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1 Introduction
Alumina is a versatile ceramic material that is renowned 
for its exceptional insulating qualities, high hardness, 
strength, stiffness, chemical stability, and outstanding 
optical transparency. Alumina ceramics are widely 
utilized across diverse industries for applications in 
electronics, abrasive tools, chemical reactors, refractory 
and high-temperature heating apparatus, optical 
components, among others [1, 2]. Alumina exhibits high 
hardness, making it well-suited for friction materials 
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due to its high wear and scratch resistance [3, 4]. Proper 
formulation of materials and sintering processes can 
enhance the density and mechanical properties of 
alumina ceramics, thereby improving their friction 
and wear performance. More and more scholars have 
investigated the friction and wear characteristics of 
ceramics. Doi et al. [5] concluded that the shape and size 
of the particles control the formation of the interfacial 
friction film. The hardness, composition, size, shape, 
and type of ceramic particles are the primary factors that 
affect friction and wear performance. Matějka et al. [6]

systematically investigated the influence of silicon 
carbide content on the friction and wear properties. The 
results indicate that the coefficient of friction (COF) 
and wear resistance of the material increased with 
an increase in particle content. The current research 
focuses on the impact of particle characteristics on 
friction and wear performance. However, there are few 
studies on the impact of sintering temperature on the 
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friction and wear performance of ceramics. 
Traditionally, alumina ceramics are manufactured through 

processes such as pressing, injection molding, and sintering. 
The emergence of 3D printing technology has revolutionized 
alumina ceramics production, offering unparalleled design 
flexibility and freedom. This method provides precise control 
over layer-by-layer fabrication, allowing the creation of 
complex geometries with improved efficiency [7,8]. As shown 
in Fig. 1, stereolithography (SLA) is a technology used for 
the additive manufacturing of three-dimensional objects by 
sequentially curing a photosensitive liquid polymer using 
ultraviolet light, layer by layer [9,10]. After 3D printing, the 
completed ceramics typically requires high temperature 
sintering to achieve the intended strength and density. The 
appropriate sintering temperature promotes inter-particle 
bonding, enabling the print to achieve a dense structure at 
high temperatures and preventing the occurrence of internal 
cracks and deformation [11]. Different manufacturing methods 
and specific requirements may result in variations in sintering 
temperatures for practical applications.

Researchers have explored factors influencing the 
performance of alumina ceramics manufactured through SLA 
technology. Li et al. [12] investigated the effect of debinding 
holding time on the mechanical properties of alumina ceramic 
cores. They found that the ceramic cores exhibited the best 
mechanical properties when debinding under vacuum for 
120 min and under argon for 180 min. Zhou et al. [13] utilized 
PEG400 as a liquid desiccant and compared various drying 
and debinding processes to minimize distortion of green 
bodies. A two-step debinding process using vacuum pyrolysis 
and air debinding can effectively control the pyrolysis rate and 
prevent the formation of defects in the Al2O3 body. Sintering 
temperature is a crucial factor in ensuring the structural 
stability of 3D printed ceramics during the sintering process. 
Sintering in the appropriate temperature range can eliminate 
pores and defects, improve the density of ceramic parts, and 
enhance their mechanical properties [14]. Li et al. [15] studied the 
effect of sintering temperature on the mechanical properties of 
3D printed alumina ceramics and found that as the sintering 
temperature increased, spherical grains transformed into 
cylindrical grains. In addition, due to the high sintering 
temperature, ceramic parts became highly dense after sintering 

Fig. 1: Schematic diagram of stereolithography 3D printing 
equipment

at temperatures exceeding 1,500 °C, resulting in a significant 
improvement in the strength of ceramics. Yang et al. [16] utilized 
an orthogonal test method to examine the impact of sintering 
temperature on the characteristics of alumina ceramics. They 
discovered that the highest flexural strength (458.1 MPa) was 
achieved at a sintering temperature of 1,550 °C. This was due 
to a combination of small grain size, close contact between 
grains, and high relative density. At present, most research 
focuses on the relationship between sintering temperature 
and sample flexural strength, while few studies concentrate 
on friction and wear properties [17,18]. The wear resistance of 
ceramics is crucial for ensuring their stability and durability 
in harsh environments, such as high temperatures and high 
pressures. This is especially important for applications where 
wear and fatigue resistance are vital, such as turbine blades, 
ceramic bearings, cutting tools, brake pads, artificial joints, and 
so on. The exceptional wear resistance of ceramics enhances 
the performance, durability, and reliability of equipment and 
products. Furthermore, maintenance and replacement expenses 
are reduced, leading to a positive impact on the sustainability 
of industries such as transportation, and healthcare. Therefore, 
in this study, a comprehensive investigation was conducted 
to explore the relationship between the sintering temperature 
and various properties of alumina ceramics produced using 
the stereolithography based 3D printing technology, including 
their microstructure, physical characteristics, mechanical 
properties, friction and wear behaviors.

