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Abstract

Objective.—To characterize the composition, microstructure and wear properties of a multilayer 

translucent zirconia relative to the conventional 3Y-TZP.

Methods.—Two types of ceramics were evaluated: a multilayer zirconia (MULTI, IPS e.max 

ZirCAD Multi, Ivoclar Vivadent) and a control 3Y-TZP (IPS e.max ZirCAD LT, Ivoclar Vivadent). 

Pre-sintered CAD-CAM blocks were cut, ground, sintered and polished to 1 μm finish. The phase 

fraction and grain size were measured using XRD and FE-SEM. For wear testing (n = 12), square-

shaped specimens (16x16x1 mm) were adhesively bonded to a dentin analog. Sliding wear tests 

were performed using a spherical zirconia antagonist (r = 3.15 mm), with 30 N load at 1.5 Hz for 

500,000 cycles in water. Optical and scanning electron microscopes and 3D laser scanner were 

used for quantitative wear analyses. Data were analyzed using Student´s t-test (α = 0.05).

Results.—For MULTI, the enamel layer had the highest cubic content and the largest grain size, 

followed by the two transition layers, and the dentin layer. 3Y-TZP showed the smallest grain size 

and cubic content. A significant amount of wear was observed in both materials up to 50,000 

cycles until it reached a plateau. MULTI showed higher volume loss and greater wear depth than 

3Y-TZP (p < 0.01). The higher volume loss was associated with extensive lateral fracture, leading 

to material spalling from the surface of cubic-containing zirconias.

Significance.—The wear pattern in multi-layered zirconia was more severe than 3Y-TZP. 

Additionally, the different layers of the multi-layered zirconia had similar wear behavior.
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1. Introduction

Dental materials must combine good physical and mechanical properties with tooth-like 

esthetics in order to provide restorative treatments with high survival rates and to guarantee 

the patient´s satisfaction. The composition and microstructure of the first-generation 

zirconia, specifically 3 mol.% yttria stabilized tetragonal zirconia polycrystals (3Y-TZP), 

were tailored to optimize its strength and toughness rather than translucency. Thus, they are 

suitable for the frameworks of crowns and bridges, as well as implants and abutments [1]. 

The improved translucency in the second-generation zirconia was achieved by reducing the 

content of alumina sintering additives while increasing its bulk density [2, 3]. Such an effort 

ultimately expanded the clinical indication of zirconia to monolithic posterior crowns and 

bridges [3-5]. Further improvement of translucency of the third-generation zirconia was 

realized by increasing the quantity of yttria stabilizer, leading to higher amounts of optically 

isotropic cubic phase content [3, 4]. The tradeoff is that these highly translucent, cubic-

containing zirconias also exhibited lower strength and toughness relative to the first and 

second generations of 3Y-TZP [3-6]. Therefore, they are clinically indicated for veneers, 

inlays, onlays, crowns, and anterior bridges up to 3 units [4, 5].

Despite much improved translucency, the first 3 generations of zirconia are monochrome. In 

order to produce a restoration with a more natural appearance, the fourth-generation, 

multichromatic zirconia with a layered structure have been developed to mimic the shade 

and translucency gradients found in natural teeth [5, 7]. In that first multilayer zirconia 

system introduced to restorative dentistry (Katana, Kuraray Noritake), the same yttrium 

content and cubic fraction were observed in the different layers of the materials. The only 

difference among those layers was the pigment composition, which led to differences in 

shade, but not in translucency [5]. More recently, a different strategy has been adopted, in 

which different compositions and microstructures can be found in the same material (e.max 

ZirCAD Multi, Ivoclar Vivadent). According to the manufacturer, this material has four 

distinct layers: the incisal one-third (enamel) contains a 5 mol.% yttria partially stabilized 

zirconia (5Y-PSZ); the body layer (dentin), which is the gingival counterpart, has a 4 mol.% 

partially stabilized zirconia (4Y-PSZ); and the composition of the two intermediate layers 

that integrate the enamel and body layers is unknown. As a result, the unique property of a 

gradual progression of shade and translucency permits the use of this material for a broad 

spectrum of clinical indications, including anterior veneers with high esthetic demands.

