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Abstract

An engineering perspective 
of ceramics applied in dental 
reconstructions

The demands for dental materials continue to grow, driven by the desire to 
reach a better performance than currently achieved by the available materials. 
In the dental restorative ceramic field, the structures evolved from the metal-
ceramic systems to highly translucent multilayered zirconia, aiming not only for 
tailored mechanical properties but also for the aesthetics to mimic natural teeth. 
Ceramics are widely used in prosthetic dentistry due to their attractive clinical 
properties, including high strength, biocompatibility, chemical stability, and a 
good combination of optical properties. Metal-ceramics type has always been the 
golden standard of dental reconstruction. However, this system lacks aesthetic 
aspects. For this reason, efforts are made to develop materials that met both 
the mechanical features necessary for the safe performance of the restoration 
as well as the aesthetic aspects, aiming for a beautiful smile. In this field, glass 
and high-strength core ceramics have been highly investigated for applications in 
dental restoration due to their excellent combination of mechanical properties and 
translucency. However, since these are recent materials when compared with the 
metal-ceramic system, many studies are still required to guarantee the quality 
and longevity of these systems. Therefore, a background on available dental 
materials properties is a starting point to provoke a discussion on the development 
of potential alternatives to rehabilitate lost hard and soft tissue structures with 
ceramic-based tooth and implant-supported reconstructions. This review aims 
to bring the most recent materials research of the two major categories of 
ceramic restorations: ceramic-metal system and all-ceramic restorations. The 
practical aspects are herein presented regarding the evolution and development 
of materials, technologies applications, strength, color, and aesthetics. A trend 
was observed to use high-strength core ceramics type due to their ability to be 
manufactured by CAD/CAM technology. In addition, the impacts of COVID-19 on 
the market of dental restorative ceramics are presented.
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Introduction

While dental health has substantially improved over 

the years, it still faces many challenges worldwide. 

According to a Global Burden of Disease (GBD) study, 

in 2017, there were approximately 3.5 billion cases 

of oral conditions, of which 2.3  billion represented 

untreated caries in permanent teeth, 796  million 

severe periodontitis, 532  million untreated caries 

in deciduous teeth, and 267  million had complete 

edentulism.1 These numbers have shown that human 

habits, such as a sugar-rich diet, are the leading 

cause of dental caries, and tobacco consumption is a 

significant cause of periodontal disease.2,3

Although preventing dental diseases is the 

preferable way to avoid long, uncomfortable, and 

expensive dental care, some conditions are inevitable, 

such as tooth agenesis, tooth loss due to trauma, 

amelogenesis, dentinogenesis imperfecta, or severe 

chemotherapy treatment that may negatively impact 

the quality of the bone that supports the teeth or 

implants.4,5 On the other hand, several patients have 

eagerly sought dental clinics exclusively for aesthetic 

reasons. As a result of the technological advancements 

in dental prostheses and restoration materials 

processes, the market share of dental materials had 

been projected to reach USD 8.06 billion by 2027, 

prior to the COVID-19 outbreak.6

Due to the pandemic situation, society, the economy, 

and dental care have suffered unprecedented impacts. 

In March 2020, the American Dental Association (ADA) 

proposed virtual meetings for patients and dentists 

due to the dangerous effects of the virus infection. 

Additionally, 76% of the clinics were closed, only 

providing emergency care.7

The pandemic exposed the vulnerability of dental 

care, which requires integration between professionals 

of various specialty fields. The issue raised by the 

COVID-19 lockdown could be somewhat circumvented 

by implementing digital tools and applications. A 

recent study by Joda, et al.8 suggested incorporating 

the recent digital smart technology into dental 

medicine. The authors mentioned the top five trends 

and innovations that can influence the direction of 

dental research and their stakeholders in the near 

future. The first one is called rapid prototyping, which 

can be used for mass production to construct 3D 

dental models and surgical implant guides quickly and 

automatically. Another digital tool is augmented and 

virtual reality, which can be beneficial for prosthetics 

design allowing for easier communication between the 

patient and the dentist by using a real-time expanded 

virtual restoration model. To guarantee a faster and 

more accurate diagnosis, artificial intelligence (AI) 

and machine learning are a promising technology 

for identifying pathologies, predicting disease risk, 

and proposing therapeutic options. Still on the path 

of diagnosis, the following application is intended 

to link individual patient data to population-based 

citizen groups and biobanks aiming to detect rare 

diseases and provide novel strategies for research. 