2 Experimental
2.1 Experimental materials
Al2O3 powder (α-Al2O3) was mixed with a photosensitive resin to 
create an alumina ceramic slurry with a solid content of 50vol.%. 
The photoresin mixture consisted of 70wt.% of a monofunctional 
monomer (5-ethyl-1,3-dioxan-5-yl) (CTFA) and 30wt.% of 
a trifunctional monomer of trimethylolpropane triacrylate 
(TMPTA). Alumina green bodies (50 mm×5 mm×4 mm) 
were printed using a 3D printer with a layer thickness of 75 μm 
and a single-layer exposure time of 2 s. Figure 2 shows the 
design model of the sample body and the printed sample.

2.2 Debinding and sintering
Figure 3 shows the curve of the debinding and sintering 
procedures of green bodies. The green bodies were debinded 
in air using a muffle furnace (HG-17-4B, Shanghai Hegong 
Scientific Instrument Co., Ltd., China). The process began 
with heating the green bodies to 200 °C at a rate of 2 °C·min-1. 
Subsequently, the samples were heated to 600 °C at a rate of 
1 °C·min-1 and held at this temperature for 2 h. Afterward, the 
samples underwent further heating to various temperatures: 
1,150 °C; 1,250 °C; 1,350 °C; 1,450 °C; 1,550 °C; and 1,650 °C,
each at a rate of 5 °C·min-1, with a dwell time of 2 h at each 
temperature. Finally, the temperature was reduced to 600 °C 
at a rate of 5 °C·min-1, and the samples were cooled to room 
temperature as the furnace cools down.
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Fig. 2: Design model (a) and printed green sample (b)

Fig. 3: Debinding and sintering procedures of green bodies

2.3 Characterization methods
To a s s e s s t h e i m p a c t o f s i n t e r i n g t e m p e r a t u r e o n 
stereolithography-based 3D printed alumina ceramics, an 
analysis was conducted on the microstructural, physical, 
mechanical, friction, and wear properties of the samples. The 
thermal analysis (DSC404F1, Netzsch, Germany) of the green 
body was conducted under high purity argon gas with a heating 
rate of 10 °C·min-1 from 30 °C to 1,000 °C. The microstructures 
of the workpieces were determined using a scanning electron 
microscopy (GeminiSEM 300, ZEISS, Germany). The 
microcomputer-controlled electronic universal testing machine 
(ETM105D, Shenzhen Wanji Testing Equipment Co., Ltd.) 
was used to determine the flexural strength of specimens at 
various temperatures. The machine utilized a loading speed of 
0.5 mm·min-1 and a span length of 37.89 mm. The samples 
were tested and analyzed using a multifunctional friction 
and wear tester (MFT-2000, RTEC, USA). The experimental 
friction force was 5 N, the friction frequency was 5 Hz, and the 
test duration was 10 min. The 6.35 mm diameter zirconia balls 
were used for the tests. The surface morphology of the samples 
after sintering and after friction wearing was examined using 

a three-dimensional optical profilometer (UP-2000, RTEC, 
USA). Open porosity and bulk density of the specimen were 
determined using the Archimedes’ method. The Eqs. (1) and (2) 
can be used to calculate the bulk density and open porosity of 
the samples, respectively [19]:

(1)

(2)

where B represents the open porosity percentage (%) of the 
specimen, d is the specimen’s bulk density (g·cm-3), dw is the 
density of water at the test temperature (g·cm-3), G1 is the dry 
specimen’s mass (g), G2 is the specimen’s mass in air after 
saturated with water (g), and G3 is the specimen’s mass in 
water after saturated with water (g).

