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A B S T R A C T   

Leucite and zirconia are commonly used in the production of prosthetic dental materials. Leucite presents 
attractive optical properties but low toughness and wear resistance, which limits its use. Zirconia has much 
higher toughness, but due to aesthetic reasons and ageing issues, needs to be glass veneered. Chipping of such 
veneer is usually responsible for the abnormal wear induced on the antagonist teeth. Leucite reinforced with 25% 
of nano-zirconia is a promising alternative to overcome these issues, allowing the production of dental resto
rations without veneer. This study aims to investigate if leucite-zirconia composites have suitable optical, me
chanical and tribological properties to be used in dental restoration. Samples with different compositions of 
leucite and/or nano-zirconia were produced by unidirectional compression and characterized concerning den
sity, surface morphology, roughness, hardness, toughness, and translucency. Wear tests were performed in a 
chewing simulator using human cusps as counterbodies. Tests were also performed in glazed zirconia for com
parison. 25% ZrO2 leads to the lowest wear of the tribological pair among the studied systems, except 100% 
ZrO2. This can be attributed to the toughening effect of zirconia and reduced size of third body particles. 
Abrasion was the main wear mechanism observed in this pair. In addition, this was the composite that presented 
the highest translucency.   

1. Introduction 

Due to the aesthetic similarity with natural teeth, ceramic materials 
are the ultimate choice to repair/replace damaged/lost dental tissues. 
Among them, zirconia is one of the most used for dental restorations, 
mainly due to its toughness [1,2]. However, zirconia frameworks need 
to be coated with a glass veneer (glaze) to improve their optical prop
erties [3]. One of the major issues of these type of coatings arises from 
their inability to support the high loads during biting and mastication 
processes, suffering chipping [4]. An alternative to overcome this 
problem is to use monolithic structures produced with vitroceramics, 
like leucite and lithium disilicate, which present excellent optical 
properties [5–7]. However, their use in crowns is usually limited to 
restorations applied to the anterior part of the dental arcade where the 
mechanical requirements are lower [8]. In fact, both leucite and lithium 

disilicate materials can experience brittle fracture and chipping wear 
mechanisms that lead to the formation of third body particles, dramat
ically increasing the antagonist natural teeth wear [9–11]. 

In order to improve the mechanical resistance of vitroceramics for 
dental applications, several strategies have been followed to delay or 
suppress the propagation of cracks towards the interface [12,13]. One of 
the approaches that has been widely investigated is the reinforcement of 
vitroceramics with high toughness ceramic particles (e.g., zirconia and 
alumina), resulting in a composite material with enhanced properties. 
Huang et al. [14] observed that the flexural strength and fracture 
toughness of a lithium disilicate glass-ceramic reinforced with 15% wt. 
zirconia increased from 310 MPa to 340 MPa and from 2.2 MPa m1/2 to 
3.5 MPa m1/2, respectively, relatively to lithium disilicate glass-ceramic. 
Santos et al. [13] evaluated the mechanical properties of porcelain 
before and after the addition of zirconia particles and observed that the 
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material containing 30% of zirconia particles led to the highest flexural 
strength (218 MPa) and fracture toughness (2.1 MPa m1/2) values, 
which were significantly higher than those obtained for porcelain 
without reinforcement particles (98 MPa and 0.9 MPa m1/2, respec
tively). In another study, Elsaka et al. [15] investigated the mechanical 
performance of two types of CAD/CAM glass-ceramics: zirconia rein
forced lithium silicate glass-ceramic (Vita Suprinity) and monolithic 
lithium disilicate (IPS e.max CAD). The first one showed higher fracture 
toughness (2.3 MPa m1/2), flexural strength (444 MPa), elastic modulus 
(70.4 GPa), and hardness (6.5 GPa) compared with lithium disilicate 
glass-ceramic (2.1 MPa m1/2, 348 MPa, 60.6 MPa and 5.5 GPa, 
respectively). 