Specific to dentistry, an AI methodology has been 

successfully used to predict the debonding of crowns 

from scanned prepped teeth.9 At last, telehealthcare 

is a complementary tool that does not replace a real 

dentist, but it may serve to keep self-care in a period 

of a lockdown due to a pandemic situation. Therefore, 

considering the advantages, applicability, and obvious 

limitations, such as emergency care and routine 

patient procedure, the future direction of dental care 

should foster the linkage of oral health to the recent 

digital smart technology.

In dental restorative materials evolution, current 

developments have been motivated by the quest 

to mimic tooth features using the biomimetic 

approach.10 To date, the breadth of accomplishments 

in this field seems to reflect exhaustive efforts to copy 

teeth’s natural appearance (i.e., aesthetic and optical 

properties) and, to a much more limited extent, to 

restore the unique mechanical properties of human 

teeth.10 For a brief description of biomimetics, it 

is necessary to mention the relationship between 

the structure and some properties of human 

teeth. The anatomical structure of human teeth is 

comprised of an inner structure named pulp that 

is innervated and highly vascularized, surrounded 

by a low modulus dentin core (15 – 20 GPa) that 

is covered by a mineralized high modulus (~70 

GPa) layer called enamel.11-16 Aiming to resemble 

the color and translucency of natural teeth, dental 

restorative materials and fabrication techniques 

are tailored to mimic the anatomical system of 

dentin and enamel. With proper material selection 

and case preparation, this goal can be successfully 

accomplished by dentists working with experienced 

dental technicians.12 The fracture toughness of 

enamel is approximately ~0.7 MPa.√m in the 

direction parallel to enamel rods and 1.3 MPa.√m 
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in the perpendicular direction.17,18 Due to its intrinsic 

nature, enamel presents a stress-strain response 

similar to some metals, enabling its function 

throughout the life of an individual.19 Dentin has 

a fracture toughness ranging from 1 to 2 MPa.√m 

in the perpendicular and parallel directions to the 

tubules.20,21 The complex nature of the dentin-enamel 

junction (DEJ) has proven to be extremely relevant 

since it presents a hierarchical microstructure that 

stops cracks and reduces stresses in enamel as 

a graded elastic modulus layer.22 Detailed work 

describing the unique structure, micromorphology, 

and mechanical properties of human teeth and the 

DEJ can be found elsewhere.23,24 Ultimately, from 

a functional biomechanical perspective, human 

teeth biomimetics makes material development 

and application techniques challenging to this 

date. Table 1 shows the values of translucency and 

mechanical properties of the most currently used 

dental ceramics.

Although the currently available materials can 

mimic the gradual change of color and opacity of 

natural teeth, the microstructure remains a challenge. 

It would be necessary to build the enamel, DEJ, 

and dentin the way they are naturally to design a 

material that resembles human teeth in appearance, 

mechanical properties, and structural architecture. 

