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A B S T R A C T   

Additive manufacturing (AM) zirconia shows excellent prospects for use in clinical applications. In this work, AM 
zirconia samples were fabricated in horizontal (H) and upright (U) fashion using a stereolithography appearance 
(SLA) system. The dimensional accuracy, density, translucency, surface quality, flexural strength and fracture 
toughness (KIc) of the samples were then assessed. AM zirconia fabricated in a H fashion shows excellent 
dimensional accuracy. Samples fabricated in a U fashion exhibit a higher density (relative density 95.4%) and 
translucency (4.393), but H group samples exhibit a higher KIc value (12.635 ± 1.372 MPa m1/2). The flexural 
strengths of the samples were measured and the values were compared according to their different build ori
entations, surface quality and fracture modes. Manual defects that arose in the samples as a result of their 
separation from the build platform in which they were made were found to lead to samples with irregular surface 
morphologies and increased surface roughness. However, this type of defect does not affect the flexural strength 
of samples fabricated in a H fashion. Polished-H samples that fracture from the stress concentration area exhibit 
the highest flexural strength (1151.08 ± 166.41 MPa) amongst all the samples prepared in this work. However, 
the flexural strength of the samples prepared in a U fashion is obviously low, even after polishing (225.44 ±
46.10 MPa). The Weibull characteristic strengths and Weibull moduli of the as-sintered samples are 920.22 MPa 
and 6.50 for H and 219.59 MPa and 7.99 for U, respectively. Overall, it was found that the dimensional accuracy, 
density, translucency, surface quality and mechanical properties of materials vary according to their different 
build orientations.   

1. Introduction 

Among the large number of reported all-ceramic framework mate
rials, zirconia has the best mechanical properties [1]. The methods of 
fabricating ceramics with desirable properties and complex geometries 
are still inefficient and require a high amount of energy [2]. Simple 
zirconia blocks can be made into ceramic parts with complex shapes that 
are commonly used in dentistry via traditional computer-aided design 
and computer-aided manufacturing (CAD/CAM), but there are draw
backs in this method due to the limitations of the diameter of the cutting 
head in the manufacturing process, as well as the brittleness and hard
ness of zirconia. In the CAD/CAM process, approximately 90% of a 
prefabricated block is removed in the fabrication of a typical dental 
restoration object, generating an enormous amount of materials waste 

[3]. 
As opposed to subtractive manufacturing, additive manufacturing 

(AM), also known as three-dimensional (3D) printing, is a process that 
generates a minimal amount of waste, and it has been used to fabricate 
complex and high-precision materials [4]. AM techniques have been 
successfully used to print resin and metal crowns, metal dentures and 
implants [5–12]. AM has also been used to fabricate ceramics via ster
eolithography appearance (SLA), which is a photocuring AM technique 
[4]. SLA-fabricated ceramics are free from geometric restrictions, 
meaning that they meet the requirements for producing customised 
dental prostheses [13]. Compared with other AM techniques, SLA can 
not only be used to make materials with a smoother surface finish, but 
also improve the precision of their production [2]. The construction 
process proceeds via a layer-by-layer principle, via a photochemical 
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reaction wherein a photosensitive liquid polymer is cured as the model is 
built [14]. The cross-linked structure provides the green body of the 
material with mechanical strength. After production, post 
heat-treatment is an important process that is carried out to ensure the 
quality of AM zirconia. A binder burnout heat-treatment process ensures 
that any organics in the produced material are decomposed and evap
orated off. Thermogravimetric analysis is often used to monitor the 
change in quality of a material during the heat-treatment process and 
the de-binding procedure is designed according to the analysis: in 
temperature ranges in which the quality is slowly lost, the heating rate of 
the de-binding process can be increased to save time; but when the 
quality rapidly declines, a slower heating rate can be used to ensure that 
fewer defects are created in the product being measured [15]. The 
binder-free object is then sintered to produce a dense material [16]. 

However, unlike the relatively mature manufacturing processes of 
polymers and alloys, the fabrication of ceramics via AM is still in its 
initial stages and many challenges still remain in this area [17,18]. 
These challenges include, but are not limited to, surface quality, 
dimensional accuracy and the mechanical properties of the final printed 
objects [19,20]. Previous studies focused on the accuracy of the printed 
objects. Zirconia implants fabricated via digital light processing have 
been proven to have sufficient dimensional accuracy [19]. Zirconia 
crowns produced via SLA have also been shown to meet surface trueness 
requirements [21]. Superior to CAD/CAM zirconia, AM zirconia exhibits 
outstanding reproduction of sharp-edged crown margins, as well as 
exact reproduction of the occlusal surfaces with sharp and natural 
replication of fissures [1]. AM zirconia can not only be used to produce 
monolithic crowns or implants, but also has potential for use as sub
strates. AM zirconia has been proven to exhibit adequate bond strength 
when veneered with dental porcelains [22]. 