Concerning the tribological behaviour of reinforced vitroceramics, it 
has been poorly addressed and only simple configuration wear tests have 
been used. Santos et al. [16] carried out pin-on-plate tests with dental 
glass–ceramics reinforced with different contents of zirconia particles 
against alumina, and concluded that 30% wt. zirconia content led to the 
lowest specific wear rate. In another work, the same authors studied the 
tribological behaviour of a dental glass-ceramic reinforced with zirconia 
agglomerates (ZA) and pre-sintered zirconia particles (ZP) [17] and 
observed that the wear of the glass-ceramic reinforced with ZP was 
much lower. They attributed it to the uniform dispersion of zirconia 
particles within the glass matrix, which leads to a load transfer rein
forcing mechanism from the matrix to the reinforcement. Yilmaz et al. 
[18] studied the wear behaviour of two types of glass-ceramics, lithium 
disilicate (IPS e.max CAD) and zirconia-reinforced lithium silicate (Vita 
Suprinity), against alumina and observed that Vita Suprinity presented a 
higher wear resistance than IPS e.max CAD. This was explained by the 
fact that Vita Suprinity has a homogeneous distribution of zirconia 
particles into the ceramic material. In contrast, IPS e.max CAD presents a 
structure with needle-shaped fine-grained crystals embedded in a glassy 
matrix and after the wear tests, deep microcracks were observed, which 
suggested fatigue wear. 

The works reported above refer to the mechanical and tribological 
behavior of zirconia-reinforced lithium silicate materials. As far as the 
authors know, there are no studies regarding leucite reinforced mate
rials. Thus, the aim of this work is to evaluate the effect of the addition of 
different contents of zirconia nanoparticles to leucite on the wear per
formance of the pair tooth/prosthesis. A wide characterization was 
performed to identify the composite that minimizes the wear and un
derstand the associated wear mechanisms. 

Leucite-reinforced glass-ceramics (in the SiO2–Al2O3–K2O system) 
contains up to 45% by volume of tetragonal leucite (KAlSi2O6) within a 
glass matrix made of feldspathic porcelain. The introduction of leucite 
crystals in the feldspar glass improves the mechanical properties of the 
glass ceramic for dental applications, since the presence of a crystalline 
phase delays or suppresses the propagation of cracks through the ab
sorption of the fracture energy, thus enhancing the toughness and 
strength of the material [19,20]. Leucite glass-ceramics are mainly used 
in veneers, inlays and onlays, and in anterior crowns. Although they 
present more than the double of the strength of porcelains, they are still 
not suitable to be used in posterior fixed dental prosthesis (bridges) [21]. 
For this application, reinforced leucite glass-ceramics could be used as a 
cheaper alternative to zirconia-reinforced lithium disilicate. 

2. Materials and methods 

2.1. Teeth preparation 

Ten permanent healthy human molars/wisdom teeth without caries, 
damages or fillers/sealants were provided by the Human Teeth BioBank 
from University Dental Clinic Egas Moniz and used in the present study 
(Teeth donated with informed consent of patients. Research work 
approved by the Ethical Commission Egas Moniz, from Instituto Uni
versitário Egas Moniz, with the Ref nº 1001/2021). Before extraction, 
patients signed informed consents regarding the collection of the teeth 

for research purposes. The teeth were immersed in 1% chloramine-T 
trihydrate solution (VWR, ≥98%) at 4 ◦C during one week for disin
fection. After, they were brushed with toothpaste to remove the bacte
rial plaque and food scraps and were stored in distilled and deionized 
(DD) water at 4 ◦C to avoid dehydration, till further use. Before the 
chewing simulation tests, teeth were equally cut into 4 parts to isolate 
the cusps and then each cusp was fixed in a thermosetting phenol 
formaldehyde resin (Bakelite, Vertex Castapress). 

