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Abstract 
The aim of this study was to evaluate the effect of chewing simulation on wear 
of artificial enamel abraded against zirconia-based crowns. Fifteen crown 
preparations were scanned for the manufacturing of crowns using comput-
er-aided-design/computer-aided-machining technique (CAD/CAM), accord-
ing to the following (n = 5): Polished (PM) and glazed (GM) monolithic zir-
conia (1.5 mm uniform thickness), and Bilayer (BL - 0.8 mm zirconia coping, 
0.7 mm porcelain veneer) crowns. The samples were cemented and chewing 
simulation (2.5 million cycles/0-80N/artificial saliva/37˚C) was performed 
with steatite indenters (6 mm diameter) as antagonists. Assuming the unifor-
mity of the unaged samples, antagonists were scanned using a surface profi-
lometer and the material loss volume was calculated. Roughness of the 
crowns’ occlusal surface was also analyzed using the profilometer. Scanning 
electron microscopy was used to characterize the abraded surface. One-way 
ANOVA and Tukey test (p = 0.05) were employed for analysis of wear results. 
A significant difference was observed among the groups (p < 0.001). Artificial 
enamel abraded against porcelain (BL) had significantly higher material loss 
(0.217 mm3 ± 0.015) than those abraded against monolithic zirconia, polished 
(PM - 0.167 mm3 ± 0.02) and glazed (0.101 mm3 ± 0.03), which were similar to 
each other. Veneering porcelain results in more pronounced wear of the artificial 
enamel than monolithic zirconia. However, mastication against monolithic 
Y-TZP also imposes wear to the opposing teeth. 
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1. Introduction 

All-ceramic systems have been used as an esthetic alternative to porce-
lain-fused-to-metal (PFM) crowns and fixed partial dentures (FPD). In particu-
lar, zirconia ceramics present superior mechanical properties than the other sys-
tems, due to its high flexural strength of 900 - 1400 MPa [1], that allows for the 
manufacturing of FPDs in high masticatory load areas. Zirconia presents three 
different crystalline configurations depending on the temperature range: Mo-
noclinic, from room temperature to 1170˚C; tetragonal, from 1170˚C to 2370˚C; 
and cubic, at temperatures above 2370˚C. The tetragonal phase is related to the 
strongest mechanical properties of zirconia [2] and therefore needs to be stabi-
lized at room temperature. When cooling after sintering, zirconia undergoes 
volume expansion of 3% to 5%, which is related to the transition from tetragonal 
to monoclinic phase. The stabilization of tetragonal zirconia at room tempera-
ture depends on the addition of oxides such as calcium (CaO), magnesium 
(MgO), Yttrium (Y2O3) or Ceria (CeO2) [3]. Yttria-tetragonal zirconia polycrys-
tal (Y-TZP) is a zirconia-based ceramic stabilized with 3 mol% yttria. 

The bond strength between Y-TZP framework and veneering porcelain has 
been reported to be lower than that between metal framework and veneering 
material [4]. This leads to chipping or cracking of the porcelain veneer being the 
most common failure of Y-TZP veneered restorations [5]. Clinical reports indi-
cate survival rates ranging between 79 and 100% for zirconia veneered restora-
tions after 5 years [6] [7], and in vitro studies reported lower load-bearing ca-
pacity of the bi-layer crowns veneered in powder build-up technique [8]. Hence, 
a bilayer system with a strong and tough Y-TZP framework veneered with an es-
thetic but weak porcelain tends to fail prematurely. Failures in zirconia-veneered 
restorations can be circumvent by replacing the veneer/core bilayer with a mo-
nolithic restorative system [9], leading to a homogeneous load distribution 
throughout the entire restoration. For instance, in vitro studies showed that zir-
conia in bilayer configuration had significantly lower fracture strength than 
monolithic Y-TZP crowns [10]. The results of this in vitro study demonstrated 
that monolithic Y-TZP crowns might have reliable fracture strength after 5 years 
of occlusal loading [10].  