Nevertheless, the effect of the composition and microstructure gradients on the mechanical 

behavior of these new multi-layered materials has not been investigated. The literature 

shows that 4Y-PSZ and 5Y-PSZ have lower fracture strength and toughness than the 

conventional 3Y-TZP, due mainly to the reduced ability of transformation toughening 

associated with a decrease in tetragonal zirconia content [3, 6, 8, 9]. Additionally, as 5Y-PSZ 

has higher cubic content than 4Y-PSZ, their mechanical properties also differ from each 

other [5, 7, 10].

Clinically, restorations are exposed to a hostile humid environment with varying pH levels 

and temperatures. Chewing and parafunctional habits can induce both axial and off-axial 

forces to the restoration [5, 11-13]. During the mandibular movements, the antagonist slides 
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over the restoration surface across different layers of the multi-layered zirconia, where its 

composition, microstructure and wear behavior is still unclear. The wear produced by the 

contact with the antagonist is classified as attrition (two-body wear) and could result in 

surface damage, with crack initiation and propagation, and loss of material, leading to 

failures [2, 14-20]. Although zirconia-based materials are more wear resistant than the tooth 

enamel, extensive prosthetic rehabilitation has become very common in dentistry and other 

wear-resistant restorative materials may also be found as the antagonist [21-23].

Literature on the wear behavior of the third- and fourth-generations, cubic-containing 

zirconia is limited; furthermore, none of the studies focused on the multi-layered material 

with compositional and microstructural gradients [24-26]. In addition, only a few clinical 

reports on the multi-layered zirconia restorations are available [27]. Therefore, it is 

important to understand the structure and wear behavior of the new multilayer zirconia in 

order to support its clinical indications. Accordingly, the objectives of this study are to 

characterize the composition, microstructure and wear properties of a multilayer translucent 

zirconia dental ceramic (MULTI, IPS e.max ZirCAD Multi, Ivoclar Vivadent) in relation to 

its multi-transition zones as well as to compare its properties with a conventional monolithic 

3Y-TZP ceramic (IPS e.max ZirCAD LT, Ivoclar Vivadent).

2. Materials and Methods

A multilayer translucent zirconia ceramic (MULTI, IPS e.max ZirCAD Multi, Ivoclar 

Vivadent) and a conventional 3Y-TZP (3Y, IPS e.max ZirCAD LT, Ivoclar Vivadent) control 

were investigated. Material description can be found in Table 1.

2.1 Composition and Microstructure

2.1.1 Zirconia phase quantification—MULTI blocks were cut into three parts to 

obtain samples of each layer using a low speed diamond saw (Isomet 1000, Buehler, USA). 

For enamel and dentin layers, specimens were cut from the top and bottom of the block. For 

transition layers, the middle part of the block was used; the surface near the enamel layer 

was designated as transition zone 1 (T1) and the surface near the dentin layer, transition 

zone 2 (T2). The material was sectioned according to a careful microscopic analysis of the 

location of each layer (layer thickness). A specimen from 3Y control group was also 

obtained by cutting the ceramic block. All specimens were ground using silicon carbide 

paper with 320-grit and 800-grit in order to obtain flat surfaces. The same sintering protocol 

(1500 °C for 2 h) was performed for both materials, following the manufacturer instructions.

In order to identify the crystalline phase fractions, specimens were analyzed by X-ray 

diffraction (XRD, X’Pert3 Powder, PANalytical, Netherlands). Scanning conditions were set 

as follows: the tube voltage 40 kV, tube current 45 mA, with CuKα radiation (λ = 1.5418 Å) 

using a step-scanning technique with a fixed step size of 0.01° and a rate of 0.3 seconds/step, 

over a 2θ range between 20° and 80°. A full-profile fitting technique was used to precisely 

calculate the phase fractions of each material by the Rietveld refinement method 

implemented in the HighScore Plus software [28]. The diffractograms were used to quantify 

phases of zirconia by focusing on tetragonal (002 and 200) and cubic (111) peaks around 2θ 
= 35°.
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2.1.2 Microstructure analysis—To analyze the microstructure and measure the grain 

size, specimens from each layer of MULTI and 3Y were produced (n = 2), as described 

above for the X-ray analysis. After sintering, one surface of the zirconia specimen was 

further polished to 1 μm finish using a polishing machine (Ecomet Polisher, Buehler, USA) 

to obtain a final dimension of 12.8 x 12.8 x 1 mm. Specimens were then thermally etched at 

