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ABSTRACT

Mechanical properties and crown adaptation accuracy of

additively manufactured zirconia restorations

Sae-Eun Oh

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor YoungBum Park, D.D.S., M.S., PhD.)

We evaluated the mechanical properties of zirconia restorations produced via additive
manufacturing (AM) and the clinical applicability of zirconia crowns. Zirconia disks, bars, and
crowns were manufactured via subtractive (CNC group) and additive manufacturing (AM
group) techniques. Disk-shaped specimens in each group were autoclaved at 134 °C and 216
kPa for 5, 10, and 24 h. The phases of the specimens were analyzed using an X-ray
diffractometer. The flexural strengths were measured via biaxial flexural tests. The
morphologies were examined using a scanning electron microscope. The correlation between the
m-phase fraction and biaxial flexural strength by autoclave time in each group was analyzed via

Vi



linear mixed model and Pearson’s correlation analysis. For each group, crown specimens were used
to assess the marginal and internal gaps using the replica technique. Buccolingual and mesiodistal
cross-sections were measured, and non-inferiority trials and repeated measures one-way
ANOVA were performed. Linear mixed model analysis indicated that for both groups, with an
increase in the autoclave time, the flexural strength decreased, whereas the m-phase fraction
increased. Pearson’s correlation analysis revealed no correlation between the m-phase fraction
and flexural strength for either group. The non-inferiority trials on instrumented sections
(buccal, lingual, mesial, and distal) indicated that the gap of the AM group was inferior to that
of the CNC group in all sections, except for the distal occlusal section (lower limit confidence
interval < —33). A repeated measures one-way ANOVA was conducted on instrumented
sections (buccal, lingual, mesial, and distal), revealing that the marginal and internal gaps of
AM-produced zirconia crowns was less accurate than CNC-produced zirconia crowns. These
findings suggest that additively produced zirconia restorations have mechanical properties
comparable to those of conventionally produced ceramics and may be suitable for clinical

applications.

Keywords: 3D-printed zirconia; additive manufacturing; flexural strength; low-temperature

degradation; replica technique
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Mechanical properties and crown adaptation accuracy of

additively manufactured zirconia restorations

Sae-Eun Oh

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor YoungBum Park, D.D.S., M.S., PhD.)

l. Introduction

Zirconia (ZrO,) is a ceramic material with a multitude of beneficial characteristics.
These include high resilience, high flexural strength, high wear resistance, excellent
insulating properties, the capacity to function as a thermally insulative material at ambient
temperature, and electrical conductivity at elevated temperatures. Zirconia ceramics have
a diverse range of applications in various fields. In the electronics industry, zirconia
ceramics are utilized as the primary materials for components such as insulators, substrates,
and capacitors. Moreover, zirconia ceramics are utilized in a multitude of machining
applications, including the fabrication of cutting tools and wear-resistant components.
Furthermore, zirconia ceramics are utilized in the aerospace industry due to their capacity

1



to withstand severe temperatures and mechanical stresses. In addition, zirconia ceramics
are employed as electrolyte materials for solid oxide fuel cells in fuel cell technology.
Zirconia ceramics are utilized in the production of ceramic bearings and valves, as well as
in thermal barrier coatings in the aviation industry. Moreover, zirconia has been
investigated as a potential replacement for titanium in the medical field due to its
exceptional wear resistance and biocompatibility. In 1969, the first attempt was made to
use zirconia in place of titanium or alumina in hip replacements in the orthopedic field
(Willmann et al., 1996). Currently, the fourth generation of zirconia ceramics, which
contains 17% zirconia and is added to alumina, is employed in ceramic-ceramic articular
surface hip replacements. In dentistry, zirconia is known for its superior physical strength,
biocompatibility, slight transparency, and masking ability compared with conventional
ceramics, which led Garvie to call it “ceramic steel” in 1975 (Garvie et al., 1989). Zirconia
has a unique property: when stimulated from the outside, it creates compressive stress
within itself, which prevents crack propagation. This is a breakthrough property that
compensates for brittleness, which is the most vulnerable property of ceramics (Christel et
al., 2008; Kelly et al. 2008). Zirconia is a polymorphic material with three allotropes: a
monoclinic phase, which is stable up to 1170 °C, a tetragonal phase up to 2370 °C, and a
cubic phase from 2370 °C to its melting point at 2680 °C. When a transformation from the
tetragonal phase (t) to the monoclinic phase (m) occurs, which can be induced by externally

applied stresses such as those induced by trimming, impact, or fracture, a volume expansion



of 3%-5% occurs, which induces the development of internal stresses against crack
initiation and ultimately increases the resistance of the material to crack propagation. This
phase transformation of zirconia allows the toughening method to overcome to a certain
extent the brittleness, which is the main drawback of ceramics, and has led to its application
in many areas of dental restoration, such as crowns, implant abutments, inlays, and onlays.
With the addition of oxides (CaO, MgO, CeO,, and Y:0s;) that stabilize the phase
transformation of zirconia, zirconia remains undeformed and metastable below the
temperature at which it transforms from the tetragonal phase (t) to the monoclinic phase
(m). Currently, zirconia-yttria (ZrO2-Y,03) materials, which are known as yttria-stabilized
tetragonal zirconia polycrystals (Y-TZP), are widely used. The mechanical properties of 3
mol% Y-TZP (3Y-TZP) are superior to those of all other available dental ceramics, with a
flexural strength in the range of 800-1000 MPa (Denry et al. 2008).

