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ABSTRACT

Preclinical comparative evaluation of
zirconia crowns based on

manufacturing methods and materials

Yong-Kyu Kim, D.D.S., M.S.D.
Program in Prosthodontics, Department of Dental Science,
Graduate School, Seoul National University

(Directed by Prof. Jung-Suk Han, D.D.S., M.S., Ph.D.)

Purpose. This study aimed to comparatively analyze several single-unit zirconia
prostheses fabricated using various manufacturing methods and materials with the
intaglio surface trueness, antagonist’s wear volume loss, and fracture resistance at

the preclinical stage.

Materials and methods. A total of 7 experimental groups was included: Two
additive manufacturing zirconia groups with different stereolithography (SLA) and
digital light processing (DLP) printers, a fully sintered zirconia ((Y, Nb)-stabilized
zirconia) group, and four groups of 4 or 5 mol% yttria-stabilized partially sintered
zirconia by conventional or speed sintering. For each group, 14 monolithic zirconia
crowns were made. Using 3D inspection software, the intaglio surface trueness was
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assessed at the inner surface, occlusal, margin, and axial areas after the specimen
had been scanned with an intraoral scanner. Half of the specimens were aged for
120,000 cycles in the chewing simulator with human molars as antagonists. Each
antagonist was digitized by a laboratory scanner before and after the chewing cycle.
Volume loss was calculated by superimposing each pair of scan data using 3D
inspection software. For all specimens, the load value at the time of fracture was
evaluated using a universal testing machine. The trueness values were assessed
with Welch's ANOVA, and the wear volume loss was assessed with the Kruskal—
Wallis tests. The effect of the zirconia group and aging on fracture resistance of
crowns was investigated using two-way ANOVA. The one-way ANOVA was used
to assess the difference between groups in fracture load values before and after
aging, respectively. A paired t-test was used to investigate the effect of aging on the

fracture load for each group.

Results. There were significant differences in trueness between the groups, but the
variations in mean of root mean square were within 5.25 um. The two additive
manufactured groups showed high trueness and low variations in the axial and
occlusal areas but low trueness in the marginal area. The intaglio surface of the
FSZ group was more reproducible than the partially sintered zirconia group but
showed lower trueness in the occlusal and marginal areas. The partially sintered
zirconia groups had low trueness in the axial area. There was no significant
difference due to speed sintering on identical partially sintered zirconia blocks. No
zirconia fractures were observed in any group during the artificial aging, and the
amount of zirconia wear could not be detected. In wear volume loss of antagonists,

there were no substantial variations among the (p = 0.808). Both zirconia groups

F
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and artificial aging had statistically significant effects on fracture load (both, p <
0.001), but no interaction between groups and aging was found (p = 0.301). The
ADZ and FSZ groups had significantly higher fracture load values than others both
before and after aging. Due to aging, only the fracture load values of the S4Z, C4Z,

and C5Z groups decreased significantly.

Conclusion. Full-contour crowns made of additive manufactured zirconia, fully
sintered zirconia, and partially sintered zirconia are clinically acceptable, with
showing satisfactory results in intaglio surface trueness, antagonist’s wear volume

loss, and fracture resistance after artificial aging.

Keyword : Zirconia; Additive manufacturing; Fully-sintered zirconia; Speed
sintering; Intaglio surface trueness; Fracture resistance; Artificial aging

Student Number : 2019-39896
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1. INTRODUCTION

With advancements in computer-aided design and computer-aided
manufacturing (CAD/CAM) technologies, zirconia ceramic has become the
preferred material for dental prostheses, due to its excellent biocompatibility and
mechanical properties (Gautam et al, 2016). The early generations of zirconia (3
mol% yttria-stabilized tetragonal zirconia polycrystal, 3Y-TZP) have excellent
physical properties because of transformation toughening, where the volume
expands by 3%-5% during the martensitic transformation (Denry and Kelly, 2008,
Stawarczyk et al, 2017, Miyazaki et al, 2013) However, it has less translucency
than glass-ceramics (Denry and Kelly, 2008, Stawarczyk et al, 2017). New
generations of dental zirconia (4 or 5 mol% yttria partially stabilized zirconia, 4Y-
or 5Y-PSZ) have been developed with a higher cubic content, resulting in better
translucency but poorer physical properties (Stawarczyk et al, 2017,
Kolakarnprasert et al, 2019). This zirconia can be used as a monolithic and fully
anatomic form in esthetically demanding areas, resolving porcelain veneer
chipping (Stawarczyk et al, 2017, Kolakarnprasert et al, 2019, Malkondu et al,
2016).

