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A B S T R A C T

Zirconia ceramics are versatile materials with remarkable properties such as a high thermal
resistance, high fracture strength, and low thermal conductivity. They are chemically inert and
highly wear- and corrosion-resistant, making them ideal for a wide range of applications in the
aerospace, automotive, and biomedical fields. In dentistry, zirconia ceramics are used for veneers,
crowns, bridges, and implants because of their biocompatibility. Despite the various benefits of
zirconia ceramics, they are difficult to process because of their high hardness and brittleness.
Additive manufacturing (AM) has proven to be a viable alternative to conventional fabrication
processes, particularly for the processing of difficult-to-cut materials. AM of ceramics has gained
significant attention in recent years because of its flexibility and ability to produce customized
geometries rapidly and economically. In this study, the digital light processing (DLP) technique
was employed to 3D print yttria-stabilized zirconia. The fabricated zirconia was evaluated and
characterized for use in dental applications. Thermogravimetric analysis (TGA) and differential
thermogravimetry (DTG) were performed on the green body to assess the decomposition of the
additives in the slurry and determine the debinding temperatures. The as-built parts were sub-
jected to debinding and sintering to obtain fully dense zirconia parts. The parts tended to shrink
after sintering; therefore, the shrinkage ratios were evaluated and found to be 1.2817, 1.2900,
and 1.3388 in the x-, y-, and z-directions, respectively. The average density after sintering was
6.031 g/cc. The flexural strength determined using four-point bending tests was 451.876 MPa,
and the tensile and compressive strengths were 143 MPa and 298.4 MPa, respectively.

1. Introduction

Zirconium dioxide (ZrO2), also known as zirconia, is derived from the naturally occurring mineral baddeleyite. Zirconia can exist in
multiple crystalline structures. Pure zirconia is present in the monoclinic phase at room temperature and transforms into tetragonal
and cubic phases at elevated temperatures. Pure zirconia has limited applications because it undergoes disruptive phase trans-
formations at high temperatures. These phase transformations are associated with significant variations in volume, making zirconia
brittle and prone to breakage. Zirconia is generally doped with oxides such as magnesium oxide (MgO), yttrium oxide (Y2O3, yttria),
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and calcium oxide (CaO) to obtain a stable crystal structure [1]. Zirconia ceramics exhibit unique combinations of properties that make
them valuable for a wide range of applications. They exhibit high strength, exceptional toughness, and wear resistance, making them
ideal grinding media for ball milling. They also have a high melting point and thermal resistance; therefore, they are used in furnace
linings and crucibles. Yttria-stabilized zirconia exhibits high thermal resistance, high fracture strength, and low thermal conductivity.
This material is hard, chemically inert, and biocompatible. It exhibits superior corrosion and wear resistance and has a natural
appearance, which makes it favorable for the fabrication of dental restorations [2,3]. Yttria-stabilized tetragonal zirconia (Y-TZP) is
the most robust dental ceramic with excellent mechanical properties [4]. Based on the yttria content andmanufacturing process, Y-TZP
ceramics have different grades with varying strengths and translucencies [5,6]. Of these, 3 mol% Y-TZP (3Y-TZP) is the strongest and
most opaque; 4 mol% yttria–partially stabilized zirconia (4Y-PSZ) is more translucent but weaker than 3Y-TZP. The grades of 5 and 6
mol% (5Y/6Y-PSZ) are the most translucent and weakest. Among these, 3Y-TZP is most commonly used in dental ceramics [7]. These
materials also exhibit osteoconductive properties and are effective alternatives to traditional titanium implants in patients with metal
allergies. However, some patients with titanium implants develop allergic reactions, resulting in inflammation and implant loss [8].
Therefore, dental research is currently focused on metal-free dental restorations. Moreover, In vivo and in vitro studies have suggested
that zirconia is a superior alternative to titanium [9–11]. Despite the various advantages of zirconia, there are several challenges
related to its processing and performance arising from its brittle nature.

