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Abstract: As a veneering porcelain coating of dental prosthesis, two-body and three-body wear
behavior of dental glass-ceramic with the main crystalline phase of fluorapatite has not been
comprehensively studied. In this work, a self-made fluorapatite glass-ceramic was synthesized
and the mechanical and tribological performances of the glass-ceramic were tested, comparing
with a commercial feldspathic glass-ceramic. The friction and wear experiments were performed
between disk-shaped glass-ceramics and natural teeth in two-body (dry, water, saliva) and three-body
(slurry) modes, respectively. Results showed that good mechanical properties of fluorapatite
glass-ceramic can be achieved by the sintering process. In both two-body and three-body modes,
the fluorapatite glass-ceramic had a smaller friction coefficient and wear rate and caused less damage
on antagonistic teeth than the feldspathic glass-ceramic. The greater mechanical properties give
fluorapatite glass-ceramic a better wear resistance and reduce the adhesive wear.
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1. Introduction

There has been an increase in the application of ceramic restorative materials in dentistry [1,2].
Fluorapatite glass-ceramics and feldspathic glass-ceramic are usually used as veneering porcelain
coatings on the zirconia or other base ceramics because of their excellent esthetics and
biocompatibility [3]. However, the relatively low mechanical performance of the glass-ceramic
compared with zirconia and other base ceramics often leads to excessive wear and fractures [4,5]. Wear
is the gradual removal of material as consequence of interaction between surfaces moving in contact,
and sometimes induces surface microcrack, which may cause fractures of the ceramic [6]. The ideal
prosthetic material, which has a high level of wear resistance, can withstand long-term masticatory
pressure, while minimizing the wear of the opposing teeth [7]. There are many factors influencing
the wear behavior, such as the properties of the material, the abrasive nature of food, the lubrication
environment, and the individual chewing behavior [5,8].

Wear resistance of the ceramics has been studied by many researchers [9–11]. Silva et al. [12] found
that lithium disilicate glass-ceramic and feldspathic ceramics have similar wear resistance and are
wear friendly to the opposing enamel. Zhang et al. [13] found that the fluorapatite glass-ceramic has
lower wear resistance and produced more wear loss of steatite antagonist compared with feldspathic
glass-ceramic. Santos et al. [14] showed that zirconia presented more suitable tribological behavior than
glass-ceramic veneers. However, clinically the glass-ceramic veneers are indispensable because of their
esthetics. Therefore, the mechanical and wear properties of the glass-ceramic need to be improved.
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Two-body wear means the direct friction between the restoration material and tooth, containing
the dry friction and lubrication in saliva or other liquid mediums [10]. Saliva is a complex mixture
composed of water (approximately 99%) and a variety of electrolytes and proteins [15]. Some studies
have shown that saliva can play an important role in lowering the friction coefficient and wear
loss [16,17], while other researchers reported it may increase the friction and wear [18,19]. Mccrea et
al. [20] revealed that friction between occluding teeth is influenced by the quantity or quality of saliva
and the presence of restorative materials.

Most of the previous laboratory studies investigating wear of dental ceramics and natural teeth were
conducted in two-body mode. However, during mastication the wear process is usually a combination
of two-body and three-body modes [21]. Three-body wear process refers to the food particles between
the restorations and the opposing teeth. Flour, poppy seeds, rice, or polymethyl methacrylate beads
have been used in the in vitro three-body wear tests [21,22]. Therefore, the tribological performance of
a dental material should be evaluated in both two-body and three-body modes.

Research on the synthesis and tribological behavior of the material will provide guidance for
its clinical practice. However, few studies about the tribological behavior between fluorapatite
glass-ceramics and natural enamel in both two-body and three-body modes have been found [23].
We have synthesized a series of fluorapatite glass-ceramics with different mechanical properties by
adjusting the chemical composition and heat treatment process [24] and evaluated the effect of initial
surface topology, load, and speed on the tribological behavior of the fluorapatite glass-ceramic [25].
In the present study, the mechanical properties of the fluorapatite glass-ceramic were evaluated, and
comprehensive friction experiments in two-body (dry, water, saliva) and three-body (slurry) modes
were conducted, compared with a commercial feldspathic glass-ceramic. The friction coefficient, wear
rate, and wear mechanism were discussed.