In fabricating CAD/CAM zirconia dental prostheses, the 4- or 5-axis
milling techniques are widely used to fully or partially sintered zirconia blocks
because of their reproducibility and accuracy (Abduo et al, 2010, Att et al, 2009).
Zirconia prostheses are typically milled from pre-sintered blocks to reduce tool
wear and phase transformation, resulting in white-stage specimens that require
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final sintering (Denry and Kelly, 2008). However, becausethe conventional
sintering protocol takes 4-12 hours to complete, it is time consuming, so speed or
high-speed sintering has recently gained attention as a possible alternative (Jansen
et al, 2019, Antdn et al, 2021, Wiedenmann et al, 2020). By high-speed sintering,
the accuracy of the crown was not markedly affected (Jansen et al, 2019, Antén et
al, 2021), but the transparency decreased, and the fracture load remained constant
or increased (Wiedenmann et al, 2020). This is because zirconia ceramics'
temperature, holding time, and total sintering time all impacted their optical and
mechanical properties (Stawarczyk et al, 2013).

The fully sintered block is another option that saves sintering time and can
be delivered in a single visit (Cho et al, 2019). Fully sintered zirconia has a lower
volume proportion of pores, higher strength, and more precise fitting than partially
sintered zirconia (Ahmed et al, 2019b). However, when milling, fully sintered
zirconia blocks have a more rigid surface than partially sintered zirconia blocks,
which may result in increased tool wear (Cho et al, 2019, Tinscherta et al, 2004). A
fully sintered (Y, Nb)-TZP block with a low surface hardness has been developed
to address these concerns. (Y, Nb)-TZP is a modified tetragonal zirconia solid
solution comprising Y203 and Nb,Os (Kim et al, 2013). It has excellent machining
capability and has little phase transformation during processing because of
stabilizers like Nb (Jeong et al, 2021, Kim et al, 2000).

However, these subtraction manufacturing (SM) methods are difficult to
reproduce the complex shape and have various manufacturing limitations,
including fine cracks on the ceramic surface caused by milling and tool wear (Van
Noort, 2012, Schriwer et al, 2017). Furthermore, the remainder of the zirconia

block after milling may be discarded following the fabrication process (Strub et al,
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2006, Khanlar et al, 2021). The additive manufacturing (AM) of zirconia has been
investigated to address the shortcomings of subtractive manufacturing (Khanlar et
al, 2021). AM methods are expected to produce complex geometries while
reducing production time and waste (Torabi et al, 2015, Schwentenwein and Homa,
2015, Ebert et al, 2009). Among the various AM methods for ceramics, vat
polymerization methods such as stereolithography (SLA) and digital light
processing (DLP) are the most appropriate strategy for digital dental workflows
because of their precision (Wang and Sun, 2021). The UV laser in the SLA 3D
printer cures the photo-curable liquid resin. Each layer is laminated and cured point
by point, resulting in precise output and excellent surface roughness (Dikova et al,
2018). The DLP 3D printer irradiates and laminates each layer by face unit one at a
time, resulting in more accurate output and a shorter production time (Dikova et al,
2018). The strength of additive manufactured ceramic crowns was comparable to
subtractive manufactured crowns and accuracy was reported to be within the
clinically acceptable range (Wang and Sun, 2021, Wang et al, 2019, Li et al, 2021,
Lerner et al, 2021, Revilla-Ledn et al, 2020, Stawarczyk et al, 2017,
Kolakarnprasert et al, 2019, Malkondu et al, 2016). The slurry composition, heat
treatment schedules, layer thicknesses, light strategies, and other parameters may
impact the characteristics of additive manufactured ceramic objects (Revilla-Ledn
et al, 2021, loannidis et al, 2020).

