
Posted at the Institutional Resources for Unique Collection and Academic Archives at Tokyo Dental College,

Available from http://ir.tdc.ac.jp/

Title

Sintering distortion of monolithic zirconia in 4-

unit fixed partial denture: Effect of layered

structure and vertical milling area

Author(s)

Alternative

Hirano, M; Nomoto, S; Sato, T; Yotsuya, M;

Hisanaga, R; Sekine, H

Journal
Journal of the mechanical behavior of biomedical

materials, 128(): -

URL http://hdl.handle.net/10130/5884

Right

c2022 The Authors. Published by Elsevier Ltd. This

is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Description



journal of the mechanical behavior of biomedical materials 128 (2022) 105078

Available online 19 January 2022
1751-6161/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Sintering distortion of monolithic zirconia in 4-unit fixed partial denture: 
Effect of layered structure and vertical milling area 
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Hideshi Sekine 
Tokyo Dental College Dept. of Fixed Prosthodontics, Japan   
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A B S T R A C T   

Layered-type zirconia disks, which offer color gradation from enamel to cervical shade, have been employed in 
recent years to replicate the shades of natural teeth. The layered structure is effective at replicating colors and 
has helped popularize monolithic zirconia restorations. However, the sintering shrinkage of zirconia is very 
large; thus, controlling the sintering distortion is very important. Thus, the objective of this study was to 
determine the influence exerted by the layered structure of the zirconia disk and the vertical milling area on the 
sintering distortion. An experimental fixed partial denture (FPD) was designed based on a 4-unit monolithic 
zirconia FPD. A single-composition (SC)-type disk with no shade and a single-composition-layered (SCL)-type 
disk with shade gradation were selected for this study. In particular, three milling areas, the top end of the disk 
(area I), vertical center (area II), and bottom end of the disk (area III), were investigated. Moreover, the sintering 
distortions generated by the experimental FPDs were measured. Results showed that sintering distortion in 4-unit 
monolithic zirconia FPDs occurred in all SC and SCL areas. Additionally, the sintering distortions were affected 
by the layered structure of the zirconia disks, the degree of which depended on the milling area (area I > area II 
> area III). Thus, when fabricating dental prosthesis using SCL zirconia disks, the milling area must be selected 
considering both the color adjustment and sintering distortion.   

1. Introduction 

Fixed partial dentures (FPDs) have been used in the field of pros-
thodontics for numerous years. They consist of retainers, which is fitted 
to the adjacent teeth, and a pontic, which replaces the missing tooth 
(Fig. 1). Traditionally, FPDs have been fabricated using precious and 
non-precious metals. However, the metallic color of FPDs does not ap-
peal to the patients who require a natural tooth color for their prosthesis. 
Consequently, zirconia, with mechanical strength comparable to that of 
natural teeth, has been gaining interest. The excellent biocompatibility 
and mechanical characteristics of zirconia-based all-ceramic fixed par-
tial dentures (FPDs) have been sufficiently verified (Harianawala et al., 
2016; Ling et al., 2021; Maniconel et al., 2007). Moreover, their range of 
applications has been expanding and the current increase in the prices of 
noble metals has further accelerated this expansion. 

Conventional zirconia is unnaturally white, significantly different 
from natural teeth with respect to color and translucency; thus, its es-
thetics limit its use as a single material in crown restorations. These 

