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Abstract: Tooth enamel wear occurs because of daily mastication and occlusion. This study inves-
tigated the wear behavior of bovine teeth against aesthetic restorative materials in vitro. Abrader
specimens were fabricated using four tooth-colored restorative materials (zirconia, lithium disilicate
glass ceramic, dental porcelain, and resin composite), with bovine tooth enamel as a control. Flattened
bovine tooth enamel was used as the substrate specimen. These materials were characterized by
Vickers hardness tests and surface roughness measurements. Two-body wear tests between the
abrader and substrate specimens were performed, and the worn topographies were evaluated using
a contour-measuring instrument and 3D laser microscope. The restorative materials and bovine
tooth enamel had similar surface roughness but different hardness and wear behaviors. Bovine teeth
showed the largest wear in tooth–tooth contact as the abrader and substrate specimens. Compared to
bovine teeth, zirconia, lithium disilicate glass ceramic, and dental porcelain showed greater hardness
and less wear on their surfaces, and less substrate wear of the opposite tooth enamel. The lowest
hardness resin composite showed intermediate wear on its surface, resulting in the lowest substrate
wear. Accordingly, dentists should pay attention to the selection of restorative materials to reconstruct
their morphologies owing to different wear behaviors.

Keywords: two-body wear test; zirconia; lithium disilicate glass ceramic; dental porcelain; resin composite;
bovine tooth enamel; wear behavior; 3Y-TZP; polycrystalline ceramics; glass matrix ceramics

1. Introduction

When biological problems such as dental caries and missing teeth in the oral cavity
are present, dental restorations, including single crowns (SCs) and fixed partial dentures
(FPDs), reconstruct their morphologies and oral function. In such cases, restorative ma-
terial selection is a critical issue not only for dentists and dental technicians in terms
of preservation of normal function and occlusal harmony, but also for patients in terms
of functionality, aesthetic aspects, and cost efficiency [1,2]. Metal–ceramic restorations
(MCRs), which consist of a metallic framework and veneering dental porcelain, have long
been recognized as the gold standard for SCs and FPDs and still have shown similar or
higher clinical success rates than all-ceramic restorations (ACRs) [3,4]. However, the use of
metal-free materials for direct and indirect dental restorations, such as ceramic and resin
composite, has recently increased owing to their adequate mechanical properties, aesthetic
appearance, and biocompatibility. The introduction and advancement of dental computer-
aided design/computer-aided manufacturing (CAD/CAM) technologies, development
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of tooth-colored restorative materials, and improvement of adhesive systems have made
it possible for these materials to be used in clinical practice [2,5,6]. Accordingly, ACRs,
such as densely sintered zirconia and reinforced glass ceramic which had less fractures
or chipping of the restorations due to high fracture toughness and strength compared to
dental porcelain and resin composite, showed comparable clinical outcomes to traditional
MCRs [7].

Because physiological wear occurs due to repeated daily mastication and occlusion
between natural teeth, the wear behavior between the tooth and the restorative material
in clinical situations must be considered [8]. Ideally, restorations should have a wear
behavior similar to that of tooth enamel; however, the restorative materials exhibit different
properties [8,9]. These wear behaviors are influenced by various material factors (e.g.,
mechanical and physical properties, chemical composition, microstructural and surface
roughness, and homogeneity) [1,10–12].

Even though dental ceramics are brittle and weak and cannot withstand high tensile
stresses under functional loading, polycrystalline ceramics such as zirconia can function
as an alternative aesthetic restorative material; it has a wide range of applications from
SCs to long-span FPDs due to its high strength and fracture toughness [6,13–15]. Zirconia-
based materials, mainly yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) and yttria
partially stabilized zirconia (Y-PSZ), have been used as framework materials that are
veneered with dental porcelain and/or as monolithic (full-contour) restorations [6,15]. In
laboratory studies, enamel wear by polished zirconia-based materials was less than or
comparable to tooth–tooth contact; however, the wear behavior was dependent on the
surface topography of the restorations [16,17]. In a previous systematic review [18], it was
reported that there was no significant difference in the opposite enamel wear between
zirconia-based materials and enamel in vitro. Moreover, in clinical studies, enamel wear
by zirconia-based materials is larger than or comparable to tooth–tooth contact [9,19,20].
Thus, these conflicting results were due to the obtained values of either or both vertical loss
and volumetric loss of enamel wear by zirconia-based materials using different methods
among the studies [20,21]. Furthermore, although the wear behavior of opposite zirconia-
based materials has been reported in some cases [22,23], most of them are unclear because
enamel wear has been the focus of previous studies [20]. Therefore, from the point of
view of preserving occlusal harmony, dentists should know the wear behavior of zirconia-
based materials.

Lithium disilicate glass ceramic, which consists of lithium disilicate of crystal in a
glass matrix ceramic, is frequently used in ACRs [15]. Lithium disilicate glass ceramic
favors the reconstruction of tooth-colored appearance as monolithic restorations when the
neighboring teeth show a high translucency, but has limited indication up to short-span
FPDs due to lower hardness, fracture toughness, and flexural strength compared to zirconia-
based materials [2,15]. In addition, either or both vertical loss and volumetric loss between
lithium disilicate glass ceramic and tooth enamel were similar, whereas zirconia-based
material wear was less against enamel [10,22,24].

Dental porcelain and resin composite for indirect restorations are used as layering
materials on metallic and/or ceramic frameworks for bilayered restorations because these
materials are weaker and more prone to chipping and fracture than zirconia and lithium
disilicate glass ceramic [12,25–28]. The wear of human enamel against MCRs was signifi-
cantly higher than that against human enamel and monolithic zirconia restorations in a
previous clinical study [9], whereas dental porcelain had wear behavior against human
enamel similar to tooth–tooth contact and less wear than zirconia-based material in an
in vitro study [10]. Moreover, the fabrication method and chemical composition of the
resin composite influenced both the wear of the resin composite itself and the antagonist
enamel [25,29]. The micro-hybrid resin composite containing a pre-polymerized filler and
the polished zirconia-based materials showed less reduction in occlusal vertical dimension
and minimized wear damage of both restorative material and tooth enamel compared to
dental porcelain and other types of resin composite [26].
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To date, a large number of existing studies have reported on the wear behaviors of
these aesthetic restorative materials; however, the majority of these studies are unable to
be compared directly because of different product materials, specimen morphologies, and
testing and evaluation methods [30,31]. In particular, evidence on the wear behavior of
opposite restorative materials is still a matter of debate. In addition, Chong et al. pointed
out that the evidence was insufficient concerning enamel wear by these restorative materials
in comparison to natural teeth [16]. Thus, limited information is available regarding the
simultaneous comparison of the wear behavior of tooth enamel against these materials and
natural teeth.