In the 1980s, attempts were made to produce dental prostheses using computer-
aided design/computer-aided manufacturing (CAD/CAM) technology, and the rapid
evolution of CAD/CAM technology has significantly impacted all areas of dentistry—
particularly prosthodontics and restorative dentistry (Rekow, 1987; Leinfelder et al. 1989;
Rekow ED, 1991; van der Zel, 1993). Dental CAD/CAM methods can be categorized as
subtractive manufacturing (SM) and additive manufacturing (AM). SM involves computer
numerical control (CNC) of pre-sintered or sintered zirconia blocks to achieve a definitive

shape and volume of the restoration (Torabi et al. 2015). Compared with traditional dental



laboratory technology, CAD/CAM systems are now the gold standard for creating ceramic
fixed prostheses because of their ability to incorporate new materials, reduced labor, cost-
effectiveness, and quality control (Alghazzawi, 2016). In most dental applications,
CAD/CAM systems utilize the cutting method of machining, which involves milling a
block of solid ceramics using a milling bur to achieve the desired shape. However, this
method has disadvantages, such as difficulty in producing complex models, significant
material waste, and a short consumable life (Dawood et al. 2015; Abduo et al. 2014). To
overcome these disadvantages, a method for processing ceramic materials by combining
additive manufacturing with three-dimensional (3D) printing has been proposed. The
transition from this subtractive manufacturing to additive manufacturing using 3D printing
is gaining momentum with the advent of the fourth industrial revolution, which represents
a merger of intelligent information technologies based on the third industrial revolution,
which was represented by computers and the Internet, with information and communication
technologies. The benefits of 3D printing in dentistry include the ability to create objects
with any desired geometry, even if it is highly complex, and to customize them to fit the
individual needs of patients. Various AM techniques have been used to manufacture
zirconia objects, including vat photopolymerization (stereolithography and direct light
processing), selective laser sintering, selective laser melting, inkjet printing, fused
deposition modeling, direct energy deposition, sheet lamination, and binder jetting. Vat

photopolymerization technologies are defined as “additive manufacturing processes in



which liquid photopolymer in a vat is selectively cured by light-activated polymerization.”
This includes techniques such as stereolithography (SLA) and digital light processing (DLP)
(Deckers J, 2014). SLA is an alternative vat polymerization method that involves the laser
beam raster scanning of the surface within a tank with a photosensitive liquid—generally
a photopolymerizable resin (Taormina et al. 2018). In contrast to SLA, in which the laser
beam moves across the layer surface, causing localized polymerization of the
photosensitive resin in the illuminated field, DLP simultaneously cures the entire material
portion in the x/y space via a single projection of the entire layer through the light projector
(Stansbury et al. 2015). Among the various AM technologies, SLA is preferred for dental
applications because it provides the highest accuracy and resolution and a flawless surface
finish (Della et al. 2021). Compared with SLA technology, DLP technology has advantages
such as the ability to produce large models and faster printing; however, the relatively high
cost of printers makes its widespread use difficult. With the advancement of ceramic 3D-
printing technology, companies have been able to produce additively manufactured
zirconia restorations. However, these restorations are still in their infancy and not routinely
used in clinical practice. This is because there have been few studies on the properties and
clinical applicability of 3D-printed additive zirconia ceramics, whereas the properties and
clinical applicability of machined zirconia ceramics are well documented in the literature.
The objective of the present study was to compare the mechanical properties and

crown accuracy of zirconia restorations produced using the AM and CNC technologies.



The null hypotheses were as follows: (1) the mechanical properties (m-phase fraction,
flexural strength by autoclave time) of AM-produced 3Y-TZP are comparable to those of
CNC-produced 3Y-TZP restorations, and (2) the marginal and internal gaps of AM-

produced 3Y-TZP are comparable to those of CNC-produced 3Y-TZP crowns.



I1. Materials and Methods

1. Sample preparation

The zirconia specimens were produced using two different manufacturing
techniques: milling (CNC group) and additive manufacturing (AM group). The disks,
crowns, and dies were designed using a Rhinoceros 3D modeling software (Rhinoceros 3D,
Rhino, Robert McNeel, and Associates for Windows, Washington DC, USA). The
dimensions of the disk- and bar-shaped specimens were as specified by the ISO/CD 6872
standard (10 x 1.2 £ 0.2 mm and 25 x 4 x 3 + 0.2 mm) (Figure 1). All specimens had an
A2 shade. The dimensions of all the disks and bars were confirmed to be accurate within

0.01 mm using digital calipers (ASB Digimatic Calipers, Mitutoyo Co., Kawasaki, Japan).



Figure 1. Zirconia specimens: (a) disk-shaped specimens (left, AM group; right,

CNC group); (b) bar-shaped specimens (left, AM group; right, CNC group).



For this in vitro study, a machined standard stainless-steel master die with a height
of 5.925 mm and width of 7.850 mm was prepared. The die had a 90° shoulder marginal
finish line with a width of 0.4 mm and a convergence angle of 11° (5.5 for each axial wall).
A marker was present on the buccal aspect of the model, as shown in Figures 2 and 3. The
master die was produced using Spherical APA™ Ti-6Al-4V Powder (AP&C, Quebec,
Canada) with a layer thickness (z-axis) of 30 wm by employing a 3D printer (Mlab 200 R,

Concept Laser, Lichtenfels, Germany).