concerns were addressed by veneering the outer surface of the zirconia 
framework with feldspar-based ceramics, which is similar in appearance 
to natural teeth (Baldissara et al., 2010; Guazzato et al., 2005). How-
ever, cases of delaminating and chipping affecting the veneering por-
celain have been reported for the molar area owing to the restrictions it 
poses on abutment cutting and high masticatory force (Rinke et al., 
2013; Sailer et al., 2006, 2007). Furthermore, there is a possibility that 
the accumulation of internal stress in the veneering porcelain firing 
cycles influences the marginal fit of the zirconia framework (Dittmer 
et al., 2009). Further, veneering porcelain requires the expertise of 
dental technicians (Stawarczyk et al., 2011), as well as a specified 
amount of time. Consequently, monolithic zirconia restorations, which 
have a low risk of fracture, have attracted significant attention as a so-
lution to the above-mentioned issues (Öztürk and Can, 2019; Zhang 
et al., 2013). Monolithic zirconia restorations are fixed prosthesis 
entirely using zirconia without veneering (Fig. 2). This avoids the risk of 
veneer fracture. Moreover, to color-match white zirconia to the shade of 
natural teeth, colored zirconia was developed by adding metal oxide 
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(Fe2O3) to adjust to the zirconia powder before molding, from which 
single-composition-layered (SCL)-type zirconia disks were developed 
(Fig. 3). These SCL-type zirconia disks which were developed to mimic 
the color gradations of natural teeth, were formed using color gradations 
over several layers from the enamel layer with a little metal oxide to the 
cervical layer that contains a high metal oxide content (Kolakarnprasert 
et al., 2019; Zhao et al., 2013). However, the layer composition ratios 
vary according to the manufacturer. 

Furthermore, zirconia disks that are compatible with the commonly 
used VITAPAN classical shade have been commercialized and have 
become valuable in esthetic dental prosthesis. The layered-type zirconia 
disk offers the advantage of allowing fine adjustments to the shade by 
changing the vertical area (position relative to disk thickness) to be 
milled. 

However, zirconia experiences approximately 20-25% linear 
shrinkage during the sintering process (Carter et al., 2009; Denry and 
Kelly, 2008; Heydecke et al., 2007; Renold and Ramesh, 2016). 

Therefore, shrinkage rates must be predicted and calculated before 
milling, because predicting the sintering shrinkage and controlling the 
sintering distortion are important factors to achieve an accurate fit of 
prosthetic crowns (Sachs et al., 2014). Moreover, a poor fit of the margin 
area is associated with a reduced fracture resistance of the prosthetic 
crown (Schriwer et al., 2017). Consequently, numerous studies have 
been conducted on the sintering shrinkage and fit of zirconia prosthetic 
restorations (Edwards et al., 2017; Kunii et al., 2007; Sachs et al., 2014). 
A good fit has been demonstrated to be achieved for long span FPDs as 
well as crowns (Sachs et al., 2014). However, none have reported on the 
relationship between disk selection and different areas of milling with 
the post-sintering distortion generated when manufacturing molar FPDs 
using pre-sintered SCL-type disks with color gradation. The milling area 
is determined primarily by shade expression; thus, a comparative study 
was conducted to investigate the effects exerted by the layered structure 
and vertical milling area of the zirconia disk on the sintering distortion. 

The null hypotheses of this study were as follows: (1) Single- 
composition (SC) zirconia disks and SCL zirconia disks do not exhibit 
distortion during the post-sintering process; (2) the layered structure of 
zirconia disks does not affect the sintering distortion; and (3) the dif-
ference in the vertical milling area does not cause a change in sintering 
distortion. 

2. Materials and methods 

2.1. Experimental FPD design and data development 

A stainless-steel experimental abutment tooth model (Tokyo Giken, 
Tokyo, Japan) with missing mandibular first molar and mandibular 
second premolar and mandibular second molar and mandibular first 
premolar assumed to be abutment teeth was manufactured. The design 
schematic and appearance are shown in Figs. 4-1 and Figs. 4-2, 
respectively. The diameters of the abutment teeth were 11 and 7 mm for 
the mandibular second molar and mandibular first premolar, respec-
tively, while the vertical length was 5 mm. The abutment teeth were 
designed based on the assumption that the retainer was an all-ceramic 
crown. Further, the taper of the shaft surface was set to 6◦. In addi-
tion, the margin was in the form of a deep chamfer, and the radius of 
curvature was set to 1 mm. 