2.2. Ceramic prosthetic samples production 

Leucite-based samples were produced with different amounts of 
zirconia reinforcement: 25% ZrO2, 50% ZrO2 and 75% ZrO2 (wt%), 
using leucite glass-ceramic powder (IPS Empress Esthetic Veneer Incisal 
Opal MT, Ivoclar Vivadent) and yttria (3% mol) partially stabilized 
tetragonal zirconia powder (SF YSZ-1011, Zircomet). Samples contain
ing only leucite (100% Leu) and only zirconia (100% ZrO2) were also 
produced for comparison purposes. To produce the samples, firstly a 
polyvinyl alcohol (PVA) solution (4.5 wt%) was prepared by dissolution 
of the PVA (Kuraray Poval, Frankfurt, Germany) in DD water, at 95 ◦C. 
Then, a paste of zirconia and a paste of leucite were prepared by 
dispersing the respective ceramic powders (60 wt%) in this solution. The 
obtained pastes, which contain 3% (w/w) of the binder PVA relatively to 
the solid loading weight, were left to homogenize in a magnetic stirrer 
for 30 min. Composites were produced by mixing the previous prepared 
pastes in the required proportions, in a magnetic stirrer for 30 min. The 
pastes were poured in cylindrical silicon moulds (13 mm diameter) and 
left for 2 days at room temperature to evaporate most of the water. The 
obtained discs were taken from the moulds and submitted to unidirec
tional compression in an evacuable pellet die set, applying a constant 
load of 3 tons for 1 min (220 MPa). The 100% ZrO2 samples were sin
tered at 1500 ◦C, 100% Leu at 850 ◦C, and 25% ZrO2, 50% ZrO2 and 75% 
ZrO2 at 1000 ◦C, for 2 h, with a heating rate of 10 ◦C/min in all cases, 
being the cooling done inside of the furnace until reaching room tem
perature. All samples were polished using silicon carbide sandpapers 
with granulometries up to 4000 mesh, followed by polishing until dia
mond paste 3 μm. Finally, samples were washed with DD water and then 
dried with nitrogen gas. 

Some 100% ZrO2 samples were manually coated with a ceramic 
glaze (IPS e.max Ceram Glaze Paste 3 g, Ivoclar Vivadent) layer 
(thickness ≈ 50 μm) and submitted to 430 ◦C for 30 min. 

2.3. Samples characterization 

2.3.1. Density 
Samples’ density (ρsample) was determined based on the Archimedes 

method, from their weight in air (mair) and immersed in water (mwater) 
(AND GR-200 balance), considering the density of water at room tem
perature (ρwater): 

ρsample =
mair

mair − mwater
ρwater (1) 

Four samples of each type were used for measurements. 

2.3.2. Morphology 
The leucite and zirconia powders, prosthetic materials and dental 

surfaces’ morphology was observed by scanning electron microscopy 
(SEM, JSM-7001F) using a voltage of 15 kV and a vacuum of ~8 × 10− 4 

Pa. Chemical analysis was performed by energy dispersive spectroscopy 
(EDS). Prior to SEM observation, all samples were previously coated 
with a thin film of Au/Pd. 

2.3.3. Surface roughness 
The surface roughness of samples was estimated using a profilometer 

(Profilm, Filmetrics) with an objective of 20X, in envelop peak mode, 
using 0.07 mm and 0.15 mm for backscan and scan length, respectively. 
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Values were obtained from linear profiles with a length range 0.85–1.5 
mm in areas free of pores. 

2.3.4. Hardness and toughness 
Vickers hardness was measured using a microdurometer (HSV-30 

Shimadzu). A load of 5 N and a dwell time of 15 s was applied for all 
samples except 100% Leu which only resisted to a load of 1 N. Five 
indentations in different zones were performed on four samples of each 
type. 

Fracture toughness was determined from the indentations’ cracks 
observed by SEM. The crack’s length was measured using ImageJ soft
ware and the following equation was used to estimate the fracture 
toughness (KIC) [22,23]: 

KIC = 0.0726 ×
P

c3/2 (2) 

P is the indentation load and c is the length of the most severe pro
duced crack in each indentation mark. 