1150 °C for 20 min with heating and cooling rates of 10 °C per min.

After cooling, the specimens were ultrasonically cleaned in ethanol for 5 min. Prior to 

imaging in a Field Emission Scanning Electron Microscopy (FE-SEM, Merlin, Carl Zeiss), 

specimens were coated with a nanometric layer of irridium. The grain size was measured on 

SEM micrographs using the linear intercept technique [29]. The average grain size (D) was 

obtained using = 1.56 C
MN , where C is the total length of test line used, N the number of 

intercepts and M the magnification of the photomicrograph. The proportional constant, 1.56, 

is essential for random slices through a model system consisting of space-filling 

tetrakaidekahedral shaped grains with a lognormal size distribution.

2.2 Wear Characteristics

2.2.1 Specimen preparation—MULTI and 3Y ceramics were evaluated in the oral 

wear simulator (n = 12). Specimens of MULTI and 3Y were produced and polished to 1 μm 

finish, as described for the microstructure analysis.

Zirconia specimens were cemented to a dentin analog substrate (G10, glass-fiber reinforced 

epoxy resin rods, Acculam, USA) with a dual-cure resin cement. G10 cementation surface 

was acid-etched with 5% hydrofluoric acid (Ceramic Etching Gel, Ivoclar Vivadent) for 2 

min, while the ceramic surface was air-abraded with 50 μm alumina particles at 3 bars 

pressure for 20 s. After cleaning the G10 and ceramic surfaces, a bonding agent (Monobond 

Plus, Ivoclar Vivadent) was applied for 60 s and air dried. Ceramic specimens were then 

cemented to the dentin analog using Multilink Automix dual-cure resin cement (Ivoclar 

Vivadent). A 9.8 N load was kept over the ceramic specimen for 5 min to ensure a uniform 

cement layer and specimens were light cured for 30 s on each side using a dental curing light 

(Bluephase Style, Ivoclar Vivadent). The bonded specimens were kept in distilled water at 

37 °C for 3 days in an incubator (Isotemp Incubator, Fisher Scientific, USA) prior to testing 

in the oral wear simulator.

2.2.2 Wear tests—A 4-chamber Oregon Health Science University (OHSU) oral wear 

simulator (Proto-tech, USA) was used in this study. The test was performed as follows: (1) a 

30 N vertical load was applied through a zirconia spherical antagonist (r = 3.15 mm) to the 

ceramic surface, (2) the antagonist advances across the specimen surface in a 5-mm 

horizontal path, (3) the load level decreases at the end of the path as the antagonist lifts out 

of contact while returning to its original position, to begin a new cycle.

Careful examinations of sintered MULTI specimens by optical microscopy revealed that the 

thicknesses of the enamel, T1, T2, and dentin layers are 2.56, 1.15, 1.40, 7.68 mm, 

respectively (Fig. 1). To ensure the antagonist has traversed all four layers, the 5-mm cyclic 

sliding action began with positioning the antagonist 2 mm away from the surface of the 
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enamel layer (5Y), sliding across the 2 transition layers (T1 and T2), and ending in the 

dentin layer (4Y) approximately 1.89 mm away from the T2/dentin interface (Fig. 1).

Tests were conducted for a total of 500,000 sliding cycles at a frequency of 1.5 Hz in 

distilled water. The test was interrupted at 10,000, 50,000, 100,000, 200,000, 300,000, 

400,000 and 500,000 cycles to obtain images of the wear scar on the specimen surface using 

an optical microscope (Leica MZAPO Stereo microscope, Leica Microsystems).