The abutment tooth model was manufactured assuming that the 
mandibular first molar and mandibular second premolar were missing. 
The mandibular second molar and mandibular first premolar were 
assumed to be the abutment teeth, and the retainer was a monolithic 
zirconia crown with a heavy chamfer margin. 

An experimental FPD was designed employing a simplified shape of a 
4-unit monolithic zirconia FPD (Figs. 5-1). The emergence profile was 
established with a 60◦ tilt from the crown margin to the outer 1 mm. The 
crown above this crown was cylindrical, without any contour. The 
occlusal surface thickness was 1.5 mm. The two retainers were 

Fig. 1. Fixed partial denture 
FPDs consist of retainers, which is placed on the adjacent tooth (abutment 
tooth), and a pontic, which fills the missing tooth. As a fixed prosthesis, it is 
used in the partially edentulous arch. 

Fig. 2. Two types of zirconia all-ceramic crown 
The zirconia fused to porcelain type has traditionally been used in prosthetic 
dentistry. The outer surface of the zirconia frame is coated by porcelain (e.g., 
feldspar ceramics) to achieve favorable aesthetics. Conversely, owing to the 
improved aesthetics combined with monolithic zirconia type, crown prostheses 
using only zirconia can be developed. 

Fig. 3. Color gradation of SCL disks and natural 
teeth. 
*a: The shade is lighter closer to the occlusal surface 
of the tooth. 
*b: The shade is darker closer to the cervical of the 
tooth. 
*c: The enamel layer is the light color part of the 
disk with a moderately low content of metal oxides. 
*d: The cervical layer is the dark color part of the 
disk with a moderately high content of metal 
oxides.   
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connected via a hexagonal column with a cross-sectional area and ver-
tical length of 22.5 mm2 and 5 mm, respectively, which was used as the 
connector and pontic. Moreover, the retainers and pontics were linearly 
arranged. 

A dental laboratory scanner (S-WAVE Scanner D2000, 3SHAPE, 
Copenhagen, Denmark) was used to scan the experimental abutment 
tooth model (Figs. 4-2) and the wax pattern (Figs. 5-2) to form the inner 
and outer surface of the experimental FPDs, respectively. Thereafter, the 
experimental FPDs were digitized and converted to standard triangu-
lated language (STL) data by superimposing each of them with dental 
computer-aided-design (CAD) software (Dental Manager, 3Shape, 
Copenhagen, Denmark), and were subsequently used as the design data 
for FPDs (Fig. 6). 

2.2. Experimental FPD milling and scanning 

2.2.1. Experimental FPD milling 
The details of the zirconia disks used in this study are listed in 

Table 1. Three SC-type and SCL-type disks were selected from each 
manufacturer. Disks with no shade were selected for the SC, where those 
with shades equivalent to the VITAPAN classical shade A3 from VITA 
were selected for the SCL. The disks were selected based on the following 
conditions: (1) thickness of 18 mm, (2) bending strength of 800 MPa or 
greater, (3) SC and SCL of the same manufacturer with equal amounts of 
added yttria, and (4) SC and SCL of the same manufacturer under the 
same sintering conditions. 

The STL data of the experimental FPDs were imported into the dental 
computer-aided-manufacturing (CAM) software (GO2dental, Shofu, 
Kyoto, Japan), and the processing conditions were set according to the 
manufacturer instructions. The vertical milling area settings for each 
disk are shown in Fig. 7. Area I was positioned above the disk (0.1 mm 
inside the surface), area II was located at the center of the disk, and area 
III was located below the disk (0.1 mm beneath the surface). Seven 
experimental FPDs were milled using a dental milling machine (DWX- 
51D, Roland DG, Shizuoka, Japan) from each area (Fig. 8). Further, 
seven experimental FPDs from the same area were milled using a single 
disk. 