To overcome the dissimilarities of these different outcomes, the aim of this study was
to evaluate the wear behaviors between aesthetic restorative materials and bovine tooth
enamel via a two-body wear test in vitro. The null hypotheses were that (1) these restorative
materials as abraders would show similar wear damage on their surfaces compared to the
bovine tooth after the two-body wear tests, and (2) the wear behavior of these restorative
materials on flattened bovine tooth enamel as substrates would be exhibited as well as
tooth–tooth contact.

2. Materials and Methods
2.1. Materials

A two-body wear test between the abrader and substrate specimens was performed
using an abrasion tester (K236, Tokyo Giken Inc., Tokyo, Japan) (Figure 1a). Abrader
specimens used four tooth-colored restorative materials and bovine teeth, and the substrate
specimens were bovine teeth (Figure 1b and Table 1). Bovine teeth (mandibular incisors)
were cut between the crown and root using a diamond band saw (EXAKT 30; EXAKT
Advanced Technologies GmbH, Norderstedt, Germany). The abrader specimen of bovine
tooth enamel (BE) was shaped, and its surface was polished so that the contact area was
the same as the other groups in the test. For substrate specimens, the crown of the bovine
tooth was embedded in epoxy resin (SCANDIPLEX; Fritsch Japan Co., Ltd., Yokohama,
Japan). After curing, the surface of the specimen was automatically polished with 320-grit
and 600-grit silicon carbide abrasive papers using a lapping machine (Doctor-Lap ML-180,
Maruto Instrument Co., Ltd., Tokyo, Japan) to expose the flattened enamel surface on the
bovine tooth. Bovine teeth were used in accordance with the guidelines for the care and
use of laboratory animals and approved by the Institutional Ethics Committee of Iwate
Medical University on 15 May 2020 (approval number: #02-004).
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2.2. Characterization of Restorative Materials

Prior to the wear tests, the materials were characterized using a Vickers hardness test.
Rectangular or disk specimens (3 mm thickness) were prepared (n = 3). CAD/CAM blocks
of zirconia (Cercon Ht, Dentsply Sirona K.K., Tokyo, Japan) and lithium disilicate glass
ceramic (e-max CAD HT; Ivoclar Vivadent K.K., Tokyo, Japan) were cut into rectangular
shapes using a diamond band saw. After cutting, zirconia specimens (ZR) were sintered in
a dental furnace (inFire HTC speed, Dentsply Sirona) at 1540 ◦C for 35 min, and lithium
disilicate glass ceramic specimens (LS) were crystallized in a different dental furnace
(Programat EP5010, Ivoclar Vivadent) at 850 ◦C for 7 min. For dental porcelain specimens
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(DP), porcelain enamel powder (Initial MC, GC Corp., Tokyo, Japan) was mixed with
the liquid and placed into the metal jig. After removing excess moisture, the porcelain
was fired at 890 ◦C for 1 min and glazed at 890 ◦C for 1 min using a furnace (Single Mat,
Shofu INC., Kyoto, Japan) according to the manufacturer’s instructions. For the remaining
resin composite specimens (RC), resin composite paste (Gradia Forte CT4, GC) for indirect
restoration was filled to the jig, light-cured (GC Labolight LV-II, GC) for 3 min, and heat-
cured at 110 ◦C for 15 min (Petit Oven PO-I, GC). Flattened bovine tooth enamel specimens
(BE), as previously described, were used as the control group. Finally, all the test specimens
were polished using 600-grit silicon carbide abrasive paper. The hardness test of each
specimen was performed using a micro-Vickers hardness tester (HMV-G21, Shimadzu
Corp., Kyoto, Japan) under an indentation load of 4.9 N applied for 15 s. Each specimen
was measured at three different locations, and the average value was calculated.

Table 1. Materials used as abrader specimens in this study.

Material Product Composition * Manufacturer Lot No. Code

Zirconia
(3Y-TZP) Cercon ht (A2) ZrO2 (rest), Y2O3 (5 wt%), HfO2 (3 wt%),

Al2O3, SiO2 (<1 wt%)
Dentsply

Sirona 18035989 ZR

Lithium disilicate e-max CAD HT (A2)
SiO2 (57.0–80.0 wt%), Li2O
(11.0–19.0 wt%), K2O (<13.0 wt%), Other
oxides (<8 wt%)

Ivoclar Vivadent Y08507 LS

Dental porcelain Initial MC (E59) Feldspathic ceramic (N.P.) GC 1812111 DP

Resin composite Gradia Forte (CT4)

UDMA (20 wt%), Multifunctional
methacrylate (4 wt%), Inorganic fillers
(73 wt%), Prepolymerized fillers (3 wt%),
Photoinitiators, Stabilizers, Pigments

GC 180591 RC

Bovine tooth - - - - BE

3Y-TZP, 3 mol% yttria-stabilized tetragonal zirconia polycrystal; UDMA, urethane dimethacrylate; N.P., not
published. * As disclosed by the manufacturers.

2.3. Two-Body Wear Test
2.3.1. Preparation of Abrader Specimens Using a Crown Model

For ZR and LS specimens, a calibration plaster model, in which abutment tooth
preparation was performed on the left mandibular first molar for all-ceramic restorations,
was used as a crown model. The model was then scanned using a laboratory scanner
(inEos X5, Dentsply Sirona), followed by crown design using CAD software (inLab SW18.0,
Dentsply Sirona) for the fabrication of all-ceramic crowns. Both the pre-sintered zirconia
and pre-crystallized lithium disilicate glass ceramic blocks were milled using a CAM
milling unit (inLab MC X5, Dentsply Sirona). After milling, the ZR specimens were sintered
and LS specimens were crystallized, as previously described, and polished and/or glazed
by clinical finishing procedures according to the manufacturer’s instructions.

A specific mold was used to fabricate the DP and RC specimens. The mold was
prepared from a ZR specimen, which imitated the occlusal surface, using an impression
material (EXAFINE putty type, GC). The mold was then filled with the material. The DP
specimens were then fired and self-glazed, and the RC specimens were cured as previously de-
scribed and polished by clinical finishing procedures according to the manufacturer’s instructions.

Six specimens were prepared in each experimental group. For half of the abrader
specimens (n = 3) in each group, the surface roughness (Sa: arithmetical mean height from
the mean plane of surface) was also measured using a 3D laser microscope (LEXT OLS
4000, Olympus Corp., Tokyo, Japan) with a semiconductor laser beam of 405 nm at a range
of 1280 µm × 1278 µm and calculated using software (Stream, Olympus).

2.3.2. Two-Body Wear Test

The abrader and substrate specimens were fixed and placed on the top and bottom
holders of the abrasion tester, respectively (Figure 1c). Prior to the wear test, the abrader
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specimens were observed using a digital microscope (ViTiny UM12, MicroLinks Technology,
Kaohsiung, Taiwan). The contact area between the distobuccal cusp of the abrader specimen
and the flattened surface of the substrate specimen was confirmed using red articulating
paper. The stroke width of the abrader specimen was also verified using red articulating
paper to confirm the constant movement. The wear test was performed under water
immersion at room temperature using the following parameters: vertical load, 4.9 N; cycles,
30,000; frequency, 2.5 Hz; stroke width (left-to-right slide), 5 mm.