2.2.3 Wear analysis—The dimension (length: l and width: w) of the wear scars was 

measured after N = 10,000, 50,000, 100,000, 200,000, 300,000, 400,000 and 500,000 cycles 

with Adobe Photoshop (Photoshop CC) using optical microscopy images.

To measure the volume loss and maximum wear depth after 500,000 cycles, high-resolution 

(10 μm) tomography scanning of the wear crater was performed on a Laser Scanner (SD 

Mechatronic Laser Scanner LAS-20). The collected data were analyzed using a 3D 

reconstruction software (3D-System Geomatic Wrap). The original topography of the 

zirconia surface was reconstructed by means of mesh editing, based on the intact edges of 

the specimen. The two models—the original surface and the wear surface—were 

superimposed and the maximum distance from the scar to the original surface was used to 

measure the maximum wear depth. The two models were then subtracted to create a third 

model that was used to calculate the scar volume.

The surface and sub-surface damage introduced to the specimens by the oral wear 

simulation was investigated using optical and scanning electron microscopy (Zeiss EVO 50 

SEM, USA). Surface damage was analyzed by mapping the wear scar. Sub-surface damage 

was investigated using a sectioning technique [30, 31]. Specimens were embedded in epoxy 

resin and sectioned across the centerline of the wear scar along the sliding direction using a 

low speed saw (Isomet 5000, Buehler). The cross-sections were polished to 1-μm finish prior 

to microscopic analysis.

The two-way ANOVA (factors: material and number of cycles) was used to analyze the 

dimensions (length and width) of the wear scar (α = 0.05). Volume loss (mm3) and 

maximum wear depth (mm) data of MULTI versus 3Y were analyzed with the Student´s t-

test (α = 0.05).

3. Results

3.1 Composition and Microstructure

3.1.1 Zirconia phase quantification—XRD patterns, between 20° and 80°, for each 

layer of MULTI and for 3Y control are shown in Figure 2a. No monoclinic phase was 

detected in any of the investigated materials. Rietveld analysis revealed that the enamel layer 

had the highest amount of cubic content, followed by T1, T2 and dentin layers (Table 1). 3Y 

had the lowest fraction of cubic zirconia.

3.1.2 Microstructural analysis—FE-SEM images of each layer of MULTI and the 3Y 

control group are shown in Figures 2b-f. No porosity was found in all materials. The largest 
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average grain size was observed from the enamel layer followed by T1, T2 and dentin layer, 

as shown in Table 1. 3Y showed the smallest grain size.

3.2 Wear Data

The mean length (l) and width (w) of the scar measured after different number of cycles (N) 

for each ceramic is presented in Figure 3. Error bars represent standard error values. To 

provide perspective on the wear progression as a function of sliding distance (L), the 

corresponding sliding distance to a given number of contact cycles is also given in the 

secondary x-axis. For the scar length, the factor material (p = 0.537) and the interaction 

between factors (p = 0.991) were not significant. Only the factor number of cycles was 

significant (p < 0.001), meaning that the length of the scar increased with the number of 

cycles or sliding distance. For the scar width, the factor material (p = 0.192) and the 

interaction between factors (p = 0.984) were not significant, while the factor number of 

cycles was significant (p <0.001).

Nonetheless, two distinctive regions were apparent for both materials: an initial run-in stage 

with higher wear rates and a steady-state stage with lower slopes of the curves after 5 x 104 

sliding cycles. To confirm our observation, Figure 4 plots the measured wear scar length 

versus width, for scars at the end of each pre-determined sliding cycles/distance in Figure 3. 

Filled symbols represent steady-state data sets, while open symbols run-in data sets. Error 

bars correspond to standard error values. The solid line represents the steady-state wear rate. 

Despite relatively large error bars, the initial data points, corresponding to N = 104 sliding 

cycles, clearly fall below the steady-state line, indicating a run-in phase.