2.2.2. Scanning of milled experimental FPDs 
The milled (pre-sintering) experimental FPDs were scanned using a 

dental laboratory scanner (S-WAVE Scanner D2000, 3Shape, Copenha-
gen, Denmark) and converted to STL data. This was denoted as the 
control group (c) (n = 7). 

2.3. Post-sintering and scanning of experimental FPDs 

2.3.1. Post-sintering 
Post-sintering of the experimental FPDs was conducted using a zir-

conia furnace (Esthemat Sinta ll, Shofu, Kyoto, Japan) under the con-
ditions specified by the manufacturer (Table 2). One group (n = 7) of the 

Fig. 4. Experimental abutment tooth model.  

Fig. 5. Experimental FPDs. Experimental FPDs assuming monolithic zirconia 
FPDs were waxed up. 

Fig. 6. Production of experimental FPDs data. Production of experimental FPDs data by superimposing two sets of data.  
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experimental FPDs was sintered in one cycle. The experimental FPDs 
were placed in a manner such that they did not touch each other. Sub-
sequently, the sintered FPDs were ultrasonically cleaned in water for 5 
min. Fig. 9 shows the post-sintering experimental FPDs. 

2.3.2. Scanning of post-sintering experimental FPDs 
The post-sintered experimental FPDs were scanned using a dental 

laboratory scanner (S-WAVE Scanner D2000, 3Shape, Copenhagen, 
Denmark), and the scans were converted to STL data. This was denoted 
as the experimental group (e) (n = 7). 

2.4. Measurement of pre- and post-sintering experimental FPDs 

The STL data of the control and experimental groups were imported 
into the CAD software (Fusion360(TM), AutoDesk Inc., San Rafael, 
USA). The buccolingual central cross section of the experimental FPDs 
was observed at a magnification of 910 times, and the margin mea-
surement points included in the cross-section images (a–d) were marked 
(Figs. 10-1). Herein, a was connected to b, and c was connected to 
d using straight lines. Further, the external angle, α, formed by the two 
straight lines was measured using software. The intersection on the root 
side of the retainer margin was recorded as the case α > 0 (Figs. 10-2), 
while the intersection on the crown side was recorded as α < 0 (Figs. 10- 
3). Thus, the measured values were recorded for each experimental FPD. 

The angle of the pre- and post-sintered experimental FPDs were α(c) 
and α(e), respectively, and the difference between them, α(e − c), was 
calculated. This was determined to be the sintering distortion caused by 
the post-sintering. 

2.5. Statistics 

First, the angle α(c) of pre-sintering and the corresponding angle α(e) 
of post-sintering in each group were compared using the Wilcoxon 
signed-rank test (n = 7). Thereafter, the sintering distortion α(e - c) 
corresponding to the SC and SCL of the same manufacturer were 
compared using the Wald–Wolfowitz runs test with three areas in each 
disk as a group (n = 21). Finally, the sintering distortions α(e - c) in areas 
I, II, and III of each disk were compared using the Kruskal–Wallis test 
and Dunn–Bonferroni multiple comparison tests (n = 7). The statistical 
software SPSS version 27 (IBM Corp., Armonk, NY, USA) was used, and 
the significance level was set at 1% and 5%. 

3. Results 

Table 3 and Table 4 shows the comparisons of average of the pre- 
sintering angle α(c) and post-sintering angle α(e) in each milling area 
of the disk. Significant differences were observed in the angles α(c) and 
α(e) for all areas of all disks. 

Further, the sintering distortion α(e − c) of SC and SCL for each 
manufacturer was compared (Fig. 11). The vertical axes represent the 
sintering distortion α(e − c), whereas the horizontal axes represent the 
disk. A significant difference was observed between SC and SCL for all 
three manufacturers (A: p = 0.001, B: p = 0.004, C: p = 0.001); the 
sintering distortions α(e − c) of SC and SCL showed different distribu-
tions. Moreover, the SCL exhibited greater variability than the SC. 