2. Materials and Methods

2.1. Synthesis of Fluorapatite Glass-Ceramic

The porcelain coatings usually have thickness of 0.5–2 mm. In order to evaluate the performance
of the glass-ceramic, the glass-ceramic was not coated on the zirconia or other base ceramics and
was fabricated in disk (with dimensions of 15 mm × 15 mm × 2 mm) and bar (with dimensions of
35 mm × 4 mm × 3 mm) shapes. The SiO2-Al2O3-K2O-CaO-P2O5 system fluorapatite glass-ceramic
was synthesized using a melt-quench route [24]. Analytical grade SiO2, Al2O3, Na2CO3, K2CO3,
CaCO3, CaHPO4, ZrO2, CaF2, TiO2, CeO2, Li2CO3, B2O3, and ZnO powders were mixed for 2 h at the
planet type ball mill with a speed of 400 r/min. The compositions of the fluorapatite glass-ceramic
in weight percentage were SiO2 55.6, Al2O3 14.3, Na2O 8.5, K2O 4.1, P2O5 4, ZrO2 1.5, F 0.7, TiO2 1,
CeO2 0.8, Li2O 0.2, B2O3 1, ZnO 3, CaO 5.3. Agate balls with a diameter of 15 mm were used in sealed
cylindrical polyamide. The weight ratio of ball-to-powder was 2:1. Then, the mixed powders were
melted in corundum crucibles at 1600 ◦C for 3 h in an electric furnace (SQFL-1700C, Jujing, Shanghai,
China). Then, molten glass was quenched in distilled water. The obtained frits were milled to glass
powers and sieved using a 48 µm mesh analytical sieve.

Disk-shaped glass-ceramic specimens, which were used in friction test, were produced by glass
powers that were pressed under 20 MPa pressure using a mold. The pressed powers were heat-treated
to nucleate and crystallize, with the heat treatment regime referring to the differential thermal
analysis (DTA, STA449F3, Netzch, Selb, Germany) and X-ray diffractometer (XRD, D500, Siemens,
Munchen, Germany) results, which have been depicted previously [24]. The heat treatment regime
was: isothermally heated to 1100 ◦C at a heating rate of 5 ◦C/min, held for 30 min in the electric furnace,
and then cooled naturally.
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2.2. Characterization of the Fluorapatite Glass-Ceramic

The microstructures of the fluorapatite glass-ceramic were observed by field emission scanning
electron microscope (SEM, JSM-7610F, Jeol, Tokyo, Japan) after being etched with 2.5% HF for 30 s,
and crystal phases were analyzed using the X-ray diffractometer (XRD, D500, Siemens, Munchen,
Germany). Bar-shaped specimens were made and bending strength was measured by a four-point
bending method, as mentioned in reference [26], with loading speed of 0.5 mm/min. The four-point
bending flexural test provides values of the flexural stress by loading the bar-shaped specimens with
4 rollers in a material testing machine (Instron 8801; Instron Corp, Canton, MA, USA). The span of
the upper inner rollers was 15 mm and that of the lower outer rollers was 30 mm. Bending strength
σb was represented by the stress when the specimens were fractured, which were calculated by the
following equation:

σb =
3Fl
bh2 , (1)

where, F is the maximum bending force (N), l is the distance between the inner supports and the
outer supports (mm), b is the width of the specimen (mm), h is the height of specimen (mm). Strain
gauges were adhered on the lower surface of the four-point bending specimens to collect strain value
ε during loading, and the elastic modulus was calculated with ∆σ/∆ε, as described in reference [27],
where ∆σ and ∆ε are differences of stress and strain, respectively. A Vickers microhardness tester
(HXD-1000TMSC/LCD, Optical Instrument Factory, Shanghai, China) was used to measure the hardness
of glass-ceramics with load of 4.9 N for 15 s.