Multiple factors must be considered to produce a clinically successful
zirconia prosthesis over the long term. For proper prosthesis seating, accurate
fabrication of the inner surface is required. If not properly seated, the cement layer
can become anomalously thick, resulting in residual stresses on the tensile surface

(Kirsch et al, 2017, Bindl and Mérmann, 2007, Rekow and Thompson, 2005).
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Furthermore, marginal misfit increases plaque retention with secondary caries and
can lead to periodontal disease (Sailer et al, 2007, Lang et al, 1983, Felton et al,
1991, Goldman et al, 1992). Accuracy is generally measured in two ways: trueness
and precision. Precision conveys measurement values' proximity, while trueness
reflects how close measurement values are to true value (Mehl et al, 2021).
Fracture resistance is another major factor in clinical applications that must
withstand occlusal forces (Scherrer and De Rijk, 1993). Material properties, crown
thickness, and shape impact the fracture resistance of all ceramic crowns (Scherre
and De Rijk, 1992, Nakamura et al, 2015). Furthermore, clinical failure of all
ceramic restorations is a highly complex process involving patient variables,
dynamic loading, and fatigue (White et al, 2005). Therefore, it is necessary to
investigate the properties of prostheses in cases prone to cyclic fatigue (Wiskott et
al, 1995, Wiedenmann et al, 2020). Fatigue failure is defined as the formation of
subcritical cracks in pre-existing flaws due to intermittent stress below the
material’s specific fracture strength in an aqueous environment (Liu and Chen,
1991). In particular, zirconia materials are linked with susceptibility to
hydrothermal aging, a process in which water molecules cross grain boundaries
(Chevalier et al, 2007, Lumkemann and Stawarczyk, 2021). The consequences of
hydrothermal aging are surface roughening, increased wear rates, mechanical
property loss, and even catastrophic failure (Camposilvan et al, 2018, Zhang et al,
2016). Many factors, such as different grain sizes, density, the Y>Os content in the
tetragonal phase, and cubic phase proportion, all contribute to the aging process
(Wei and Gremillard, 2018).

This study aimed to assess the intaglio trueness, wear of antagonists, and

fracture resistance to confirm the clinical use of zirconia prostheses made using
b | ] o | |
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AM, fully sintered zirconia, and speed sintering. The first research hypothesis
stated that there would be no difference in the intaglio trueness of the crowns
regardless of manufacturing methods. The second research hypothesis proposed
that the wear volume loss of antagonistic teeth would be comparable regardless of
the manufacturing method. The third research hypothesis was that no difference in
the fracture resistance would be found between the differently manufactured

zirconia groups, regardless of artificial aging.



2. MATERIAL and METHODS

2.1. Specimen preparation

The tooth reduction (occlusal: 1.5 mm, axial: 1-1.5 mm, chamfered margin: 1
mm, rounded extension angle) was conducted on mandibular first molars, using
standardized acrylic resin teeth (Simple Root Tooth Model; Nissin Dental Products,
Kyoto, Japan). The prepared resin tooth was digitized with less than 7-micron
accuracy using a laboratory scanner (T500; Medit, Seoul, Korea). Ninety-eight
metal abutments were made of powdered CoCr alloys (SP2 CoCr; Eos GmbH,
Krailling, Germany) using the direct metal laser sintering technique (EOSINT
M270; Eos GmbH, Krailling, Germany). A full-contour monolithic crown was
created on the prepared die using dental CAD software (Dental Designer; 3Shape,
Copenhagen, Denmark), with a cementation space of 25 um beginning at a distance
of 1 mm from the margin.