2.3.5. Translucency 
The translucency parameter (TP) of the samples was evaluated using 

a spectrophotometer (VITA EasyShade 2.0). Measurements were per
formed over white (W) and black (B) backgrounds to obtain the color 
coordinates of the CIE system: L*, a* and b*. L* is the lightness, a* 
corresponds to the shade and saturation in the red–green axis and b* to 
the saturation in the blue–yellow axis [ref]. TP can be calculated from 
the following equation [24]: 

TP =
[
(LB

* − LW
*)

2
+ (aB

* − aW
*)

2
+ (bB

* − bW
*)

2 ]1/2
(3) 

The translucency of dental commercial zirconia (yttria (3% mol) 
stabilized zirconia blocks Ice Zirkon Translucent from Zirkonzahn) and 
of natural human tooth was also measured, for comparison purposes. 

2.3.6. Tribological behaviour 
Wear studies were performed in a chewing simulator (CS-4.2 SD 

Mechatronik), with artificial saliva at room temperature, using dental 
cusps against the produced ceramic samples. Artificial saliva (pH 
6.9–7.0) was prepared by dissolving the following reagents (all from 
Sigma-Aldrich) [25] in DD water: sodium sulphide nonahydrate 
(Na2S•9H2O, 0.005 g/L), sodium chloride (NaCl, 0.4 g/L), potassium 
chloride (KCl, 0.4 g/L), sodium phosphate monobasic dihydrate 
(NaH2PO4•2H2O, 0.69 g/L), urea (NH2CONH2, 1 g/L), sodium phos
phate dibasic (Na2HPO4, 0.8 g/L), calcium chloride (CaCl2, 0.2 g/L). 
Each test consisted of 360,000 chewing cycles (correspondent to 
approximately 1.5 year of human mastication [26]). A vertical load of 
50 N was applied, since it falls in the range of the typical masticatory 
loads observed in vivo [27–30] and has been used in some in vitro studies 
as a reference load during chewing simulation tests [18,31,32]). The 
tests were carried out with a vertical speed 40 mm/s, horizontal speed 
20 mm/s, vertical movement 2 mm, horizontal movement 0.7 mm and 
frequency ~1 Hz. Eight tests were carried out per system. 

The wear volume of the ceramic prosthetic samples was estimated 
from profilometer images (Profilm, Filmetrics). For that, several images 
(1 × 0.85 mm2) of the wear track were obtained in envelop peak mode, 
using 0.1–0.3 mm and 0.15–0.5 mm for backscan and scan length, 
respectively, and stitched with the Profilm online software. In order to 
determine the cusps’ wear, a 3D scanner (Scanner S300 Arti – Zirkon
zahn, Fig. 1) was used. The wear volume was estimated by overlapping 
the 3D scans of the cusps obtained before and after the wear tests, using 
the Autodesk Netfabb Premium 2021 software. The wear coefficients (K) 
for both prosthetic samples and dental cusps were estimated through: 

K =
V

SxL
(4)  

where V corresponds to the volume loss, S to the sliding distance and L 

the applied load. 
SEM and EDS analysis were performed on the worn surfaces to infer 

about the wear mechanisms. 

2.4. Statistical analysis 

Statistical analysis was performed using Excel statistical tools. 
Shapiro-Wilk test was carried out to verify the normality of the results. 
ANOVA (one-way analysis of variance) was done to compare three or 
more groups, while t-Student test was applied to compare two inde
pendent groups. The level of significance chosen was 0.05. 

3. Results 

3.1. Leucite and zirconia powder characterization 

The powders’ particle morphology is depicted in Fig. 1. It can be 
observed that leucite particles (Fig. 1A) present mostly an angular 
shape, with sizes that range from 500 nm to 70 μm. On the other hand, 
zirconia particles (Fig. 1B) are round and much smaller than leucite 
particles (~160 nm). 

3.2. Prosthetic materials density 

The density of the ceramic samples is shown in Fig. 2. Statistically 
significant differences were observed among the different systems (p <
0.001). It is observed a tendency of increase in the density as the amount 
of reinforcement increases. However, 25% ZrO2 and 50% ZrO2 present 
similar densities (p = 0.87). 