The sintering distortion α(e - c) in each area was compared for each 
disk (Fig. 12). A slight sintering distortion, indicated by a positive value 
of α(e - c), was observed in all SC types. However, these values were 
close to zero. In addition, no significant differences were observed be-
tween areas (SC-A, p = 0.447; SC-B, p = 0.489; SC-C, p = 0.280) 
(Fig. 12). 

However, a more prominent difference in sintering distortion for 
each area was observed in SCL compared to SC (Fig. 12). The value 
increased in the ascending order of area I > area II > area III in all SCL 
types, with significant differences observed between areas I and III. 
Consequently, it was statistically determined that area I generated a 
larger sintering distortion. Furthermore, significant differences were 
observed in α(e - c) of areas I and II for SCL-A, and areas II and III for SCL- 
B and SCL-C (SCL-A, p = 0.001; SCL-B, p = 0.001; SCL-C, p = 0.001). 
Furthermore, a negative sintering distortion was observed in area III of 
SCL-B. 

4. Discussion 

4.1. Shape of experimental FPDs 

The FPDs were manufactured to achieve a size as large as possible in 
this study to clearly observe sintering distortion. Thus, the 4-unit FPD, 
which is the largest FPD that can be supported by two abutment teeth in 
clinical applications, was used. Furthermore, the aim of this study was to 
analyze the influence of a layered structure on the sintering distortion of 
a prosthesis, and consequently, the sintering distortion caused by the 
shape of the prosthesis was eliminated to the maximum extent possible. 

The complex shapes of zirconia prostheses produce distortions in the 
sintered body (Komine et al., 2005). However, to minimize any sintering 
distortion owing to the shape of the experimental FPD, the 4-unit FPD 
had a simplified shape. Kunii et al. (2007) demonstrated that sintering 

Fig. 7. Vertical milling area of experimental FPDs in the zirconia diskArea 
I was positioned above the disk, area II vertically at the center of the disk, and 
area III below the disk. Areas I and III were positioned 0.1 
mm away from the top and bottom surfaces of the disk, respectively. 

Table 1 
Materials used.  

Code Product name Shade Yttria concentration (mol%) Bending strength (MPa) Manufacturer 

SC-A ZR lucent FA Pearl white 5 1019 Shofu (A) 
SCL-A ZR lucent FA 5L medium 
SC-B Katana (HT) 10C 4 1125 Kraray Noritake (B) 
SCL-B Katana (HTML) A 3 
SC-C DD Cube ONE White 4 1250 Dental Direkt (C) 
SCL-C DD Cube ONE ML A 3 

Single-composition-type (SC), single-composition-layered-type (SCL). 
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shrinkage of pontic influences the sintering distortion and that a poor fit 
has a higher risk of manifesting on the pontic side than on the non-pontic 
side. Thus, imbalances in the shape were reduced to the maximum 
extent possible. Moreover, to connect both retainers under the same 
conditions, the pontics of the two teeth were evenly designed. Further-
more, as a curvilinear design is considered conducive to the sintering 
distortion of prosthesis (Komine et al., 2005; Sachs et al., 2014), for the 
experimental FPDs in this study, the retainers and pontics were designed 
in a straight line. 

4.2. Disk selection 

This study used the VITA classical shade A3, which is often used in 
clinical settings in Japan, and disks with a corresponding color shade. 
Furthermore, all selected disks met the condition of having a three-point 
bending strength greater or equal to 800 MPa, based on the ISO standard 
after referring to the published bending strength figures by the manu-
facturer (International Organization for Standardization, 2015). The 
selected disks had a thickness of 18 mm, which can be considered the 
average thickness of the disks manufactured by different manufacturers. 
Consequently, the SC and SCL disks from each manufacturer, having the 
same yttria content, and the same recommended sintering temperature 
were selected. The doping of zirconia with metal oxides has been 

reported to increase the bending strength (Obolkina et al., 2020). 
However, there is no effect on the mechanical strength when small 
amounts are doped, as in the case of dental zirconia (Alves et al., 2021). 
Therefore, the mechanical strengths of the SC and SCL disks to be 
compared were equal. 