After testing, the surfaces of both the abrader and substrate specimens were observed
using a digital microscope. The worn profile in the center of the substrate specimens was
recorded vertically in the direction of movement of the abrader specimen using a contour-
measuring instrument (DSF600S, Kosaka Laboratory Ltd., Tokyo, Japan) to calculate the
worn width and depth. The worn area and/or volume of the substrate and abrader
specimens were measured using a 3D laser microscope, as previously described. In addition,
the worn surfaces of the selected abrader specimens were examined using scanning electron
microscopy (SEM; SU8010, Hitachi High-Tech Corp., Tokyo, Japan) at 10 kV after plasma
coating with OsO4.

2.4. Statistical Analysis

Data were analyzed using software (BellCurve for Excel, Social Survey Research
Information, Tokyo, Japan) at a level of significance of α = 0.05. The data were analyzed
for normal distributions by the Shapiro–Wilk test and for variance equality by the Levene
test. The results for Vickers hardness and surface roughness were analyzed by a one-way
analysis of variance (ANOVA) followed by Tukey’s test for post hoc comparisons. As the
data of wear test parameters were not normally distributed, descriptive statistics were
applied using medians. These results were analyzed by a non-parametric Kruskal–Wallis
test followed by Steel–Dwass post hoc test for multiple comparisons.

3. Results
3.1. Vickers Hardness

The Vickers hardness of the specimens ranged from 124 ± 4 to 1287 ± 33 (Table 2).
The hardness values were significantly different among all the groups (p < 0.05). The ZR
group exhibited the highest hardness values, followed by the LS, DP, BE, and RC groups.

Table 2. Mean ± standard deviation of Vickers hardness of the specimens.

Experimental Group ZR LS DP RC BE

Vickers hardness (Hv) 1287 ± 33 a 604 ± 12 b 492 ± 16 c 124 ± 4 d 303 ± 14 e

One-way ANOVA followed by Tukey’s test. Different lowercase letters are significantly different (p < 0.05).
Abbreviations of each experimental group are shown in Table 1.

3.2. Surface Roughness

The surface roughness (Sa) of the abrader specimens ranged between 6.1 ± 0.5 µm
and 10.6 ± 3.6 µm (Table 3). No significant differences were observed among the groups.

Table 3. Mean ± standard deviation of surface roughness (Sa) of the abrader specimens.

Experimental Group ZR LS DP RC BE

Sa (µm) 7.9 ± 2.2 a 8.9 ± 1.9 a 8.1 ± 1.8 a 10.6 ± 3.6 a 6.1 ± 0.5 a

One-way ANOVA followed by Tukey’s test. Same lowercase letters are not significantly different (p > 0.05).
Abbreviations of each experimental group are shown in Table 1.

3.3. Worn Width and Depth of the Substrate Specimens

The worn width and depth of the substrate specimens and typical cross-sectional
worn profiles of the specimens are presented in Table 4 and Figure 2, respectively. The
BE group showed the largest worn width, which was significantly larger than that of the
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other groups (p < 0.05, Table 4). However, no significant differences were observed in the
worn widths of the restorative materials (p > 0.05). The worn depths of the specimens
were significantly different among the materials (p < 0.05). The ZR and BE groups showed
the largest worn depths. The RC group exhibited the smallest worn depth; however, no
significant difference was observed between the LS and RC groups. These differences were
observed in the cross-sectional worn profiles, indicating that the BE group showed larger
width and depth profiles, and the ZR group showed a larger depth profile (Figure 2).

Table 4. Median of worn depth and width of the substrate specimens.

Experimental Group ZR LS DP RC BE

Worn width (mm) 0.61 A 0.81 A 0.93 A 0.49 A 1.67 B

Worn depth (µm) 35.54 a 1.57 c 9.87 b 0.94 c 34.08 a

Kruskal–Wallis test followed by Steel–Dwass post hoc test. Different uppercase and lowercase letters are signifi-
cantly different (p < 0.05). Abbreviations of each experimental group are shown in Table 1.
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3.4. Analysis of the 3D Laser Microscope Observation
3.4.1. Worn Area and Volume of the Substrate Specimens

The worn areas and volumes of the substrate specimens are presented in Table 5 and
Figure 3, respectively. The worn area and volume of the BE group were significantly larger
(Table 5, p < 0.05). No significant differences were observed among the restorative materials
in the worn area (p > 0.05). The RC group showed the lowest worn volume, which was
significantly lower than that of the ZR group among the restorative materials (Table 5,
p < 0.05). In the 3D laser microscope images, the RC specimen exhibited less wear damage
than the ZR specimen (Figure 4).

Table 5. Median of worn area and volume of the substrate specimens.

Experimental Group ZR LS DP RC BE

Worn area (mm2) 2.57 A 4.46 A 4.60 A 2.62 A 10.23 B

Worn volume (mm3) 0.07 a 0.03 a,b 0.05 a,b 0.02 b 0.26 c

Kruskal–Wallis test followed by Steel–Dwass post hoc test. Different uppercase and lowercase letters are signifi-
cantly different (p < 0.05). Abbreviations of each experimental group are shown in Table 1.
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Figure 4. Digital microphotographs (left) and 3D laser microscope images (middle and right) of the
substrate specimens after the wear test. Abbreviations of each experimental group are shown in
Table 1.

3.4.2. Worn Area of the Abrader Specimens

The worn areas and SEM images of the abrader specimens are presented in Table 6
and Figure 5, respectively. The worn area of the BE group was significantly largest (Table 6,
p < 0.05). Among the restorative materials, the worn areas in the LS and DP groups were
significantly larger than those in the RC and ZR groups (p < 0.05). The ZR group exhibits
the lowest values.

Table 6. Median of worn area of the abrader specimens.

Experimental Group ZR LS DP RC BE

Worn area (mm2) 0.004 a 1.077 b 1.252 b 0.326 c 3.651 d

Kruskal–Wallis test followed by Steel–Dwass post hoc test. Different lowercase letters are significantly different
(p < 0.05). Abbreviations of each experimental group are shown in Table 1.

These differences were confirmed by microscopic observations. In the SEM images,
the BE specimen showed the largest wear facet, whereas the ZR specimen exhibited the
smallest wear facet (Figure 5).
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Figure 5. Scanning electron microscopy (SEM) micrographs (left, 50× magnification (only BE:
35× magnification); middle, 500× magnification; right, 5000× magnification) of the worn surface
of the abrader specimens. White arrow indicates the wear facet area of the respective specimen.
Abbreviations of each experimental group are shown in Table 1.