Figure 2. CAD designs: (a) master die design, (b) crown design (buccal view); (c)

crown design (occlusal view).
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Figure 3. Zirconia crowns and master dies: (a) crown specimens (left, CNC
group; right, AM group); (b) CNC-technology-fabricated zirconia crown was
seated on the master die; (c) AM-technology-fabricated zirconia crown was seated

on the master die.
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After scanning the stainless-steel master die, we fabricated the crowns. They were
designed to have a thickness of 0.4 mm, a cement space of 40 pm, and a buccal marker to
aid in alignment during measurement (Figures 2 and 3). The design file was loaded into a
3D printer-specific slicer program (DentiqGuide; 3D Industrial Imaging Co, Ltd., Seoul,
Korea) to generate printing instructions for the individual layers.

For the CNC group, 40 disks, 10 bars, and 10 crowns of milled 3 mol% Y03
tetragonal zirconia polycrystals (KATANA HT, Kurary Noritake Dental Inc., Miyoshi,
Japan) with the same dimensions were fabricated using a five-axis milling machine (IDC
MILL 5X, Amann Girrbach AG, Koblach, Austria). The process involved placing a pre-
sintered zirconia block in the holder of the milling machine. Three different burr sizes (2.0,
1.0, and 0.5 mm) were used for the milling to achieve a detailed and smooth specimens
surfaces. Following the milling, the green objects were sintered at 1500 °C to produce fully
dense ceramic disks and crowns.

For the AM group, a standard tessellation language (STL) file was utilized to
produce 40 disks, 10 bars, and 10 crowns using 3 mol% Y03 tetragonal zirconia paste
(3DMAT500A2; Genoss Co.) with a 3D printer (Veltz-Cera90, Veltz 3D) and DLP printing
technology. The layer thickness (z-axis) was set as 50 um, and post-processing procedures
were carried out according to the manufacturer’s instructions. The fabrication of the AM
zirconia samples was conducted by a researcher with expertise in this field. The specifics

of this process are not disclosed due to patent and security regulations.
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2. Microstructural observations

The microstructures were examined via field-emission scanning electron

microscopy (FE-SEM; Merlin, Zeiss, Land Baden-W(rttemberg, Germany).
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3. Zirconia phase quantification via X-ray diffraction

The zirconia phase fractions were guantified via X-ray diffraction (XRD) analysis
for sintered and polished plate specimens (10x1.2 + 0.2 mm). Scans were performed in the
20 range of 25°-35° with a step size of 0.01° and 0.5 s/step intervals using an X-ray
diffractometer (SmartLab, Rigaku).

The m-phase fraction (Xn) was calculated using the following equation:

X =[ Imainy + Imain] X 100/ [ Imaiy + Imaiy + lrain],
where Im@11) represents the intensity of the peak (area under the 31.5° peak) that
corresponds to the m-phase (111), Imaiy) represents the intensity of the peak (area under the
28.2° peak) that corresponds to the m-phase (111), and It represents the intensity of the
peak that corresponds to the t-phase. Forty disk specimens from each group were measured,

and the mean and standard deviation (SD) were calculated.
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4. Low-temperature degradation

Autoclave treatment accelerates the low-temperature degradation (LTD) of
zirconia ceramics. An LTD test was performed in accordance with the 1SO 13356 standard.
Autoclaving was performed at 134 °C and 216 kPa for 5, 10, and 24 h in an autoclave
chamber (Hydrothermal Reactor, Kodam Co., Seoul, Korea) after annealing, grinding, and

sandblasting the specimens.
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5. Flexural strength

The flexural strengths of the CNC and AM groups were measured in accordance
with 1SO/CD 6872 using a universal testing machine (Instron Model 3366; Instron Corp.).
The disc specimens were tested using a piston-on-three-ball apparatus (biaxial flexural
strength (BFS) testing), and the bar specimens were tested using a three-point apparatus (3-
point flexural strength testing). The specimens were subjected to a load applied at the center
of the supporting point at a crosshead speed of 0.5 mm/min until they started to crack. The
load (N) values at which the specimens cracked were recorded.

The BFS of each specimen was calculated using the following equation obtained
from ISO Standard 6872 with the Poisson’s ratio for the dental ceramic set as 0.25: ¢ =
—-0.2387P (X - Y)/d? (1)
where o represents the BFS (MPa), P represents the total load causing the fracture (N), and
d represents the specimen disk thickness at the fracture origin (1 mm). X and Y were
calculated as follows:

X=(1+v)Inrars)? +[(1 —v)2] rers)? (2

Y=(1+v)[1+In(rvrs)?]+ (1 —v)(rvrs)?  (3)
where v represents the Poisson’s ratio, r1 represents the radius of the support circle (6.0
mm), r, represents the radius of the loaded area (0.70 mm), and r3 represents the radius of

the specimen (6.5 mm).
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The 3-point flexural strength of each specimen was calculated using the following
equation obtained from ISO Standard 6872: ¢ = 3PL/2wh?, where P represents the load at
failure, | represents the outer span (20.0 mm), w represents the width of the bar (4.0 mm),

and b represents the thickness of the bar (3.0 mm).
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6. Silicone replica technique