It is important to note that significant statistical differences were found between MULTI and 

3Y groups for volume loss (p = 0.007) and for maximum wear depth (p = 0.001). MULTI 

showed greater volume loss and wear depth than 3Y after 500,000 sliding cycles (Table 2).

During the oral wear simulation, replicas of the zirconia antagonists were produced for the 

different number of cycles evaluated. These replicas and the zirconia antagonists (N = 

500,000 cycles) were analyzed using an optical microscope. Only very small and shallow 

wear scars (not measurable) were found.

Figures 5, 6 and 7 show representative images of surface damage introduced in both 

ceramics after 500,000 cycles of oral wear simulation. 3Y wear surface presented a high 

density of partial cone cracks distributed throughout the entire wear track (Figs. 5-7a). But 

for MULTI, cracks were only apparent close to the endpoint of the wear scar. Grain 

dislodgment was, however, observed in the wear crater across all four layers (Figs. 6-7b). In 

both materials, cracks also formed towards the end of the wear crater due predominantly to 

the intensified compressive stress at the leading edge of the moving antagonist [32, 33].

Sub-surface damage sustained in both materials following 500,000 sliding cycles is shown in 

Figure 8. Images were obtained using the secondary electron emission mode on the cross-

sections of the wear scars. A more severe wear pattern was observed in the MULTI material, 

along with the formation and propagation of lateral cracks that lead to material loss, 

resulting in a rougher surface than 3Y.
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Surface and sub-surface analysis of the scar showed that the wear pattern across all four 

layers of the MULTI material was similar (Figs. 5-8). These results indicate that the 

presence of transition layers had no effect on the wear behavior of multi-layered zirconia.

4. Discussion

The present study investigated how the composition and microstructure of the different 

layers of a translucent multi-layered zirconia affect its wear behavior in comparison to a 

conventional 3Y-TZP. Microstructure analysis and zirconia phase quantification showed 

different grain size and phase content for the different layers of MULTI material. The grain 

size and cubic content reduce gradually from the enamel to the dentin layer. The enamel 

layer and its adjacent transition zone 1 have a higher cubic content (> 60 wt.%) and average 

grain size (> 1.7 μm) than those of transition zone 2 and the dentin layer. These findings are 

in accordance with the information provided by the manufacturer, which stated that the 

enamel layer is composed of 5Y-PSZ and the dentin layer is 4Y-PSZ. On the contrary, the 

3Y control showed a smaller grain size with less than 15 wt.% cubic content.

When the wear scar width and length were measured after different numbers of sliding 

cycles, there were no differences between MULTI and 3Y. Yet, when the scar depth and 

volume after 500,000 cycles were analyzed, MULTI showed higher maximum wear depth 

and volume loss than 3Y. The width and the length of the wear scar are two-dimensional 

measurements and could mislead the study conclusions, especially when the differences 

between the wear of the materials is small. Maximum wear depth combined with volume 

loss can provide a three-dimensional view of the wear scar and a better understanding of the 

wear process [14]. In the present study, the scar dimension was measured aiming to evaluate 

the wear progress over time, which was similar among materials. A significant increase in 

the dimension of the wear scar was observed in the initial stage (up to 50,000 cycles) and 

later the wear progression reaches a steady state. Clinically, it is also expected that the wear 

rate would decrease with time due to intra-oral wear processes, including occlusal self-

adjustments [34, 35].

Two regimes of sliding wear can be identified in the ceramic materials: mild wear and severe 

wear [16, 17, 24, 25, 36]. Microplasticity is the dominant wear mechanism for mild wear, 

whereas micro-cracking is a dominant factor causing severe wear [36, 37]. Surface and sub-

surface damage analysis indicated that 3Y and MULTI underwent severe wear, as cracks and 

fractures were observed in both materials. Nevertheless, distinct wear patterns were 

observed for the ceramics, justifying the differences in the maximum wear depth and volume 

loss. For 3Y, a uniform crack distribution along the entire wear track was found, as seen in 