2.3. Preparation of Feldspathic Glass-Ceramic and Tooth Specimens

Feldspathic glass-ceramic (Vita VM9) specimens were sintered in accordance with the
manufacturer’s instructions. The bending strength, elastic modulus, and hardness of the feldspathic
glass-ceramic were measured using the same method as previous described. Disk-shaped feldspathic
glass-ceramic specimens (15 mm in diameter; 2 mm thick) were produced for the friction experiment.
The upper surface of fluorapatite and feldspathic glass-ceramic specimens were polished using
aluminum oxide abrasive paper (3M Corp., St. Paul, MN, USA) with sequentially finer grit size (40, 20,
and 9 µm). Molars were extracted from 18~32-year-old patients for orthodontic reasons. Each tooth was
cut into 2~4 parts using a diamond saw, and the unbroken cusps were chosen in the friction experiment.

2.4. Friction and Wear Tests

The friction tests between the glass-ceramics and natural teeth were conducted in a friction test
machine (MMW-1, Shun Mao Inc., Jinan, China). Pin-on-disc loading mode with rotational radius of
about 6 mm was employed. The teeth specimens were embedded in the acrylic resin that was fixed
on the upper sample holder using a screw. The porcelain specimens were fixed in a steel jig. A total
of 1500 revolutions of friction test were conducted on each specimen with the vertical load of 40 N
and rotational speed of 150 r/min. Four lubrication conditions were used: dry friction, immersed in
water, immersed in nature saliva, and immersed in food slurry. In total, 5 specimens were tested for
each set of parameters. Saliva was provided by a healthy male volunteer with no oral disease and was
collected prior to experiment between 6 and 7 am. The volunteer had refrained from eating, drinking,
and smoking for at least a 12 h period prior to collection. The food slurry consisted of a mixture of 20 g
cornmeal grit in 20 mL of distilled water.

Scanning electron microscope was employed to observe the profile of wear scar and elemental
composition of the surfaces was analyzed using energy dispersive X-ray spectroscopy (EDX, XMAX50,
Oxford Instruments, Abingdon-on-Thames, UK) to evaluate the adhesive wear. Wear volume of the
glass-ceramics was measured by a white light interferometer (RTEC Ltd., CA, USA). The wear volume
of each tooth was calculated by superimposing the three-dimensional surfaces before and after the
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wear test, which were measured using an MTS 3D profiler (MTS Systems Corporation, Eden Prairie,
MN, USA).

The friction coefficients and wear results were analyzed with two-way analysis of variance
(ANOVA), followed by Tukey’s HSD test at a significance level of α = 0.05 (SPSS Statistics ver.25,
SAS, USA).

3. Results

3.1. Characteristic of the Glass-Ceramic

The microstructures, XRD patterns, and appearance of the fluorapatite glass-ceramic after sintering
are displayed in Figure 1, as reported in our previous work [24]. Rod-like fluorapatite crystals were
scattered in the glass matrix of fluorapatite glass-ceramic and a minor crystalline phase of anorthite
was also detected. The fluorapatite crystals had a mean length of 369 nm, which were determined
from more than 100 crystals in SEM micrographs. For feldspathic glass-ceramic, the main crystal is
leucite, as reported in reference [13].
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Figure 1. (A) Microstructure, (B) XRD patterns, and (C) the appearance of the fluorapatite glass-ceramic.
This figure has been modified from previous publications with permission from the publishers [24].

The bending strength, elasticity modulus, and hardness of the fluorapatite and feldspathic
glass-ceramic are listed in Table 1. An increase in all of the three mechanical properties from feldspathic
glass-ceramic to fluorapatite glass-ceramic was observed.

Table 1. Mechanical properties of the fluorapatite and feldspathic glass-ceramic (figures in brackets
represent standard deviations).