The silicone replica technigque was used to examine the marginal and internal gaps
in the crowns. Twenty sets of crowns were filled with silicone registration material (Fit
Checker Advanced, GC Corp.) and seated on the titanium die, which was held in place for
3 seconds with the maximum finger pressure to simulate the clinical cementation of the
crown. After 1 minute, the impression material fully hardened. In all cases, the crown and
titanium die were separated, with the silicone registration material still attached to the inner
surface of the crown. To stabilize the silicone registration material adhered to the inner
surface of the crown, another light-body polyvinyl siloxane (Exafine Light body, GC Corp.)
was injected into the crown to form a one-piece without distortion. Once the silicone replica
was completed, it was bisected mesiodistally. The buccal, lingual, mesial, and distal sides
were measured. The four measurement points were the margin, axial wall, line angle, and
occlusal plane. The marginal gap measured in this study is identical to that described by
Holmes et al. (Holmes et al., 1989) as measured perpendicularly from the internal surface
of the margin of the crown or casting to the outermost edge of the finish line of the tooth
margin. Images were captured using a stereomicroscope (SMZ-168, Motic) at 8x

magnification and analyzed using image analysis software (ImageJ, NIH) (Figure 4).
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Figure 4. Crown specimen sections and measurement locations: (a) lines indicating

specimen sections; (b) cross-sectional view of measurement locations.
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7. Statistical analysis

Statistical software (SPSS statistics v27; IBM Corp., Armonk, NY, USA) was
used for statistical analyses. The normality of all data values was evaluated using the
Shapiro-Wilk test. A linear mixed model was used to determine the significance of the
interaction effect between the CNC and AM groups; the increase in the monoclinic phase
fraction and decrease in the biaxial bending strength over time were significant. At each
time point, a Mann-Whitney U test (or independent t-test) was conducted to determine
whether there was a difference between the CNC and AM groups. Pearson correlation
analysis was performed for each group and time combination to confirm the correlation
between the monoclinic phase fraction and BFS. The level of significance (p-value) was
setat p <0.05.

Similarly, an independent t-test was performed to determine whether there was a
significant difference in the gaps between the CNC and AM groups. Non-inferiority trials
were conducted to verify that whether the gaps in the zirconia crowns in the AM group
were non-inferior to those in the CNC group. The two groups were compared to check for
statistically significant differences in the gaps between the groups at 95% confidence
intervals (CIs). To determine whether the AM group was non-inferior to the CNC group,
non-inferiority cutoff points were derived by calculating 95% confidence intervals for the

difference in the marginal and internal gaps between the CNC and placebo groups,

20



referencing Nayana Paul et al. (Paul et al., 2020). As a result, the non-inferior margin was
set as —33. Repeat measurements using the one-way ANOVA statistical test were carried

out (p < 0.05) to examine significant differences between the groups.
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I11. Results

1. Microstructural analysis

Figures 5 and 6 present SEM images of the zirconia ceramics before and after
autoclaving for each group. The left side shows the microstructure before autoclaving, and
the right side shows the microstructure after autoclaving for 5, 10, and 24 h. The SEM
images indicate that the CNC group has a relatively amorphous crystal structure, whereas
the AM group has a relatively angled crystal structure. Furthermore, the SEM images
indicate the presence of pores in the AM specimens. As the autoclave time increased, both

the CNC and AM specimens tended to aggregate.
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Figure 5. Cross-sectional SEM images of CNC specimens at different
magnifications: (a) scale bar represents 200 nm; (b) scale bar represents 1 um; (c)

scale bar represents 20 um.
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Figure 6. Cross-sectional SEM images of AM specimens at different
magnifications: (a) scale bar represents 200 nm; (b) scale bar represents 1 um; (c)

scale bar represents 20 um.
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2. m-Phase fraction and flexural strength

Table 1 presents the mean and SD of the m-phase fraction (vol%) and flexural
strength (MPa) of each group over time. Table 2 presents the results of the Shapiro—Wilk
normality test for the m-phase fraction (vol%), biaxial flexural strength (MPa), and 3-point
bending strength (MPa) for each group—time point combination. The normality test
indicated that the biaxial flexural strength (MPa) and 3-point bending strength (MPa) were
normal in each group (p > 0.05). However, the m-phase fraction (vol%) did not follow a
normal distribution (p < 0.05) in the CNC group at 5 h (p < 0.001) or in the AM group at

24 h (p < 0.001).
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Table 1. Experimental results for the monoclinic phase fraction, biaxial flexural

strength test, and 3-point bending strength test; monoclinic phase fraction = m-

phase (vol%), biaxial flexural strength = B, 3-point bending strength = T, results

are presented as mean * SD.

Group m-phase (vol%) B (MPa) T (MPa)

CNC 0Oh 3.6638 + 0.0002 1381.496 + 321.620 | 1175.044 + 117.655
CNC 5h 17.7198 + 0.0002 1250.011 + 282.534

CNC 10h 26.0482 + 0.0002 1230.006 + 213.807

CNC 24h 50.6824 + 0.0003 1173.432 £ 207.294

AM 0Oh 1.5307 + 0.0003 1017.034 + 209.643 | 743.6623 + 64.726
AM 5h 13.3794 + 0.0002 1011.763 £ 197.902

AM 10h 43.0652 + 0.0002 1034.681 + 249.805

AM 24h 76.3569 + 0.0002 997.5798 £ 197.430
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Table 2. Normality test results of the Shapiro-Wilk test for each group-time point

combination for the monoclinic phase fraction, biaxial flexural strength, and 3-point

bending strength; monoclinic phase fraction = m-phase (vol%), biaxial flexural

strength = B, 3-point bending strength = T.