However, in the manufacturing of AM monolithic ceramics, enabling 
the components to achieve a dense part that fully retains their superior 
physicochemical properties, is still a challenge and remains an impor
tant issue that needs to be solved for them to be used in practical ap
plications [17]. AM ceramics when constructed in different orientations 
can exhibit poor mechanical properties. As shown in Fig. 1, horizontally 
printed (long axis parallel to the build platform and load perpendicular 
to the layers) objects exhibit significantly higher strength than those 
printed upright (long axis perpendicular to the build platform and load 
parallel to the layers) [19,23]. However, this phenomenon needs to be 
discussed and studied in detail before the practical use of materials 
printed in this way. A disadvantage of the use of zirconia as a material in 
manufacturing is its aesthetics, as it exhibits poor translucency [24]. 
Therefore, it is necessary to investigate the translucency of AM zirconia 
in different build orientations. When printing complex-shaped crowns, 

supports are added on occlusal surfaces as this region is not easily 
broken by separation forces and can be easily adjusted to ensure preci
sion [25]. However, surface defects (manual defects) arise when objects 
are manually separated from supports or the build platform on which 
they are prepared. In this regard, there is a lack of research on the effect 
that manual defects have on the flexural strength of manufactured ob
jects. According to previous studies, the shrinkage rates of different 
orientations are not the same, which may lead to diverse dimensional 
accuracy and difficulty in controlling precision [13,26]. Dimensional 
accuracy is an essential property of AM zirconia for its use in applica
tions and should therefore be investigated. 

With the above in mind, the objectives of this research were (1) to 
investigate the dimensional accuracy, translucency and mechanical 
properties of AM zirconia in different build orientations and (2) to 
investigate the effect that manual defects have on its flexural strength. 
The null hypotheses are that the dimensional accuracy, translucency and 
mechanical properties are the same in different build orientations, and 
that manual defects have no effect on the flexural strength of AM 
zirconia. 

2. Materials and methods 

2.1. Sample preparation 

Short bars (3 mm in thickness, 4 mm in width, 22 mm in length) and 
long bars (3 mm in width, 4 mm in thickness, 36 mm in length) of zir
conia were constructed in two orientations; they were printed in a 
horizontal (H, short bars laying on 4 × 22 mm2 faces and long bars 
laying on 4 × 36 mm2 faces) and upright (U, laying on 3 × 4 mm2 faces) 
fashion using a 3D printer (CSL 100, Porimy 3D printing Technology, 
Kunshan, China). Short bars were used to measure the dimensional ac
curacy, density, surface quality and flexural strength of the samples. 
Long bars were used in fracture toughness testing. Discs (15 mm in 
diameter and 1 mm in thickness) were printed as previously mentioned 
to measuring their translucency (H: diameter horizontal to the build 
orientation, U: diameter parallel to the build orientation). CAD/CAM (C) 
discs and long bars (D98-20, Upcera, China) with the same dimensions 
as the SLA samples were prepared and their translucency and fracture 
toughness were measured. 

The slurry used in the SLA process was composed of a 16 wt% 
photosensitive resin mixture comprising 1,6-hexanediol diacrylate and 
4.5–6.5 wt% Y2O3-stabilised zirconia at a concentration of 84 wt%. This 
photosensitive resin was then cured under an ultraviolet light source 
with a wavelength of 355 nm, where the layer height was 25 μm, the 
scan speed was 2000 mm/s, the scan space was 25 μm, and the spot 
diameter was 50 μm. A standard alternating x/y-raster scanning pattern 
was adopted in each layer of the curing process. 

The build platform was in the vat, leaving only a small gap of 25 μm 
from the liquid level of the slurry, which corresponds to the layer 
thickness. A primary layer was cured on the build platform upon which 
the follow-up parts could stably attach. The build platform was lowered 
by 25 μm after the curing of the previous layer, and the cured surface 
was then re-coated with ceramic suspension. The green parts were layer- 
by-layer constructed, with this process being repeated until the target 
objects were fully formed. The objects were formed in an oversized 
manner to compensate for the shrinkage that occurs in the subsequent 
post heat-treatment process. After the SLA process was completed, the 
green parts were removed from the build platform, which led to the 
formation of two surfaces that have different morphologies: with the 
final cured surfaces representing the initial condition (S1) and surfaces 
attached to the build platform, which may have manual defects (S2). For 
the sample group with U build orientation, the side faces of the samples 
when subjected to tensile stress in three-point bending tests only exhibit 
one state (S3). The green parts were ultrasonically cleaned using 
ethanol, before being subjected to a binder burnout process at 550 ◦C 
and sintering at 1500 ◦C for 2 h to produce dense parts. 