Material Bending Strength (MPa) Elasticity Modulus (GPa) Hardness (HV)

Self-made fluorapatite glass-ceramic 160 (±15) 87 (±10) 637 (±36)
Vita VM9 feldspathic glass-ceramic 98 (±9) 75 (±8) 539 (±34)

3.2. Friction Behavior

Figure 2 presents average friction coefficient of each group at the steady stage. Two-way
ANOVA revealed that friction coefficient was significantly affected by friction environment and type
of glass-ceramic (p < 0.05). Friction coefficients of fluorapatite glass-ceramic under dry and slurry
conditions were smaller than that under water and saliva environments. For feldspathic glass-ceramic,
the slurry group had the smallest friction coefficient compared to the other three groups. Comparing
the two ceramics, friction coefficient of fluorapatite glass-ceramic was significantly lower than that of
feldspathic glass-ceramic under the dry condition, while under water, saliva, and slurry environments,
the fluorapatite glass-ceramic has no significant difference with feldspathic glass-ceramics.
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Figure 2. Average coefficients of the two ceramics in dry friction, saliva, water, and slurry conditions.
s (Significant) and n (not significant) refers to the Tukey’s HSD test results between the two types of
specimens in the same environment (α = 0.05). Same uppercase letters (fluorapatite) or lowercase
(feldspathic) letters represent no significant differences among values of the same material in different
environments (p > 0.05).

3.3. Wear Behavior

The wear volume of the ceramics and teeth after 1500 revolutions are shown in Figure 3. The wear
volume of fluorapatite glass-ceramic in water and saliva was significantly larger than that in dry and
slurry conditions. However, in the four feldspathic glass-ceramic groups, dry friction made the largest
wear volume of both glass-ceramic and teeth. In all the four groups, feldspathic glass-ceramics and
their corresponding teeth showed greater mean wear volume than fluorapatite groups, especially in
dry friction.
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Figure 3. Wear volume of (A) fluorapatite and feldspathic glass-ceramics, (B) teeth tested with
fluorapatite and feldspathic glass-ceramics. s (Significant) and n (not significant) refers to the Tukey’s
HSD test results between the two types of specimens in the same environment (α = 0.05). Same
uppercase letters (fluorapatite) or lowercase (feldspathic) letters represent no significant differences
among values of the same type of specimens in different environments (p > 0.05).

Figure 4 shows the typical wear morphology of ceramics and teeth after 1500 revolutions. Different
lubrication conditions led to various appearances of wear. Under dry friction, slight grinding and
scratch traces were observed on both fluorapatite glass-ceramics and teeth surfaces, along with local
cracks. However, feldspathic glass-ceramics and their corresponding teeth showed severe wear
with cracks and chippings. In saliva and water environments, both groups showed severely worn
surfaces with cracks, defects, and chippings, and extremely rough surfaces with massive chipping
were observed for the opposing teeth. However, there were some differences between water and
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saliva groups, in which fluorapatite glass-ceramics and teeth in saliva group showed more extensive
shedding. In the slurry environment, all the ceramics and teeth showed the slightest wear among the
four conditions.
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Figure 4. Wear morphology of the fluorapatite glass-ceramics (the first row) with their opposing teeth
(the second row) and feldspathic glass-ceramics (the third row) with their opposing teeth in dry, water,
saliva, and slurry conditions (the first column to the fourth column, respectively).

EDX analysis was performed on the worn surfaces three times, and the contents of the elements
were averaged. The part of the elements that had significant changes are listed in Figure 5. A greater
increase in the content of Ca and P elements was detected on the fluorapatite ceramic surfaces in water
and saliva conditions than in the dry and slurry conditions. The opposing teeth had small amounts
of Si and Al elements in water and saliva conditions, which were the contents of the glass-ceramic.
For feldspathic groups, larger amounts of Ca and P elements were detected on the ceramic surfaces in
dry, water, and saliva conditions than in slurry condition. There was Si element on the opposing teeth
except in the slurry condition.
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Figure 5. Contents of some elements on worn surfaces of (A) fluorapatite glass-ceramics and (B) their
opposing teeth, and (C) feldspathic glass-ceramics and (D) their opposing teeth, obtained by EDX.