Shapiro-Wilk test

Variable
W Df p-value

m-phase (vol%o)
Oh
CNC 0.914 10 0.310
AM 0.971 10 0.903
5h
CNC 0.367 10 <0.001
AM 0.804 10 0.016
10 h
CNC 0.936 10 0.513
AM 0.922 10 0.374
24 h
CNC 0.933 10 0.476
AM 0.366 10 <0.001
B (MPa)
Oh
CNC 0.923 10 0.380
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Shapiro-Wilk test

Variable

W Df p-value
AM 0.927 10 0.418
5h
CNC 0.889 10 0.164
AM 0.953 10 0.709
10h
CNC 0.959 10 0.772
AM 0.931 10 0.459
24 h
CNC 0.930 10 0.443
AM 0.967 10 0.864
T (MPa)
Oh
CNC 0.850 10 0.058
AM 0.905 10 0.248
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Linear mixed models were used to test the significance of the interaction effect
between the CNC, AM, and autoclaving groups and the increase in the m-phase fraction
and decrease in the BFS over time. The analysis of the m-phase fraction by group according
to the autoclave time is presented in Table 3 and Figure 7. In Figure 7, the m-phase fraction
for both the CNC and AM groups increases with the autoclave time. It increases more
rapidly for the AM group than for the CNC group. Table 4 and Figure 8 present the analysis
of the differences in biaxial flexural strength by group according to the autoclave time. In
Figure 8, the biaxial flexural strengths of both groups decrease with an increase in the

autoclave time; however, the reductions are gradual rather than sharp.
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Table 3. Monoclinic phase fraction (vol%) according to the autoclave time for the

CNC and AM groups.

p for p for
Oh 5h 10 h 24 h ) )
trend* interaction®*
3.66 + 17.67 26.05 + 50.68 +
CNC <0.001 <0.001
0.00 0.17 0.00 0.00
153+ 13.38 + 43.07 £ 76.06 +
AM <0.001
0.00 0.00 0.00 0.95
p for
<0.001 <0.001 <0.001 <0.001
differencef

Values are presented as mean + SD.

* p for trend over time within each group in linear mixed model

** p for interaction between group and time in linear mixed model

+ p for difference between two groups within each time point based on Mann—Whitney U test
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Monoclinic phase fraction (vol%)

Autoclave elapsed time (h)

Figure 7. Scatter plot for the monoclinic phase fraction (vol%). The solid line is an

estimate of the linear mixed linear model.

31



Table 4. Biaxial flexural strength (MPa) according to the autoclave time for the

CNC and AM groups.

p for p for
Oh 5h 10 h 24 h ) )
trend* | interaction**
1381.50 | 1250.01 | 1230.01 | 1173.43
CNC 0.0502 0.282
+339.02 | £297.82 | +225.37 | +218.51
1017.03 | 1011.76 | 1034.68 | 997.58 +
AM 0.547
+220.98 | +£208.61 | +263.32 208.11
p for
0.011 0.053 0.092 0.082
differencef

Values are presented as mean = SD.

* p for trend over time within each group in the linear mixed model

** p for interaction between group and time in linear mixed model

+ p for difference between two groups within each time point based on independent t-test
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Figure 8. Scatter plot for biaxial flexural strength (MPa). The solid line is an

estimate of the linear mixed linear model.
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Pearson correlation analysis was performed for each group-time point
combination to determine the correlation between the monoclinic phase fraction and the
BFS, as shown in Table 5. The analysis revealed a p-value of < 0.05 at only two time points
of autoclaving: 0 and 5 h. Thus, it can be concluded that there is a significant correlation
between the m-phase fraction and BFS only at 0 and 5 h. In Figure 9, there is no overall

correlation between the m-phase fraction and the biaxial flexural strength.
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Table 5. Pearson’s correlation analysis of the monoclinic phase fraction and biaxial

flexural strength.

Obijects N Coefficient p-value
Totality 80 -0.184 0.102
By time
Oh 20 0.557 0.011
5h 20 0.457 0.043
10h 20 —0.387 0.092
24 h 20 -0.407 0.075
By group
CNC 40 —-0.256 0.111
AM 40 -0.024 0.881
Group - Time Point
Combination
CNC
Oh 10 -0.128 0.724
5h 10 0.474 0.166
10 h 10 0.084 0.818
24 h 10 -0.222 0.538
AM
Oh 10 —0.105 0.773
5h 10 -0.411 0.238
10 h 10 0.097 0.790
24 h 10 -0.297 0.405
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Figure 9. Scatter plot of the monoclinic phase fraction and biaxial flexural strength.
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3. Marginal and internal gaps

The Shapiro-Wilk test was performed to determine whether the marginal and
internal gaps of the CNC and AM groups satisfied normality. As shown in Table 6, only the
marginal gap in the AM group did not satisfy normality. However, the QQ plot of the data

indicates that the normality is a reasonable assumption.
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Table 6. Shapiro—Wilk test normality test results for the marginal and internal gaps

by group.

Shapiro-Wilk test Group w Df p-value

CNC 0.982 40 0.753
Marginal gap
AM 0.864 40 <0.001
CNC 0.985 40 0.870
Axial
AM 0.952 40 0.087
CNC 0.965 40 0.249
Internal gap Line angle
AM 0.975 40 0.507
CNC 0.977 40 0.574
Occlusal

AM 0.953 40 0.097
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The non-inferiority trials were conducted between the CNC and AM groups at
each measurement point. The lower bound of the 95% CI of the difference value (CNC
group gap — AM group gap) was compared with the non-inferiority coefficient of —33. The
lower bound of all Cls was below —33, except for the distal part of the internal occlusal
gap. Therefore, it cannot be concluded that the AM group gap was not inferior to the CNC
group gap. In the internal occlusal gap, the lower limit of the CI was above —33 for the
distal region, indicating that the gap in the AM group was not inferior to that in the CNC

group (Table 7 and Figure 10).
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Table 7. Site-specific differences between the CNC and AM groups.