The crowns were divided into seven groups, with each group receiving 14
specimens. (1) Group 1 (ADZ) was additive manufactured zirconia using a 3Y-TZP
zirconia suspension (M.O.P., Kyunggi-do, Korea) — zirconium dioxide,
hexamethylene diacrylate, polyethylene glycol diacrylate, TPO — fabricated by
DLP format 3D printer (Octave Light R1; Octave Light Limited, Shatin, N.T.,
Hong Kong). Debinding and sintering were conducted under the manufacturer’s
recommendations. (2) Group 2 (ASZ) was additive manufactured zirconia using a
3Y-TZP zirconia suspension (3D Ceram, Limoges, France) — AIN, 3Y-zirconia,
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8Y-zirconia, silicon nitride, alumina toughened zirconia, silica — fabricated by
SLA format 3D printer (C100 EASY; 3D Ceram, Limoges, France). Debinding and
sintering were conducted following the manufacturer’s recommendations. (3)
Group 3 (FSZ) was fully sintered Y, Nb zirconia group (Perfit FS; vatech mcis,
Gyeonggi-do, Korea). It was manufactured using dental CAM software (Millbox;
CIM system, Milano, Italy) and a 4-axis wet milling machine (Cori TEC one; imes-
icore, Eiterfeld, Germany). (4) Group 4 (C4Z) was partially sintered 4Y-PSZ
zirconia group (KATANA STML,; Kuraray Noritake Dental Inc, Tokyo, Japan)
made using dental CAM software (HyperDent; Follow-me! Technology, Munich,
Germany) and a 5-axis milling machine (Arum 5X-300; Doowon, Daejeon, Korea).
Following milling, sintering was conducted for 7 hours under the manufacturer's
instructions. (Heated at a rate of 10°C/min for 2 hours 30 minutes, maintained at
1550°C for 2 hours, and then cooled at a rate of —10°C/min for 2 hours 30
minutes.). (5) Group 5 (S4Z) was manufactured using the same zirconia disc and
laboratory system as the C4Z group. Following milling, sintering was performed
for 90 minutes alternately according to the manufacturer's instructions (Heated at a
rate of 35°C/min for 45 minutes, maintained at 1560-1565°C for 30 minutes, and
then cooled at a rate of -45°C/min for 15 minutes.). (6) Group 6 (C5Z) was made of
partially sintered 5Y-PSZ zirconia (KATANA UTML; Kuraray Noritake Dental Inc,
Tokyo, Japan). It was manufactured using the same laboratory system and sintering
process as the C4Z group. (7) Group 7 (S5Z) was manufactured using the same
zirconia disc and laboratory system as the C5Z group. The S4Z group implemented
the sintering schedule in the same way. The process of subsequent experiments is

summarized in Figure 1.



2.2. Intaglio surface trueness

The intaglio surfaces were scanned using an intraoral scanner (i500; Medit,
Seoul, Korea) with an in vitro precision of 5Sum. Because the scan angle and
distance slightly limited the laboratory scanner's digitization procedure to the
crown's intaglio surfaces, the intraoral scanner was used after thorough calibration
and adjustment according to the manufacturer's instructions. The scanning
procedure was conducted in the absence of natural light. Calibration was conducted
following the manufacturer's instructions at each stage of the specimen scanning
procedure. Each scan data of the intaglio surface of the zirconia crown was
superimposed on the internal area of the virtual crown from the CAD file
(reference data) using the 3D inspection software (Geomagic Control X; Geomagic
Inc, Morrisville, NC, USA). After defining the internal area of the virtual crown as
the region of interest, the best-fit alignment was performed using an iterative
closest point algorithm, based on point-to-point measurements. Trueness indicates
the degree of closeness between the measurement value and the true value. To
compare the trueness of the inner surface of crowns, the root mean square (RMS)
value between scan data and reference data was calculated at the four inspection
regions: inner surface, occlusal, margin, and axial area. The color deviation map
was also provided. A single investigator scanned and superimposed each crown

specimen.



2.3. Artificial aging and wear volume loss

Half of the specimens (n = 7 for each group) were cemented onto a metal
abutment with self-curing resin cement (RelyX-U200; 3M-ESPE, St. Paul, MN,
USA) for thermal cycling and mechanical loading. The specimens were artificially
aged in a chewing simulator (Chewing Simulator CS-4.8; SD Mechatronik,
Feldkirchen-Westerham, Germany). Forty-nine human maxillary molars were
employed as antagonists. These biospecimens were provided by the Biobank of
Seoul National University Dental Hospital, a member of the Korea Biobank
Network (KBN4_A04). The donor's personal information was anonymized so that
the researcher could not know, and therefore IRB review was exempted (IRB
Number: ERI21022).