4. Discussion

The demand for aesthetic restorative materials as metal-free restorations is increasing
annually. Tooth enamel wear, which contacts the opposite natural tooth or aesthetic
restorative material, leads to irreversible loss of tooth substance. However, evidence
concerning the wear behavior of opposite restorative materials and their comparison with
natural teeth is inadequate. In this study, the wear behavior of bovine tooth enamel against
four tooth-colored restorative materials compared to bovine teeth were investigated via the
two-body wear test. The results demonstrated that (1) Bovine teeth showed the largest wear
area and/or volume as the abrader and substrate specimens compared to the restorative
materials. (2) Dental ceramics showed less wear on their surfaces and less substrate wear
of the opposite bovine tooth enamel. (3) The resin composite showed intermediate wear on
its surface and the lowest substrate wear among the restorative materials. Thus, the first
and second null hypotheses were rejected.

Many in vitro and in vivo studies on wear behavior against tooth enamel have been
conducted. Understanding the characteristics of restorative materials is critical for the long-
term clinical success of restorations in dentistry. Clinical studies are essential to characterize
complex oral wear situations [32]. Unfortunately, clinical consensus is not available with
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regard to their wear behavior due to the large variability in individual wear behavior in
patients, which accounts for about 50% of the variability [30,32,33]. It also makes clinical
evaluation difficult in terms of the aspects of cost and time effectiveness. On the other
hand, in laboratory studies, eight different wear testing methods of two- and/or three-body
contact for dental materials have already been introduced to simulate the wear behavior
by occlusal contact of antagonistic teeth in the report of International Organization for
Standardization/Technical Specification (ISO/TS) 14569-2:2001 [34]. Heintze et al. pointed
out that these methods are not appropriate because of the lack of description about their
advantages and disadvantages in this report [30]. The wear evaluations including the
simulators have different approaches owing to different operational and methodological
concepts; therefore, they cannot be compared, even if efforts are made to use similar wear
parameters [30]. In addition, the laboratory wear test was not strongly correlated with
clinical outcomes [30,35]. Currently, there are no regulatory requirements or international
standards for testing restorative materials by laboratory wear simulations [30]. However,
laboratory wear tests are necessary for the consideration of materials and allow the investi-
gation of the single parameter of wear processes and a comparative evaluation of different
materials under standardized conditions, even though considerable variability should
be considered in such cases [30,35,36]. Hence, in this study, a two-body wear test that
simulated the attrition between the abrader and substrate specimens was used to compare
the wear behavior of the materials. Attrition, which is classified as tooth wear, is defined
as gradual loss by the physiological wear of tooth-to-tooth contact [37,38]. In addition,
a two-body wear test is simpler than other tests such as three-body wear, abrasion, and
erosion tests, because any other extrinsic or intrinsic factors can be excluded [38,39].

The crown models were fabricated using four tooth-colored restorative materials and
used for the wear test in this study. The morphology of the crown model was assumed
to be the same as that of the mandibular first molar in clinical practice. The distobuccal
cusp of the crown model was selected and contacted the flattened surface of the substrate
specimen. Kirsten et al. reported that the distribution of the maximum tensile stress was
concentrated in the occlusal fissures between the mesiolingual and distobuccal cusps of
Y-TZP crowns in physiological mastication behavior [40]. Moreover, the buccal cusps in
the mandibular molar region act as functional cusps and are subjected to concentrated
occlusal forces during chewing and biting [41]. Furthermore, the specimens were prepared
using conventional manufacturing methods. CAD/CAM blocks were used for the zirconia
and lithium disilicate glass ceramic specimens, whereas traditional hand-layered materials
were used for the dental porcelain and resin composite specimens. These differences are de-
pendent on the clinical indications for monolithic and bilayered restorations. Even though
a variety of manufacturing methods for the respective materials exist, their consideration
was excluded to focus on the comparison of the materials in this study.

Dental ceramics are generally harder than human tooth enamel and metal alloys [1].
Actually, the Vickers hardness values of the three types of ceramics (ZR, LS, and DP) used
here (ranging from 492 ± 16 to 1287 ± 33) were significantly larger than those of bovine
tooth enamel (303 ± 14). In addition, bovine teeth have been used as abrader and substrate
specimens because the Vickers hardness of human tooth enamel (approximately 274–317)
is the same as that of bovine tooth enamel (approximately 300–340) [25,42,43]. These
findings were consistent with previous studies [44–46]. The hardness differences were
dependent on the microstructure of the ceramic materials including the presence or absence
of the glass matrix, thereby resulting in different wear behaviors of both the abrader and
substrate specimens. The specimens with greater hardness (ZR, LS, and DP) showed less
substrate wear of the opposite bovine tooth enamel than the lower hardness specimens (BE)
(Figure 6a). Zirconia is a well-known polycrystalline ceramic with a fine-grained crystalline
structure without any glass phase, providing the largest flexural strength and fracture
toughness among dental ceramics [15]. In contrast, glass ceramic (e.g., lithium disilicate
and feldspathic porcelain) consists of a glass matrix and crystalline phase (30–70 wt%),
which are embedded in the glass matrix [47,48]. When ceramics have lower hardness, lower
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concentrations of crystalline phase, and smaller crystal sizes, they are more wear-friendly
to tooth enamel [1]. Therefore, even though no significant differences in the worn area and
volume of the substrate specimen were observed among the ceramics (ZR, LS, and DP), the
worn volume of the substrate specimen in the ZR group tended to be higher than that in
the LS and DP groups in this study (Table 5). These differences were also confirmed by the
cross-sectional profile of worn scratches using a contour-measuring instrument (Figure 2),
in which the bovine tooth wear by the ZR specimen was more lengthened in the depth
direction than that by the LS and DP specimens. This finding is inconsistent with that of
previous studies [10,22,49]. In these cases, the polished zirconia specimens exhibited less
enamel wear than the glazed porcelain specimens. These conflicting results were due to the
preparation of the DP specimens with or without glazing material during the firing steps.
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Regarding the worn area among the tested ceramics, the worn area of the ZR specimens
was significantly smaller than that of the LS and DP specimens (Table 6), indicating that
the larger hardness material showed less wear on its surface (Figure 6b). This finding
may be influenced by the hardness, microstructure, and supply method of the ceramic
materials. This assumption was partially supported by previous studies [1,21,49]. In
general, the wear of tooth enamel is influenced not only by the roughness and hardness of
the material but also by the material surface microstructure and friction environment. In
this study, the specimens were prepared using clinical finishing procedures according to
the manufacturer’s instructions, and there were no significant differences in the surface
roughness of the materials before the wear test (Table 2). Thus, the surface roughness was
eliminated as a possible factor. The harder ZR specimen had a homogeneous microstructure
without any glass phase because the homogeneous CAD/CAM blocks were milled. In
contrast, glass ceramics are more inhomogeneous and not free of porosity [1,49]. For the
worn area and volume of the substrate specimens, there was no difference between the
LS and DP specimens (Table 5). However, the worn depth of the substrate specimen in
the DP specimen was significantly deeper than that in the LS specimen (Table 4). This
difference was due to some factors including the material hardness, the content of the
crystalline phase in the glass ceramic, and the supply method. The LS specimens are more
homogeneous by using industrially fabricated blocks with minimal flaws and contain
the higher crystalline phase (70 wt%) [6,50], resulting in a shallower worn depth than
the DP specimens. It has been reported that glass ceramics sustain indentation damage
primarily by plastic deformation and subsequent fracture of the weaker glass matrix,
whereas crystalline ceramics fail through the dislocation mechanisms of crystals in a glass
matrix under indentation loads [1]. In addition, glass ceramics may provoke wear, resulting
in the removal of the glass matrix and exposure of the crystalline phase, which causes
surface roughening. However, Lawson et al. reported that the wear mechanism of the
porcelain specimen was different from that of the zirconia and lithium disilicate glass
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ceramic specimens [22]. They also described that porcelain fracture during wear caused
sharp asperities on its surface, resulting in abrasion opposing human tooth enamel. These
differences may reflect the surface damage of the abrader specimen. These wear behaviors
were also confirmed by SEM micrographs (Figure 5). The worn surfaces of the ZR and LS
specimens were relatively smooth without any particles, whereas that of the DP specimen
was rough owing to the presence of fractured porcelain debris on the specimen. This finding
is supported by a previous study [49]. In the EPMA analysis, Hara et al. demonstrated
that the components of feldspathic porcelain (Si and Al elements) were detected on the
substrate (bovine enamel surface), resulting in the possibility of these particles adhering to
bovine tooth enamel after the wear test, whereas the component of zirconia (Zr element)
was not detected [49]. They also reported that the smooth surface of the zirconia specimen
was maintained during the wear test, resulting in no detectable sign of wear loss, whereas
the lithium disilicate glass ceramic specimen exhibited measurable wear on the surface
owing to material experiences [22,23].