In general, dental restorations are fabricated through conventional machining of pre-sintered zirconia blocks [12–14]. In this
process, a die or wax pattern is first scanned to create a design model of the restoration using computer-aided design (CAD) software.
The pre-sintered zirconia blocks are then milled using computer-aided manufacturing (CAM) to fabricate the restorations. Finally, the
restorations are sintered at high temperature in a furnace to achieve full crystallization and attain their maximum strength [15].
However, this process is associated with milling-induced damage and surface defects. Another route for fabricating dental restorations
is through the hard machining of fully dense Y-TZP blocks. The high hardness and low machinability of fully sintered zirconia make it
difficult to cut; therefore, expensive tools and machining systems are required [7]. The machining of zirconia blocks, either
pre-sintered or fully sintered, has drawbacks such as high material wastage, limited scope for the fabrication of intricate parts and
customized geometries, and higher costs.

Additive manufacturing (AM) has proven to be a viable alternative to conventional processes, particularly for processing difficult-
to-cut materials. AM is the layer-by-layer addition of material to form a near-net-shaped three-dimensional (3D) object using 3D CAD
data. AM has numerous advantages over other processes, such as reduced lead times, flexibility, customization, and better material
management [16]. AM has been applied in the aerospace, automotive, construction, and biomedical industries. AM of ceramics has
gained significant attention in recent years because of its flexibility and ability to produce customized geometries and porous structures
rapidly and economically.

Several AM techniques have been applied for the fabrication of ceramics. Two approaches can be used for AM of ceramics. One is
the powder-based approach, in which ceramic powder is used as the feedstock material. The ceramic powder is bonded either with
liquid binders or melted directly using a high-energy source such as a laser. Selective laser sintering (SLS)/SLM is an effective powder-
based technique in which a ceramic powder is melted using a high-energy laser beam. The main advantage of the powder-based
approach is that ceramics can be directly fabricated without the need for a suspension material [17]. However, the fabrication of
ceramics through SLS results in low dimensional accuracy, internal porosity, and a low relative density [18]. Inkjet printing utilizes a
binding liquid to bond ceramic powders to produce 3D parts [19,20]. The second method for the AM of ceramics is the slurry-based
approach, in which the ceramic powder is suspended in a liquid or semi-liquid system in the form of either inks or pastes, depending on
the solid loading and viscosity of the system [21]. AM techniques such as stereo lithography (SLA) [22], DLP [23], inkjet printing [24],
and extrusion-based 3D printing utilize this slurry-based approach. The DLP-based AM of ceramics has shown promising results in
terms of speed, dimensional accuracy, and precision [2]. AM of ceramics is challenging because of their high melting point, suscep-
tibility to thermal shocks, and low sintering ability. In slurry-based or VAT photopolymerization-based processes, the two main
challenges are optimizing the slurry composition with good rheological characteristics and optimizing the debinding and sintering
schedules. To produce dense parts, the slurry should be photo-curable and homogenous with a high solid loading. In addition, to
facilitate recoating during printing, the slurry should also exhibit low viscosity, good flowability, and shear-thinning behavior [25].