The mechanical stability of zirconia monolithic restorations can increase the 
range of indications of those prostheses, however, the impact of zirconia masti-
cation against natural teeth has not yet been fully clarified. There is a concern 
about the metastability of the tetragonal phase in the oral environment because 
Y-TZP metastable nature can lead to an unfavorable phenomenon that is 
known as “low temperature degradation” (LTD) [11]. This aging process can 
occur through an uncontrolled slow transformation of superficial grains from 
tetragonal-to-monoclinic phase in contact with water. Consequently there is an 
increase in surface roughness and micro-cracks that enable water penetration, 
causing further phase transformation and consequent loss of mechanical 
strength [11]. Previous studies have reported that zirconia causes less wear to 
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opposing teeth than veneer porcelain, after artificial aging [12] [13]. However, 
there is a large variation between number of cycles and the vertical loading ap-
plied in these studies. Therefore, it’s important to evaluate zirconia after pro-
longed chewing simulation to estimate the oral environment effect on its surface 
and the effect of Y-TZP-based restorations on tooth structure.  

Even though Y-TZP monolithic crowns can be a reliable alternative to cir-
cumvent chipping susceptibility, the effect of the occlusion between zirconia and 
tooth structure on the roughness of zirconia and the subsequent wear of dental 
enamel is not known. Therefore, the aim of this study was to evaluate the effect 
of zirconia-based crowns on wear of artificial enamel after clinically significant 
aging time. The null hypothesis was that zirconia crown design, monolithic or 
bilayer had no effect on enamel wear after aging.  

2. Materials and Methods  
2.1. Specimens’ Preparation 

For this study, fifteen healthy bovine incisors were used, and standardized crown 
preparation was performed over them in a lathe machine (MAGNUM-CUT; 
FEL-2680 GZJ, SP, Brazil) with the following dimensions: 4.2 mm diameter oc-
clusal base, 6.0 mm diameter cervical base and 7.0 mm axial height [10]. The ta-
per angle was set at 8 degrees for all axial walls and the cervical finish line was a 
rounded shoulder. All preparation inner angles were rounded with fine grain 
diamond burs (KG Sorensen). 

The specimens were randomly distributed in three groups (n = 5) according 
to the crown fabrication technique: PM group: polished monolithic zirconia 
crowns (1.5 mm thickness); GM group: glazed monolithic zirconia crowns (1.5 
mm thickness); BL group: zirconia copings with hand-layered porcelain veneer-
ing (0.8 mm core and 0.7 mm porcelain thickness).  

The preparations were scanned by a non-contact optical 3D-scanning device 
for non-anatomical crowns manufacturing (Lava Scan system scanner; 3 M 
ESPE, St. Paul, MN, USA). All zirconia crowns/copings were designed by the 
same technician with Lava Scan Design System. Then, zirconia blocks (Lava Plus 
for monolithic crowns, and Lava Frame for by-layer crowns, 3 M ESPE) were 
milled by using Lava CNC 500 Milling Machine (3M ESPE, St. Paul, MN, USA). 
After the milling procedure, all the copings/crowns were immersed in a shade 
liquid for 2 minutes, and then sintered in a furnace (Lava Furnace 200) following 
manufacturer’s instructions. 

Crowns were finalized according to the experimental group as follows: 
Polished monolithic (PM): crowns were finished and polished with diamond 

wheels and bristle brushes (Brasseler, Dental instruments, USA) until visual in-
spection indicated no signs of marks and scratches on the surface.  

Glazed monolithic (GM): After the final sintering, crowns received a glaze 
firing at 720˚C approximately and no further procedures were carried out.  

Bilayer crowns (BL): Copings were veneered with the powder build-up tech-
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nique on the corresponding coping using Lava Ceram veneer ceramic (3M ESPE, 
St. Paul, MN, USA). The final veneered crown contour was verified by measur-
ing it at different locations with a digital caliper, and the firing cycle was con-
trolled by an experienced dental technician to ensure standardized crowns. 