Resin composite consists of a resin matrix (20–30 wt%), filler (70–80 wt%), and a
small amount of catalyst or initiator [51]. Increasing the filler content and degree of
polymerization improves the mechanical properties of resin composite [25,51]. Resin
composite with predominantly a combination of large and small particles of the filler, so-
called hybrid types, is frequently used to increase filler content. In addition, resin composite
for indirect restoration can improve the degree of polymerization through light irradiation
and heating [25,28]. Therefore, the filler size, shape, and degree of polymerization of the
resin composite affect tooth enamel wear [25,51]. However, it must be mentioned that the
wear behaviors of tooth enamel are different between ceramics and resin composite [28].
Compared to other ceramic restorative materials, the obtained results here indicated that
resin composite showed lower hardness, less tooth enamel wear, and less wear damage
on its surface (Figure 6). The Vickers hardness values of the RC specimens were similar to
those of a previous study that showed values over Hv 100 [25]. Suese et al. also showed
that the hardness of an indirect resin composite material is higher than that of conventional
light-curing resin composite materials [28]. Regarding the wear of human tooth enamel,
zirconia and resin composite showed less wear than lithium disilicate glass ceramic and
human tooth enamel [24]. In such a case, the difference between zirconia and the resin
composite is the surface roughness. The surface roughness of the resin composite material
did not change after the wear test, resulting in less tooth enamel wear [24]. This feature of
the resin composite was confirmed by microscopic observations as a smooth worn surface
(Figures 4 and 5). These differences were owing to the wear process in which the ceramic
caused a microfracture mechanism, whereas the resin composite caused adhesive wear [24].
In contrast, the wear of bovine tooth enamel did not differ among the resin composite,
lithium disilicate glass ceramic, and bovine tooth enamel [52]. These differences may be
dependent on the materials, testing method, and origin of tooth enamel. In summary,
concerning general knowledge on two-body wear, a softer material is abraded more easily
than a harder material [24]. Awada et al. reported that the difference in the elastic properties
between ceramics and resin composite could be attributed to the resin content, which makes
them less brittle and more flexible [53]. Therefore, the RC specimens showed smaller wear
area and volume on its surface and on the bovine tooth enamel surface in this study.

Bovine tooth enamel was used not only as a substrate specimen but also as an abrader
specimen because bovine tooth enamel had a thicker layer than human tooth enamel so
that a large and more uniform structural area could be used. In a previous review of
ten dental erosion/abrasion studies, Yassen et al. summarized that bovine tooth enamel
was considered a promising substitute for human tooth enamel, even though inconsistent
outcomes exist [54]. Some studies have reported no difference in hardness between human
and bovine tooth enamel. The hardness of bovine tooth enamel (Table 2) is comparable to
that of human enamel teeth, as previously described. In addition, the main reasons of the
usage of bovine tooth are that bovine tooth enamel has a more uniform composition and is
readily available, and its crystallite orientation matches that of human tooth enamel [55].
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Bovine tooth enamel suffered severe wear in tooth–tooth contact as the abrader and substrate
specimens in comparison to other restorative materials in this study (Tables 5 and 6). These
wear behaviors were also confirmed by SEM micrographs (Figure 5). This finding was
consistent with previous studies that when tooth enamel makes contact, it causes high
abrasion with visible roughness and pitting [17]. This could be explained by a previous
study showing that, from the viewpoint of microstructure, the cracks were semicircular
in shape and grow along the direction of the enamel rods, followed by enamel cracks that
propagate along the rod sheath [56]. Yahyazadehfar et al. reported that [57] the crack
growth resistance of human enamel was inhomogeneous and spatially anisotropic due
to the complexity of the hierarchical microstructure and prism structure. In previous
studies, tooth–tooth contact had significantly higher enamel wear than zirconia, feldspathic
porcelain, and resin composite [17,24,32]. Sripetchdanond et al. explained that three-
body wear occurred during a two-body wear test because the chipped hydroxyapatite
particles worked as an abrasive medium [24]. In contrast, human tooth enamel showed
equivalent opposing enamel wear to polished zirconia and lithium disilicate glass ceramic,
whereas zirconia showed less occlusal wear than human tooth enamel and lithium disilicate
glass ceramic showed equivalent enamel wear [22]. A definite conclusion of the wear
mechanism is a matter of debate. Therefore, further in vitro studies are needed to clarify
tooth–tooth contact.

In this study, the measurements of the wear parameters (worn area and/or volume) of the
abrader and substrate specimens using the 3D laser microscope were different (Tables 5 and 6).
This difference was due to the fact that the substrate specimens used were flattened bovine
tooth enamel and simplified, whereas the abrader specimens were crown models with
a more complicated cusp (edge) shape. In other words, it should be considered when
compared with other studies because the obtained results would be different if the specimen
morphology and testing method were changed. Moreover, it should be mentioned that
the measurements of both the worn area and volume were not necessary because both
variables were strongly correlated with each other [11,17].

Finally, although this study demonstrated the comparison of the wear behavior of
bovine tooth enamel against tooth-colored restorative materials and natural teeth simulta-
neously, the variety of wear such as contact with the same material in clinical situations
should be considered. In addition, it is assumed that wear behavior differs depending on
the manufacturing method of the restorative materials [25,58]. Thus, further studies are
needed to clarify the influence of these factors on wear behavior to establish the reliability
of the findings.