Fig. 1. A sketched map of the samples, in which the Z axis represents the build 
orientation, i.e., the layers stacking direction. Force was applied on 4 × 22 mm2 

faces in the three-point bending tests. 
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2.2. Dimensional accuracy measurements 

The dimensions of short bars (n = 15 per orientation) were measured 
three times using a caliper, from which mean values were calculated and 
compared with theoretical dimensions (3 mm in thickness, 4 mm in 
width, 22 mm in length) using a one-sample t-test. 

2.3. X-ray diffraction (XRD) measurements 

The crystalline phase of the H and U groups of samples were char
acterised by XRD (Ultima IV, Rigaku, Japan) over a 10–80◦ diffraction 
angle range. 

2.4. Density measurements 

The densities of the H and U (n = 7 per orientation) groups of 
samples were determined using short bars via the Archimedes method. 
Data were normalised and homogeneous, and statistical analysis was 
carried out using an independent-samples t-test. 

2.5. Translucency measurements 

To carry out translucency measurements, disc samples (n = 5 per 
orientation) were fabricated as previously described. Spectral trans
mittance (%T) data were collected at 1 nm intervals in the wavelength 
range of 400–760 nm using an ultraviolet spectrophotometer (CARY 
300, Agilent, US), with each disc measured twice. The %T without a 
sample in the optical path was recorded as the baseline. The average 
values of %T (sum of %T at each wavelength divided by the number of 
data points) were calculated to determine the translucency of the sam
ples [27]. 

2.6. Surface quality measurements 

The surfaces of short bars were observed using an optical micro
scope. The arithmetic average of the absolute values of the profile 
heights over the evaluation length (Ra values) of S1 (n=8), S2 (n=7) and 
S3 (n=6) were measured using a profilometer (SJ-400, Mitutoyo, 
Japan), the data of which showed normality and homogeneity of vari
ance. One-way analysis of variance (ANOVA) was used to compare Ra 
values, and least significant difference (LSD) post hoc tests were carried 
out to make comparisons between the groups. 

2.7. Flexural strength (σ) measurements, fracture surface observations 
and Weibull statistics 

Short bars were selected for three-point bending tests using a uni
versal mechanical testing machine (5969, Instron, US) with a crosshead 
speed of 1.0 mm/min and a span of 20 mm. For short bars of the H group 
(n = 21), the as-sintered samples (As–H, n = 15) were divided into two 
subgroups according to the surfaces set as the tensile side: S1 (H1, n = 8) 
and S2 (H2, n = 7). Short bars of the H group with surfaces polished to 
2000 grit diamond (Polished-H, n = 6) were also tested. Samples of the 
H group were regrouped and analysed according to their fracture modes 
and surface quality, which will be discussed in detail in section 3.4. 

For short bars of the U group (n = 20), the as-sintered samples set 
with S3 as the tensile side (As–U, n = 16) and samples polished to 2000 
grit diamond (Polished-U, n = 4) were tested. 

For the group H, analysis was carried out using one-way ANOVA and 
LSD post hoc was used to make comparisons between the groups. 
Independent-samples t-tests were used to compare the As–U and 
Polished-U samples. 

After conducting three-point bending tests, the fracture surfaces of 
the as-sintered short bars were observed using scanning electron mi
croscopy (SEM, EVO 18, ZEISS, Germany) after sputtering the samples 
with gold. 

The numbers of As–H (H1 and H2) and As–U samples were 15 and 
16, respectively. Only these two groups met Weibull statistics re
quirements in terms of numbers of samples (n ≥ 15). The Weibull 
modulus (m) and Weibull characteristic strength (σ0) were calculated to 
assess the structural reliability of the AM zirconia samples. 