All the crowns were cleaned for 10 min in an ultrasonic bath (Bransonic Ul-
trasonic Cleaner 3510 E-DTH; Branson, Danbury, CT, USA), and cemented on 
their respective prepared tooth with a self-adhesive luting resin (RelyX Unicem 
2; 3 M ESPE). The cemented crowns were stabilized by applying a 5 Kg static 
load for 7 min to allow for the resin cement to set before immersion in distilled 
water (37˚C). 

2.2. Specimens Aging 

After 24 hours immersed in distilled water, specimens were submitted to chew-
ing simulation: 2,500,000 cycles, 80 N, at 37˚C under artificial saliva bath [14]. 
Loading was applied with a vertical displacement of 0.2 mm and horizontal (oc-
clusal) displacement of 0.5 mm in a chewing simulator CS-4 (SD Mechatronik, 
Feldkirchen-Westerham, DE). As a substitute for human enamel, hydroxyapatite 
steatite indenters (6 mm diameter) were used as antagonists and were replaced 
for each specimen [12]. 

2.3. Material Loss and Roughness Measurement 

Unaged steatite indenters were scanned using a surface profilometer (Alpha-Step 
D-600, KLA Tencor Corp, CA, USA) as control samples. After chewing simula-
tion, the aged steatite indenters were also scanned and, assuming the uniformity 
of control samples. The volumetric material loss was calculated based on the 
height and diameter of the worn surface, superimposing the three-dimensional 
surfaces before and after the wear test (Figure 1) [12] [15]. The occlusal surface 
roughness (Ra) of the crowns was also investigated using the profilometer before 
and after chewing simulation. As the surfaces of the specimens were assumed to 
be homogenous an area in the middle of each specimen was selected for testing. 
A 0.7 mm length was measured with a 0.8 mm cutoff length and a 40 surface fil-
ter number selected for all the groups (based on ISO 4288-1996) [12] [15]. 

The abraded surfaces of indenters and crows were observed under Scanning 
Electron Microscopy (SEM) (Figure 2). One-way ANOVA and Tukey test (p = 
0.05) were employed for analysis of wear results. 

3. Results 

ANOVA indicated a significant difference for the steatite wear values among 
different groups (p < 0.001) (Table 1). Artificial enamel abraded against ve-
neered crows (BL) had significantly higher material loss (0.217 mm3 ± 0.015) 
than those abraded against monolithic zirconia crows, polished (PM - 0.167 
mm3 ± 0.02) and glazed (GM - 0.101 mm3 ± 0.03). There was no significant dif-
ference between PM and GM.  
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Figure 1. Digital profile of a steatite indenter abraded against PM. Volume of material loss was obtained by 
comparing aged indenters against the profile of an unaged sample. 

 

 
(a)                                                  (b) 

 
(c) 

Figure 2. Overview of scanning electron micrographs of steatite antagonists against: (a) Polished monolithic 
(PM); (b) glazed monolithic (GM); (c) bi-layered veneered (BL) zirconia crowns. 
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The occlusal surface of BL crowns presented higher roughness (Ra) values, af-
ter aging, than PM and GM crowns (Table 2). Roughness of BL group increased 
after aging, and it decreased for PM and GM groups. This result was confirmed 
by SEM (Figure 3) showing that the worn surface of BL became roughest than 
the other groups after aging. Figure 3(c) shows BL worn surface revealing sharp 
surface irregularities on the occlusal surface. The SEM of a PM crown revealed 
that occlusal surface presented deep scratches (Figure 3(a)). And SEM of GM 
crown indicates that glaze layer was removed after aging, showing different ma-
terial layers (veneer ceramic and zirconia) (Figure 3(b)).  

4. Discussion 

The wear of enamel against Y-TZP prostheses after prolonged chewing simula-
tion is a relevant issue that needs to be carefully investigated. Artificial aging was  

 
Table 1. Material loss (mm3) and SD (Standard deviation) for Y-TZP-based materials 
with different surface finishing. 