3 Results and discussion
3.1 DSC analysis
Figure 4 shows the DSC results of the green bodies. The DSC 
curve illustrates the heat changes resulting from the chemical 
reaction during the decomposition of photosensitive resin as the 
temperature rises. The decomposition temperature range can 
be divided into three stages: 30 °C-200 °C, 200 °C-600 °C,
and 600 °C-1,000 °C, based on the DSC curves. Among them, 
exothermic peaks appear at around 65 °C and 140 °C in the 
first stage, indicating that the samples undergo exothermic 
reactions in these temperature ranges. During the initial stages 
of the sintering process, the volatile organic solvents in the 
photosensitive resin remaining in the ceramic body may 
volatilize within this temperature range, leading to exothermy. 
In addition, the monomers in photosensitive resins undergo 
polymerization reactions in this temperature range, forming 
a polymer network structure. This process may also release 
heat and lead to the emergence of exothermic peaks. There 
is a second-stage exothermic peak at around 450 °C, and the 
photosensitive resin undergoes exothermic reactions when 
heated in argon gas. The decomposition of TMPTA at high 
temperatures with sufficient oxygen, as shown in reaction Eq. (3),
produces carbon oxides, including carbon monoxide (CO) 
and carbon dioxide (CO2), as well as some volatile organic 
compounds with low molecular weight, such as acrylic acid, 
acrolein, etc. Additionally, it generates carbon black or other 
carbide particles. At very high temperatures, CTFA will 
also undergo severe thermal decomposition, as shown in the 
reaction of Eq. (4), which produces carbon oxides such as 
carbon monoxide (CO) and carbon dioxide (CO2), low-carbon
olefins such as ethylene and propylene, volatile organic 
compounds with low molecular weight such as acrylic acid and 
formaldehyde, and various decomposition products of carbon 
black or other carbon compounds [20]. The organic binder in 
the green bodies primarily decompose between 350 and 500 °C. 
It has been demonstrated that photosensitive resins experience 
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Fig. 4: DSC curves of alumina green bodies

Fig. 5: Lateral SEM images of ceramic samples after sintering at 1,250 °C (a); 1,350 °C (b); 1,550 °C (c); 1,650 °C (d)

C15H20O6→CO+CO2+C3H4O2+C3H4O+C

C10H16O4→CO+CO2+C2H4+C3H6+C3H4O2+CH2O+C

(3)

(4)

Meanwhile, there is a fluctuation in the curve between 
500-600 °C, which could be attributed to the release of a large 
amount of gas by the photosensitive resin after an exothermic 
reaction. This gas could not be immediately released, leading 
to an increase in the gas density inside the crucible. This 
phenomenon increases the buoyancy force acting on the 
sample. When the gas is eventually released, the density of 
the gas inside the furnace decreases, thereby reducing the 
buoyancy force acting on the sample.

Sotov et al. [22] utilized TGA-DSC analysis to determine 
thermal debinding parameters to obtain crack-free samples, and 
they found that most of the resin decomposed rapidly between 
300 °C and 525 °C. Dong et al. [23] fabricated BCP bioceramics 
with excellent densification and mechanical properties using 

SLA 3D printing, with most of the decomposition of the ceramic 
green bodies occurring between 200 °C and 500 °C, and the 
resin almost completely decomposing at 550 °C. Yu et al. [24]

introduced Ca(OH)2-MgO-SiO2 as a sintering additive to 
enhance the properties of alumina ceramics, and they found that 
the organics began to decompose and release heat at 200 °C.
Above 500 °C, the sample’s mass remained essentially 
unchanged, indicating complete decomposition of organic 
matter and completion of the debinding process. Under the same 
conditions where stereolithography was used to print ceramics, it 
was observed that the decomposition reaction of photosensitive 
resin took place between 200-600 °C, with a concentration in 
the range of 350-500 °C. These findings are consistent with the 
temperature ranges of 300-525 °C, 200-550 °C, and 200-500 °C
reported in the three works mentioned above. Debinding has a 
significant impact on the quality of formed 3D printed ceramics. 
According to reaction Eqs. (3) and (4), these residues will 
decompose at high temperatures to produce CO, CO2, and 
other gases. This leads to an increase in the internal pressure 
of the ceramics. Simultaneously, thermal stress, gravity, and 
residual stress acting on the green body contribute to the 
formation of cracks. Poor control of process parameters can 
also lead to crack formation. When the debinding rate is too 
fast, the alumina green body is subjected to sharp changes in 
temperature and stress concentrations in localized areas, which 
can result in cracks. Therefore, to prevent the rapid reaction 
rate of organic matter and subsequent gas production that can 
lead to imperfections such as holes and cracks in green bodies, 
as illustrated in Fig. 3, it is advisable to reduce the heating rate 
during the debinding process as much as possible.