4. Discussion

The fluorapatite glass-ceramic made by a sintering process has higher bending strength, elastic
modulus, and hardness than commercial ones, such as IPS e.max Ceram [13], which may be attributed
to the microstructure. It can be seen from SEM that fluorapatite crystals with different sizes were
evenly distributed in the glass matrix (Figure 1). The self-made fluorapatite glass-ceramic had more
fluorapatite crystals and a larger average size than the commercial one [13]. The crystals, which had a
long needle shape, exhibited a highly interlocking microstructure and play an important role in the
reinforcement of the strength and hardness.

In the two-body friction modes, which were dry, water, and saliva situations, fluorapatite
glass-ceramic showed better tribological performance than feldspathic glass-ceramic. Especially in
dry condition, friction coefficient and wear volume of feldspathic glass-ceramics and antagonistic
teeth were significantly larger. The surface of feldspathic glass-ceramic showed more severe wear,
especially in the dry condition. The results were different from reference [13], in which a commercial
fluorapatite glass-ceramic showed larger friction coefficient and wear rate than feldspathic glass-ceramic.
This can be attributed to the microstructure and mechanical properties of the materials. According to
the mechanical tests, the self-made fluorapatite glass-ceramic had larger strength, elastic modulus,
and hardness than the commercial one and feldspathic glass-ceramic.

Friction coefficient and wear rate of the fluorapatite glass-ceramics were larger in saliva and
water situations than in the dry friction condition, which was similar with some previous studies on
glass-ceramic or teeth [17,19]. It can be seen in the SEM and EDX results that the wear mechanisms in
the dry condition were a combination of abrasive and fatigue wear. While in the wet condition, severely
worn surfaces with massive chippings were presented on the both ceramic and tooth surface. A greater
increase in the content of Ca and P elements (rich in teeth, other than ceramics) could be detected on the
fluorapatite glass-ceramic surfaces in water and saliva conditions than dry and slurry conditions, which
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meant that fragments of teeth were adhered on the ceramic surfaces in water and saliva conditions.
In addition, Si and Al elements, which only belong to the glass-ceramic, were detected on the teeth
surfaces, indicating the adhesion of glass-ceramic on the teeth surfaces. This demonstrated that the
main wear mechanism in water and saliva conditions was adhesive wear. The water and saliva softened
the surfaces of glass-ceramic and enamel and enhanced the adhesion of the two surfaces. Besides,
it showed larger friction coefficient and wear rate in the saliva situation compared with water situation,
because saliva, which had a normal pH of 6 to 7, also induced corrosion wear due to its acid erosion
effect [9,15,28]. In the acidic environment, positively charged hydrogen ions in the solution exchange
with cations in the surface of glass-ceramic such as Na+, K+, and Ca2+ [9]. Additionally, the glass
network dissolves in a wet environment through the breakdown of Si–O network. Consequently, the
peeling and adhesion increased the friction coefficient and wear rate.

For feldspathic glass-ceramic, the adhesive wear occurred in dry, water, and saliva environments,
which can be proven from the surface appearance and element analysis. Different from fluorapatite
glass-ceramic, the feldspathic glass-ceramic showed the largest friction coefficient and wear rate in dry
condition, which was identical to results of previous research [17]. Teeth surfaces in dry conditions had
the most Al and Si elements, which belong to the ceramic, indicating the most severe adhesive wear
occurred in the dry condition. The feldspathic glass-ceramic had lower hardness, elastic modulus,
and strength than fluorapatite glass-ceramic, making it more likely to adhere to the teeth surfaces
during friction.

In the three-body mode, the glass-ceramics and teeth didn’t contact directly. However, feldspathic
glass-ceramics also had larger wear than fluorapatite glass-ceramics, which may be because the greater
hardness of fluorapatite glass-ceramic made it more abrasion resistant. SEM analysis also showed
that furrows appeared on the feldspathic glass-ceramics and teeth surfaces, but hardly showed on the
fluorapatite glass-ceramic surfaces. It can be seen from the results that two-body wear was greater
than three-body wear, which was in accord with early research [29,30]. In the three-body condition,
the materials were in fluid lubrication, or in contact with the softer food, which has lower friction
coefficient and wear rate. It also can be explained that normal chewing (three-body wear) causes slight
wear, but sleep bruxism (two-body wear) induces severe wear.