Ameloblasts form the enamel arranged in a close, 

overlapping way, forming three zones: inner enamel 

zone, enamel decussation zone, and enamel parallel 

prism zone. DEJ is the interphase between enamel and 

dentin, formed with the alignment of ameloblast and 

odontoblast with approximately 60–100 μm width of 

the graded structure. At last, dentin has a structure 

with tubules that course from the DEJ to the pulp 

radially inward. Additive manufacturing offers a wide 

range of possibilities to fabricate materials based 

upon natural tissues, such as enamel, dentin, and the 

DEJ, to obtain an overall structure. Therefore, holistic 

teeth biomimetics remains a challenge for future 

technologies.22,34 

Among all the available materials, dental ceramics 

have played an essential role in many fields, such 

as implants, orthodontics, and prosthodontics.35 The 

preference for ceramics is due to their biocompatibility, 

aesthetics, durability, and tailored design.36 Adding 

to this, the capacity to have proper translucency, 

strength, outstanding wear resistance, and intraoral 

stability make ceramics suitable for routine use 

in dentistry. In other words, all these properties 

make this material suitable for various restorative 

applications.37 

A large variety of ceramics have been used in the 

dental field according to the restoration type. The two 

major restoration types are Ceramic Metal System and 

All-Ceramics, as seen in Figure 1. Their mechanical 

and optical properties can be adjusted based on their 

compositions, type of application, and fabrication 

methodologies. This study reviews the use of dental 

ceramics to restore or replace damaged teeth. We will 

discuss the main factors that influence the performance 

of the restoration, such as the mechanical properties, 

fabrication methodologies, design, aesthetic aspects, 

and applicability.

Restoration type

Ceramic-metal system

Ceramic-metal system, also known as porcelain-

fused-to-metal (PFM), was the first configuration 

used for fixed dental prosthesis fabrication in the 

early 60s, becoming a well-established treatment 

approach.39 The benefits of these restorations include 

longevity, strength, and stability of the underlying 

metal framework that can withstand heavy mastication 

forces.40 PFM is composed of two materials: metal 

coping and ceramic veneer. Although clinicians 

advertise all-ceramic systems as a viable option for 

Ceramic KIc (MPa.√m) Translucency 
parameter (TP)

Biaxial flexural 
strength (MPa)

E (GPa) Hardness 
(GPa)

Lithium disilicate  (IPS e.max CAD, 
Ivoclar Vivadent)25-27

1.2 ± 0.26 18 (1.0 mm thickness) 295.8 (1.2 mm 
thickness)

95 5.8

Zirconia-reinforced lithium silicate 
(ZLS) CAD/CAM block (Celtra Duo®, 

Dentsply)28-30

2.6 ± 0.32 13.3 ± 1.05 (2.0 mm 
thickness)

105.1 ± 13.70 (2.0 
mm thickness)

64 4.5

Zirconia-reinforced lithium silicate – 
(Vita Suprinity, Vita Zahnfabrik) 25,31

1.2 ± 0.79 31.0 ± 1.0 (1.2 mm 
thickness)

510 ± 43 (1.2 mm 
thickness)

70 7

Feldspathic ceramic (Vita Mark II, Vita 
Zahnfabrik)32,33

2.3 ± 0.04 26.4 ± 0.57 (2.0 mm 
thickness)

112.4 ± 3.2 (1.2 mm 
thickness)

72 6.2

Table 1- Translucency and mechanical properties of representative and commonly used glass ceramics
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anterior and posterior Fixed Dental Prostheses (FDP), 

PFM still presents higher survival rates, especially for 

implant-supported in long-span prostheses, when 

compared with porcelain fused to zirconia.41,42

PFM crowns are widely indicated in oral rehabilitation. 

The metal alloy core may present several compositions 

(see ADA dental alloy classification) and is fabricated 

using different techniques, including casting, 

subtractive manufacturing or milling, and additive 

manufacturing or 3D printing.43-45 Furthermore, the 

opaque metal substructure is veneered with feldspathic 

ceramic using conventional and contemporary 

technologies such as sintering, computer-aided design, 

computer-aided manufacturing, and heat pressing.46

Failure occurrence due to chipping fracture is one 

of the main concerns when applying PFM restorations. 

Chipping fracture is usually limited to the veneering 

ceramic layer due to the lower fracture toughness 

(KIc) relative to the framework material. One reason 

for the higher rate of chipping in porcelain fused to 

zirconia (PFZ), when compared with PFM restorations, 

is that the virtual absence of the leucite reinforcement 

in PFZ, tailored to match the coefficient of thermal 

expansion (CTE) with the zirconia core, results in an 

approximately 50% decrease in the KIC of the veneering 

porcelain.47 When chipping occurs, the core material 

usually remains unexposed since it is covered with a 

thin veneer ceramic layer on its surface. Also, the CTE 

mismatch between the veneering and the framework 

material is an essential source of residual stresses. 