Only the disto-palatal cusps were opposed after the other cusps were modified
with a diamond bar (Dia-Burs EX-21F; MANI, Tochigi, Japan). These were
embedded in self-curing acrylic resin (Vertex Self-Curing; Vertex Dental,
Soesterberg, Netherlands) and to act as enamel antagonists. The specimen was
mechanically loaded with 50 N at 1.5 Hz for 1,200,000 cycles. Simultaneous
thermal cycling in water was accomplished by varying the temperature from 5°C to
55°C every 60s. A 0.7 mm sliding movement from the central fossa to the buccal
cusp was conducted. The 1.2 million dynamic loading cycles with thermal cycling
between 5-55°C were performed, which is equivalent to 5 years of clinical service
(DeLong and Douglas, 1991, Steiner et al, 2009). Table 1 lists the thermal cycling
and mechanical loading parameters used in this study. Each antagonist was dried

and digitized with fewer than 7-micron accuracy by a laboratory scanner (T500;



Medit, Seoul, Korea) before and after the chewing cycle. Using 3D inspection
software (Geomagic Control X; Geomagic Inc, Morrisville, NC, USA), each pair

of scan data was superimposed to compute the volume loss (mm?d).

2.4. Fracture resistance

The remaining specimens were cemented onto metal abutments using self-
curing resin cement (RelyX-U200; 3M-ESPE, St. Paul, MN, USA). All specimens’
fracture resistance was evaluated using a universal testing machine (Instron 8871;
Instron, Norwood, MA, USA). A 5 mm diameter stainless-steel spherical indenter
was employed to contact the central fossa of each crown. A 2 mm urethane sheet
was placed on the occlusal surface to prevent excessive local force. Compressive
loading was performed at 0.5 mm/min crosshead speed using a 10 kN load cell

until fracture occurred, at which point the load (N) at failure was recorded.

2.5. Statistical analysis

The means and standard deviations of the trueness measurements (RMS value,
um), the fracture load values (N), and the amount (mm?) of volume loss of the
antagonists for each group were measured. Because the RMS data satisfy the
assumption of normality but contravene the equality of variances, Welch’s analysis
of variance (ANOVA) was performed, followed by post-hoc validation using the
1]
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Games—Howell test. Because of the small sample size, the antagonist volume loss
was confirmed statistically using the Kruskal-Wallis test. The impact of two factors
on fracture resistance was investigated using a two-way ANOVA: manufacturing
procedures and artificial aging, as well as their interactions. One-way ANOVA was
used to establish whether there was a disparity in fracture load values between
groups before and after aging, respectively, and post-hoc validation was performed
using Bon Ferroni’s correction. Finally, a paired t-test was used to assess whether
the fracture load values varied for each group before and after aging. Statistical
software (IBM SPSS Statistics v26.0; IBM Corp., Armonk, NY, USA) was

employed for all analyses, with a statistical significance threshold (p) of 0.05.
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3. RESULTS

3.1 Intaglio surface trueness

The mean and standard deviation of RMS are summarized in Table 2, and the
statistical significance of each group using Welch’s ANOVA is shown in Figure 2.
In Figure 3, the color deviation maps showed that most of the inner surfaces of the
evaluated crowns had green areas, indicating surface deviation within 50 um. In the
entire inner surface area, ASZ had the highest mean RMS (34.81 um) with a
significant difference between the three groups, and S4Z had the lowest mean RMS
(26.94 um) with a significant difference between the two groups. C4Z had the
highest standard deviation (9.10 um), while ADZ had the lowest (1.30 um). Other
partially zirconia groups also had a high deviation (3.63-5.91 um).