95% ClI of
Location Group | Mean SD | Difference difference
Lower | Upper
CNC | 38.00 | 11.78
-17.50 -43.43 | 8.43
AM 55.50 | 37.21
CNC | 56.10 | 15.29
-49.90 | -88.85 | -10.95
AM | 106.00 | 53.46
Marginal gap
CNC | 4250 | 16.13 -
-51.70 4.47
AM 94.20 | 77.81 107.87
CNC | 53.30 | 16.78
-20.80 | -4194 | 0.34
AM 74.10 | 27.03
CNC | 103.20 | 24.09
-10.30 | -51.97 | 31.37
AM | 113.50 | 55.62
CNC | 95.40 | 11.95
—54.30 | -85.55 | -23.05
AM | 149.70 | 42.94
Axial
CNC | 101.40 | 25.94
Internal -9.90 -43.83 | 24.03
AM | 111.30 | 44.00
gap
CNC | 121.50 | 20.96
-3290 |-70.32| 452
AM 154.40 | 52.28
CNC | 104.60 | 44.01 _
Line —66.40 —24.82
AM 171.00 | 44.49 107.98
angle
CNC | 105.70 | 38.43 | -114.40 - -77.20
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AM 220.10 | 40.73 151.60
CNC | 88.90 | 29.10

—62.60 -97.19 | —28.01
AM 151.50 | 43.16
CNC | 143.70 | 39.53 —

-86.20 —45.75
AM 229.90 | 46.32 126.65
CNC | 187.30 | 14.11

-37.20 -56.17 | -18.23
AM 22450 | 24.83
CNC | 184.00 | 12.11

—43.10 —67.53 | —18.67
AM 227.10 | 33.09

Occlusal

CNC | 187.40 | 11.50

-49.90 -71.62 | —28.18
AM 237.30 | 29.26
CNC | 192.10 | 18.32

-17.80 -36.32 | 0.72
AM 209.90 | 21.01
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Figure 10. Two-sided 95% CI for the gap difference between the CNC and AM

groups at various locations.
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Figure 11,12,13,14 show the mean values with standard errors for the margin,
axial wall, line angle and occlusal plane gaps as measured in 4 locations (buccal, lingual,
mesial, and distal) for crowns fabricated by the CNC and AM technologies. The marginal

and internal gap values of AM group were lager than CNC group crowns.
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Buccal Lingual
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Figure 11. Comparison of mean values and standard errors of marginal gap at

different locations for CNC and AM group crowns.
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Figure 12. Comparison of mean values and standard errors of axial gap at different

locations for CNC and AM group crowns.
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Figure 13. Comparison of mean values and standard errors of line angle gap at

different locations for CNC and AM group crowns.
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Figure 14. Comparison of mean values and standard errors of occlusal gap at

different locations for CNC and AM group crowns.
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The overall mean + standard error (SE) value for marginal and internal (axial, line
angle and occlusal) gaps of the CNC and AM group crowns are presented in Table 8. The

statistical outcome showed significant differences for all groups.
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Table 8. Least squares mean and standard error of marginal and internal gaps.

CNC group AM group
p*
LS mean + SE
Total 47.48 + 6.98 82.45 + 6.98
B 38.00 + 8.73 55.50 + 8.73
Marginal gap L 56.10 + 12.43 | 106.00 + 12.43 0.002
M 4250 + 17.77 94.20 + 17.77
D 53.30+7.11 7410+ 7.11
Total 105.38 + 3.02 132.23+3.02
B 103.20 + 13.55 | 113.50 + 13.55
Axial L 95.40 + 9.97 149.70 £ 9.97 <0.001
M 101.40 +11.42 | 111.30+ 11.42
D 121.50 £ 12.60 | 154.40 + 12.60
Internal
Total 110.73 + 8.52 193.13 + 8.52
gap
B 104.60 £ 13.99 | 171.00 + 13.99
Line
L 105.70 + 12.52 | 220.10 + 12.52 <0.001
angle
M 88.90+ 11.64 | 15150+ 11.64
D 143.70 + 13.62 | 229.90 + 13.62
Occlusal Total 187.70 £ 4.95 22470 + 4.95 <0.001
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B 187.30 + 6.39 224.50 £ 6.39

L 184.00 + 7.88 227.10 + 7.88
M 187.40 £ 7.03 237.30+ 7.03
D 192.10 + 6.23 209.90 £ 6.23

Values were presented by Least squares means + standard errors in repeated measures one-
way ANOVA.

* P for difference between two groups in repeated measures one-way ANOVA
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1. Discussion

We evaluated the mechanical properties of zirconia restorations fabricated via
subtractive machining and additive manufacturing. In addition, the accuracy of the crowns
was evaluated. The null hypothesis, which states that the mechanical properties of 3Y-TZP
restorations fabricated using AM technology are comparable to those of 3Y-TZP
restorations fabricated using CNC technology, is accepted. This study rejects the null
hypothesis that the marginal and internal gaps of 3Y-TZP crowns fabricated using AM
technology are similar to those of 3Y-TZP crowns fabricated using CNC technology.
Significant differences were observed between the subtractive and additive processes at all
the sites. For the instrumented section (buccal, lingual, mesial, distal), the null hypothesis
of non-inferiority was rejected, as the results indicated inferiority at all sites (lower limit
CI < —33), except for the distal site in the occlusal section (p < 0.05). The repeated-
measures one-way ANOVA revealed that the marginal and internal gaps of AM-produced
zirconia crowns were less accurate than those of CNC-produced zirconia crowns (p < 0.05).