Crown design Material loss (mm3) Std. Deviation Tukey (p = 0.05) 

Polished monolithic (PM) 0.167 0.02 a 

Glazed monolithic (GM) 0.101 0.03 a 

Bi-layered veneered (BL) 0.217 0.015 b 

*Dissimilar letters within the same column indicate groups with significant differences. 
 

Table 2. Roughness (Ra) values for Y-TZP-based materials with different surface finish-
ing. 

Crown design 
Ra Values Ra Values 

Unaged Aged 

Polished monolithic (PM) 0.00051 μm 0.000321 μm 

Glazed monolithic (GM) 0.00095 μm 0.00054 μm 

Bi-layered veneered (BL) 0.000433 μm 0.000515 μm 

 

 
(a) 
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(b) 

 
(c) 

Figure 3. Overview of scanning electron micrographs of zirconia crowns after application 
of chewing simulation: (a) Polished monolithic (PM); (b) Glazed monolithic (GM); (c) 
Bi-layer veneered (BL).  

 
performed in the present study in order to duplicate the effect of mastication 
between zirconia-based crowns and tooth structure by associating cyclic loading, 
an antagonist tooth, mouth temperature and artificial saliva. Five-years aging in 
the mouth were simulated by 2.5 million mechanical cycles, considering that an 
average adult would perform around 500,000 loading cycles/year [16]. However, 
wear studies can present a large variation between number of cycles and the ver-
tical loading applied, with in vitro studies reporting the application of 5000 to 
400,000 cycles [12] [14] [17] [18] [19] [20]. Indeed, a literature search revealed 
several studies that performed 1,200,000 cycles with 50 N of vertical load [8] [21] 
[22]. Therefore, 80 N load was applied for this study in order to simulate high 
masticatory forces. In terms of temperature, the oral environment is exposed to 
thermal changes according to daily food habits. This thermal variation was si-
mulated in some in vitro studies with thermal cycles of 5˚C to 55˚C [17] [18] 
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[21] [22] [23]. In the present study, a constant temperature of 37˚C was applied 
to simulate the average human body temperature. Oral pH variations are also 
linked to the food habits and they can also play a role on the wear of enamel 
opposing zirconia-based crowns. A previous study reported that Y-TZP ceram-
ics are susceptible to low temperature degradation in an acidic environment 
[24], but this effect was not evaluated in the present study. 

All the specimens survived the artificial aging in the chewing simulator, with no 
visible failure/fracture. This result indicates a stable performance of zirconia-based 
crowns under 80 N load, during 5 years-simulated aging. Previous in vivo stu-
dies demonstrated a survival rate of porcelain-veneered zirconia restorations of 
79% - 100% after 5 years [6] [7], and the most frequent clinical problem was the 
fracture of the veneering porcelain.  

The results of this study indicate significant differences in the material loss of 
steatite abraded against zirconia crowns with different surface materials. There-
fore, the first null hypothesis was rejected. Bi-layer zirconia crowns caused sig-
nificantly higher steatite wear than monolithic crowns. This result is in accor-
dance with previous studies that showed higher antagonist’s wear against ve-
neering porcelain than full-contour zirconia [12] [13] [15] [17] [18] [19]. Many 
factors may have contributed to these results. The veneering porcelain is com-
posed of a crystalline leucite phase surrounded by an amorphous glassy matrix 
[25], and the crystalline leucite phase can cause antagonist’s wear in two ways 
[12]. The leucite crystals, which are more abrasive than the surrounding glass 
matrix, can damage the opposing enamel. Then, the partial removal of the leu-
cite crystals by abrasion exposes the glassy matrix, which is susceptible to frac-
ture. Thus, fractured and sharp glassy edges cause further damage by abrasive 
removal of the opposing tooth structure, increasing its roughness [12]. The con-
sequences of this are twofold: the abrasive porcelain roughens up the enamel, 
which in turn scratches and damages the porcelain even further. In the present 
study, the SEM of aged BL occlusal surface (Figure 3(c)) shows a scratched 
porcelain veneer surface, which appears to be a consequence of the abrasion 
between porcelain and the roughened opposing indenter. A previous study 
indicated that high enamel wear caused by glass particles in the Leucite and 
Lithium-based ceramics could be partly explained by the formation of wear de-
bris, which remain in the chewing site [26]. 