Most previous research related to the 3D printing of zirconia has focused on yttria-stabilized t-ZrO2, particularly for dental ap-
plications. There are numerous applications of 3D printing in dentistry, such as for crowns, bridges, dentures, surgical guides, implants,
and orthodontics materials [26]. Zirconia is biocompatible with the tissues in the oral cavity and has been reported to be osteo-
conductive. Thus, it facilitates bone formation when in contact with tissues. Zirconia also facilitates a significant reduction in bacterial
adhesion compared with titanium implants, which has a positive effect on peri-implant soft tissues [27]. Osman et al. [2] fabricated a
zirconia dental implant using a DLP-based 3D printer and evaluated its dimensional accuracy and mechanical properties. Scanning
electronmicroscopy (SEM) analysis revealed the presence of cracks and internal porosity. Chen et al. [28] fabricated zirconium dioxide
(ZrO2) teeth using a DLP-based 3D printer. Different dispersant concentrations and solid loadings were investigated, and a ZrO2 slurry
with a solid loading of 42 vol% was found to be suitable for DLP. After sintering at 1500 ◦C for 3 h, the properties obtained were found
to be similar to those of ZrO2 prepared through dry pressing. Sun et al. [29] studied the optimization of slurry and debinding processes
during DLP 3D printing of yttria-stabilized zirconia. Their study revealed that an 83 % solid loading of zirconia was beneficial for the
DLP process. In the debinding process, a heating rate of 0.2 ◦C/min was found to produce defect-free parts. Shi et al. [30] investigated
the 3D inkjet printing of 3Y-TZP for dental applications. A ceramic ink with a solid loading of 55 % and a printing speed of 15 mm/s
were found to be stable and efficient for 3D printing. However, the printed parts were rough because of the large filament diameter of
0.5 mm. Gnanasagaran et al. [31] evaluated themicrostructural andmechanical properties of 3Y-TZP fabricated using fused deposition
modelling (FDM) and compared the results with those obtained using the slip-casting method. The parts fabricated through FDM were
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found to have a lower density and lower strength than those fabricated using the slip-casting method. Zhang et al. [32] 3D printed a
dental implant with a lamellar surface topography from a zirconia ceramic using ink jetting. The 3D-printed implant exhibited good
compressive strength owing to its dense core and supported osseointegration owing to the lamellar surface pores. Thus, AM of zirconia
ceramics offers various advantages and is an attractive option, especially for dental applications, as it can enable the fabrication of
dental prostheses with less material waste and customized geometries. In this study, we fabricated fully dense 3Y-TZP zirconia using
DLP 3D printing. The shrinkage ratios, densities, X-ray diffraction (XRD) peaks, and surface integrity of the samples were determined
after debinding and sintering. The mechanical properties of the sintered specimens were evaluated using four-point bending, tensile,
and compression tests.

2. Material and methods

2.1. Slurry preparation

Zirconia powder (3 mol% yttria–partially stabilized tetragonal zirconia polycrystals (3Y-TZP)) with 99.9 % purity was used to
prepare the slurry. The zirconia powder and liquid binder were stirred and mixed in a mixer at high speed to form a slurry. The liquid
binder was composed of photoinitiator, monomer, oligomer, and additive components. The photoinitiator facilitates the radical re-
action and polymerization of the UV binder. The difunctional monomer has a low viscosity, which enables the zirconia powder to be
mixed at a high weight. The oligomer component has the microstructure of aliphatic urethane acrylate and facilitates a flexible and
strong combination of liquid zirconia layers. The additive is a dispersing agent that facilitates the homogeneous distribution of zirconia
powder in the liquid binder and ensures the appropriate viscosity and rheological properties. Table 1 summarizes the slurry
compositions.

2.2. DLP 3D printing of zirconia

Zirconia samples were 3D printed using a DLP 3D printer (Zipro, AON, South Korea) shown in Fig. 1(a). A schematic of DLP 3d
printing process is shown in Fig. 1(b). The specimen STL files were imported into the slicing software for orientation, scaling, support
generation, slicing, and build file preparation. The zirconia slurry was poured into the slurry tank and spread on the build plate using a
leveler. The UV light from the projector selectively photo-cured the slurry based on the slicing data. After each layer was built, the
build table was lowered based on the selected layer thickness, and the process was repeated until the last layer. After completion of the
build, the build plate was dipped in isopropyl alcohol for a few minutes to remove the uncured slurry adhering to the parts. The parts
were detached from the build plate by removing the supports attached to the build plate using tweezers. The supports were removed,
and the support marks were polished using grinding/polishing paper. The parts were then dried in ambient air.

2.3. Debinding and sintering

The as-built parts are in the green state; thus, they require debinding and sintering to remove the binders and become fully dense
[33]. Debinding depends on factors such as the composition, component geometry, and solid loading. Thermogravimetric analysis
(TGA) and differential thermogravimetry (DTG) of the green bodies were performed using a synchronous thermal analyzer (Lonory,
China). Fig. 2 shows the TGA and DTG curves of the as-built green part. The decomposition starts at 261.6 ◦C and ends at 507.2 ◦C.
Three decomposition peaks are observed at approximately 304.2, 396.9, and 465 ◦C. The final decomposition temperature of the cured
slurry is approximately 486.9 ◦C. The TGA curve shows that approximately 85.42 % of the material is stable at 600 ◦C, which indicates
the composition of zirconia powder. Based on the TGA/DTG data, a debinding cycle was designed as shown in Fig. 3. The debinding
temperature scheme should be designed such that it allows the removal of gases generated by the decomposition of binding agents
present in the slurry. Inappropriate debinding schemes can lead to cracks in the final sintered parts. Debinding and sintering were
performed in a muffle furnace (Tigerspeed, Tiger, South Korea) using the program cycle listed in Table 2.