This mismatch can be beneficial when framework’s 

CTE is higher than veneer’s CTE. If metal contracts 

slightly more than the porcelain upon cooling from 

firing to room temperature, it leaves the porcelain in 

residual compression. The propagation of potential 

cracks in the porcelain material is suppressed by these 

compressive stresses, increasing the ceramic fracture 

resistance.48 Table 2 shows some of the values of CTE 

of the metal framework and ceramic veneer.

Tanaka, et al.52 (2019) evaluated the residual 

thermal stresses via edge chipping resistance of PFM 

and veneered zirconia structures. The two groups of 

bilayer bar specimens were prepared with zirconia 

(Y-TZP) and Ni-Cr alloy veneered with commercial 

porcelains, VM9 and VM13, respectively, with a final 

thickness of 1.5  mm. Each group of samples was 

subjected to a different cooling protocol – fast and 

slow. The chipping resistance was measured using the 

edge chipping method, where the load was applied 

in two directions, parallel and perpendicular to the 

veneer/framework interface. The results showed that 

the PFM and PFZ specimens had different chipping 

resistance. The slowly cooled veneered zirconia 

presented significantly higher chipping resistance 

(251 N/mm) than the PFM (163.3 N/mm), considering 

a perpendicular load. This result for PFM can be 

related to the thermal effects on the NiCr alloy. For 

the KIc, it was observed that PFM fast cooling and PFZ 

slow cooling with a perpendicular load presented the 

highest value (1.2 MPa.√m). This value is attributed 

Figure 1- Classification of ceramics restoration type. Adapted from Ho and Matinlinna38

Material CTE (ppm K−1)

Cobalt–Chromium alloy 14.1 (49)

Nickel–Chromium alloy 14.8 (49)

Zirconia 3Y-TZP 10.5 (50)

Porcelain VM9 9.2 (51)

Porcelain VM13 13.4 (51)

Table 2- CTE values of material framework and ceramics veneer

An engineering perspective of ceramics applied in dental reconstructions
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to the residual compressive stresses that can increase 

the load necessary to initiate the median cracks or 

modify the crack growth velocity. 

The manufacturing method can also influence 

material properties. Zhou, et al.53 (2019) produced 

Co-Cr-based devices for dental restoration using 

two different techniques, selective laser melting 

(SLM) and cast alloy (CAST), to evaluate the bond 

strength between the metal framework and the 

ceramic veneering. The Co-Cr-based devices obtained 

from each technique were covered, by fusion, with 

a thin layer of opaque porcelain followed by body 

porcelain. CTE tests and 3-point bend tests evaluated 

the bond properties. Three-point flexural results 

showed that the bond strengths of SLM specimens 

(45.8  MPa) were significantly lower than that of 

CAST specimens (54 MPa). The surface analysis of 

SLM specimens revealed a mixed fracture type of 

adhesive, cohesive fractures, and lower area fractions 

of porcelain adherence. On the other side, the CTE 

results presented similar values for both techniques, 

14×10-6 ºC-1 for the CAST group and 14.5×10-6 ºC-1 

for the SLM group. 

Given these results, it was suggested that the 

CAST method presented the best dynamic combination 

of CTE with the porcelain. Based on the mechanical 

characterization and microstructural evaluation, the 

CAST group was better than the SLM group.

Considering the aesthetic aspect, an ideal 

restoration should match the contour, color, surface 

texture, fluorescence, translucency, and opalescence of 

natural teeth.55 Metal-ceramic restorations have been 

extensively used in restorative dentistry due to their 

high fracture strength. It still represents the material 

with the widest indications in oral rehabilitation and 

has a precise use to mask darkened substrates such 

as titanium implant abutments or darkened teeth.12 

However, the metal substructure prevents light 

transmission and makes it challenging to achieve an 

acceptable masking effect.12,55 

All ceramic

Traditional dental ceramics

Silica-based ceramics 

Silica-based ceramics were the first materials used 

in dentistry to make porcelain prostheses.56 Also called 

feldspathic ceramics, this composition belongs to 

traditional ceramic materials widely used in all-ceramic 

restoration. This material is classified as porcelain-

based because it undergoes a vitrification process in 

which numerous crystalline cores are surrounded by 

a silica-based glassy matrix.57 Such microstructure is 

formed due to the high temperature used to process 

the raw material composed of silica-based ceramics.