Figures 5 and 6 present SEM images of the zirconia ceramics for each group with
respect to the autoclave time. The crystal grains of the AM group were more angular than
those of the CNC group. Figure 6(c) shows pores for the AM group, which is characteristic
of additively manufactured zirconia (Ebert et al., 2009). This is attributed to the differences

in the processes used to prepare the zirconia blocks or slurries and the processing methods
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used. Zirconia powder and binders are the basic ingredients used to prepare zirconia blocks
and slurries. The zirconia blocks are created by feeding them into a hot press and applying
pressure and temperature to solidify them. This process causes the zirconia powder to
adhere and debind to some extent, and the debinding is completed through post-processing
sintering. In the AM method, a zirconia slurry is prepared by adding a fine powder to a
hydrophilic or hydrophobic light-curable polymeric medium (Griffith et al., 1996; Chen et
al. 2010). An even distribution of fine ceramic particles in a polymeric medium is crucial
for the curing reaction to occur under irradiation. This has been achieved using surfactants
and other additives. An unstable suspension can cause rapid separation of the ceramic
polymer, leading to material inhomogeneity in the final product (Komissarenko et al., 2018).
The prefabricated ceramic—polymer composite shapes undergo a post-treatment sintering
process to remove all organic matter. The zirconia specimens used in this study were post-
processed. From a comparison of the CNC group at 0 h (Figure 5(c), 0 h) and AM group at
0 h (Figure 6(c), 0 h), it is believed that the pores observed in the AM group specimens
resulted from the uneven dispersion of ceramic particles in the zirconia slurry in the AM
processing method. Herrer et al. showed that porosity problems in AM-produced specimens
may arise from the large volume fraction of the binder in the green bodies (Harrer et al.,
2017). If binder burnout is insufficient and/or the sintering process is not optimized, large
pores may exist in the sintered body.

The XRD results indicated that the m-phase fraction increased in both the CNC
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and AM groups when the zirconia specimens were aged for 5, 10, and 24 h. The CNC group
exhibited increases from 17.67 + 0.17 vol% at 5 h to 26.05 + 0.00 vol% at 10 h and 50.68
+ 0.00 vol% at 24 h. The AM group exhibited increases from 13.38 + 0.00 vol% at 5 h to
43.07 £ 0.00 vol% at 10 h and 76.06 £ 0.95 vol% at 24 h. According to ISO 13356, the m-
phase fraction of zirconia in ceramic materials based on Y-TZP for implant surgery should
not exceed 25% after aging for 5 h at 134 °C and 0.2 MPa. The m-phase fraction for the
CNC group after aging for 5 h was 17.67 £ 0.17 vol%, and that for the AM group was 13.38
+ 0.00 vol%, both of which meet this standard. However, the aging for the AM group was
rapid, and the m-phase content reached 43.07 + 0.00 vol% after 10 h of aging and exceeded
76.06 = 0.00 vol% after 24 h. In comparison, the m-phase fraction of the CNC group
increased relatively slowly, indicating a better aging resistance.

The flexural strength test is the most commonly used method for testing dental
ceramics owing to its relatively simple specimen preparation procedure. There are two
methods for conducting flexural strength tests: biaxial flexural strength (BFS) tests and 3-
/4-point bending strength tests. However, the 3-/4-point flexure tests have a significant
drawback: it is difficult to eliminate unwanted edge failures. Therefore, BFS tests are
frequently conducted to determine the fracture characteristics of ceramic materials (Ban
and Anusavice, 1990; Ritter et al., 1980). However, it has not yet been clearly confirmed
whether there are relationships between the flexural strengths of dental ceramics using

these tests. Several studies have focused on the relationship between the BFS test and the
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3-point bending strength test for dental ceramics. Although differences exist among
manufacturers, in most cases, the BFSs of dental ceramics significantly exceed the 3-point
bending strengths (Jin et al., 2004; Wendler et al., 2017). Furthermore, in several studies
comparing flexural strength tests of zirconia ceramics, 3-/4-point flexural strengths were
lower than BFSs (Schatz et al., 2016). In the present study, the CNC and AM groups
exhibited normal distributions for both the BFS and 3-point bending strength tests (Table
2). As previously reported, for both groups (CNC 0 h: 1381.496 + 321.620 MPa, AM 0O h:
1017.034 = 209.643 MPa), the BFS exceeded the 3-point bending strength (CNC 0 h:
1175.044 + 117.655 MPa, AM 0 h: 743.6623 + 64.726 MPa). Therefore, the BFS test was
selected to evaluate the flexural strength of the disk specimens after the LTD experiment.
In Abuslsaud et al.’s study (Abualsaud et al., 2022), the flexural strength of AM-produced
zirconia (milled disc-shaped specimens: 1507.27 + 340.10 MPa, 3D-printed disc-shaped
specimens in horizontal orientation: 1186.76 + 283.47 MPa) was comparable to that of
CNC-produced zirconia.

The BFS results indicated that for both the CNC and AM groups, the flexural
strengths of the zirconia specimens were reduced after aging for 5, 10, and 24 h. The
flexural strength of the CNC group decreased from 1250.01 + 297.82 MPa to 1173.43
218.51 MPa, and that of the AM group decreased from 1011.76 + 208.61 MPa to 997.58 +
208.11 MPa. However, the BFS of the specimens did not decrease significantly as the aging

time increased for either the CNC or AM group, as indicated by the gradually decreasing
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slopes in Figure 8. In ISO 6872, dental ceramics are classified into five classes based on
their intended clinical use. In addition, the mean flexural strength values for both groups
met the criteria for class 5 (800 MPa) in ISO 6872. According to the class 5 criteria, the
recommended clinical indication is monolithic ceramics for the substructure of partial or
full coverage prostheses of 4 units or more.