3.2 Microstructure and surface topography
Figure 5 displays the SEM images of the ceramic samples 
sintered at 1,250 °C; 1,350 °C; 1,550 °C; and 1,650 °C, 
respectively. Conducting research on the mechanisms of crystal 
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thermal decomposition at temperatures below 450 °C, and 
their thermal decomposition process is essentially completed at 
600 °C [21], consistent with the findings obtained in this study.
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Fig. 6: Interlayer spacing of ceramic samples sintered at 
different temperatures

formation and growth, as well as investigating the density and 
porosity characteristics of materials, holds paramount importance. 
Figure 5 reveals that at a lower sintering temperature of 
1,250 °C, the ceramic surface exhibits a considerable quantity of 
pores, characterized by larger pore diameters. With an elevation 
in sintering temperature to 1,650 °C, a notable reduction in 
the observable pores on the ceramic surface is observed. 
Furthermore, the pore diameters decrease, resulting in a 
smoother surface for the samples. The samples exhibit layer 
delamination after sintering at all four temperatures. In some 
similar studies on SLA-3D printed ceramics, the sintered 
ceramics also exhibit delamination [25-27]. This issue can be 
attributed to the layer-by-layer printing process used in 3D 
printing [28], which results in inadequate adhesion between 
ceramic layers and subsequent delamination after sintering. 
After undergoing sintering at each temperature, the samples 
exhibit varying degrees of cracking. The most severe cracking 
is observed at 1,350 °C, where cracks in the Z-direction 

penetrate the X-Y plane. This phenomenon maybe caused by 
the thermal expansion and contraction that occur in ceramic 
materials during the sintering process. The delamination of 
3D printed ceramics may lead to uneven heat conduction 
between ceramic particles, resulting in an irregular temperature 
distribution in the ceramic body during sintering. The uneven 
distribution of temperature results in the accumulation of stress 
within the material, leading to the formation of cracks in the 
ceramic samples. Figure 6 displays the interlayer spacing of 
the samples at each sintering temperature measured in Fig. 5.
It is noticeable that the interlayer spacing decreases as the 
sintering temperature increases. This indicates that elevated 
temperatures during sintering are more conducive to the 
rearrangement of ceramic particles, resulting in a denser material. 
The increased temperature facilitates material migration to fill 
the pores, thereby further decreasing the interlayer spacing. In 
addition, ceramic materials experience sintering shrinkage as the 
temperature increases during the sintering process [29], leading to 
a gradual reduction in the spacing of the printed layers.

Figure 7 shows the SEM images of the cross-section of the 
ceramic samples after sintering at 1,250 °C; 1,350 °C; 1,550 °C;
and 1,650 °C, respectively. When sintered at 1,250 °C, the 
samples contained randomly arranged spherical grains of 
varying sizes. After sintering at a lower temperature, the 
contact between the spherical ceramic particles are minimal, 
resulting in loose connections and the presence of numerous 
pores within the ceramic matrix. Consequently, this yields high 
open porosity and insufficient density in the ceramic body. 
When sintered at 1,350 °C, the grain morphology transforms 
from spherical to plate-like, accompanied by an expansion 
of pore size within the sample. The emergence of larger pores 

Fig. 7: Cross-sectional SEM images of ceramic samples after sintering at 1,250 °C (a); 1,350 °C (b); 1,550 °C (c); 
1,650 °C (d)

(a) (b)

(c) (d)
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and cracks contribute to the increase in porosity and decrease 
in bulk density following sintering at 1,350 °C. As the sintering 
temperature rises, the solid particles bond together, the grains 
grow, the voids and grain boundaries gradually reduce, and the 
overall volume shrinks, leading to an increase in density due to 
mass transfer phenomena [30]. As indicated by the SEM images, 
at a sintering temperature of 1,650 °C, the particles within the 
sample are strongly fused together, and the pores become more 
rounded and their quantity decreases. At elevated temperatures, 
there is a greater driving force for ceramic sintering. An increase 
in sintering temperature boosts the activity and diffusion rate 
of ceramic particles, enabling them to possess higher thermal 
energy. Consequently, they can diffuse and rearrange more 
rapidly at high temperatures. This results in a significant 
reduction in ceramic porosity, effectively enhancing bulk 
density.