The main composition of this traditional 

dental ceramics is 70 – 75% of potash feldspar 

(K2O.Al2O3.6SiO2), 15 – 20% of quartz (SiO2) 

as crystalline phase, and the remainder of kaolin 

(Al2O3.2SiO2.2H2O) as a binder.58 Since quartz is not a 

strong material, Al2O3 is added to improve mechanical 

performance.57 Also, a few amounts of pigments can 

be used to reach different ranges of opacity and 

translucency, producing different tooth shades.59 

Silica-based ceramics can mimic the shades of a 

natural tooth, making them suitable for veneer inlays 

and onlay restorations.38 However, this type of ceramic 

restoration is very brittle, which makes them suitable 

only for low-stress-bearing anterior applications.60 

The application of silica-based ceramics as a veneer 

is made by a mixture of fine glass particles, around 

25 µm diameter, with polymeric binders in an aqueous 

medium to form a powder slurry.61 This solution can be 

applied directly on a dental core fabricated by metal, 

called PFM, or another ceramic core, such as zirconia 

or lithium disilicate.62 The porcelain layer is heated 

slowly to evaporate the binder and to coalesce the 

particle to form a dense part, and then it is cooled 

slowly to prevent cracking and crazing.61

Despite the outstanding customizable aesthetics, 

the bilayered structure may present, the strong 

ceramic core coated with porcelain faces some 

drawbacks regarding properties incompatibility. 

Chipping and delamination are the main causes of 

failure due to, in part, the weak bonding between the 

core and veneer.52,63 Usually, the porcelain layer has 

lower toughness and CTE.64 In addition, the multiple 

steps involved in the veneering process develop 

residual stress that negatively affects the adhesion 

of the porcelain on the core surface.65 Hence, an 

alternative approach is the monolithic ceramic design 

fabricated directly by CAD/CAM or press technology 

(e.g., glass ceramics).66

There are many ways to evaluate the aesthetic 

aspect of fabricated ceramic teeth. One of them is the 

visual method, in which the natural tooth is compared 

with a shade guide provided by the manufacturer. 

The most used shade guide is Vita Classical from 

Vita Zahnfabrik, which presents the appearance of 

PEREIRA RM, RIBAS RG, MONTANHEIRO TL, SCHATKOSKI VM, RODRIGUES KF, KITO LT, KOBO LK, CAMPOS TM, BONFANTE EA,
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the samples arranged by groups according to the 

hue (A1-D4).67 However, each porcelain system can 

only precisely match in hue with its proprietary guide 

system.68,69 Another way to evaluate the aesthetic 

aspect is by the masking ability of the dental material, 

which can be defined as the color difference result 

(ΔE) between the core and the coating.70 When this 

value equals zero, the background color is hidden by 

the outlying structure. A parameter that influences 

the masking ability is opalescence, which is one of 

the optical properties that displays the blueness of the 

reflected light spectrum and brownness-orangeness 

of the transmitted light spectrum. Opalescence is 

affected by the material composition, particle size, 

and thickness of the ceramic.71

To report the relationship between layer size 

and optical properties, Valizadeh, et  al.72 (2020) 