3.3. Prosthetic materials surface morphology 

Fig. 3 shows the morphology of the ceramic samples surface. Leucite 
presents a glass matrix reinforced with leucite crystals (darker sites), 
which are randomly distributed. 25% ZrO2, 50% ZrO2 and 75% ZrO2 

Fig. 1. SEM images of leucite (A) and zirconia (B) powder.  

Fig. 2. Theoretical and experimental density of the ceramic samples. The 
values presented over the bars quantify in percentual terms the experimental 
densities relative to the correspondent theoretical ones. 
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Fig. 3. SEM images of the ceramic samples surface. * represents a typical magnification of the interface between zirconia rich zone and leucite with the respective 
EDS spectra showing the respective elemental composition. 
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present two main areas: zirconia agglomerates (lighter areas) roundly 
dispersed in a leucite glass matrix (darker areas), with a highly contin
uous interface between the two zones. In the composite samples, within 
the zirconia agglomerates there is a tiny amount of leucite glass ceramic 
surrounding most of the zirconia nanoparticles (see insert). 100% ZrO2 
presents an irregular surface with small defects randomly distributed. 
Concerning the coating of zirconia with glaze, it presents a homoge
neous polished appearance without porosity signs. 

3.4. Prosthetic materials surface roughness 

Regarding surface roughness (Fig. 4), 100% ZrO2 presents the lowest 

average value among the studied systems, while 50% ZrO2 and 75% 
ZrO2 have the highest roughness, being similar between them (p =
0.815). 25% ZrO2 presents slightly higher roughness than 100% Leu (p 
= 0.044). 

3.5. Prosthetic materials hardness and toughness 

The samples hardness and fracture toughness are depicted in Fig. 5. It 
can be observed that these two properties are highly determined by the 
content of the reinforcing agent in the composite’s composition: the 
higher the zirconia amount, the higher the hardness and fracture 
toughness. 

Fig. 4. Surface roughness of ceramic samples.  

Fig. 5. Hardness and fracture toughness of the ceramic samples.  

Fig. 6. Translucency parameter of the prosthetic samples and human tooth.  

Fig. 7. Profilometer images and 2D profiles of the ceramic materials’ wear 
scars obtained after chewing simulation tests. 
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3.6. Prosthetic and dental materials translucency 

The translucency parameter (TP) of the materials is presented in 
Fig. 6. Leucite samples (100% Leu) presented the highest translucency 
degree among the prosthetic materials, comparable to the natural tooth 
(p = 0.07), followed by 25% ZrO2 which led to a value slightly higher 
than 25% ZrO2 (p = 0.001). In turn, 50% ZrO2 were the less translucent 
material. Commercial ZrO2 presented a translucency 2.8 times lower 
than 100% ZrO2. The glaze coating led to similar translucency values (p 
= 0.61), independently of the underlying substrate, giving rise to 
intermedium values between commercial ZrO2 or 100% ZrO2. 

3.7. Tribological behaviour 

3.7.1. Wear coefficient 
Fig. 7 depicts profilometer images and the corresponding 2D profiles 

of the wear scars obtained after chewing simulation tests for each sys
tem. It can be observed that all systems present irregular and different 
wear scar shapes. 100% Leu show the highest wear depth (≈70 μm) and 
100% ZrO2 presents neglectable wear depth (≈0.8 μm). 75% ZrO2 and 
50% ZrO2 show wear scars of intermediate depth, higher to that 
observed on 25% ZrO2. The wear tests against the glazed zirconia 
showed that in the contact area with the cusp, the coating (with a 
thickness ≈ 40 μm) was removed in large extent, exposing the under
lying zirconia. 

Concerning the ceramic materials wear coefficient (Fig. 8), 100% Leu 
presents the highest wear while 100% ZrO2 presents minimal wear. No 
statistical differences were found among the different composite system 
(p = 0.12). 

