms.
The sample was composed of alumina, which
containing O and Al. Though the sintering atmosphere
was argon, there should be O in the sample after the
sintering process. Therefore, the O element should be
detected, and the oxygen peak could be seen in Fig.
7(e).

The XRD results of alumina ceramics sintered at
different temperatures are shown in Fig. 8(a). The
peaks of different samples are located at 25.6°, 35.1°,
37.8°, 41.7°, 43.4°, 46.2°, 52.6°, 57.5°, 59.8°, 61.2°,
66.5°, 68.2°, 70.4°, 74.3°, 77.2°, 80.7°, 84.4°, and
86.4°, belonging to (012), (104), (110), (006), (113),
(202), (024), (116), (211), (122), (214), (300), (125),
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Fig. 6 TEM images of 1350 ‘C sintered samples: (a) TEM image, (b) TEM image, (¢) HRTEM image, and (d) selected-area

electron diffraction pattern.

Fig. 7 Elemental distribution obtained from TEM images of 1350 ‘C sintered samples: (a) HAADF image, (b) distribution of
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Fig. 8 XRD results of alumina ceramics sintered at different temperatures: (a) XRD curves and (b) crystallite size.
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(208), (119), (220), (223), and (312) crystallographic
planes (PDF#65-3103), respectively [39]. Figure 8(b)
shows the trend of crystallite size of alumina ceramics
with sintering temperature. The results indicate that the
crystallite size increased from 48.2 to 63.4 nm with
increasing sintering temperature from 1150 to 1350 C.
A relatively higher sintering temperature would
promote the growth of crystallite size for the sintered
ceramic samples. This phenomenon was also observed
in nonoxide ceramics, for example, Gubicza et al. [40]
found that a higher sintering temperature promoted the
growth of crystallite size for SiC ceramic, and the
crystallite size was determined for sintering temperature.

According to the empirical formula shown in Eq. (3),
the crystallite size would increase with the increase in
temperature [41,42]. The sintering temperature was
input into the formula, and the results are shown in Fig. 9.
This indicates that the crystallite size would increase
with increasing sintering temperature, consistent with
the results shown in Fig. 8.

d" —d)" =ktexp (—%) ?3)

where d is the crystallite size after growth (nm), dj is
the initial crystallite size (nm), & and ¢ are physical
constants related to specific materials, R is the universal
gas constant, O is the activation energy, and » is the
constant for a given grain growth mechanism.

The Raman spectra of sintered samples are shown in
Fig. 10. The peaks of samples sintered at different
temperatures in argon are located at 378, 418, 432, 451,
578, 645, and 751 cm_l, respectively, indicating that
the samples belong to a-alumina [43—45].
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Fig. 9 Variation in crystallite size for alumina ceramics
sintered at different temperatures.
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Fig. 10 Raman spectra of alumina ceramic sintered at
different temperatures.

The XPS curves of alumina ceramic sintered at
different temperatures in argon are shown in Fig. 11.
The peaks located at 529, 117, and 72 eV represent the
O 1s, Al 2s, and Al 2p, respectively. The results
indicate that the sintering temperature slightly affects
the state of chemical bonds. The atomic ratios obtained
from the XPS of alumina ceramic sintered at different
temperatures are shown in Table 1. This indicates that
the elemental content of different samples is basically
consistent, and the temperature does not affect the
composition and content of each element. However,
the ratio of O:Al was almost 1:1, indicating a lower O
content for Al,Os. This is probably because of the lack
of oxygen during the sintering temperature; the argon
atmosphere might reduce the content of O atoms in the
samples.
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Fig. 11 XPS curves of alumina ceramic sintered at different
temperatures.
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Table 1 Atomic ratio (XPS) of samples sintered at

different temperatures

Sample ID (¢} Al
S(1150) 54.02 45.98
S(1250) 52.80 47.20
S(1350) 52.98 47.02

3.2 Physical properties

The shrinkage of alumina ceramics sintered at different
temperatures is shown in Fig. 12. The results show that
the shrinkage increased with increasing sintering
temperature. The shrinkage of X direction increased
from 0.5% to 3.0% as the sintering temperature
increased from 1150 to 1350 °C; the shrinkage of Y
direction increased from 0.7% to 3.2% as the sintering
temperature increased from 1150 to 1350 C; the
shrinkage of Z direction increased from 1.6% to 5.5%
as the sintering temperature increased from 1150 to
1350 C. These results show that the shrinkage of Z
direction is significantly greater than the shrinkage of
X or Y directions, whereas the shrinkage of Y direction
is slighter greater than the shrinkage of X direction.
This was caused by the layer-by-layer forming
characteristic derived from stereolithography-based 3D
printing technology, a common phenomenon in sintered
ceramics. The shrinkage phenomenon existed in most
of the sintered ceramics. Gonzalez et al. [46] fabricated
alumina ceramic with a shrinkage of 8.75% in the X
direction, 10.92% in the Y direction, and 15.37% in the
Z direction. He et al. [13] fabricated the zirconia
ceramic parts with a shrinkage of 35.26% and believed
that samples with different dimensions and shapes will
display different shrinkage rates. Su et al. [47] fabricated
alumina ceramic with sintering shrinkage of 12.0%,
15.1%, and 21.4% in the X, Y, and Z direction, respectively,
and believed that the shrinkage in Z direction was the
largest because of the “friction-free” state of green
ceramic during sintering. There was no constraint to
hinder the sintering shrinking in the Z direction.
However, in the X—Y direction, the frictional constraint
between the green bodies and porous setter may result
in a mechanical interlocking effect and hinder the free
shrinking and movement between the green bodies and
setter materials in the sintering stage. This resulted in a
much greater shrinkage in the Z direction than X or Y
directions [48].
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Fig. 12 Shrinkage of alumina ceramic sintered at different
temperatures.