LTD involves the phase transition of zirconia from the tetragonal to the
monoclinic phase. The strength of zirconia decreases rapidly when this occurs. Analysis of
the differences in the m-phase fraction and BFS over time between the groups revealed an
increase in the monoclinic phase fraction and a decrease in the flexural strength over time,
similar to the results of previous studies (Zhai et al., 2021).

The Pearson correlation analysis conducted to examine the correlation between
the m-phase fraction and the BFS in this study revealed a significant correlation only at
two time points: 0 h (p = 0.011) and 5 h (p = 0.043), as shown in Table 5. However, there
appears to be no significant correlation between the m-phase content and the BFS, as shown
in Figure 9.

Currently, there is no consensus regarding the maximum marginal gap for
clinically accepted dental restorations. However, numerous researchers have reported that
marginal gaps ranging from 50 to 300 pum are clinically acceptable (McLean et al., 1971;
Hung et al., 1990; Moldovan et al., 2006; Quante et al., 2008; Ucar et al., 2009). In a

systematic review, the marginal gap was reported to be 7.6-206.3 um for ceramic crowns
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(Contrepois et al., 2013). Studies related to the fit of CAD-CAM restorations have reported
marginal gaps of 39-201 pum and internal gaps of 23—-230 pm. These measurements indicate
a clinically acceptable marginal fit, as the commonly used criteria for evaluating fit are
<120 um. In the present study, the marginal gap of zirconia crowns fabricated via CNC and
AM was <120 pm; it was 47.48 + 16.37 um for the CNC group and 82.45 + 54.10 um for
the AM group. However, regarding the medial gap, the occlusal gap in the CNC group
(187.70 £ 14.01 um) and the axial wall (132.23 £ 51.22 pm), line angle (193.13 £ 53.55
um), and occlusal gap (224.70 £ 28.16 um) in the AM group exceeded the evaluation range
of 120 um. Nonetheless, they were all within the broad clinical acceptance range of 300
um; thus, they can be considered clinically acceptable. We found that CNC-produced
zirconia crowns provided a tighter fit than AM crowns, as both the marginal and internal
gaps in the AM group were significantly larger than those in the CNC group. These results
are consistent with the findings of Revilla-Leon et al., who reported that CNC-produced
zirconia crowns had tighter marginal and internal gaps than AM-produced crowns, and both
methods provided a clinically acceptable fit (Revilla et al., 2020). However, Li et al.
reported that the internal and marginal adaptations of stereolithography-produced zirconia
crowns were not suitable for clinical applications (Li et al., 2019). A non-inferiority test
was conducted on instrumented sections (buccal, lingual, mesial, and distal), and it was
found that the gap of AM-produced zirconia crowns was inferior to that of CNC-produced

zirconia crowns in all sections except for the distal section of the occlusal section (lower
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limit CI < —33). Therefore, it cannot be concluded that the AM group gap was not inferior
to the CNC group gap. In addition to the repeated-measures one-way ANOVA revealed
that the marginal and internal gaps of AM-produced zirconia crowns were less accurate
than those of CNC-produced zirconia crowns (p < 0.05). This indicates that the gap in AM-
produced zirconia crowns is within the clinically acceptable range but is inferior to that of
CNC-produced zirconia crowns. This outcome prompts the consideration of
volumetricization in the field of manufacturing. Similarly to subtractive manufacturing,
additive manufacturing necessitates the sintering process subsequent to printing. Moreover,
this process necessitates the removal of photosensitive resin. In subtractive manufacturing,
the shrinkage of approximately 20 to 30 percent of the total volume that accompanies the
sintering process is compensated for by the expanded digital design of the restoration
(Manicone et al., 2007). However, the extent of sintering shrinkage in the additive
manufacturing process remains uncertain, making it challenging to determine the extent to
which digital designh compensation is necessary. This is reflected in the larger gap observed
in the crowns produced by the additive manufacturing process relative to those produced
by subtractive manufacturing, as demonstrated in this study. Consequently, it is anticipated
that once the volumization issue is addressed, crown accuracy will be comparable to that
achieved through subtractive manufacturing.

The results of this limited study demonstrate that the mechanical properties of

additively manufactured zirconia meet the requirements for clinical applications. Studies
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that compare the mechanical and physical performances of 3D-printed zirconia with those
of CNC-milled restorations are limited because 3D-printing of ceramic dental restorations
is in the early stages of development. In addition, the fit, precision, and accuracy of full-
contour 3D-printed monolithic zirconia crowns have not been extensively investigated. In
this study, specimens that had completed the printing and finishing processes were analyzed.
Therefore, the results obtained herein do not account for the critical manufacturing issues
that affect the material performance. Hence, it is necessary to investigate in detail the nature
of the raw materials used in the additive technology and their concentrations (which
determine the rheological properties of the suspension), parameters (e.g., printing speed,
layer height/line width, orientation, nozzle/light source characteristics), post-printing

treatments (e.g., debinding and sintering) and surface finishing (Branco et al., 2023).
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V. Conclusion

Within the limitations of this study, the following conclusions are drawn:

The mechanical properties of AM-produced 3Y-TZP are comparable to those of
CNC-produced 3Y-TZP restorations, and the marginal and internal gaps of AM-produced
3Y-TZP are not comparable to those of CNC-produced 3Y-TZP crowns; however, in both

cases, they are within the clinically acceptable range.
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