5. Conclusions

Within the limitations of this study, the conclusions are as follows:

1. The tooth-colored restorative materials and bovine tooth enamel had similar surface
roughness with different hardness, resulting in different wear behavior on their
surfaces and against the opposite tooth enamel.

2. Compared to the restorative materials, bovine teeth showed the largest wear area
and/or volume in tooth–tooth contact as the abrader and substrate specimens.

3. Zirconia, lithium disilicate glass ceramic, and dental porcelain showed larger hardness
and less wear on their surfaces and less substrate wear of the opposite tooth enamel.

4. Although there was no difference in the wear of the substrate specimen, the worn
area of the abrader specimen in zirconia was significantly smaller than that of lithium
disilicate glass ceramic and dental porcelain.

5. Among the restorative materials, resin composite for indirect restorative showed
the lowest hardness and intermediate wear on its surface, resulting in the lowest
substrate wear.

Thus, dentists should pay attention to the selection of restorative materials to recon-
struct their morphologies owing to different wear behaviors.



Materials 2022, 15, 5234 13 of 15

Author Contributions: Conceptualization, methodology and validation, A.H., T.S. (Tomofumi Sawada)
and S.T.; formal analysis, T.S. (Tomofumi Sawada); investigation, A.H., T.S. (Tomofumi Sawada), K.S.
(Kazuyo Sen), T.S. (Takahiro Saito), K.S. (Kaori Sasaki) and T.S. (Tomoko Someya); data curation, A.H.,
T.S. (Tomofumi Sawada), S.T. and M.H.; writing—original draft preparation, T.S. (Tomofumi Sawada) and
S.T.; writing—review and editing, T.S. (Tomoko Someya) and M.H.; visualization, T.S. (Tomofumi Sawada)
and S.T.; supervision and project administration, S.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Bovine teeth were used in accordance with the guidelines
for the care and use of laboratory animals and approved by the Institutional Ethics Committee of
Iwate Medical University on 15 May 2020 (approval number: #02-004).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are included in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oh, W.S.; Delong, R.; Anusavice, K.J. Factors affecting enamel and ceramic wear: S literature review. J. Prosthet. Dent. 2002, 87,

451–459. [CrossRef] [PubMed]
2. Fehmer, V.; Mühlemann, S.; Hämmerle, C.H.F.; Sailer, I. Criteria for the selection of restoration materials. Quintessence Int. 2014,

45, 723–730. [PubMed]
3. Sailer, I.; Makarov, N.A.; Thoma, D.S.; Zwahlen, M.; Pjetursson, B.E. All-ceramic or metal-ceramic tooth-supported fixed dental

prostheses (FDPs)? A systematic review of the survival and complication rates. Part I: Single crowns (SCs). Dent. Mater. 2015, 31,
603–623. [CrossRef] [PubMed]

4. Pjetursson, B.E.; Sailer, I.; Makarov, N.A.; Zwahlen, M.; Thoma, D.S. All-ceramic or metal-ceramic tooth-supported fixed dental
prostheses (FDPs)? A systematic review of the survival and complication rates. Part II: Multiple-unit FDPs. Dent. Mater. 2015, 31,
624–639. [CrossRef]

5. Frankenberger, R.; Hartmann, V.E.; Krech, M.; Krämer, N.; Reich, S.; Braun, A.; Roggendorf, M. Adhesive luting of new
CAD/CAM materials. Int. J. Comput. Dent. 2015, 18, 9–20.

6. Li, R.W.; Chow, T.W.; Matinlinna, J.P. Ceramic dental biomaterials and CAD/CAM technology: State of the art. J. Prosthodont. Res.
2014, 58, 208–216. [CrossRef]

7. Ispas, A.; Iosif, L.; Popa, D.; Negucioiu, M.; Constantiniuc, M.; Bacali, C.; Buduru, S. Comparative assessment of the functional
parameters for metal-ceramic and all-ceramic teeth restorations in prosthetic dentistry-A literature review. Biology 2022, 11, 556.
[CrossRef]

8. Lambrechts, P.; Braem, M.; Vuylsteke-Wauters, M.; Vanherle, G. Quantitative in vivo wear of human enamel. J. Dent. Res. 1989,
68, 1752–1754. [CrossRef]

9. Mundhe, K.; Jain, V.; Pruthi, G.; Shah, N. Clinical study to evaluate the wear of natural enamel antagonist to zirconia and metal
ceramic crowns. J. Prosthet. Dent. 2015, 114, 358–363. [CrossRef]

10. Nakashima, J.; Taira, Y.; Sawase, T. In vitro wear of four ceramic materials and human enamel on enamel antagonist. Eur. J. Oral.
Sci. 2016, 24, 295–300. [CrossRef]

11. Zhi, L.; Bortolotto, T.; Krejci, I. Comparative in vitro wear resistance of CAD/CAM composite resin and ceramic materials. J.
Prosthet. Dent. 2016, 115, 199–202. [CrossRef]

12. Spitznagel, F.A.; Boldt, J.; Gierthmuehlen, P.C. CAD/CAM ceramic restorative materials for natural teeth. J. Dent. Res. 2018, 97,
1082–1091. [CrossRef]

13. Sinmazisik, G.; Tarcin, B.; Demirbas, B.; Gulmez, T.; Bor, E.; Ozer, F. The effect of zirconia thickness on the biaxial flexural strength
of zirconia ceramic bilayered discs. Dent. Mater. J. 2015, 34, 640–647. [CrossRef]

14. Zarone, F.; Russo, S.; Sorrentino, R. From porcelain-fused-to-metal to zirconia: Clinical and experimental considerations. Dent.
Mater. 2011, 27, 83–96. [CrossRef]

15. Gracis, S.; Thompson, V.P.; Ferencz, J.L.; Silva, N.R.; Bonfante, E.A. A new classification system for all-ceramic and ceramic-like
restorative materials. Int. J. Prosthodont. 2015, 28, 227–235. [CrossRef]

16. Chong, B.J.; Thangavel, A.K.; Rolton, S.B.; Guazzato, M.; Klineberg, I.J. Clinical and laboratory surface finishing procedures for
zirconia on opposing human enamel wear: A laboratory study. J. Mech. Behav. Biomed. Mater. 2015, 50, 93–103. [CrossRef]

17. Mehzabeen, K.R.; Boughton, P.; Kan, W.H.; Ruys, A.J.; Guazzato, M. Two-body wear test of enamel against laboratory polished
and clinically adjusted zirconia. J. Mech. Behav. Biomed. Mater. 2020, 108, 103760. [CrossRef]