Figure 8 shows the trend in the average particle size of 
the samples at different sintering temperatures. It illustrates 
a gradual increase in particle size as temperature rises. The 
driving force in the sintering process is the reduction of the free 
energy of the system. The sintering neck is the region between 
two adjacent particles that come into contact with one another 
and grow during sintering. The thermal motion of molecules 
depends on temperature, and, according to Boltzmann’s 
law of distribution, the number of molecules with higher 
energies increases as the temperature rises. These high-energy
molecules have a greater likelihood of overcoming surface 
tension, which could lead to the release of vapor molecules 
and an elevation in vapor pressure. According to Kuczynski’s 
two-sphere model [31], the neck growth rate is defined as follows:

Fig. 8: Average particle size of ceramic samples sintered at 
different temperatures

1,150 °C to 1,650 °C accelerates the neck growth rate of 
spherical particles. This acceleration facilitates intergranular 
bonding, leading to a significantly larger average particle size 
within the sample. This aligns with the results obtained from 
the SEM images, i.e., different sintering temperatures have a 
significant impact on the microstructure of the ceramic samples.

The surface topography of ceramics significantly impacts 
their properties and applications. It can provide details on 
flatness, curvature, convexity, and unevenness of the surface [32].
Figures 9 and 10 depict the 2D and 3D surface topography 
of the ceramic samples at varying sintering temperatures, 
respectively. As shown in Fig. 9, the ceramic samples exhibit 
delamination after sintering at all temperatures. At a sintering 
temperature of 1,350 °C, the samples exhibit significant cracks 
and protrusions on both sides of the cracks. This finding is in 
line with the results depicted in the SEM images in Fig. 5. As 
illustrated in Fig. 10, the surface morphology of the ceramic 
samples is smoother at higher sintering temperatures. This is 
due to the fact that at higher temperatures, the diffusion rate 
of molecules or atoms increases. Defects on the surface of the 
material, such as holes, pits, and clusters, are filled or diffused 
to other locations more quickly. An increase in temperature 
decreases the surface energy. This causes the structures on the 
surface of ceramic to rearrange due to the thermal movement 
of molecules or atoms, further reducing the surface energy and 
helping to lower the surface tension. As a result, the surface 
becomes smoother with fewer irregular particles. At the sintering 
temperature of 1,350 °C, the samples exhibit greater surface 
unevenness due to cracks, leading to poor surface quality.

Surface roughness reflects the degree of minor undulations 
and irregularities in the surface topography, and is a crucial 
aspect of surface topography information [33]. Figure 11 
illustrates the changes in surface roughness of the samples along 
the X and Y directions after sintering at different temperatures. 
An increase in sintering temperature leads to a decrease in 
surface roughness in both directions. According to Fig. 6, it 
is evident that the spacing between the layers of the samples 
gradually decrease with increasing sintering temperature, and 
this spacing has a significant impact on the surface roughness 
of the samples. Reducing the spacing between layers leads 
to diminished visible interfaces or step effects among printed 
layers, resulting in a smoother transition from layer to layer 
and a marked improvement in surface quality and smoothness. 
Figure 7 reveals that as the temperature increases, the bonding 
between the ceramic particles is strengthened, leading to the 
formation of larger crystalline particles. This process of particle 
aggregation fills surface gaps and pores, leading to a flattened 
and more even surface and a decrease in surface roughness of 
the ceramic sample. It is worth noting that the presence of large 
cracks in the samples at a sintering temperature of 1,350 °C
leads to an increase in surface roughness. In general, an 
increase in sintering temperature usually results in a decrease 
in the surface roughness of ceramic samples. Therefore, 
adjusting the sintering temperature can enhance the flatness 
and quality of the ceramic surface.

(5)π

where  is the neck growth rate of the contact area of the

spherical particles, x is the neck radius, r is the particle radius, 
M is the relative molecular weight, P0 is the vapor pressure at 
the surface of the spherical particles, R is the gas constant, d is the 
particle diameter, T is the temperature, and t is the time. According 
to the equation, increasing the sintering temperature (T) from 
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Fig. 11: Surface roughness of samples in the X and Y 
directions after sintering at different temperatures

Fig. 9: 2D surface topography of ceramic samples after sintering at 1,150 °C (a); 1,250 °C (b); 1,350 °C (c); 1,450 °C (d); 
1,550 °C (e); and 1,650 °C (f)