During debinding, the parts were initially heated to 200 ◦C at a high heating rate. From 200 ◦C to 320 ◦C, the parts were heated
gradually at a rate of 0.025 ◦C/min and then held at 320 ◦C for 1 h. Because most of the decomposition occurs during this stage, it is
important to perform the debinding at a slower rate to facilitate the removal of gases formed during decomposition. From 320 ◦C to
490 ◦C, the parts were heated at 0.25 ◦C/min and then held at 490 ◦C for 1 h. Because the final decomposition temperature is around
490 ◦C, the parts were heated at 10 ◦C/min from 490 ◦C to 1500 ◦C. Finally, the parts were sintered at 1500 ◦C for 2 h followed by
allowing the furnace to cool.

Table 1
Slurry composition.

Material weight (%)

Photoinitiator 0.1–2
Monomer 8–15
Oligomer 2–8
Additive 0.1–3
Zirconia 85
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2.4. Characterization

The as-built parts tend to shrink after debinding and sintering. Five cuboid samples with dimensions of 5 × 6 × 15 mm were
fabricated and subjected to the debinding and sintering schedule over 97 h and 25 min to evaluate the shrinkage and subsequent
scaling ratios in the x, y, and z directions. Fig. 3 illustrates the fabrication process of the specimens. The model STL files were pre-
possessed in the slicer software to generate build file as shown in Fig. 3(a). DLP 3d printing was carried out using the slicing data as
shown in Fig. 3(b). The parts were cleaned using isopropyl alcohol to remove the uncured slurry as shown in Fig. 3(c). The parts were

Fig. 1. (a) DLP 3D printing setup; (b) schematic diagram.

Fig. 2. TGA and DTG curves of the as-built part.
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then subjected to debinding and sintering as shown in Fig. 3(d). The density of the sintered parts was calculated using the Archimedes
principle with a Sartorius secura224-1s precision weighing balance (Sartorius Lab Instruments, Germany). The surface integrity was
evaluated using a Surtronics s100 instrument (Taylor Hobson, UK). XRD analysis of the as-built and sintered specimens was performed
using a D2 Phaser X-ray diffractometer (Bruker, Germany). The Vickers hardness was measured using a Zwick microhardness tester
with a load of 500 g for a dwell time of 20 s.

The sintered samples were ground and finely polished using Ecomet 30 (Buehler, Germany). The polished samples were heated in a

Fig. 3. Illustration of the fabrication of cuboid specimens: (a) part orientation and slicing, (b) 3D printing, (c) cleaning, (d) debinding and sintering.

Table 2
Debinding and sintering schedule.

Step Start Temp (◦C) End
Temp (◦C)

Ramp Rate (◦C/min) Time (min) Total Time

1 20 150 10 13 97 h 23 min
2 150 200 5 10
3 200 320 0.025 4800
4 320 320 – 60 (hold)
5 320 490 0.25 680
6 490 490 – 60 (hold)
7 490 1500 10 100
8 1500 1500 – 120 (hold)
Furnace cooling

Fig. 4. (a) Support generation and slicing, (b) 3D printing, (c) support removal and cleaning, (d) debinding and sintering, (e) sintered samples, and
(f) four-point bending test.
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furnace at 10 ◦C/min from room temperature to 1350 ◦C. Thermal etching was performed by holding the samples at 1350 ◦C for 10min
to reveal the microstructure and grains. SEM was performed using a Tescan Vega instrument (Czech Republic).