2.8. Fracture toughness (KIc) measurements 

The single-edge V-Notch Beam (SEVNB) method was used to mea
sure the fracture toughness (n = 6 per group). For these measurements, a 
V-notch was cut on a 3 × 36 mm2 surface of the samples, with this 
surface placed under tension during the tests. The final V-notches in the 
samples were checked carefully, with depths of between 0.8 and 1.2 
mm. Samples were tested via three-point bending with a crosshead 
speed of 1.0 mm/min and a span of 30 mm. The depth of the V-notches 
of the samples were read using a three-dimensional coordinate 
measuring system (SmartScope MVP 200, Quality Vision International, 
US) to give a1, a2 and a3 values. The average notch depth (a, in metres) 
and the relative notch depth (α) were calculated using the following 
equations: 

a=(a1 + a2 + a3)/3 (1)  

α= a/w (2) 

And, KIc was calculated using equation (3): 

KIc =
F

b
̅̅̅̅
w

√
S
w

3
̅̅̅
α

√

2(1 − α)1.5 Y (3)  

where. 
F is the fracture load (MN), b is the sample width (m), w is the sample 

thickness (m), S is the support span (m) and Y is the stress intensity 
shape factor. 

In the measurements of the samples S is 30 mm and S1/w = 7.5, 
therefore: 

Y = 1.964 − 2.837α + 13.7714α2 − 23.250α3 + 24.129α4 

The KIc data of the three groups show normality and homogeneity of 
variance, and analysis was conducted using one-way ANOVA, and LSD 
post hoc was used to make comparisons between the groups. All statis
tical analyses were performed using statistical software (IBM SPSS Sta
tistics, v26.0; IBM Corp), α = 0.05. 

3. Results and discussion 

3.1. Dimensional accuracy 

Volume shrinkage can induce internal stress, which may lead to the 
deformation of the samples and a decrease in their precision [4]. Stan
dard alternating x/y-raster scanning reduces the stress concentration 
and warpage more effectively than x or y scanning alone [2]. Compared 
with the theoretical dimensions, only the thickness of the group H 
samples shows no statistically significant difference, and the most sig
nificant difference is observed for the length of the U group samples 
(Table 1). These two dimensions correspond to the stacking height of the 
layers in the Z axis direction. This phenomenon indicates that a lower 
stacking height results in more accurate dimensions. From the scatter 

Table 1 
Means and standard deviations (SDs) of the dimensions, units: mm.  

Group Quantity Thickness Width Length 

H 15 2.98 (±0.043) 3.96 (±0.005)a 21.97 (±0.049)a 

U 16 2.94 (±0.022)a 3.96 (±0.009)a 22.23 (±0.104)a  

a Represents statistically significant differences from the theoretical 
dimensions. 
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plots shown in Fig. 2, it can be seen that most of the data points are lower 
than the theoretical values, except for the thickness of the H samples (the 
points are distributed relatively evenly) and the length of the U samples 
(almost all the points are above the theoretical values). This indicates 
that during the sintering process, greater shrinkage occurs than expected 
in the XY direction. The variations in length are great, showing that the 
results are not reliable for large dimensions. The length of U is the only 
mean value that is greater than the theoretical value, suggesting that the 
shrinkage is lower than expected in the Z axis direction (layer stacking 
direction). It is speculated that low shrinkage contributes toward 

possible delamination and the occurrence of defects between successive 
layers. This phenomenon is magnified when the printing dimensions are 
large (22 mm). As for the thickness of H, a compromise between the high 

Fig. 2. Scatter plots of the dimensions of the short bars of the samples: a: 
thickness; b: width; and c: length. The horizontal lines represent the theoret
ical values. 

Fig. 3. Long bars of U and H group samples. The upper bar is a U sample and 
shows obvious warpage, and the lower bar is a H sample. 

Fig. 4. X-ray diffraction patterns of a: H and b: U samples.  
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shrinkage and delamination of successive layers results in this value 
being equal to the theoretical value. This therefore indicates that the 
accuracy of printing does not meet clinical requirements, especially 
when the stacking height is made up of thick layers. However, these 
results provide a reference for improving printing accuracy. In clinical 
use, small dimensions of restoration materials to some extent ensure 
printing accuracy. Adjustment by grinding also allows the possibility of 
printing restorations for use in clinical applications. Some of the long 
bars in the U group of samples show visible warpage to the naked eye, 
whereas the long bars of the H group of samples and all of the short bars 
in the same group show no obvious warpage, as shown in Fig. 3. The 
warpage of AM ceramics mainly depends on the stress that arises be
tween the layers [2]. The warpage observed in the long bars of the U 
group of samples can be attributed to large Z axis dimensions, leading to 
more contact between the layers, which results in high residual stress. In 
dentistry, the largest dimension of a monolithic crown is far lower than 
36 mm or 22 mm, so warpage does not present a major problem. 
However, with clinical use in mind, 3–4 units bridges should be printed 
horizontally to create precise non-warped dental restorations. The null 
hypothesis that the accuracy of dimensions is the same in different 
orientations is rejected. 