Different from veneering porcelain structure, zirconia is a polycrystalline ce-
ramic with no glass content [25], and its crystalline microstructure along with its 
transformation toughening ability result in a combination of high fracture 
strength and hardness [27]. The high hardness values might be a reason for 
concern due to the possibility of wearing down the opposing dentition during 
masticatory function, but previous studies have concluded that there is no cor-
relation between ceramic hardness and enamel wear [28] [29]. A good predictor 
of antagonist wear is actually the roughness of the substrate [15] [30]. Indeed, 
the theory is that the smooth zirconia surface can prevent abrasive wear of the 
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opposing enamel [12] [26]. In this study, monolithic zirconia groups caused sig-
nificantly less wear of the opposing artificial enamel than the veneered bilayer 
crowns, and it was associated with an even smoother Y-TZP surface after 2.5 
million cycles. Therefore, the results of this in vitro study corroborate the con-
cept that the roughness of a surface is more critical than the material's hardness 
in regard to wear of the opposing surface.  

Considering the effect of aging on roughness (Ra) values, BL specimens pre-
sented higher values after chewing simulation. Unlike, GM and PM specimens 
were rougher before than after chewing simulation. This result may be explained 
by the SEM of the glazed specimen (Figure 3(b)), which reveals that the glaze 
material was removed by the abrasion against the antagonist surface during 
chewing simulation, exposing zirconia and making the occlusal surface smooth-
er after aging. For PM specimens, even though control samples (unaged) already 
presented the lowest roughness values among the groups, it seems that the 
chewing simulation promoted a surface smoothening effect, slightly decreasing 
the surface roughness even further. In accordance with this study, Janyavula et al 
[15] evidenced that polished monolithic zirconia specimens had lower roughness 
(Ra) values than bi-layer zirconia crowns. The low roughness of PM zirconia 
specimens after chewing simulation needs to be evaluated with caution. Humid-
ity, loading and grain size are all contributing factors to phase transformation on 
zirconia surface. The PM group was the only one abrading zirconia directly 
against the antagonist, which means that the material was unprotected in the 
oral-like environment. Even though the high number of cycles was designed to 
simulate 5 years of aging, the frequency of the cyclic loading (approximately 2.5 
Hz) was much higher than the average human mastication frequency, so that the 
study could be accomplished within a reasonable period of time. It appears that 
time would also play a role in the infiltration of water through the microcracked 
layer of the transformed Y-TZP surface, causing further transformation and 
subsequent damage. More studies are needed to clarify the role of those factors 
on roughness and phase transformation of zirconia specimens. 

Under the limitation of the present study, we demonstrated that monolithic 
zirconia crowns caused less wear to opposing enamel than veneering porcelain, 
indicating the safe use of zirconia in high load masticatory areas as opposed to 
bi-layer all-ceramic restorations. However, this study failed in replicating many 
of the challenging factors present in the oral environment, such as: pH variation, 
temperature variation and unevenness of the masticatory forces. Furthermore, 
the opposing natural teeth were replicated using steatite indenters, so that spe-
cimens with an identical shape could be evaluated, but the analysis of natural 
human teeth is highly desirable to precisely evaluate the outcomes of the masti-
cation loads against Y-TZP crowns. Therefore, future studies concerning tem-
perature and pH variations should be developed. Although expensive and 
time-consuming, clinical trials are an unquestionable valuable tool to better 
evaluate the clinical performance of monolithic zirconia restorations. 
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5. Conclusion 

The results of this study indicate that the effect of veneering porcelain on artifi-
cial enamel wear is more pronounced than the Y-TZP surface itself. Surface fi-
nishing of monolithic Y-TZP crowns does not have an effect on the wear of the 
antagonist artificial enamel.  
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