2.5. Flexural strength

The flexural strengths of the specimens were determined via four-point bending tests with a universal testing machine (Hounsfield
h100ks, Hounsfield Test Equipment, UK). Tests were performed on six specimens according to the ASTM C1161 standard, with sample
dimensions of 45 × 4 × 3 mm, an inner span of 20 mm, outer span of 40 mm, and strain rate of 0.5 mm/min. Fig. 4 shows the sample
fabrication and flexural test setup. The sample STL files were preprocessed in the slicer for support generation and build file prepa-
ration (Fig. 4(a)). The samples were 3d printed using the sliced data (Fig. 4(b)). After the completion of the build, the support
structures were removed, and samples were cleaned using isopropyl alcohol and dried in the ambient air (Fig. 4(c)). The samples were
then placed in the furnace for debinding and sintering (Fig. 4(d)) to become fully dense and attain their full strength (Fig. 4(e)). The
samples were subjected to four-point bending setup to determine the flexural strength as shown in Fig. 4(f). The load was applied until
failure of the sample, and the maximum load was utilized to calculate the flexural strength, σf. Because the inner span is exactly half the
total span, the flexural strength is expressed using Equation (1).

σf =
3Fl
4bd2

, (1)

where F is the maximum load, l is the support span, and b and d are the width and thickness of the sample, respectively.

2.6. Tensile tests

Tensile tests were performed using a universal testing machine (Zwick/Roell Z100, Germany) as shown in Fig. 5(a). The specimen
dimensions based on modified ASTM C 1273–05 were as follows: a width of 3 mm, thickness of 2.5 mm, and gauge length of 20 mm.
Tests were performed on five specimens; the load was applied at 1 mm/min until failure of the specimens. Fig. 5(b) shows the test
specimen subjected to tensile loading. Fig. 5(c) shows the sintered test specimens.

2.7. Compression tests

Compression tests were performed using a universal testing machine (Zwick/Roell Z100, Germany). The specimen had a diameter
of 6.35 mm and length of 12.7 mm based on the ASTM C 773 test method. The tests were performed on four specimens at a rate of 0.25
mm/min until failure. Fig. 6(a) shows the as-built and sintered test specimens. Fig. 6(b) shows the sintered specimen subjected to
compressive loading.

3. Results and discussion

3.1. Physical properties

To achieve the desired dimensions of the part after sintering, the parts were scaled up during design and fabrication. To determine

Fig. 5. (a) Universal testing machine, (b) enlarged view of the setup, (c) sintered tensile test specimens.
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the scaling factor, sample dimensions were measured before and after sintering. Fig. 7 shows an as-built sample in the green state and
the corresponding sintered sample. It can be seen that the sample shrank in all directions. The dimensions of the as-built samples were
measured in the x, y, and z directions using Vernier calipers and were compared with those of the sintered samples. The average
shrinkages in the x, y, and z directions were 22.11 %, 22.51 %, and 25.31 %, respectively. The scaling ratio in each direction was
calculated as Lg/Ls, where Lg is the dimension in the green state and Ls is the dimension after sintering. The average scaling ratios in
the x, y, and z directions were 1.2839, 1.2906, and 1.3390, respectively. Table 3 lists the average dimensions of the samples before and
after sintering, along with the scaling ratios. Fig. 8(a) and (b) shows microscopic images of the side surfaces of the as-built and sintered
samples. It can be seen that the 50 μm layer thickness in the as-built sample shrank to approximately 37 μm in the sintered sample,
which indicates the shrinkage in the z-direction.

The density of the sintered part, ρs, was calculated based on Equation (2), where wair is the weight of the sample in air, wwater is the

Fig. 6. (a) Compression test specimens in the as-built form and after sintering, (b) test setup.

Fig. 7. Cuboid specimen in the as-built condition and after sintering.

M.K. Mohammed et al.
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weight of the sample in water, and ρWater is the density of water. Fig. 9(a) shows the sample measurements in air and Fig. 9(b) shows the
sample measurements in water. Distilled water with a density of 0.9982 g/cc was used for these measurements. Five sample mea-
surements were performed, and the average density was 6.031± 0.03 g/cc. The density of the 3D-printed zirconia (6.031± 0.03 g/cc)
was comparable to that of commercially available bulk zirconia (5.85–6.10 g/cc). The Vickers microhardness tests results showed an
average hardness of the sintered sample to be approximately 1059 ± 27 HV. This is much higher than the hardness of many other
dental materials [34] and is similar to that of pre-sintered zirconia blocks [35,36].