In this work natural tooth, natural saliva, and slurry were employed in the experiments to simulate
the real friction state of the dental material in service. However, the loading regime could not accurately
simulate the real chewing process. In the future, the tribological experiments using chewing simulator
or in vivo tribological experiments should be performed.

5. Conclusions

In the present study, the mechanical properties of the self-made fluorapatite glass-ceramic were
measured, and its two-body and three-body wear behavior were evaluated. Within the limitations of
this study, the following conclusions are drawn:

(1) Good mechanical properties of fluorapatite glass-ceramic can be achieved by the sintering process
and material components. The fluorapatite glass-ceramic has greater hardness, elastic modulus,
and strength than the feldspathic glass-ceramic that was tested.

(2) In both the two-body and three-body modes, the fluorapatite glass-ceramic had better tribological
performances and caused less damage than the feldspathic glass-ceramic. The fluorapatite
glass-ceramic and antagonistic tooth had a larger friction coefficient and wear rate in the saliva
and water conditions than in the dry and slurry conditions because water and saliva facilitate the
adhesion of the two contact surfaces and change the main wear mechanism from abrasive wear
and fatigue wear to adhesive wear. Meanwhile the feldspathic glass-ceramic showed adhesive
wear in dry, water, and saliva environments and had the largest friction coefficient and wear rate
in dry condition.



Coatings 2019, 9, 580 9 of 10

Author Contributions: Conceptualization, G.W. and Y.S.; methodology, G.W. and Y.L.; writing—original draft
preparation, G.W.; writing—review and editing, S.W. and X.Y.

Funding: This work is supported by the National Natural Science Foundation of P.R. China (51872122), Shandong
Provincial Natural Science Foundation (ZR2019QEM006), Project of Shandong Province Higher Educational
Science and Technology Program (J18KZ002), The International Cooperation Research Project of Qilu University of
Technology (Shandong Academy of Sciences)(QLUTGJHZ2018006), Taishan Scholar Engineering Special Funding
(2016-2020).

Conflicts of Interest: The authors deny any actual or potential conflict of interest.

References

1. 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. 2016, 32, E389–E390. [CrossRef] [PubMed]

2. Ye, J.; Wen, C.; Wu, J.; Na, W.; Sa, B.; Zhang, T. Mechanical and bioactive properties of lithium disilicate
glass-ceramic mixtures synthesized by two different methods. J. Non-Cryst. Solids 2019, 509, 1–9. [CrossRef]

3. Denry, I.; Hollloway, J.A. Low temperature sintering of fluorapatite glass-ceramics. Dent. Mater. 2014, 30,
112–121. [CrossRef] [PubMed]

4. Stijacic, T.; Hu, W.; Chung, K.H.; Zheng, C.; Flinn, B.; Raigrodski, A. Fatigue reliability of dental ceramic
materials—An in vitro study. Adv. Appl. Ceram. 2018, 118, 56–61. [CrossRef]

5. Wang, G.; Zhang, S.; Bian, C.; Kong, H. Fracture mechanics analyses of ceramic/veneer interface under
mixed-mode loading. J. Mech. Behav. Biomed. Mater. 2014, 39, 119–128. [CrossRef] [PubMed]

6. Arsecularatne, J.A.; Hoffman, M. Ceramic-like wear behaviour of human dental enamel. J. Mech. Behav.
Biomed. Mater. 2012, 8, 47–57. [CrossRef] [PubMed]

7. Baino, F.; Verné, E. Production and Characterization of Glass-Ceramic Materials for Potential Use in Dental
Applications: Thermal and Mechanical Properties, Microstructure, and In Vitro Bioactivity. Appl. Sci. 2017,
7, 1330. [CrossRef]

8. Oh, W.S.; DeLong, R.; Anusavice, K.J. Factors affecting enamel and ceramic wear: A literature review.
J. Prosthet. Dent. 2002, 87, 451–459. [CrossRef]