investigated the effect of ceramic thickness on 

opalescence parameters. The feldspathic ceramic 

was compared to lithium disilicate and zirconia 3rd 

generation. Cylindrical samples of 10 mm diameter 

with 0.5 and 1.0  mm thick of feldspathic ceramic 

samples were produced using an aqueous solution of 

porcelain powder followed by baking under vacuum to 

a maximum of 920 °C. Lithium disilicate samples were 

prepared by the wax removable die technique. Lastly, 

zirconia 3rd generation was obtained by machining 

monolithic blocks. A spectroradiometer measured 

the opalescence in the transmittance and reflectance 

modes. The effect of ceramic type on opalescence 

was significant, while the effect of ceramic thickness 

on opalescence was not. Also, the interaction effect 

between ceramic type and ceramic thickness on 

opalescence was significant. The results showed that 

in all ceramic groups, except for lithium disilicate, the 

mean opalescence of 1 mm thickness was higher than 

that of 0.5 mm thickness specimens. This was expected 

since higher thicknesses allow light transmission 

through the media resulting in incomplete masking and 

increased opalescence. Usually, a ceramic restoration 

comprises an opalescent material, ceramic, an A2 

shade, and a masking agent. Thus, the discussion 

pointed out that the reason for the opalescence 

increase with higher thickness was the composition of 

each material. Since lower amounts of masking agent 

promote a higher share of the opalescent agent in the 

scattering of blue light, lithium disilicate, which has a 

low masking agent, presented decreased opalescence 

with 1 mm thickness. Alternatively, feldspathic ceramic 

has a limited amount of opalescent material in its 

composition, making it the most translucent ceramic 

among the tested groups. 

Staining of ceramic restorations is a procedure 

widely used to mimic the nuances and shades 

of natural teeth. This occurs because monolithic 

restorations without subsequent customization 

after milling do not meet high aesthetic demands. 

Unfortunately, the stain layer is removed by wear 

processes. To understand which ceramic material 

allows the maintenance of the staining layer for a 

more extended period, Dal Piva, et al.73 (2021) studied 

the toothbrushing wear resistance of stained CAD/

CAM ceramics, including the feldspathic type. The 

samples were obtained from a precisely cut block with 

the dimensions of 10×8×6 mm. Then, the specimens 

were directly stained. The specimens were brushed 

for 150,000 cycles at 2.45 N with 180 strokes/min. 

Mean roughness depth (Rz) surface measurements 

were performed after 50,000, 100,000, and 150,000 

cycles, corresponding to 5, 10, and 15 years of 

toothbrushing in the oral environment. The results 

were compared with other stained ceramic systems, 

such as high-translucency zirconia, zirconia-reinforced 

lithium silicate, and hybrid ceramic. After the three 

measurement occasions (5, 10, and 15 years), no 

difference was observed between the simulations, 

except for the hybrid ceramic. The feldspathic ceramic 

presented a higher wear resistance, showing its 

superior longevity compared with other ceramic types. 

Silica-based ceramics coating can create definitive 

restorations with individualized and natural optical 

characteristics. In contrast, this type of ceramic 

presents a lower survival rate that limits its application 

to the anterior region. Thus, silica-based ceramics are 

suitable for single-tooth restorations, such as veneers, 

inlays, and onlays.

Glass ceramics

Leucite reinforced feldspathic ceramics

Leucite is a potassium aluminum silicate with a 

composition of tetragonal KAlSi2O6, morphology of 

lamina-like crystals, and size from 1 to 5 µm.74 At high 

temperatures, leucite exists as a cubic polymorph.75 

Leucite-based glass-ceramic can be commercially 

found as IPS Empress® and Finesse®, among others, 

usually manufactured by hot press technology or CAD/

CAM.74

Leucite crystals reinforce the glass by restricting 

An engineering perspective of ceramics applied in dental reconstructions
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and defecting the propagation of cracks. This glass 