18. Aljomard, Y.R.M.; Altunok, E.Ç.; Kara, H.B. Enamel wear against monolithic zirconia restorations: A meta-analysis and systematic
review of in vitro studies. J. Esthet. Restor. Dent. 2021, 34, 473–489. [CrossRef]

http://doi.org/10.1067/mpr.2002.123851
http://www.ncbi.nlm.nih.gov/pubmed/12011863
http://www.ncbi.nlm.nih.gov/pubmed/25126642
http://doi.org/10.1016/j.dental.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25842099
http://doi.org/10.1016/j.dental.2015.02.013
http://doi.org/10.1016/j.jpor.2014.07.003
http://doi.org/10.3390/biology11040556
http://doi.org/10.1177/00220345890680120601
http://doi.org/10.1016/j.prosdent.2015.03.001
http://doi.org/10.1111/eos.12272
http://doi.org/10.1016/j.prosdent.2015.07.011
http://doi.org/10.1177/0022034518779759
http://doi.org/10.4012/dmj.2014-340
http://doi.org/10.1016/j.dental.2010.10.024
http://doi.org/10.11607/ijp.4244
http://doi.org/10.1016/j.jmbbm.2015.06.007
http://doi.org/10.1016/j.jmbbm.2020.103760
http://doi.org/10.1111/jerd.12823


Materials 2022, 15, 5234 14 of 15

19. Lohbauer, U.; Reich, S. Antagonist wear of monolithic zirconia crowns after 2 years. Clin. Oral. Investig. 2017, 21, 1165–1172.
[CrossRef]

20. Gou, M.; Chen, H.; Kang, J.; Wang, H. Antagonist enamel wear of tooth-supported monolithic zirconia posterior crowns in vivo:
A systematic review. J. Prosthet. Dent. 2019, 121, 598–603. [CrossRef]

21. Gao, W.M.; Geng, W.; Yan, Y.W.; Wang, Y. Antagonist wear of zirconia fixed restorations in vitro and in vivo- A systematic review.
Int. J. Prosthodont. 2021, 34, 492–504. [CrossRef]

22. Lawson, N.C.; Janyavula, S.; Syklawer, S.; McLaren, E.A.; Burgess, J.O. Wear of enamel opposing zirconia and lithium disilicate
after adjustment, polishing and glazing. J. Dent. 2014, 42, 1586–1591. [CrossRef]

23. Kwon, S.J.; Lawson, N.C.; McLaren, E.E.; Nejat, A.H.; Burgess, J.O. Comparison of the mechanical properties of translucent
zirconia and lithium disilicate. J. Prosthet. Dent. 2018, 120, 132–137. [CrossRef]

24. Sripetchdanond, J.; Leevailoj, C. Wear of human enamel opposing monolithic zirconia, glass ceramic, and composite resin: An
in vitro study. J. Prosthet. Dent. 2014, 112, 1141–1150. [CrossRef]

25. Tanaka, K.; Someya, T.; Kawada, E.; Ohyama, T.; Yoshinari, M.; Takemoto, S.; Hattori, M. In vitro wear behavior of restorative
resin composites against bovine enamel. Dent. Mater. J. 2020, 39, 915–923. [CrossRef]

26. Jang, Y.S.; Nguyen, T.D.T.; Ko, Y.H.; Lee, D.W.; Baik, B.J.; Lee, M.H.; Bae, T.S. In vitro wear behavior between enamel cusp and
three aesthetic restorative materials: Zirconia, porcelain, and composite resin. J. Adv. Prosthodont. 2019, 11, 7–15. [CrossRef]
[PubMed]

27. Su, N.; Liao, Y.; Zhang, H.; Yue, L.; Lu, X.; Shen, J.; Wang, H. Effects of core-to-dentin thickness ratio on the biaxial flexural
strength, reliability, and fracture mode of bilayered materials of zirconia core (Y-TZP) and veneer indirect composite resins. J.
Prosthet. Dent. 2017, 117, 150–157. [CrossRef] [PubMed]

28. Suese, K.; Kawazoe, T. Wear resistance of hybrid composite resin for crown material by the two-body sliding test. Dent. Mater. J.
2002, 21, 225–237. [CrossRef] [PubMed]

29. Suzuki, S.; Nagai, E.; Taira, Y.; Minesaki, Y. In vitro wear of indirect composite restoratives. J. Prosthet. Dent. 2002, 88, 431–436.
[CrossRef] [PubMed]

30. Heintze, S.D.; Reichl, F.X.; Hickel, R. Wear of dental materials: Clinical significance and laboratory wear simulation methods-A
review. Dent. Mater. J. 2019, 38, 343–353. [CrossRef]

31. Branco, A.C.; Colaço, R.; Figueiredo-Pina, C.G.; Serro, A.P. A state-of-the-art review on the wear of the occlusal surfaces of natural
teeth and prosthetic crowns. Materials 2020, 13, 3525. [CrossRef]

32. Preis, V.; Behr, M.; Kolbeck, C.; Hanhel, S.; Handel, G.; Rosentritt, M. Wear performance of substructure ceramics and veneering
porcelains. Dent. Mater. 2011, 27, 796–804. [CrossRef]

33. Muts, E.J.; Van Pelt, H.; Edelhoff, D.; Krejci, I.; Cune, M. Tooth wear: A systematic review of treatment options. J. Prosthet. Dent.
2014, 112, 752–759. [CrossRef]

34. ISO/TS 14569-2:2001; Dental Materials—Guidance on Testing of Wear—Part 2: Wear by Two- and/or Three Body Contact.
International Organization for Standardization: Geneva, Switzerland, 2001.

35. Heintze, S.D. How to qualify and validate wear simulation devices and methods. Dent. Mater. 2006, 22, 712–734. [CrossRef]
36. Habib, S.R.; Alotaibi, A.; Hazza, N.A.; Allam, Y.; AlGhazi, M. Two-body wear behavior of human enamel versus monolithic

zirconia, lithium disilicate, ceramometal and composite resin. J. Adv. Prosthodont. 2019, 11, 23–31. [CrossRef]
37. Lee, A.; He, L.H.; Lyons, K.; Swain, M.V. Tooth wear and wear investigations in dentistry. J. Oral. Rehabil. 2012, 39, 217–225.

[CrossRef]
38. Hattab, F.N.; Yassin, O.M. Etiology and diagnosis of tooth wear: A literature review and presentation of selected cases. Int. J.

Prosthodont. 2000, 13, 101–107.
39. Lambrecht, P.; Debels, E.; Van Landuyt, K.; Peumans, M.; Van Meerbeek, B. How to simulate wear?: Overview of existing methods.

Dent. Mater. 2006, 22, 693–701. [CrossRef]
40. Kirsten, A.; Parkot, D.; Raith, S.; Fischer, H. A cusp supporting framework design can decrease critical stresses in veneered molar

crowns. Dent. Mater. 2014, 30, 321–326. [CrossRef]
41. Wang, M.; Mehta, N. A possible biomechanical role of occlusal cusp-fossa contact relationships. J. Oral. Rehabil. 2013, 40, 69–79.