In the margin area, the RMS values of ADZ and ASZ were significantly
higher than the other groups. The ASZ had the highest mean RMS value (62.39
um), but there was no significant difference between it and ADZ (54.20 pm).
However, the standard deviation of ADZ was 5.08 um, which was greater than that
of ASZ (3.08 um). The mean value of FSZ demonstrated the next largest (37.96
um) which was significantly different from the three partially sintered zirconia
groups. The C5Z group had the highest standard deviation (8.85 pm), while the
ASZ group had the lowest variance (3.08 pm).

In the occlusal area, FSZ had the highest mean RMS value (29.81 um) with a
significant difference from the other four groups, while the ADZ group had the
<
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lowest mean RMS value (19.47 um) with a significant difference from the other
two groups. C4Z had the highest standard deviation (4.75 pum) and ASZ had the
lowest (2.49 um). In the axial area, FSZ had the highest mean RMS value (36.69
pm), while ASZ had the lowest observed value (21.51 pm). In terms of standard
deviation, partially sintered zirconia groups generally had high RMS, with C4Z

having the highest (14.78 um) and ADZ having the lowest (3.90 pum).

3.2 Wear volume loss

No zirconia fractures were found during the artificial aging, and the amount of
zirconia wear was relatively minimal. The wear volume losses of the antagonist
after 120,000 cycles were 2.06 £ 1.24, 1.74 + 1.20, 1.49 + 1.58, 2.51 + 2.13,2.49 +
1.33, 2.40 + 1.66, and 2.05 + 1.24 mm? for Groups ADZ, ASZ, FSZ, C4Z, S4Z,
C5Z, S5Z, in that order. Kruskal-Wallis test revealed no significant difference

between the groups (p = 0.808).

3.3 Fracture resistance

Table 3 and Figure 4 displays the means and standard deviations of the
fracture load values (N) for all groups. Two-way ANOVA showed that both
zirconia groups and artificial aging had statistically significant impacts on the value
of fracture load (both, p < 0.001). There was no interaction between groups and
<
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aging (p = 0.301). When comparing groups before aging by one-way ANOVA, the
ADZ and FSZ groups had significantly higher values than the other groups. There
was also a significant difference between the ASZ and 5SZ groups. In the results
after aging, ADZ and FSZ also had significantly higher values than the other
groups. The speed sintering group demonstrated a lower fracture load value, but
not more significant than the conventional sintering group. When a significant
change in fracture load value due to aging was observed for each group via paired
t-tests, only the S4Z, C4Z, and C5Z groups revealed a significant decrease. In all
other groups, although not statistically significant, fracture load values declined

due to aging.
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4. DISCUSSION

The two AM groups outperformed the other groups in terms of better
trueness and less variation in the axial and occlusal regions. In the other groups
fabricated by the subtractive method, accuracy can be reduced when the diameter
of the bur is larger than the radius of curvature of the abutment, particularly in axial
to occlusal transitions (Kirsch et al, 2017). However, AM groups demonstrated low
margin trueness. It is possible to consider it because the surface of the additive
manufactured zirconia has a stepped shape, which reduces the trueness in the line
angle or marginal area (Wang and Sun, 2021, Revilla-Le6n et al, 2020).
Furthermore, because the green structure immediately after the following printing
has weak physical properties, thin areas are vulnerable to damage during physical
handling and subsequent post-processing, debinding, and sintering (Li et al, 2021).
Among the two AM groups, ADZ demonstrated better trueness except for the axial
area. In general, differences in the accuracy of printed objects have been attributed
to various ceramic slurries, light sources, and machines rather than the technologies
themselves (Wang et al, 2019, Revilla-Leon et al, 2020, Son et al, 2021).

The FSZ group’s intaglio surface was more reproducible than the partially
sintered zirconia groups. Partially sintered zirconia prostheses may experience non-
uniform shrinkage after sintering, resulting in relatively large deviations when
compared to fully sintered zirconia prostheses (Rezende et al, 2017, Schriwer et al,
2017). The FSZ group, however, had the lowest trueness and the greatest variance
in the occlusal area. In this study, the FSZ was made with 4-axis milling, and the

1]
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accuracy is lower than with 5-axis milling, especially in deep areas and occlusal
angles (Cho et al, 2019, Alghazzawi, 2016). FSZ also had low trueness in the
margin area, probably because it is more brittle when milled, resulting in poor
accuracy in thin sections (Abduo et al, 2010).