Fig. 10: 3D surface topography of ceramic samples after sintering at 1,150 °C (a); 1,250 °C (b); 1,350 °C (c); 1,450 °C (d); 
1,550 °C (e); and 1,650 °C (f)

temperature rises from 1,150 °C to 1,250 °C. This is because 
the rate of diffusion among ceramic particles increases as the 
temperature rises, making atoms or molecules more likely to 
bridge the inter-particle gaps and rearrange into tighter positions. 
This interparticle diffusion facilitates the filling of voids and 

X
Y

3.3 Physical properties
Figure 12 displays the curves for bulk density and open 
porosity of alumina ceramic samples sintered at different 
temperatures. The ceramic samples show a decrease in open 
porosity and an increase in bulk density as the sintering 

Fig. 12: Bulk density and open porosity of alumina ceramic 
samples sintered at different temperatures
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pores between particles, thereby increasing the density of 
the ceramic sample [34, 35]. However, the SEM image in Fig. 7
reveals that the ceramic samples transform from spherical 
to a plate-like structure. Additionally, the number of pores 
increases when the sintering temperature rises from 1,250 °C 
to 1,350 °C, leading to a higher porosity of the ceramics. As 
the sintering temperature increases from 1,350 °C to 1,650 °C,
the samples become more compact, showing a gradual 
decrease in porosity and a gradual increase in bulk density. 
It is evident that the trend of open porosity shows a negative 
correlation with bulk density. Higher open porosity results in a 
greater number of pores in the sample, which leads to a lower 
bulk density. The balance between porosity and density can be 
achieved by controlling the sintering temperature.

3.4 Mechanical properties
Figure 13 displays the flexural strength of alumina ceramic 
specimens in the X and Y directions at different sintering 
temperatures. The relationship between flexural strength 
and sintering temperature follows a similar pattern to the 
relationship between bulk density and sintering temperature. 
At a sintering temperature of 1,150 °C, the flexural strength is 
at its lowest value in both the X and Y directions, measuring 
17.91 MPa and 19.13 MPa, respectively. At the same time, 
a flexural strength of the ceramics greater than 20 MPa is 
achieved at the other sintering temperatures. According to the 
equation for the sintered diffusion coefficient [36, 37]:

Fig. 13: Flexural strength of alumina ceramic samples at 
different sintering temperatures

Fig. 14: Force-displacement curves for bending tests of 
samples sintered at 1,250 °C; 1,350 °C; 1,550 °C; 
and 1,650 °C. The inset is the enlarged region 
indicated by the red rectangle

where q represents the activation energy for atomic diffusion, υ 
denotes the frequency of atomic jumps, and λ is the distance of 
atomic jumps. When the sintering temperature T is increased 
from 1,150 °C to 1,650 °C, an increase of the diffusion 
coefficient D of the atoms is observed. Greater energy can be 
provided at a temperature of 1,650 °C, which facilitates the 
diffusion and bonding processes of the raw ceramic particles. 
The increased thermal movement of atoms and particles at 
elevated temperatures promotes interatomic diffusion, thereby 
driving the sinter-densification process, leading to enhanced 
flexural strength. It is worth noting that the lower flexural 
strength at a sintering temperature of 1,350 °C is not only due 

(6)

to the alteration in grain shape but could also be attributed to 
the presence of larger cracks on the sample surface. Based 
on the results of the previous analyses (Fig. 8), it can be seen 
that the average grain size of the samples increases with the 
increasing sintering temperature. As the sintering temperature 
increases, the spacing between layers in the samples decreases 
(Fig. 6). This reduction in interlayer distance decreases the 
shear and interfacial stresses between the layers, ultimately 
enhancing the strength of the samples. Lower porosity or 
higher bulk density typically correlates with greater flexural 
strength. Porosity can lead to stress concentrations that weaken 
the ceramics, whereas higher density ceramic structures can 
improve inter-particle bond strength. There also seems to be a 
correlation between higher sintering temperatures and lower 
surface roughness (Fig. 11). The smoother surface can reduce 
stress concentrations and crack initiation points, thereby 
enhancing the flexural strength of ceramics.