The cusps wear coefficient is shown in Fig. 8. The results obtained 
with the cusps tested against 100% Leu present a high dispersion, but its 
average is much higher than those observed for the remaining systems. 
Contrarily, 100% ZrO2 led to the lowest cusps wear coefficient. It was 
found that, for the composite materials, the wear of the antagonist cusps 
increased with the reinforcement content. Zirconia glazed samples led to 
a wear coefficient similar to those induced by 50% ZrO2 and 75% ZrO2 
(p = 0.48) and higher than for 25% ZrO2 (p = 0.03). 

3.7.2. Worn surfaces analysis 
SEM images of the ceramic samples (Fig. 9) show that 100% Leu 

presents mainly parallel scratches and accumulation of dental debris 
(see EDS spectra in the insert, rich in Ca and P). In 25% ZrO2, agglom
erates’ zirconia particles became protruded and scratches in the sliding 
direction are visible close to the interface between the agglomerates and 
leucite zones. Features associated to full agglomerate pull out are also 
noted. Both 50% ZrO2 and 75% ZrO2 samples present a high adhesion of 
dental material and signs of fracture. The surface of 100% ZrO2 has 
essentially a polished appearance without signs of abrasion, being 
clearly visible the adhesion of dental material (see EDS). Regarding the 
glaze coating, since it was widely removed from the contact zone, only 
the transition area in the wear track was analyzed. Some pores can be 
identified in the internal structure of the glaze as well as adhered dental 
particles (see insert and EDS). 

The SEM images of the dental cusps after wear testing (Fig. 10) shows 
that the cusps tested against both 100% Leu and 25% ZrO2 samples 
present parallel grooves. A detailed analysis reveals that 100% Leu in
duces in the cusps’ surface the formation of a large number of craters 
which extend through the sliding direction and adhesion of dental and 
leucite particles (see EDS spectra in the insert). In contrast, 25% ZrO2 
leads to the appearance of aligned scratches and some dental wear 
particles (see EDS spectra in the insert) are also visible on the surface. 
The cusps tested against 50% ZrO2, 75% ZrO2 and 100% ZrO2 show 
polished surfaces. However, while in the former two cases the surfaces 
present scratches confined to a specific area and some material 
detachment, in the last case fractures are visible on the cusps’ edges. 

The wear tests against glazed zirconia led to the appearance of 
scratches and deep fractures, mainly in the periphery of the cusps. Be
sides, adhesion of dental material and glaze is also observed (see 
inserts). 

4. Discussion 

Leucite glass-ceramics have been used in dentistry mainly due to 
their ability to mimic the optical properties of dental tissues. However, 
in the literature, cases of failure due to fracture of the prosthetic material 

Fig. 8. Prosthetic material and cusps wear coefficients.  
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are often reported [9,33–35]. Moreover, tribological tests show that 
these materials may lead to abnormal wear of the antagonist dental 
surfaces [9,35,36]. In order to improve the tribomechanical perfor
mance of vitroceramics, zirconia particles can be added as reinforce
ment agents. In this study, different amounts of zirconia were 
incorporated in leucite glass-ceramics, and the effect on the tribological 
behaviour of the prosthetic material/tooth pair was investigated. 

Density measurements of the produced materials show that 100% 
Leu and 100% ZrO2 present similar densities to those reported in the 
literature: 2.47 g/cm3 for leucite and 5.68 g/cm3 for zirconia [4]. 25% 
ZrO2 shows a density quite similar to the theoretical density (≈96%, 
Fig. 2). However, the other composites (50% ZrO2 and 75% ZrO2) show 
densities much lower than the theorical values, which can be explained 
by the high observed porosity (Fig. 7). Due to the asymmetry in the size 
and shape of the constituent powders (Fig. 1B), during the ceramic 
pastes preparation, the zirconia nanoparticles form clusters in the voids 
left by the larger and angular leucite particles. The sintering process 
leads to leucite partial melting (liquid phase sintering), which due to 
capillary forces wets the zirconia nanoparticles, keeping them 