4.3. Configuration of milling areas 

The milling area in the zirconia disk is selected by the dentist or 
dental technician. Horizontal and vertical milling areas are selected and 
determined in three dimensions. According to a report summarizing the 
properties of dental zirconia, the cold isostatic pressing method, the 
most common method for compacting ceramic powders, applies a uni-
form pressure to the zirconia powder (Kontonasaki et al., 2020). 
Furthermore, a study comparing the effect of processing conditions on 
the retentive force of a cone crown telescope reported that the hori-
zontal milling area of the disk had no effect on the retention (Nakagawa 
et al., 2017). Therefore, it was inferred that the mechanical properties 
within the dental zirconia disks were uniform, and the horizontal milling 
area of the disk did not affect the sintering distortion. In this study, to 
investigate the effect of vertical milling area (I, II, III) on sintering 
distortion, an area was milled from one disk and every condition except 
for vertical milling area were set equally in each group. 

After milling, the experimental FPD height was approximately 8.3 
mm, using approximately 46% of the 18 mm-thick disks. The number 
and distribution ratios of the layers in the disks varied between manu-
facturers; however, the details of the layered structure were not dis-
closed by the manufacturers. The layer distribution ratio for SCL-B, 
which has four layers and color gradation, has been published, and a 
study was conducted based on that data (Ueda et al., 2015). Considering 
the setting conditions in this study based on this report, the experimental 
FPD contains all the layers in the disk when placed in area II in SCL-B. In 
addition, it can be inferred that certain layers are not included in the 

Fig. 8. Arrangement of experimental FPDs and support pins in disk 
Seven experimental FPDs of the same group were placed in one disk (φ = 98). 
Support 2–3 pins were placed in the retainer and 4 in the pontic. 

Table 2 
Sintering program.  

Code Manufacturer Sintering conditions 

Heating rate → Plateau temperature and time → Cooling rate 

SC-A Shofu 
(A) 

5 ◦C/min → 1450 ◦C 120 min → − 10 ◦C/min 
SCL-A 
SC-B Kraray Noritake 

(B) 
10 ◦C/min → 1500 ◦C 120 mins → − 10 ◦C/min 

SCL-B 
SC-C Dental Direkt 

(C) 
8 ◦C/min → 900 ◦C 30 mins → 3 ◦C/min 

SCL-C → 1450 ◦C 120 mins → − 10 ◦C/min 

Each experimental FPD was sintered according to the program recommended by the manufacturer. 
Two-stage sintering was recommended for SC-C and SCL-C. 

Fig. 9. Pre- and post-sintering experimental FPDs 
The experimental FPDs were ultrasonically cleaned after post-sintering. 
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layout when placed in areas I and III. Therefore, the number and ratio of 
layers included in the experimental FPDs, even those in the same area, 
would probably differ for each manufacturer. Further, the number of 
layers included in the experimental FPDs also changed, even if the same 
area was set, when disks with different thicknesses were selected. Thus, 
further investigations are needed to understand the manner in which 
these different settings affect the sintering distortion. 

4.4. Sintering distortion of experimental zirconia FPDs 

The first null hypothesis of this study is rejected, because the effect of 
the shape of the experimental FPD is involved. Further, the second null 
hypothesis is rejected. In addition, the third null hypothesis of this study 
is accepted for the SC and rejected for the SCL. Therefore, from these 
conclusions, in addition to the effect of shape, the layered structure of 
the metal oxide in SCL is considered to affect the sintering distortion. 