ρs =
(

wair

wair − wwater

)

∗ ρWater. (2)

The roughness of the top and side surfaces of the sintered samples was tested. Fig. 10 shows the profile of the side surface. The
average Ra values of the top and side surfaces were 1.05 μm and 3.49 μm, respectively. The top surface was found to have a better
surface quality than the side surface. The side surface was rough because of the layering effect. However, the surface finish can be
improved by polishing the as-built parts. Because the as-built parts are in the green state, they can be easily polished using grinding and
polishing tools before debinding and sintering to achieve smooth surfaces.

3.2. XRD

The XRD pattern of the sintered zirconia shows typical changes from the as-built condition, as reported in the literature. A com-
parison of the patterns of the as-built and sintered specimens shows a predominant tetragonal phase in the sintered specimen compared
with the monoclinic phase in the as-built specimen, as shown in Fig. 11. The as-built specimen contained predominant monoclinic
phases and some tetragonal phases, whereas the sintered specimen exhibited a tetragonal phase with negligible monoclinic phases.
This is because the monoclinic phase of ZrO2 is transformed into the tetragonal phase during sintering at 1500 ◦C, and it is stable owing
to the yttria content.

3.3. SEM analysis

SEM analysis shows the surface characteristics and microstructure of the sintered specimen. It can be seen in Fig. 12(a) that the
samples are uniformly sintered and fully dense across the layer. The samples are free from defects such as micro cracks and voids which
indicates the efficiency of the debinding and sintering process. However, micro pores are observed in the sintered samples which are
usually found in 3d printed zirconia. Micro pores are mainly due to the air bubbles entrapped in the slurry during 3d printing due its
high viscosity as reported in the previous studies [37,38]. Fig. 12(b) shows the microstructure and grains of the sintered specimen. It
can be seen that the grains are in tight arrangement with the average grain size of 0.35 ± 0.1 μm.

3.4. Flexural strength

Four-point flexural tests were performed to evaluate the flexural strength of the 3D-printed zirconia. In the four-point flexural test,
the specimen was placed between the loading spans, and the stress was uniformly distributed between the spans. Table 4 lists the force,
displacement, and strength data of the test specimens. Fig. 13 shows the flexural strengths of the test specimens. The average flexural
strength of the sintered specimens was 451.876MPa, which is consistent with previously published results [39–41]. The flexural values
in the present study are slightly lower than those in the literature; however, it should be noted that these are four-point flexural results,
whereas the values in the literature were mostly obtained using three-point flexural tests. The flexural strength values in four-point
flexural tests will be significantly lower than those in three-point flexural tests. However, four-point flexure is preferred and recom-
mended for characterization because it exposes a larger portion of the material being tested [42]. The average chewing force has been
reported to be in the range of 40–440 N. Therefore, the flexural strength required for dental restorations such as veneers, single crowns,
and inlays is 200 MPa [43]. These results show that the 3D-printed zirconia is suitable for dental applications.

3.5. Tensile strength

The tensile stress–strain curves for five sintered zirconia samples subjected to tensile loading are shown in Fig. 14. It should be
noted that the strain in the curves does not represent the true strain, and slippage of the gripping surfaces may occur. However, the
curves are similar to typical brittle fracture curves. At the initial stage of the curves, the slope increases gradually, which indicates
micro-fractures and deformation of the internal defects. During the second stage of the curves, the slope increases linearly, which can
be attributed to the stable evolution of microcracks. In one of the samples, after the second stage, a linear to nonlinear transition in the

Table 3
Average dimensions of the green and sintered samples along with the scaling ratio.

Direction Lg (mm) Ls (mm) Scaling ratio

x 5.02 3.91 1.2839
y 6.04 4.68 1.2906
z 15.05 11.24 1.3390
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curve was observed, which indicates a rapid propagation of the microcracks. After reaching the peak stress, the specimen fractured
suddenly along with a crisp sound, which is typical of a brittle fracture. The tensile stress level at which the specimen fractured was
recorded as the ultimate tensile strength of the specimen. The average ultimate tensile strength (UTS) of the 3D-printed sintered
zirconia was 143 MPa.

Fig. 8. Microscopic images of the side surface of a specimen: (a) as-built, (b) after sintering.

Fig. 9. (a) Weight in air, (b) weight in water.