There was no distinction in trueness due to speed sintering in the same
zirconia blocks. In previous studies, prostheses made by high-speed sintering
demonstrated similar accuracy to conventional sintering (Ahmed et al, 2019a) or
were more inaccurate due to varying patterns of temperature change and sintering
shrinkage (Anton et al, 2021, Kauling et al, 2020, Nakamura et al, 2020). The C4Z
group had a relatively large variance, particularly in the axial area, which is only
considered an error due to bur wear or careless handling during production.

There was no significant difference in antagonist wear between groups,
but FSZ was minimal, followed by the smallest AM groups. Ceramic-induced
enamel wear is more important to surface roughness and microstructure than
hardness (Oh et al, 2002). Furthermore, internal porosity and other surface defects
caused by an insufficient firing technique act as stress concentrators, resulting in
increased wear (Oh et al, 2002). The fact that FSZ showed relatively little wear is
thought to be due to fewer defects on the inner surface as a result of well-controlled
fully sintering. The roughness of additive manufactured zirconia may increase
further due to the surface's step shape (Janyavula et al, 2013, Wang et al, 2019), but
this does not appear to have a significant effect.

The fracture resistance of ADZ was higher than that of ASZ, which
exhibited characteristics similar to the 4YZ groups. The zirconia slurry of the two
AM groups appeared to have better fracture resistance than the other groups

because it was primarily composed of 3Y-TZP, but there was a difference between
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the two groups. Differences in slurry composition and debinding rates may have
impacted the fracture resistance of the printed objects (loannidis et al, 2020,
Revilla-Ledn et al, 2021). Furthermore, variations in layer thickness, light source,
and polymerization strategies may have resulted in variations in the formation or
distribution of micro-level pores, which may have affected fracture
resistance(Revilla-Leon et al, 2021, loannidis et al, 2020). Because the
manufacturing strategy used in this study is unknown, comparative experiments to
control for these factors are required. FSZ had the highest failure load value after
ADZ. To enhance the machinability of zirconia, low hardness and high fracture
toughness are required (Pyo et al, 2020). Therefore, the FSZ made of zirconia with
improved machinability demonstrated a high failure load. Speed sintering in
partially sintered zirconia groups aggravated fracture resistance, although not
significantly. Previous research found that zirconia crowns subjected to high-speed
sintering had smaller grain sizes and higher fracture resistance than conventional
sintering (Jansen et al, 2019, Wiedenmann et al, 2020). However, some studies
found that the fracture load values did not change due to speed sintering
(Nakamura et al, 2020, Michailova et al, 2020, Kauling et al, 2020).

AM groups were less influenced by artificial aging. The higher the
stabilizer content, such as yttria, the more cubic zirconia appears in the
microstructure, reducing the phase transition and making it more resistant to aging
(Pereira et al, 2018, Rezende et al, 2017, Camposilvan et al, 2018, Zhang et al,
2016), but AM groups using 3Y-TZP slurry did not. Low-temperature degradation
is driven by the annihilation of oxygen vacancies, which alumina can stabilize
(Schubert and Frey, 2005, Wei et al, 2020). Therefore, the alumina content of the

polycrystalline structure influences the aging behavior of the zirconia groups tested.
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FSZ demonstrated a relatively mild change in strength due to artificial aging. This
is primarily due to the Y-Nb alignment’s phase stability (Kim et al, 2000). Only the
4YZ and 5YZ groups were influenced by artificial aging, most likely because the
stabilizing factors in the other group were more functional.