9. Zhou, Z.R.; Zheng, J. Tribology of dental materials: A review. J. Phys. D Appl. Phys. 2008, 41, 113001.
[CrossRef]

10. D’Arcangelo, C.; Vanini, L.; Rondoni, G.D.; De Angelis, F. Wear properties of dental ceramics and porcelains
compared with human enamel. J. Prosthet. Dent. 2016, 115, 350–355. [CrossRef]

11. 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] [PubMed]

12. Silva, N.R.; Thompson, V.P.; Valverde, G.B.; Coelho, P.G.; Powers, J.M.; Farah, J.W. Reliability analyses of
zirconium oxide and lithium disilicate restorations in vitro and in vivo. J. Am. Dent. Assoc. 2011, 142, 4S–9S.
[CrossRef] [PubMed]

13. Zhang, Z.; Yi, Y.; Wang, X.; Guo, J.; Li, D.; He, L.; Zhang, S. A comparative study of progressive wear of four
dental monolithic, veneered glass-ceramics. J. Mech. Behav. Biomed. Mater. 2017, 74, 111–117. [CrossRef]
[PubMed]

14. Santos, F.; Branco, A.; Polido, M.; Serro, A.P.; Figueiredo-Pin, C.G. Comparative study of the wear of the pair
human teeth/Vita Enamic® vs. commonly used dental ceramics through chewing simulation. J. Mech. Behav.
Biomed. Mater. 2018, 88, 251–260. [CrossRef] [PubMed]

15. Humphrey, S.P.; Williamson, R.T. A review of saliva: Normal composition, flow, and function. J. Prosthet. Dent.
2001, 85, 162–169. [CrossRef] [PubMed]

16. Bongaerts, J.H.H.; Rossetti, D.; Stokes, J.R. The lubricating properties of human whole saliva. Tribol. Lett
2007, 27, 277–287. [CrossRef]

17. Yu, H.Y.; Cai, Z.B.; Ren, P.D.; Zhu, M.H.; Zhou, Z.R. Friction and wear behavior of dental feldspathic
porcelain. Wear 2006, 261, 611–621. [CrossRef]

18. Kaidonis, J.A.; Richards, L.C.; Townsend, G.C.; Tansley, G.D. Wear of human enamel: A quantitative in vitro
assessment. J. Dent. Res. 1998, 77, 1983–1990. [CrossRef]

19. Tillitson, E.W.; Craig, R.G.; Peyton, F.A. Friction and wear of restorative dental materials. J. Dent. Res. 1971,
50, 149–154. [CrossRef]

http://dx.doi.org/10.1016/j.dental.2016.09.032
http://www.ncbi.nlm.nih.gov/pubmed/27726969
http://dx.doi.org/10.1016/j.jnoncrysol.2019.01.004
http://dx.doi.org/10.1016/j.dental.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24252652
http://dx.doi.org/10.1080/17436753.2018.1476807
http://dx.doi.org/10.1016/j.jmbbm.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25123435
http://dx.doi.org/10.1016/j.jmbbm.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22402153
http://dx.doi.org/10.3390/app7121330
http://dx.doi.org/10.1067/mpr.2002.123851
http://dx.doi.org/10.1088/0022-3727/41/11/113001
http://dx.doi.org/10.1016/j.prosdent.2015.09.010
http://dx.doi.org/10.1016/j.prosdent.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/24980740
http://dx.doi.org/10.14219/jada.archive.2011.0336
http://www.ncbi.nlm.nih.gov/pubmed/21454834
http://dx.doi.org/10.1016/j.jmbbm.2017.05.035
http://www.ncbi.nlm.nih.gov/pubmed/28595102
http://dx.doi.org/10.1016/j.jmbbm.2018.08.029
http://www.ncbi.nlm.nih.gov/pubmed/30195116
http://dx.doi.org/10.1067/mpr.2001.113778
http://www.ncbi.nlm.nih.gov/pubmed/11208206
http://dx.doi.org/10.1007/s11249-007-9232-y
http://dx.doi.org/10.1016/j.wear.2006.01.024
http://dx.doi.org/10.1177/00220345980770120601
http://dx.doi.org/10.1177/00220345710500011001