Figure 5. For MULTI, cracks were mainly observed towards the end of the wear track in the 

dentin layer, whereas cumulative damage led to the dislodgment of clusters of zirconia 

particles in all four layers (Fig. 6). Sub-surface analysis revealed extensive lateral cracking 

that initiated beneath the contact surface of MULTI, propagated in the direction parallel to 

the surface then eventually intersected with the surface, resulting in localized material 

spalling and thus increased the surface roughness (Fig. 8). Moreover, as a result of surface 

spallation, MULTI could be subjected to a three-body abrasive wear, leading to more 

aggressive wear conditions over time.
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These distinct wear patterns can be attributed to the differences in the microstructure, 

composition, mechanical and physical properties of the materials. High tensile stresses are 

induced in the materials’ surface during repeated sliding contact, resulting in a mechanism 

called fatigue wear. Fatigue propagated cracks are further affected by hydraulic pumping and 

slow crack growth (SCG) in a humid environment [32, 38]. 3Y is more resistant to crack 

initiation and propagation than 4Y-PSZ and 5Y-PSZ, which are the constituents of the 

MULTI material (Table 1) [3, 6, 8]. Therefore, after 500,000 cycles of oral wear simulation, 

3Y surface pattern suggests an earlier stage of fatigue wear, while MULTI reached a more 

advanced stage, showing a higher amount of material spalling and sub-surface cracks.

Previous studies have investigated the third-generation, high cubic-content zirconia and 

reported similar wear behavior to conventional 3Y-TZP [24, 25]. Yet, in these studies mild 

wear conditions were found, in which grain pullout was the principal wear mechanism and 

no micro-cracks and fractures were identified. The wear mechanisms are dependent on the 

testing conditions (i.e. load, frequency, lubricant, antagonist, time) and different methods are 

used in the investigations [14-16, 24, 25]. In the present study, micro-cracks and fractures 

that are indicative of severe wear were observed in both ceramics. Additionally, the method 

used to quantify wear varies and zirconia-based ceramics present very shallow scars, which 

usually impairs accurate measurement of volume loss [14, 15, 24]. In our methodology, 

quantitative wear measurements were performed by reconstructing the original three-

dimensional surface of the specimens rather than scanning the surface before and after the 

wear test in order to minimize errors related to data acquisition.

The oral wear simulation was performed in distilled water to simulate the oral environment. 

The load and frequency were also defined according to clinical parameters [5, 11, 12]. A 3Y-

TZP zirconia antagonist was chosen for the test aiming to quantify wear against a hard 

indenter, being a harsher condition than wear against the tooth, which could be a limitation. 

Yet, monolithic restorations of zirconia and other ceramics can be found as an antagonist in 

oral rehabilitation treatments. The wear simulator performs a longer horizontal excursion 

than the sliding path observed during a physiological chewing motion, typically being 0.9 – 

1.2 mm on the anterior teeth. [39]. Thus, the actual volume loss in a clinical setting would be 

4 to 6 times less than that in the simulator. We chose a ‘long’ 5-mm path so that the 

antagonist would slide cross all four layers of the MULTI material, allowing a careful 

characterization of its wear behavior.

Clinically, restorations are subjected to a less aggressive environment. Nevertheless, it is 

important to notice that, although the quantitative wear analysis only indicated small 

differences between materials, the wear pattern suggests that MULTI is more susceptible to 

fatigue wear than 3Y, which could affect its clinical performance. Yet, the wear pattern 

across all four layers of the MULTI material was similar, meaning that the composition and 

microstructure gradients resulted in a homogeneous behavior, supporting its clinical 

indications.
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5. Conclusions

The wear pattern in multi-layered zirconia was more rugged than the control (3Y-TZP). This 

is due mainly to the formation of extensive subsurface lateral cracks in multi-layered 

zirconia, which ultimately result in localized material spalling, leading to a greater amount 

of volume loss and wear depth.