3.2. XRD, density and translucency measurements 

The crystalline phases of the H and U samples are tetragonal, as 
shown in Fig. 4. The microstructure of the materials is the main factor 
that affects their optical properties, as pores cause light scattering and 
agglomerations densify and shrink independently of the matrix after 
heat treatment. This results in two outcomes: the formation of intra
granular and intergranular pores and the elimination of intragranular 
pores, thereby leading to the formation of large grains in the materials 
[24]. Therefore, the internal defects in the samples, such as pores and 
agglomerations, have a negative effect on their optical properties. In this 
work, the layer height of the samples was 25 μm, as a small layer height 
helps to ensure that each layer is polymerised thoroughly, thereby 
preventing porosity and delamination issues from arising at the 
boundaries between the layers [28]. 

The theoretical density of 3 YSZ is 6.10 g/cm3. The density of the H 
group samples (5.773 ± 0.025 g/cm3, relative density 94.6%) is lower 
than that of the U group samples (5.818 ± 0.013 g/cm3, relative density 
95.4%). As shown in Fig. 5, the %T of the H, U and C groups are 3.403%, 
4.393% and 10.253%, respectively. The U group samples have a higher 
density, which indicates that these samples contain fewer internal de
fects and therefore have a higher %T than the H group samples. Bar- 
shaped samples that are unequal in densities in the two build orienta
tions (H and U) reveal a phenomenon that has not previously been 
observed. Bars of the U group samples have individual layers that exhibit 
a smaller area than those of bars of the H group samples, which may 

indicate that a smaller layer area ensures more densification. Therefore, 
to improve %T, there is a requirement for denser parts with fewer in
ternal defects. Another factor that influences translucency is surface 
roughness, but the surface conditions of the two groups are not identical 
for the sake of measuring the properties in the as-sintered condition in 
this test. Due to the lack of a standard by which to evaluate the quality of 
translucency of the samples, the %T values of traditional CAD/CAM 
discs, which were first mirror polished, were measured for comparison 
to the AM discs. The %T values of the C group samples are the highest 
and the translucency of the AM zirconia in that group is far below 
clinical requirements. In clinical treatment, grinding, polishing and 
glazing are essential, which are used to promote the optical and 
aesthetic properties of zirconia. Appropriate treatments of AM zirconia 
while improving its density improve the feasibility of its use in clinical 
applications. Therefore, the null hypothesis that there is no difference in 
translucency between the two build orientations is rejected. 

3.3. Surface quality 

The surface roughness values of the samples in this work are shown 
in Table 2 and Fig. 6, with the morphologies shown in Fig. 7. The 
morphology of S1 (Fig. 7 a) is relatively smooth, and it has the lowest 
surface roughness, reflecting the condition of the as-sintered surface of a 
single layer without any damage. S2 has a comparable surface roughness 
to that of S3, but with a relatively higher variance. This result shows that 
the manual defects of S2 are not homogeneous, as shown in Fig. 7 b and 
c. The uniform ripple-like patterns on S3, shown in Fig. 7 d and e, are 
formed as a “step effect”, which might be the characteristic structure in 

Fig. 5. Translucency measurements of H, U and C samples.  

Table 2 
Means and SD Ra values of the S1, S2 and S3 surfaces.  

Group Quantity Ra (μm) 

S1 8 0.71 (±0.10)b 

S2 7 1.07 (±0.31)a 

S3 6 1.09 (±0.08)a 

The different superscripts represent statistically significant differences. 

Fig. 6. Box plots of the roughness of surfaces S1, S2 and S3.  
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the layer-by-layer stacking process [2,29]. 

3.4. Flexural strength measurements, fracture surface observations and 
Weibull statistics 

The grouping and naming of the short bars are listed in the appendix. 
The flexural strength of the original H group samples is shown in Table 3 
and Fig. 8a. From the results, it can be seen that there are no significant 
differences between H1 and H2, but there is an increase in the flexural 
strength of the Polished-H samples. In most cases, the materials strength 

data reported in the literature or that listed on the property data sheets 
provided by manufacturers represent the maximum strength achievable 
using well-polished components [30]. However, SLA is a near-net sha
ped technique, wherein the surface morphologies and strengths of the 
components in the as-sintered SLA ceramics are essential for predicting 
their reliability when used in dental restorations. Different values of the 
threshold of the surface roughness that inhibits bacterial adherence have 
been reported in the literature [31,32]. However, even compared with 
the highest acceptable roughness value (Ra < 0.58 μm) [32], the Ra 
values of the three types of AM zirconia, including surfaces of H with and 