[CrossRef]
42. Chun, K.; Choi, H.; Lee, J. Comparison of mechanical property and role between enamel and dentin in the human teeth. J. Dent.

Biomech. 2014, 5, 1758736014520809. [CrossRef]
43. Tokunaga, J.; Ikeda, H.; Nagamatsu, Y.; Awano, S.; Shimizu, H. Wear of polymer-infiltrated ceramic network materials against

enamel. Materials 2022, 15, 2435. [CrossRef]
44. Ban, S. Reliability and properties of core materials for all-ceramic dental restorations. Jpn. Dent. Sci. Rev. 2008, 44, 3–21. [CrossRef]
45. Ban, S. Chemical durability of high translucent dental zirconia. Dent. Mater. J. 2020, 39, 12–23. [CrossRef]
46. Goujat, A.; Abouelleil, H.; Colon, P.; Jeannin, C.; Pradelle, N.; Seux, D.; Grosgogeat, B. Mechanical properties and internal fit of

4 CAD-CAM block materials. J. Prosthet. Dent. 2018, 119, 384–389. [CrossRef]
47. Fu, L.; Engqvist, H.; Xia, W. Glass–ceramics in dentistry: A review. Materials 2020, 13, 1049. [CrossRef]
48. Ruales-Carrera, E.; Dal Bó, M.; das Neves, W.F.; Fredel, M.C.; Volpato, C.A.M.; Hotza, D. Chemical tempering of feldspathic

porcelain for dentistry applications: A review. Open Ceram. 2022, 9, 100201. [CrossRef]

http://doi.org/10.1007/s00784-016-1872-6
http://doi.org/10.1016/j.prosdent.2018.06.005
http://doi.org/10.11607/ijp.6984
http://doi.org/10.1016/j.jdent.2014.09.008
http://doi.org/10.1016/j.prosdent.2017.08.004
http://doi.org/10.1016/j.prosdent.2014.05.006
http://doi.org/10.4012/dmj.2018-297
http://doi.org/10.4047/jap.2019.11.1.7
http://www.ncbi.nlm.nih.gov/pubmed/30847044
http://doi.org/10.1016/j.prosdent.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27460318
http://doi.org/10.4012/dmj.21.225
http://www.ncbi.nlm.nih.gov/pubmed/12474950
http://doi.org/10.1067/mpr.2002.128747
http://www.ncbi.nlm.nih.gov/pubmed/12447221
http://doi.org/10.4012/dmj.2018-140
http://doi.org/10.3390/ma13163525
http://doi.org/10.1016/j.dental.2011.04.001
http://doi.org/10.1016/j.prosdent.2014.01.018
http://doi.org/10.1016/j.dental.2006.02.002
http://doi.org/10.4047/jap.2019.11.1.23
http://doi.org/10.1111/j.1365-2842.2011.02257.x
http://doi.org/10.1016/j.dental.2006.02.004
http://doi.org/10.1016/j.dental.2013.12.004
http://doi.org/10.1111/j.1365-2842.2012.02333.x
http://doi.org/10.1177/1758736014520809
http://doi.org/10.3390/ma15072435
http://doi.org/10.1016/j.jdsr.2008.04.001
http://doi.org/10.4012/dmj.2019-109
http://doi.org/10.1016/j.prosdent.2017.03.001
http://doi.org/10.3390/ma13051049
http://doi.org/10.1016/j.oceram.2021.100201


Materials 2022, 15, 5234 15 of 15

49. Hara, M.; Takuma, Y.; Sato, T.; Koyama, T.; Yoshinari, M. Wear performance of bovine tooth enamel against translucent tetragonal
zirconia polycrystals after different surface treatments. Dent. Mater. J. 2014, 33, 811–817. [CrossRef] [PubMed]

50. Culp, L.; McLaren, E.A. Lithium disilicate: The restorative material of multiple options. Compend. Contin. Educ. Dent. 2010, 31,
716–725.

51. Liu, J.; Zhang, H.; Sun, H.; Liu, Y.; Liu, W.; Su, B.; Li, S. The development of filler morphology in dental resin composites: A
review. Materials 2021, 14, 5612. [CrossRef]

52. Taira, Y.; Nakashima, J.; Sawase, T.; Sakihara, M. Wear of tooth enamel against silver-palladium-gold alloy and two other
restorative materials in vitro. J. Prosthodont. Res. 2015, 59, 210–212. [CrossRef] [PubMed]

53. Awada, A.; Nathanson, D. Mechanical properties of resin-ceramic CAD/CAM restorative materials. J. Prosthet. Dent. 2015, 114,
587–593. [CrossRef] [PubMed]

54. Yassen, G.H.; Platt, J.A.; Hara, A.T. Bovine teeth as substitute for human teeth in dental research: A review of literature. J. Oral.
Sci. 2011, 53, 273–282. [CrossRef]

55. Turssi, C.P.; Messias, D.F.; Corona, S.M.; Serra, M.C. Viability of using enamel and dentin from bovine origin as a substitute for
human counterparts in an intraoral erosion model. Braz. Dent. J. 2010, 21, 332–336. [CrossRef]

56. Zhang, Y.R.; Du, W.; Zhou, X.D.; Yu, H.Y. Review of research on the mechanical properties of the human tooth. Int. J. Oral. Sci.
2014, 6, 61–69. [CrossRef]

57. Yahyazadehfar, M.; Bajaj, D.; Arola, D.D. Hidden contributions of the enamel rods on the fracture resistance of human teeth. Acta.
Biomater. 2013, 9, 4806–4814. [CrossRef]

58. Khanlar, L.N.; Salazar Rios, A.; Tahmaseb, A.; Zandinejad, A. Additive manufacturing of zirconia ceramic and its application in
clinical dentistry: A review. Dent. J. 2021, 9, 104. [CrossRef]

http://doi.org/10.4012/dmj.2014-097
http://www.ncbi.nlm.nih.gov/pubmed/25373564
http://doi.org/10.3390/ma14195612
http://doi.org/10.1016/j.jpor.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25980549
http://doi.org/10.1016/j.prosdent.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/26141648
http://doi.org/10.2334/josnusd.53.273
http://doi.org/10.1590/S0103-64402010000400008
http://doi.org/10.1038/ijos.2014.21
http://doi.org/10.1016/j.actbio.2012.09.020
http://doi.org/10.3390/dj9090104

	Introduction 
	Materials and Methods 
	Materials 
	Characterization of Restorative Materials 
	Two-Body Wear Test 
	Preparation of Abrader Specimens Using a Crown Model 
	Two-Body Wear Test 

	Statistical Analysis 

	Results 
	Vickers Hardness 
	Surface Roughness 
	Worn Width and Depth of the Substrate Specimens 
	Analysis of the 3D Laser Microscope Observation 
	Worn Area and Volume of the Substrate Specimens 
	Worn Area of the Abrader Specimens 


	Discussion 
	Conclusions 
	References