Figure 14 displays the force-displacement diagrams from the 
bending tests of the samples sintered at 1,250 °C; 1,350 °C; 
1,550 °C; and 1,650 °C. A force-displacement curve illustrates 
the influence of the applied stress on objects [38]. It is evident 
from the curves that displacement increases proportionally 
with the load. The stiffness of the samples is minimized 
at a sintering temperature of 1,350 °C. This phenomenon 
happens because the presence of cracking defects within the 
ceramic that reduces its overall stiffness. This leads to stress 
concentrations, making the material more susceptible to 
deformation or cracks. In addition, the stiffness of the ceramic 
increases as the sintering temperature rises. When the sintering 
temperature is low, the internal grains of the sample are not 
tightly connected, and the sample may have large gaps or 
elastic volume, resulting in a lower overall stiffness. Increasing 
the sintering temperature results in larger grain size and 
decreased porosity, which in turn increases the stiffness of the 
samples. The insert in Fig. 14 displays a partial enlargement of 
the red boxed segment of the curve, which is partially serrated, 
at a sintering temperature of 1,650 °C. Delamination of the 
sample can lead to suboptimal bonding between different 

exp

X
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layers, resulting in weaker interlayer bonding. When bending 
loads are applied, weaker interlaminar bonding can lead to 
sliding or relative displacement between the layers, ultimately 
increasing the overall displacement. Due to weakened 
interlayer bonding, the load is not adequately transferred to the 
next layer, resulting in a lower load value.

3.5 Friction and wear properties
Figure 15 illustrates the variations in the friction coefficient 
of the samples during a 10 min period of friction wear at 
different sintering temperatures. The friction curve fluctuates 
significantly during the initial stage of the test before gradually 
stabilizing in the later stages. The magnitude of this fluctuation 
indicates the smoothness of the friction process. In addition, 
the coefficient of friction for the samples increases and 
stabilizes during the wear process before reaching the sintering 
temperature of 1,350 °C, and decreases and stabilizes after 

surpassing the sintering temperature of 1,350 °C. This is related 
to the contact conditions at the material’s surface. When using 
small grinding balls, the contact area is reduced. As a result, 
there is a significant tangential resistance between the friction 
surfaces, which can lead to rapid wear and fluctuations in the 
coefficient of friction under a load [39]. During the friction 
process, the peaks of the wear surface roughness gradually 
smooth out and the contact area between the frictional 
components tends towards a fixed value. Simultaneously, 
the contact state of the material’s surface gradually adapts 
to the working environment and stabilizes, leading to the 
material exhibiting consistent friction and wear performance. 
The friction coefficient values for all samples at all sintering 
temperatures range from 0.3 to 0.6. In addition, the friction 
and wear process of the samples becomes smoother when the 
sintering temperature exceeds 1,450 °C. 

(a) (b) (c)

(d) (e) (f)

Fig. 15: Coefficient of friction (COF) during friction wear for samples sintered at 1,150 °C (a); 1,250 °C (b); 1,350 °C (c); 
1,450 °C (d); 1,550 °C (e); 1,650 °C (f)

Figure 16 displays the variation curves of the average 
friction coefficient of the samples at various sintering 
temperatures. In general, the average friction coefficient of the 
samples increases with increasing sintering temperatures [40].
However, the friction coefficient of the samples decreases as 
the sintering temperature increases from 1,250 °C to 1,350 °C. 
This change is attributed to the transformation of the grain 
morphology in ceramics from spherical to plate-like, resulting 
in an increased contact area between the grains. Plate-like grains 
offer more contact points and surfaces, leading to an increase 
in the effective contact area during friction. The friction can 
be dispersed over a larger contact area under the same external 
loading conditions. This reduces the frictional stress per unit 
contact area and, consequently, the coefficient of friction. 

Fig. 16: Variation of the average coefficient of friction of 
samples sintered at different temperatures
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Although the bulk density of ceramics decreases when cracks 
appear after sintering at 1,350 °C, cracks can disperse stresses 
from the crack tip to the surrounding area during friction, 
helping to alleviate the concentration of contact pressure 
between friction surfaces. This reduces the local stresses in the 
friction process and further reduces the coefficient of friction. 
With an  increase in temperature, the bulk density of ceramics 
increases, leading to higher hardness and strength of ceramic 
materials, while reducing their local deformation ability. This 
implies that during friction, the ceramic material finds it more 
challenging to deform and adjust to the microscopic unevenness 
between surfaces. This, in turn, leads to an increase in friction 
and the coefficient of friction. Cheng et al. [41] embedded 
PMMA/PAO6 microcapsules into porous alumina ceramics to 
improve lubrication. The incorporation of microcapsules led 
to a significant decrease in the lowest coefficient of friction 
of porous alumina ceramics from 0.962 to 0.196. Li et al. [42]