Fig. 7. Surface morphologies, a: S1, relatively smooth; b and c: irregular defects on S2; d and e: uniform ripple-like patterns on the two opposite S3.  
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without manual defects and surfaces of U, are still too high (the mini
mum Ra is 0.71 μm), which means that bacteria can accumulate on their 
surfaces, thereby simultaneously increasing the risk of secondary caries 
and periodontal inflammation if these materials were to be used in 
dental restoration. A rough surface also causes wear of antagonist 
enamel [33]. Therefore, it is essential for the AM zirconia to be polished 
to reduce the accumulation of bacteria and antagonist wear. As for 
flexural strength of the AM zirconia, there is no statistically significant 
difference between the H1 and H2 samples, but the strengths of both are 
lower than that of the Polished-H sample. This signifies that a smooth 
surface without any defects significantly improves the strength of the 
material. However, this does not mean that as-sintered AM zirconia with 
a rough surface is meaningless. A uniform and rough surface 
morphology may also be used to directly enhance bonding between 
ceramic restorations and teeth or between the substrate and the veneer 
layer of the teeth. However, there have been few studies on bonding 
tests. 

The H1, H2 and Polished-H samples exhibit two fracture modes after 
three-point bending tests: fracture from the stress concentration area 
(HC, Fig. 9 a) and splintering due to crack deflection (HD, Fig. 9 b). HC 
can be classified into three modified groups according to the different 
fracture modes and surface conditions in the three-point bending tests: 
as-sintered S1 and S2 samples (HC1 and HC2), and 2000 diamond pol
ished samples (Polished-HC). The flexural strength of the four modified 
groups (HC1, HC2, Polished-HC and HD) was analysed, with the results 
shown in Table 3 and Fig. 8 b. The Polished-HC exhibits the highest 
flexural strength amongst the samples, with a value of 1151.08 ±
166.41 MPa. The flexural strengths of HC1 and HC2 are the same, but 
both samples exhibit lower values than that of the Polished-HC. HD 
exhibits the lowest flexural strength. In the three-point bending tests, the 
upper part of the bar is shortened under compression, and the lower part 
is extended under tension. The layer in the middle is neither in 
compression nor tension and thus maintains its original length. This 
layer is called the neutral surface and suffers the largest shear force as it 
is the critical surface between the compression and tension parts. On the 
fracture surface of HC, shown in Fig. 10 a and b, transverse cracks can be 
observed, with their location near or corresponding to the neutral sur
face that experiences the greatest shear force. This result indicates that 
there is weak bonding between the successive layers and shows that the 
bond strength cannot resist the shear force during the three-point 
bending measurements. However, there is another possibility that 
delamination has already occurred in the middle of the samples, as it is 
difficult to heat the middle thoroughly and uniformly, but these con
jectures need to be further confirmed. The crack propagation direction 
of HD is not parallel to the load direction but instead oblique to it 
(Fig. 10 c), indicating that internal defects arise as the material brittle 
and is thus prone to defects. When a crack propagates to the middle of a 
sample, the crack deflects to the long axis and contributes towards the 
large shear force near the neutral surface or the delamination that 
already exists. Amongst the samples, HD exhibits the lowest flexural 
strength, signifying that its internal defects are a major problem that 
reduces its flexural strength during testing. The Polished-HC has a 

higher flexural strength than both HC1 and HC2, showing that pro
ducing a smoother surface without surface defects can improve the 
flexural strength of samples without the formation of severe internal 
defects. The flexural strength of HC1 is higher than that of HC2, but with 
no statistically significant difference. There are two reasons for this: (1) 
small defects could also exist on the as-sintered surfaces and reduce 
flexural strength due to the technical limitations of SLA; (2) the number 
of samples of HC2 is not large enough (n = 3), which may lead to 
inaccurate results. Above all, factors that influence the flexural strength 
of horizontally printed zirconia are not single but double, including both 
internal and surface defects. Therefore, even though H1 and H2 show no 
difference in flexural strength, it can still not be concluded that manual 
defects do not affect flexural strength. However, after considering in
ternal defects and surface conditions, a comparison between HC1 and 
HC2 supports the null hypothesis that manual defects have no effect on 
the flexural strength of AM zirconia, but further testing of a sufficient 
number of samples should be conducted for verification. 