4.4.1. Effect of FPD shape on sintering distortion 
Microstructure observations of partially stabilized zirconia have 

shown that during post-sintering, the monoclinic phases disappear and 

transform to the tetragonal phase (Wertz et al., 2021). Here, a large 
shrinkage occurs (Scott, 1975). However, sintering distortion in pros-
theses is believed to be caused by insufficiently uniform sintering 
shrinkage (Edwards et al., 2017). According to Oh et al. (2010), who 
investigated the shrinkage rate of zirconia using a disk-shaped test piece, 
no significant differences were observed in the shrinkage rate of 

Fig. 10. Margin measurement points and angle α measurement points.  

Table 3 
Comparison of pre-sintering and post-sintering angle α Comparison of pre- 
sintering and post-sintering angle α for each area on SC-type disk.    

angle α Wilcoxon signed-rank test   

pre-sintered α(c) post-sintered α(e) 

A Area I 0.009086 0.108275 * 
Area II 0.009058 0.106938 * 
Area III 0.007489 0.090385 * 

B Area I 0.006912 0.140381 * 
Area II 0.008774 0.119450 * 
Area III 0.009651 0.129448 * 

C Area I 0.008489 0.132885 * 
Area II 0.009710 0.103999 * 
Area III 0.006198 0.113718 *  

M. Hirano et al.                                                                                                                                                                                                                                 



Journal of the Mechanical Behavior of Biomedical Materials 128 (2022) 105078

7

commercially available SC-type disks between the upper, middle, and 
lower parts. However, a study wherein zirconia was milled into a crown 
designed exhibited differences in the shrinkage amount because the 
thickness and shape differed depending on the crown site, resulting in 
distortions of the prosthetic prosthesis (Ohkuma et al., 2019). It was 
proposed that the differences in the shrinkage amount between the 
occlusal surface and cervical sides during the post-sintering process 
caused the sintering distortion in the experimental FPDs in this study. 
Although the experimental FPDs were designed to eliminate the effects 
of their shape on the sintering distortion to the maximum possible, they 
had a minimal FPD shape, which differed on the occlusal surface and 
margin sides. Therefore, it is possible that this caused a difference in 
shrinkage and affected sintering distortion (Table 3). 

4.4.2. Effect of differences in metal oxide amount on distortion 
The sintering distortion of the SCL varied more than that of the SC 

(Fig. 11). Metal oxide effects, in addition to the previously mentioned 
factor of FPD shape, may be the possible causes for this. SCL disks are 
manufactured by adding metal oxide in layer form to obtain a color 
gradation of the crowns. In particular, Fe₂O₃ is extensively used as an 
additive to impart the color of dentin and provides a dark brown hue to 
zirconia in proportion with an increase in its concentration (Holz et al., 
2018; Jiang et al., 2015; Mendes et al., 2017). The SCL-B used in this 
study is the world’s first SCL-type disk, which has been used in 
numerous studies (Ueda et al., 2015). A report on the composition and 
properties of SCL-B states that no metal oxide was detected in the enamel 
layer but was detected in the dentin layer (Kolakarnprasert et al., 2019). 
Thus, the SCLs, by other manufacturers, used in this study show similar 
trends. 