strengthened alumina ceramics by incorporating copper-doped 
zirconium oxide. Significant improvements were observed 
in the toughness and tribological properties of Cu/ZTA
ceramics containing 5.0wt.% Cu, with the coefficient of 
friction decreasing from 0.43 to 0.38. Zhu et al. [43] utilized 
the SLA technique to fabricate zirconia-toughened alumina 
ceramics for dental purposes, and subsequently sintered them 
at varying temperatures of 1,450 °C; 1,550 °C; and 1,650 °C. 
The findings demonstrated a correlation between increased 
temperature and improved frictional characteristics. All samples 
exhibited coefficients of friction ranging from 0.2 to 0.4 at all 
temperatures when exposed to an artificial saliva environment. 
Based on the above reports, it has been found that researchers 
have employed various methods to reduce the friction coefficient 
of ceramics for broader applications. In this study, the material 
exhibited superior friction properties under high-temperature 
conditions, which is consistent with the previous report.

Figures 17 and 18 depict the 2D and 3D surface topography 

of ceramic samples sintered at various temperatures after 
undergoing frictional wear. When the temperature reaches 
1,150 °C, the surface of the sample shows obvious abrasion in 
the form of deeper pits, indicating poor resistance to abrasion. 
This is due to micro-convex fracture and grain pull-out during 
repeated contact friction experienced by the micro-convex body. 
As the temperature increases, the surface of the worn zones 
becomes less smooth. The roughness of the worn surfaces 
increases, and the worn morphology changes from deep pits 
to shallow grooves. Increasing the sintering temperature 
reduces the wear loss of the samples. When the temperature 
reaches 1,550 °C, the wear depth and wear width decrease 
further, and the worn morphology changes from a deep pit to 
a groove. This is largely because the temperature is directly 
proportional to the strength and density of the samples, a high 
sintering temperature results in a more uniform and compact 
ceramic structure, increased grain size, and stabilized friction. 
Higher densities have the potential to significantly enhance 
mechanical properties while minimizing defects in the ceramic 
microstructure. The small particles in the material are weakly 
bonded to the matrix, potentially causing damage by remaining 
at the interface after exfoliation. While, the large particles are 
firmly bonded to the matrix with high hardness, leading to a 
significant improvement in the wear resistance of the material. 
This finding aligns with the research by Cho et al. [44]. Higher 
sintering temperatures are preferred for alumina ceramics 
when they are used in conditions involving wear.

4 Conclusions
The sintering temperature is a crucial factor in ensuring 
the optimal performance of ceramic printed parts. This 
study examines the impact of sintering temperature on the 
microstructure and various properties of SLA 3D printed 
alumina ceramics. The microstructure of alumina changes as 

Fig. 17: 2D surface topography after friction wear of samples sintered at 1,150 °C (a); 1,250 °C (b); 1,350 °C (c); 
1,450 °C (d); 1,550 °C (e); 1,650 °C (f)
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Fig. 18: 3D surface topography after friction wear of samples sintered at 1,150 °C (a); 1,250 °C (b); 
1,350 °C (c); 1,450 °C (d); 1,550 °C (e); 1,650 °C (f)

the sintering temperature increases. At a sintering temperature 
of 1,350 °C, the morphology of the grains within the 
ceramics transitions from spherical to plate-like, resulting 
in large cracks. In addition to changes in the microstructure, 
the samples increase in density, and the surface roughness 
decreases as the sintering temperature increases. The increase 
in sintering temperature decreases the porosity of the samples. 
The ceramics sintered at temperatures below 1,650 °C have 
an open porosity of above 20vol.%, which decrease to below 
10vol.% at the highest sintering temperature of 1,650 °C. 
The sample’s flexural strength reaches the lowest and highest 
values at 1,150 °C and 1,650 °C, respectively. In addition, 
with an increasing sintering temperature, the abrasion marks 
on the samples during frictional abrasion transform from deep 
pits to shallow grooves. This results in a gradual decrease in 
the amount of abrasion and thus an increase in the material’s 
abrasion resistance. Therefore, by optimizing the sintering 
temperature, ceramics that meet the requirements for various 
properties based on a target application can be obtained. This 
study lays the experimental groundwork for enhancing the 
properties of 3D printed alumina ceramics, which are benefit 
for engineering applications.
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