There is no statistically significant difference in flexural strength 
between the As–U (206.73 ± 31.00 MPa) and Polished-U (225.44 ±
46.10 MPa) samples. The U group of samples has a higher density than 
the H group, but a comparison of the flexural strength revealed the 
opposite trend. One reason for this is that the uprightly printed samples 
have layers that are parallel to the applied force [19]. This indicates that 
the bonding between the layers is not strong enough compared to the 
bonding within a single layer [17,34]. The flexural strengths of the 
samples printed in an upright fashion before and after polishing are the 
same. This phenomenon also supports the conclusion that adhesion 
between adjacent layers is insufficient and that the impact that surface 
conditions has on flexural strength is not obvious. According to a pre
vious study, slightly ripple-like structural features indicate that layers 
are tightly sintered into a whole body [29]. However, the ripple-like 
structure of U in this study is distinct, as shown in Fig. 7 d and e, with 
this phenomenon being an indication of the weak combination of layers. 
It should be noted that flaws such as surface defects, pores and ag
glomerations, shown in Fig. 10 e, f and g are inevitable. These flaws 
increase the risk of reducing the strength of AM zirconia, but not 
completely. Therefore, grinding, polishing and glazing are essential, not 
only to promote the optical and aesthetic properties of zirconia, but also 
to reduce its surface defects to improve its flexural strength and 
reliability. 

Delamination can be observed between the layers in the HD and U 
samples, as shown in Fig. 10 c and d. Representative flaws of AM zir
conia are shown in Fig. 10 e, f and g, which correspond to the pores of 
HC, and agglomerations and surface defects of U, respectively. These 
three types of flaws may exist on any type of sample. 

Weibull statistical analysis was conducted to evaluate the structural 
reliability of AM zirconia. The Weibull characteristic strength is the 
strength that occurs at a probability of failure of 63.2% for a particular 
test sample and loading configuration. The Weibull modulus is the 
parameter that describes the shape of the distribution of strength as a 
function of the failure probability. The smaller the Weibull modulus, the 
larger the scattering of the data. There is no statistically significant 

Table 3 
Means, SD flexural strengths (σ), Weibull moduli and Weibull characteristic strengths of the samples in this work.  

Primary groups Groups Quantity σ (MPa) Weibull moduli Weibull characteristic strength (MPa) 

Original H groups As–H H1 8 895.43 (±174.96)b 6.50 920.22 
H2 7 817.36 (±108.91)b 

Polished-H 6 1095.94 (±200.98)a   

Modified H groups HC1 5 966.97 (±98.61)b   

HC2 3 910.38 (±42.87)bc   

Polished-HC 5 1151.08 (±166.41)a   

HD 8 767.40 (±138.25)c   

U As–U 16 206.73 (±31.00)a 7.99 219.59 
Polished-U 4 225.44 (±46.10)a   

The different superscripts represent statistically significant differences in the individual primary groups. 
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difference in the flexural strength between H1 and H2, therefore the 
flexural strength data of As–H were used for Weibull statistical analysis. 
The Weibull characteristic strength and moduli of As–H are 920.22 MPa 
and 6.50 and of As–U are 219.59 MPa and 7.99, respectively (Fig. 11). 
As–H has greater Weibull characteristic strength than As–U. The Weibull 
characteristic strength is often more fit for representing the strength of 
ceramics. As–H has a smaller Weibull modulus, which indicates a larger 
scattering of the data. 

It should be emphasised that in AM ceramics weak bonding between 
adjacent layers is a common issue [29,35,36]. One speculation for this is 

that metals are segregated at the bottom of each monolayer suspension 
during the SLA process, making the upper zone of the monolayer poorer 
in metal elements, which is associated with more critical shrinkage and 
less efficient sintering [37]. However, this speculation needs more 
confirmation, and the weak bonding in adjacent layers is still a problem 
that has not yet been properly solved. 

3.5. Fracture toughness 

The indentation method is commonly used for testing fracture 
toughness, as it is simple and convenient. This method can be used to 
directly compare the fracture toughness of different materials under the 
same test conditions, but calculated values do not accurately reflect the 
fracture toughness of zirconia. The SEVNB method is recommended for 
carrying out ceramic fracture toughness tests, in accordance with ISO 
23146 [38]. Although, it is difficult for yttria tetragonal polycrystalline 
zirconia to form a sharp notch-tip radius, resulting in the SEVNB method 
not being suitable for zirconia [39]; therefore, a V-notch was carefully 
made in the samples in this study. The KIc values of the H, U and C 
groups are 12.635 (±1.372) MPa⋅m1/2, 9.276 (±1.004) MPa⋅m1/2 and 
14.721 (±0.974) MPa⋅m1/2, with significant differences. The H Group 
exhibits significantly higher KIc values than those of the U group, indi
cating that the H group better prevents crack growth. The reason for this 
may be similar to that for different flexural strengths being exhibited 
between samples with two orientations: the V-notch and force direction 
are perpendicular to the layers in the H group of samples, but parallel to 
the layers in the U group of samples. However, all of the values are 

Fig. 8. Box plots of flexural strength. a: original groups and b: modified groups. 
The asterisks represent statistically significant difference. 