agglomerated in a vitreous matrix (Fig. 3). Samples’ porosity results 
from compaction issues, which are determined by factors such as size 
and shape of the particles, amount of each component, load and time of 
compression and humidity. The last, not only increases the friction be
tween the particles during the compression process impairing the ma
terial densification, but also leads to the formation of pores during the 
sintering cycle due to vapor formation. The presence of pores increases 
surface roughness at a macro scale. It was also found that the compos
ites, specially 50% ZrO2 and 75% ZrO2, present a higher interpore 
roughness (Fig. 4). The presence of hard and soft phases shall lead to 
differential wear between them during the sample surface’s preparation 
(polishing), being the hard phase protruded. 

Concerning the mechanical properties (Fig. 5), the results show that 
there is an increase of hardness and fracture toughness with the increase 
in zirconia content, which shall be related to the toughening effect of 
zirconia. In fact, it was observed that 100% ZrO2 samples’ hardness is 
approximately two-fold the hardness of 100% Leu, while the toughness 
is almost 5 times higher. Several studies report a similar behavior when 
lithium disilicate is reinforced with increasing amounts of zirconia [14, 

Fig. 9. SEM images of the ceramic samples and glaze surfaces after wear testing. 
EDS spectra show the elemental composition of the marked areas. 
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15]. The obtained results show that 100% Leu and 25% ZrO2 show the 
lowest hardness among the produced materials, with values that are 
close to the upper limit of those found in the literature for enamel 
(306–612 HV [4]). Both 100% Leu and 25% ZrO2 presented a fracture 
toughness values that fall in the range found for enamel (0.7–1.5 MPa. 
m1/2 [37]). 

The analysis of the wear performance of the tribological pairs 
ceramic material/tooth shows that after the wear tests, leucite (100% 
Leu surfaces) present features associated with abrasion and dental wear 
debris accumulation (Fig. 9). In the opposite dental cusps, a change from 
abrasion to adhesion, followed by delamination and material transfer, 
shall have occurred during wear testing (Fig. 10). In the initial stages of 
wear, the asperity contact between the surfaces might lead to micro
fracture of leucite, due to its low toughness, producing three body par
ticles that are able to plough/cut both contacting surfaces and origin the 
release of the debris. The continuous sliding results into adhesion of the 
dental debris onto both surfaces with leucite incorporation. 

Simultaneously, the adhesion between the two surfaces and the conse
quent detachment of material through delamination leads to the for
mation of craters on the cusp’s counterface. Hutchings [38] states that in 
aqueous environments, some local plastic flow can occur due to the 
formation of softer oxide hydration layers, as well as tribochemical re
actions, enhancing the materials’ wear. This may explain the occurrence 
of some plough in the prosthetic worn surface. 

The addition of zirconia to leucite led to a dramatic decrease of the 
wear of the prosthetic material and of the antagonist dental cusps 
(Fig. 8). This may result from the toughening effect of zirconia referred 
above, that prevents fracture and consequently reduces the formation of 
wear debris from the prosthetic material. However, no significant dif
ferences were found in the wear coefficients of the three composite 
materials (Fig. 8), which shall be related with the wear mechanisms that 
occur in each system. In the presence of 25% ZrO2, the wear of the 
leucite matrix (which presents a lower hardness) origins the pull out of 
the zirconia nanoparticles and small agglomerates that cut/plough the 

Fig. 10. SEM images of the cusps surface after wear testing. EDS spectra show the elemental composition of the marked areas.  
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surrounding leucite surface, leading to the abrasion not only of the 
prosthetic material but also of the dental surface (Figs. 9 and 10). The 
remaining agglomerates deflect the trajectory of the third body parti
cles, protecting the area behind them. In 50% ZrO2 and 75% ZrO2, the 
zirconia patches present some fractures, leading to a higher tendency to 
the release of bigger particles from the worn surface. Therefore, the 
ploughing action on the dental surface will be higher than that of the 
smaller zirconia hard particles of 25% ZrO2, being probably this the 
main reason for the higher average values of the wear coefficient ob
tained for dental cusps (Fig. 8). Besides, the higher hardness (Fig. 5) and 
roughness (Fig. 4) of 50% ZrO2 and 75% ZrO2 composites also 
contribute to the higher wear of the antagonist dental surfaces. 