Fig. 10. Surface profile of the side surface of the sintered specimen.

M.K. Mohammed et al.
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Fig. 11. XRD patterns of as-built and sintered specimens.

Fig. 12. SEM images of the sintered specimen: (a) surface characteristics, (b) microstructure.

Table 4
Force displacement and strength data for flexural samples.

Extension (mm) Force (N) σ (MPa)

1 0.354 614.33 500.184
2 0.33 556.50 453.097
3 0.44 546.00 444.548
4 0.41 562.50 457.982
5 0.48 508.67 414.152
6 0.422 542.00 441.291

Average 451.876

M.K. Mohammed et al.
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3.6. Compressive strength

Fig. 15 shows the stress–strain curves for sintered zirconia samples subjected to compressive loading. The compressive stress–strain
curves exhibit three regions. In the first region, the slope of the stress–strain curve increases gradually, which can be attributed to
micro-fractures and deformation. The second stage is the linear elastic region, in which the stress increases linearly and reaches a peak.
This is followed by the fracture point, beyond which the specimen fails abruptly with a crisp sound, which is characteristic of a brittle
fracture. The average compressive strength was 298.4 MPa, whereas the average modulus was 13.05 GPa. The compressive strength of
the 3D-printed zirconia in this study was lower than that of bulk zirconia, which was reported to be approximately 2000MPa [44]. This
is because of the cracks and internal porosity of the specimen. The presence of defects in the compressive test specimens could be
attributed to the expansion of gases released during debinding because of the decomposition of the binding agent, which induced
cracks in the specimen. This is more significant in the case of thicker specimens, such as the compressive test specimens. Further
research is required to optimize the debinding and sintering schedule to produce larger parts that are free from defects.

Fig. 16 shows 3D-printed dental prosthesis made of zirconia ceramics. It can be seen that the complex surfaces of veneers and
crowns were fabricated successfully without any defects. Because the veneers and crowns are small and have thin surfaces, the strength
achieved after debinding and sintering will be much higher than the test results for the standard specimens. A detailed analysis of the
fabricated veneers and crowns on a chewing simulator should be performed in a future study to fully assess the strength and properties

Fig. 13. Flexural strengths of test specimens.

Fig. 14. Stress–strain curves of tensile specimens.
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of the prosthesis.

4. Conclusions

Zirconia ceramic parts were fabricated using a DLP 3D printing process and sintered at 1500 ◦C to obtain fully dense parts for dental
applications. The as-built parts were subjected to TGA/DTG tests to determine their decomposition temperatures and design the
debinding process. The shrinkage, density, and surface roughness of the sintered parts were investigated. The mechanical properties of
the specimens were determined using microhardness, flexural strength, tensile strength, and compressive strength tests. The main
conclusions drawn from this study are as follows.

• The TGA/DTG curves indicate the final decomposition temperature of the slurry was 486.9 ◦C. Approximately 85.42 % of the
material was stable at 600 ◦C, which indicates the composition of zirconia.

• Debinding and sintering of the specimens were performed using a one-step process in a muffle furnace at low heating rates for
approximately 97 h 25 min. The sintered parts were free from defects such as delamination and cracks.

Fig. 15. Stress–strain curves of compressive test specimens.

Fig. 16. 3D-printed dental prostheses.
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• Sintering of the specimens resulted in shrinkage. The average shrinkages of the specimens in x, y, and z direction were 22.11 %,
22.51 %, and 25.31 %, respectively. The scaling factors were thus 1.2839, 1.2906, and 1.3390 in the x, y, and z directions,
respectively.

• The average density of the sintered parts, determined using Archimedes’ principle, was 6.031 g/cc. Vickers microhardness tests
revealed that the average microhardness of the sintered samples was 1046 HV.

• The XRD patterns of the sintered zirconia samples showed a prevalent tetragonal phase in the sintered samples and the trans-
formation of the monoclinic phase in the as-built sample to the tetragonal phase after sintering.

• The flexural strength of the sintered zirconia samples, determined using four-point bending tests, was 451.876 MPa.
• The average UTS of the fabricated specimens was 143 MPa.
• The average compressive strength of the specimens was 298.4 MPa, and the modulus was 13.05 GPa.
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