Fig. 9. Two fracture modes: a: fracture from a stress concentration area and b: 
splintering due to crack deflection. 
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Fig. 10. SEM observations of fractured surfaces. a and b: HC; c: HD; d: U; e: pore of HC; f and g: agglomeration and surface defect of U.  
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greater than the highest required value (5 MPa m1/2) for a material to be 
used in dental applications [39]. Therefore, the null hypothesis that 
there are no differences in mechanical properties between two build 
orientations is rejected. 

Due to the constraints of blade thickness when making notches, a 
submicron sharp V-notch is extremely hard to achieve, which may be 
problematic for fracture toughness testing in fine-grained ceramics if the 
notch root radius is larger than 1.5- to 3-fold the average grain size [40]. 
Therefore, the KIc values in this work are not guaranteed to be totally 
accurate. Compared with the KIc values reported in previous studies, the 
values in this test are obviously higher [40–43]. 3 YSZ prepared using a 
femtosecond laser and focused ion beam milling exhibits an ultra-sharp 
V-notch and KIc values of 4.4 and 5.64 MPa m1/2, respectively, values 
that are lower than the acquired results in this study [40,43]. This may 
be due to the notch-tip radius not being sharp, even though the V-notch 
was carefully made, which is a limitation of this study. However, the 
conclusion can still be drawn that the H group of samples has higher KIc 
values than the U groups of samples, as the preparation and test con
ditions are the same between the two groups. Considering that the KIc 
values of the AM samples are relatively high, the KIc values of CAD/CAM 
samples acquired using the same method were evaluated for compari
son. The C group samples exhibit the highest KIc values and the lowest 
standard deviation amongst all the groups, indicating that CAD/CAM 
zirconia better prevents crack growth than AM zirconia. However, grain 
size and KIc data should be measured using other testing methods for 
further verification. 

Horizontally printed samples exhibit excellent mechanical properties 
as the load direction is perpendicular to the layers, and they have better 
dimensional accuracy and a shorter manufacturing time as a result of the 
lower stacking height of the layers. However, conclusions cannot be 
drawn that objects in this build direction are suitable for use in clinical 
applications. Simple shaped samples are essential and appropriate for 
measuring the basic properties of a material. However, the complex 
shapes of dental restorations and the masticatory stresses in the oral 
environment cannot be simulated using simple shaped samples and 
tests. Therefore, tests should be carried out under conditions that are 
closer to the real masticatory stress distribution with complex-shaped 

objects to evaluate the prospects of the use of AM zirconia in clinical 
applications. 

The flexural strength of the As–H and Polished-H samples meet the 
requirements for prostheses with four or more units according to ISO 
6872–2015, whereas the As–U and Polished-U samples are only suitable 
for producing single unit prostheses [39]. Considering masticatory 
stresses are experienced from different directions, printed zirconia res
torations should be used according to their minimum strength. In this 
study, considering accuracy and strength, it was found that printed 
zirconia can be applied for producing single unit prostheses for use in 
dentistry. 

4. Conclusions 

It was found that dimensional accuracy, translucency and mechani
cal properties vary in different build orientations. Zirconia printed in an 
upright fashion has a higher density and translucency than horizontally 
printed zirconia. However, horizontally printed zirconia exhibits 
excellent accuracy and mechanical properties. Stress and weak bonding 
strength among the successive layers of the materials in this study are 
the main issues that need to be solved. Manual surface defects that arise 
as a result of the process of separating objects from the build platform 
not only affect the appearance of an object, but also increase the risk of 
its failure. Internal flaws in objects, such as pores and agglomerations, 
hinder the formation of a dense part and have negative effects on its 
translucency and mechanical properties. 

It was found in this study that AM zirconia can be applied in single 
unit dental prostheses and shows excellent prospects for use in dental 
applications, but further tests, in which the conditions better mimic 
those of actual clinical applications, are needed to prove their reliability. 
The next key goal is to tightly sinter the successive layers of zirconia to 
form a whole part for the purpose of improving the flexural strength of 
samples that are printed in an upright fashion. It is possible that printed 
zirconia could be applied in dental prostheses that have more units with 
higher bonding strength between their adjacent layers. However, 
whether the as-sintered surfaces could be used to bond to teeth and 
veneer also needs to be tested. 

Fig. 11. Weibull plots of the As–H and As–U groups.  
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