Regarding 100% ZrO2, it suffered neglectable wear and induced the 
lowest wear on dental cusps, in agreement with what was found in 
previous works [1,9]. This is mainly due to the high toughness of zir
conia that prevents surface microcracking and the formation of hard 
three body particles. SEM observation confirmed the absence of frac
tures on the surface of zirconia with some adhesion of dental material 
from the cusps wear (identified by EDS, Fig. 9). The antagonist cusps 
show a smooth surface suggesting that polishing wear shall prevail. 

Even though the 100% ZrO2tooth tribological pair presents the 
lowest wear, zirconia ageing in humid environment at physiological 
temperatures or higher may lead to the transformation from tetragonal 
to monoclinic phase, resulting in lower tribomechanical resistance [39, 
40]. In order to protect zirconia and also due to aesthetic reasons, zir
conia prostheses are usually coated with glaze. The obtained results 
show that the glaze coating leads to considerable wear of the antagonist 
dental surfaces, in agreement with what was found in other studies [1,3, 
9]. The observed wear is in average higher than that induced by the 
three composite materials. Regarding the glazed material, it suffered the 
highest wear among all prosthetic materials, except from 100% Leu: 
glaze was extensively worn in the contact area with the cusp, leaving the 
underneath zirconia exposed. 

Overall, 25% ZrO2 is the material that presents the best tribological 
performance among the three composites, leucite and 100% ZrO2 +

glaze, since it led to lower wear of the prosthetic material and of the 
antagonist dental surfaces. In addition, its translucency is higher than 
the ZrO2 commercial + glaze (Fig. 6), which is usually the ultimate 
choice in dental practice. Thus, 25% ZrO2 material can be considered a 
potential candidate for dental restorations. 

5. Conclusion 

The suitability for dental application in terms of wear resistance of 
the leucite-nano zirconia composites was investigated. For that, samples 
with 0%, 25%, 50%, 75% and 100% of zirconia were produced and 
characterized concerning density, surface morphology, roughness, 
hardness, toughness, and translucency. Wear tests were performed in a 
chewing simulator using human cusps as counterbodies. Tests were also 
performed in glazed zirconia for comparison reasons. It was found that 
the density, hardness and toughness of the produced materials increase 
with the amount of zirconia. Concerning translucency, the highest 
values were found for leucite (100% Leu) followed by 25% ZrO2. The 
value for the composite was 2.4 times higher than the one obtained for 
glazed zirconia. The tribological pair (ceramic material/tooth) that 
presented the lowest wear involved 100% ZrO2 while the highest was 
found for leucite. Among the composites 25% ZrO2 was the one that 
showed the lowest total wear. Leucite presented abrasion and dental 
wear debris accumulation and the opposite dental cusps showed features 
associated to delamination and material transfer. In 25% ZrO2 the pull 
out of zirconia nanoparticles and small agglomerates led to abrasion of 
the two sliding counterfaces. The increase in the zirconia amount in the 
composites (50% ZrO2 and 75% ZrO2) resulted in higher dental wear, 
probably due to the release of larger prosthetic third body particles. 
100% ZrO2 almost did not suffer wear. Dental material transfer was 
observed on zirconia surface, while polishing wear was identified as the 

main wear mechanism in the cusps. The glaze was totally worn from the 
zirconia substrate during wear testing exposing the underlying material. 
The obtained results confirmed that glazing zirconia dental frameworks 
is not a suitable practice due to its low wear resistance. Besides, the 
reinforcement of leucite with 25% of zirconia is a good option, since it 
reduces the wear of both prosthetic material and antagonist teeth. 
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