Coatings 2019, 9, 580 10 of 10

20. Mccrea, E.S.; Katona, T.R.; Eckert, G.J. The effects of salivas on occlusal forces. J. Oral Rehabil. 2015, 42,
348–354. [CrossRef]

21. Amer, R.; Kürklü, D.; Kateeb, E.; Seghi, R.R. Three-body wear potential of dental yttrium-stabilized zirconia
ceramic after grinding, polishing, and glazing treatments. J. Prosthet. Dent. 2014, 112, 1151–1155. [CrossRef]
[PubMed]

22. Koottathape, N.; Takahashi, H.; Iwasaki, N.; Kanehira, M.; Finger, W.J. Two- and three-body wear of
composite resins. Dent. Mater. 2012, 28, 1261–1270. [CrossRef]

23. Zhang, H.; Sun Yali Guo, J.; Meng, M.; He, L.; Tay, F.R.; Zhang, S. The effect of food medium on the wear
behaviour of veneering porcelain: An in vitro study using the three-body abrasion mode. J. Dent. 2019, 83,
87–94. [CrossRef] [PubMed]

24. Fu, K.; Wang, S.; Wang, G.; Wang, Y. The effects of calcium oxide on fluorapatite crystal morphology and
mechanical property of functional glass-ceramic. Ceram. Int. 2018, 44, 20531–20538. [CrossRef]

25. Wang, G.; Wang, S.; Bian, C.; Li, Y.; Shao, J. Tribological behavior evaluation of dental fluorapatite glass
ceramic. J. Aust. Ceram. Soc. 2019, 55, 363–370. [CrossRef]

26. Zhou, W.; Wang, Q.H.; Ling, W.S.; He, L.Z.; Tang, Y.; Wu, F.; Liao, J.L.; Hui, K.S.; Hui, K.N. Characterization
of three- and four-point bending properties of porous metal fiber sintered sheet. Mater. Design 2014, 56,
522–527. [CrossRef]

27. Plastics- Determination of Flexural Properties; ISO 178:2019; International Organization for Standardization:
Geneva, Switzerland, 2019.

28. Eisenburger, M.; Shellis, R.P.; Addy, M. Comparative study of wear of enamel induced by alternating and
simultaneous combinations of abrasion and erosion in vitro. Caries. Res. 2003, 37, 450–455. [CrossRef]

29. Heintze, S.D.; Zellweger, G.; Sbicego, S.; Rousson, V.; Muñoz-Viveros, C.; Stober, T. Wear of two denture
teeth materials in vivo-2-year results. Dent. Mater. 2013, 29, e191–e204. [CrossRef]

30. Schmid-Schwap, M.; Rousson, V.; Vornwagner, K.; Heintze, S.D. Wear of two artificial tooth materials in vivo:
A 12-month pilot study. J. Prosthet. Dent. 2009, 102, 104–114. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/joor.12260
http://dx.doi.org/10.1016/j.prosdent.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/24836531
http://dx.doi.org/10.1016/j.dental.2012.09.008
http://dx.doi.org/10.1016/j.jdent.2019.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30849446
http://dx.doi.org/10.1016/j.ceramint.2018.08.050
http://dx.doi.org/10.1007/s41779-018-0243-y
http://dx.doi.org/10.1016/j.matdes.2013.10.077
http://dx.doi.org/10.1159/000073399
http://dx.doi.org/10.1016/j.dental.2013.04.012
http://dx.doi.org/10.1016/S0022-3913(09)60118-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Synthesis of Fluorapatite Glass-Ceramic 
	Characterization of the Fluorapatite Glass-Ceramic 
	Preparation of Feldspathic Glass-Ceramic and Tooth Specimens 
	Friction and Wear Tests 

	Results 
	Characteristic of the Glass-Ceramic 
	Friction Behavior 
	Wear Behavior 

	Discussion 
	Conclusions 
	References