The bulk density and open porosity of samples
sintered at different temperatures are shown in Fig. 13.
Bulk density increased with increasing sintering
temperature, whereas open porosity decreased with
increasing sintering temperature. The bulk density
increased from 2.3 to 2.5 g/(:m3 and the open porosity
decreased from 39.0% to 33.8% as the sintering
temperature increased from 1150 to 1350 “C. This
phenomenon indicates that sintering temperature
significantly affects the bulk density and open porosity
of alumina ceramics. During sintering, a higher sintering
temperature could promote the densification of alumina
ceramics along with the migration of particles, rear-
rangement, and shrinkage, leading to the variation of
bulk density and open porosity. According to Wang
et al. [49], the bulk density of alumina—zirconia ceramics
rapidly increases as the sintering temperature increases
because of its high densification rate; they concluded
that surface diffusion is recognized to be unfavorable
for the densification process. Khattab et al. [S0] found
that the bulk density of alumina ceramics is dependent
on sintering temperature, and the increase in temperature
enhanced the sintering of samples as well as each
alumina grains near from others, resulting a decrease in
the distance between alumina grains and alumina grain
growth. Then, the open porosity decreased. Ding et al.
[51] prepared porous mullite (3A1,05-2Si0;) ceramics
and found that the open porosity decreases and the
bulk density increases with increasing sintering
temperature because of the enhancement of viscous
flow of SiO,. However, some ceramics exhibited opposite
phenomenon. Dong ef al. [52] prepared mineral-based
mullite ceramics and found that the bulk density
decreases with increasing sintering temperature because

www.springer.com/journal/40145
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unique self-expansion occurred between 1326 and
1477 °C. Open porosity increases with increasing
sintering temperature, indicating an important effect on
sintering self-expansion on microstructure.

3.3 Mechanical properties

The mechanical properties of samples sintered at
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different temperatures are shown in Fig. 14, including
flexural strength, Vickers hardness, load—displacement
curves, and nanoindentation hardness. Figure 14(a)
shows that the flexural strength increased from 5.8 to
26.7 MPa as the sintering temperature increased from
1200 to 1350 °C. Figures 14(b)-14(d) show that the
Vickers hardness increased from 107.9 to 198.5 HV,
and the hardness obtained from nanoindentation test
increased from 13.4 to 33.1 GPa as the sintering
temperature increased from 1150 to 1350 ‘C. These
results indicate that the flexural strength and hardness
of alumina ceramics increase with increasing sintering
temperature in the range of 1150-1350 C. According
to Zhu et al. [53], the flexural strength of porous
alumina increased with increasing sintering temperature.
The flexural strength of porous ceramics depends on
the sintering neck areas among the grains and the
amount of sintering necks [54-56]. Along with the
increase in sintering temperature, the growth of sintering
necks and sintering densification are promoted, increasing
the flexural strength and decreasing the porosity.
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According to Ryskewitsch equation [57] shown as
follows, the flexural strength of ceramic decreases with
the increase in porosity.

o =0, exp(-ap) 4)
where ¢ is the strength (MPa), o o« exp(—p), o0y is the
strength of porosity at 0 (MPa), p is the porosity (%),
and a is a constant of the flexural strength. By
substituting the value of porosity derived from Fig. 13
into Eq. (4), the results are shown in Fig. 15. The
flexural strength increased as the open porosity
decreased, whereas the open porosity decreased with
increasing sintering temperature. Then, the flexural
strength increased with the increasing of sintering
temperature, consistent with the results shown in Fig.
14(a). The hardness of alumina ceramic mainly depends
on the crystal structure and microstructure of alumina
ceramics. The variation tendency of hardness is similar
to the flexural strength, mainly depending on the
sintering temperature.

4 Conclusions

The effect of sintering temperature in argon atmosphere
on the microstructure, and physical and mechanical
properties of 3D printed alumina ceramics was evaluated,
aiming to apply alumina ceramic in the fabrication of
alumina ceramic core. The results show that the average
particle size, shrinkage, bulk density, crystallite size,
flexural strength, Vickers hardness, and nanoindentation
hardness increased with the increasing sintering
temperature. The open porosity decreased with the
increasing sintering temperature. Sintering temperature
slightly affects the phase composition, chemical bonding,

and atomic ratio. The samples are made of layers, and
the shrinkage of Z direction is much greater than those
of X or Y directions due to the layer-by-layer forming
method. 1350 °C is considered as the optimum sintering
temperature in argon atmosphere with a shrinkage of
3.0% in X direction, 3.2% in Y direction, and 5.5% in Z
direction, flexural strength of 26.7 MPa, Vickers
hardness of 198.5 HV, nanoindentation hardness of
33.1 GPa, bulk density of 2.5 g/cm’, and open porosity
of 33.8%. The 3D printed alumina ceramics sintered at
1350 C in argon atmosphere satisfy the requirement of
alumina ceramic cores.
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