Sintering-associated shrinkage commonly starts at 900–1000 ◦C 
(Boaro et al., 2003; Denry and Kelly, 2008; Kao et al., 2018) and stops at 
approximately 1500 ◦C. However, this is affected by the type and 
amount of additive used (Obolkina et al., 2020; Silva et al., 2014; Zhao 
et al., 2013). Adding metal oxide to zirconia is believed to accelerate the 
shrinkage speed and lower the temperature at which shrinkage starts. 
Kao et al. (2018) reported this temperature, 975 ◦C, for zirconia without 
added metal oxide, decreased to 925 and 900 ◦C when 0.25 and 1 mol % 
metal oxide, respectively, were added. As a result, sintering behaviors 
may vary between layers and exhibit slight differences in shrinkage 
starting temperatures in SCL disks, which are composed of layers with 
varying metal oxide concentrations. However, the sintering temperature 
of pre-sintered dental zirconia bodies is usually approximately 
1000–1100 ◦C (Amat et al., 2020; Qian et al., 2016). Thus, it is inferred 
that the degree of shrinkage progression associated with pre-sintering 
for SCL disks varies depending on the layer. Moreover, it is also infer-
red that in the layer with advanced shrinkage in the pre-sintered state, 
the rate of shrinkage in the post-sintering process is lower than that in 
the layers where pre-sintered shrinkage is slow, and it is estimated that 
shrinkage during post-sintering is higher on the occlusal surface side 
than on the marginal side. This is consistent with the conclusions drawn 
by Suzuki et al. (2020) that the shrinkage rate and timing of each layer 
during post-sintering generated distortion differ between the layers. 

Differences were observed in the sintering distortion between 
different areas in the SCL disks in the following order: area I > area II >
area III (Fig. 12). Layers with a smaller added amount of metal oxide 
exhibit a larger rate of decrease in the shrinkage starting temperature 
(Kao et al., 2018). Furthermore, it has also been reported that the 
optimal amount of added metal oxide for expressing crown color was 
less than 0.1 mol (Willems et al., 2019). Therefore, it is likely that the 
sintering distortion increases as the area approaches closer to the enamel 
layer in the disk. Thus, this may be the cause of the higher sintering 
distortion in SCL area I than in area III as observed in this study. 

Area III showed the least sintering distortion for SCL-A and SCL-C. 
However, distortion in the opposite direction from the others was 
observed in SCL-B-area III. The shade of this disk was the VITA classical 
shade A3, but the color differences and subtle shade changes in the disk 
were independently set by the manufacturer. Therefore, comparing the 
added amount of metal oxides with other disks whose shade is A3 is 
challenging, and it is not possible to unilaterally determine areas with 
little sintering distortion. In the future, it will be necessary to study the 
sintering distortion based on the composition and structure of the disk. 

In addition, this information was obtained from simple experimental 
FPDs whose designs were not representative of actual crowns. Experi-
ments with simple models have limitations in understanding the 
dimensional changes that occur in the complex structure of zirconia in 

Table 4 
Comparison of pre-sintering and post-sintering angle α. Comparison of pre- 
sintering and post-sintering angle α for each area on SCL-type disk.    

angle α Wilcoxon signed-rank test   

pre-sintered α(c) post-sintered α(e) 

A Area I 0.008072 0.415242 * 
Area II 0.007097 0.238149 * 
Area III 0.008353 0.145195 * 

B Area I 0.009074 0.340804 * 
Area II 0.009956 0.226934 * 
Area III 0.008920 − 0.259351 * 

C Area I 0.009661 0.465333 * 
Area II 0.009613 0.407837 * 
Area III 0.008101 0.215012 * 

The pre-sintering angles α(c) and post-sintering angle α(e) in each area were 
compared using the Wilcoxon signed-rank test. 

Fig. 11. Comparison of sintering distortion α(e − c) on SC and SCL-type disk 
The sintering distortion α(e − c) in both disk types was compared using the Wald–Wolfowitz runs tests. 
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prosthetic protheses (Ahmed et al., 2019). Thus, this is also a limitation 
of this study. Therefore, further studies are needed to better capture 
clinical conditions. 

5. Conclusion 

Based on the results obtained under the restrictions configured in this 
study, the following conclusions were drawn. Sintering distortions 
occurred in 4-unit monolithic zirconia FPDs. In particular, the layered 
structure of the metal oxide doped into the zirconia disks affected the 

sintering distortion. Large sintering distortions, the degree of which 
depended on the milling area, were observed in Area I. Therefore, when 
fabricating dental prosthesis with SCL zirconia disks, it is necessary to 
select the milling area considering not only the color adjustment but also 
the sintering distortion. 
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