This in vitro study has some limitations. First, variables in AM could not
be controlled, such as variations in printing mechanism, printing conditions,
parameters, and slurry composition. Because shrinkage rates in additive and
subtractive manufacturing differ depending on geometric shape (Revilla-Leén et al,
2020), more research comparing different types of prostheses is required. It would
have been preferable to include the 3Y-TZP milling group, which is similar to the
AM group in composition. Furthermore, using Co—Cr alloy for testing abutments
with high elastic modulus may result in a relatively high fracture load value
(Scherrer and De Rijk, 1993). It appears that a situation similar to the clinical
situation is required. Finally, because the zirconia blocks of partially sintered
zirconia groups were manufactured by the same company, the results cannot be
generalized. It would be necessary to investigate various manufacturers' impact on

materials and milling conditions.
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5. CONCLUSION

Within the limitation of this study, additive manufacturing produced a
strong and accurate zirconia prosthesis, excluding the margin with the possibility of
compensating for the shortcomings of subtractive manufacturing. Fully-sintered (Y,
Nb)-TZP showed higher reproducibility and applicability in the posterior teeth. In
partially sintered zirconia, Speed sintering produced a clinically functional

prosthesis similar to conventional sintering.
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TABLES

Table 1. Parameters for artificial aging used in this study

Speed
Transverse path Weight Thermal cycling Cycle
(mm/s)
Downward: Up: 55 Number:
Temperature:
2mm Down: 30 120,000
5kg 5°C-55°C
Lateral: Forward: 30 Frequency:
Dwell time: 60 s
0.7mm Back: 55 1.5Hz
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Table 2. Intaglio trueness (um, root-mean-square estimates, mean + standard deviation) of seven different zirconia crown groups measured in

four areas of inspection

Groups
Area
ADZ ASZ FSz C4z S4z7 C52 S57
Inner
3257+ 1.30 34.81+1.80 33.72+ 2.35 30.76 £ 9.11 26.94 + 591 29.76 + 3.63 29.56 + 4.51
surface
Margin 54,20+ 5.18 62.39 + 3.08 37.96 + 3.83 30.91 +6.09 28.71+£6.30 34.80 + 8.85 29.16 + 4.66
Occlusal 19.47 £ 3.33 27.05+ 2.49 29.81 + 4.46 23.87+£4.75 21.11 £ 2.97 2159 + 3.12 22.39 + 3.68
Axial 25.11 + 3.90 21.51+4.19 36.69 + 7.29 35.41 +14.78 29.79+9.85 32.07+7.46 34.72+7.21

31



Table 3. Fracture load (N) of the seven different zirconia crown groups

Group
Aging
ADZ ASZ FSZ Caz S4z C5z S5z
11166.54 8325.29 10945.85 7929.14 6720.43 6334.08 5329.84
Non-aging

+2034.16 +1909.73 + 1897.82 +1321.22 + 829.34 +1344.86 +1061.87
8241.23 6355.13 10490.75 5335.25 4756.07 5077.29 4749.78

Aging
+ 2240.32 +1928.39 + 1739.02 + 1637.95 + 1355.76 + 1333.02 +1174.88
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FIGURES

[ Specimen preparation

ADZ ASZ. FSZ C4z. S47. C57 S57Z
m=14) || @m=19) || @=14) || @=19) || (@=14) (m=14) || (n=14)

¥ v + ¥ ' v

[ Data acquisition with digital scanner
[ Trueness measurement by superimposition analysis
(’

Artificial aging
( 120,000 chewing cycles,
n="7/ group)

{

Wear measurement by 3D
superimposition analysis

v ¢

[ Load-to-failure test using universal testing machine

Figure 1. Flowchart of research.
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Figure 2. Intaglio surface trueness measurements (um, root-mean-square) of seven
zirconia groups in four different areas of inspection. (A) Inner surface area, (B)
Margin area, (C) Occlusal area, (D) Axial area. A statistically significant difference
(p < 0.05) was marked with an asterisk (*). Two groups marked with dagger (1)

had statistical significance with the other five groups.
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Figure 3. Representative color deviation maps of intaglio trueness of seven
zirconia crown groups (positive deviation, yellow to red, negative deviation, cyan

to blue, deviation below 50 um, green).
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Figure 4. Fracture load of the seven zirconia groups. A statistically significant

difference (p < 0.05) was marked with an asterisk (*).
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