Although the grain size and cubic content of the multilayer translucent zirconia reduced 

gradually from the enamel to the dentin layer, the presence of different layers had no effect 

on its wear behavior.
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Figure 1. 
Schematic of multilayer zirconia specimens prepared for the current study, showing the 

thickness of individual layers and the relative position of the sliding trajectory. Arrow 

indicates the antagonist sliding direction (from left to right).
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Figure 2. 
(a) XRD pattern for each layer of MULTI (enamel, T1, T2 and dentin), and for the 3Y 

control. Representative FE-SEM images of the investigated materials: (b) 3Y, (c) enamel 

layer, (d) T1, (e) T2, (f) dentin layer.
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Figure 3. 
Graphs showing the mean scar length l (a) and width w (b) of MULTI and 3Y after various 

numbers of cycles (N) and sliding distances (L). Data are presented as the mean and 

standard error of the mean.
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Figure 4. 
Plot of wear scar length l versus width w. Measurements were made following each 

predetermined sliding cycles in Fig. 3. Data are presented in mean and standard error of the 

mean. Solid line is simply a best fit through the steady state data sets.
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Figure 5. 
(a) The representative SEM image of the wear scar of a 3Y specimen after 500,000 cycles of 

oral wear simulation. Images (b) to (e) are higher magnification views of the 3Y wear scar 

showing that cracks are distributed throughout the entire extension of the scar. The sliding 

direction of the antagonist is from left to right (black arrow).
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Figure 6. 
(a) The representative SEM image of the wear scar of a MULTI specimen after 500,000 

cycles of oral-wear simulation. Images (b) to (e) are higher magnification views of the wear 

surface of each layer of MULTI material. White arrows point to areas of grains 

dislodgement. Cracks are located ahead of the wear scar, as shown in image (e). The sliding 

direction of the antagonist is from left to right (black arrow).
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Figure 7. 
SEM images of the wear scar damage of 3Y (a) and MULTI (b) specimens after 500,000 

cycles of oral-wear simulation. The sliding direction of the antagonist is from left to right.
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Figure 8. 
Cross-sectional SEM images of the sub-surface damage introduced in 3Y (a) and MULTI (b) 

specimens after 500,000 cycles. The sliding direction of the antagonist is from left to right 

(black arrow).
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Table 1.

Description of materials used in the study.

Legend Material Mean Grain 
Size
(standard-

deviation)
b

Cubic 

Content 
b

Mean Flexural
Strength
(standard-

deviation)
b

Fracture

Toughness
a

Mean
Translucency
Parameter
(standard-

deviation)
b

Clinical Indication 
a

MULTI IPS e.max 
ZirCAD 
Multi 
(Ivoclar 
Vivadent)

Enamel layer: 
1.87 (0.35) μm
T1: 1.72 (0.32) 
μm
T2: 1.40 (0.15) 
μm
Dentin Layer: 
1.12 (0.21) μm

Enamel layer: 
80 wt.%
T1: 64 wt.%
T2: 49 wt.%
Dentin Layer: 
46 wt.%

Enamel layer: 
387 (60) MPa
Dentin layer: 
744 (104) MPa

3.6 MPa·m1/2 Enamel layer 
36.7 (1.7)
Dentin layer 29.0 
(0.7)

Full-contour crowns, 
full-contour 3-unit 
bridges, implant-
supported 
superstructures

3Y IPS e.max 
ZirCAD LT 
(Ivoclar 
Vivadent)

1.08 (0.23) μm 15 wt.% 851 (97) MPa 5.0 MPa·m1/2 26.3 (0.0) Full-contour crowns, 
full-contour 3- and 4-
unit to multi-unit 
bridges, frameworks, 
implant-supported 
superstructure

a
Information from manufacturer’s data sheets.

b
Measured in the author’s laboratory.
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Table 2:

Mean (standard error) values of volume loss (mm3) and maximum wear depth (mm) after 500,000 cycles for 

MULTI and 3Y.

Group Volume (mm3) Depth (mm)

MULTI 0.08 (0.007) a 0.04 (0.003) a

3Y 0.04 (0.007) b 0.03 (0.004) b

*
Mean values followed by different letters in the same column are statistically different (p < 0.05).
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