ceramic presents a high CTE, attractive aesthetics 

due to high and adjustable translucency, and the 

possibility of coloring the glass by adding metal 

oxide pigments.61 Their strength is almost double the 

strength of traditional feldspathic porcelains but not 

enough for use as posterior fixed dental prostheses.61 

Leucite-based materials can be clinically applied as 

resin-bonded laminate veneers, inlays, onlays, and 

anterior and posterior crowns.76

An efficient way to increase the coefficient of 

thermal expansion of feldspathic glasses is by adding 

crystals of tetragonal leucite.61 When dental porcelain 

reinforced with leucite is cooled, leucite suffers phase 

transformation from cubic to tetragonal, which causes 

a contraction along the α axis, added to the contraction 

from cooling. Due to the resultant contraction and the 

significant difference between the CTE from leucite 

and the glassy matrix, tangential compressive stress 

is formed around leucite particles, which is responsible 

for strengthening feldspathic dental porcelains. This 

stress may also produce microcracks, which will 

disaggregate the leucite particles from the matrix and 

promote the propagation of cracks. Despite the ability 

to toughen glassy matrices, leucite is inherently brittle 

and cannot deflect a crack. The fracture toughness 

was improved by about 60% and flexural strength by 

about 36% after the introduction of leucite.77 

Vasiliu, et al.78 (2020) studied the effect of 

thermocycling, surface treatments, and microstructure 

on the properties of heat-pressed glass-ceramic with 

50% of leucite (Vita PM9). Ceramic ingots with a 

thickness of 1.5 mm were prepared according to the 

manufacturer’s instructions and were glazed on one 

side and polished on the other. Thermocycling was 

performed in distilled water to estimate 10 years of 

oral conditions (10,000 cycles). The translucency 

parameter was reduced after the thermocycling, 

and the opalescence values were increased, both 

for glazed and polished surfaces. The same behavior 

was observed for Rz and Ra (arithmetical mean 

roughness), which were higher after aging for both 

surfaces. The glazed surfaces were more affected 

after thermocycling, showing higher roughness and 

suggesting that the glaze layer is degraded first 

during aging. Before thermocycling, the surfaces were 

uniform, with leucite crystals ranging from 10 – 20 µm, 

and easily identified. The glazed surface presented 

round-shaped forms. After aging, the leucite crystals 

could not be distinguished from the matrix, and the 

glazed surface suffered several cracks. These changes 

in morphology are attributed to the large grain size of 

feldspathic ceramics, between 2 and 4 µm.

Gönüldaş, et al.79 (2019) evaluated the influence of 

surface finishing on leucite-reinforced ceramics (IPS 

Empress CAD®). One group of machinable leucite-

reinforced glass-ceramic was manually polished, and 

the other group was glazed using liquid glaze and fired 

according to the manufacturer’s recommendations. 

The finishing technique caused statistically significant 

differences in the surface roughness; so that polished 

surfaces presented lower roughness than glazed ones. 

The translucency parameter was higher for polished 

samples; however, the difference was not significant 

when compared with the glazed group. Concerning 

flexural strength, polished samples presented an 

average value of 82.83 MPa, whereas glazed samples 

presented a mean value of 152.87 MPa. The authors 

concluded that polishing is more effective than glazing, 

for surface roughness; however, glazing increases 

the flexural strength of the leucite-reinforced glass 

ceramics. 

In conclusion, the leucite-reinforced feldspathic 

ceramic has higher CTE values. This property 

decreases the thermal mismatch between the ceramic 

and the metal when using the PFM configuration. 

Leucite-reinforced porcelain also has a CAD/CAM 

block version.

Lithium disilicate ceramics

Lithium disilicate (LDS) is a glass-ceramic 

widely used in dental applications due to its good 

mechanical properties, biocompatibility, and aesthetic 

performance. LDS is composed of 65 vol% of lithium 

disilicate (Li2Si2O5) with small needle-shaped crystals 

embedded in a glass matrix with 1 vol% porosity. 

These features make LDS one of the most popular 

all-ceramic materials for dental restorations.80 

The good mechanical properties of this glass-

ceramic are due to two major factors:  1) their 

elongated disilicate crystals form an interlocking 

pattern, which hinders crack propagation, and 2) the 

divergence between the thermal expansion coefficients 

of the crystalline and glass phases, which induces 

compressive stress around the crystals. Moreover, 

LDS shows good biocompatibility, particularly with 

soft tissue, because of its silica content. In vitro, this 
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material presents adhesion and proliferation of human 

epithelial cells and gingival fibroblasts, especially on 

polished surfaces.81,82 LDS restorations presented no 

inflammatory reactions in vivo and are beneficial for 

the natural and healthy aspect of soft tissues when in 

contact with marginal gingiva or peri-implant mucosa. 

Furthermore, LDS presents excellent translucency, 

around 30% higher than conventional zirconia 

(3Y-TZP) containing ≤1.0 wt% of (Al2O3).82 Conversely, 

some disadvantages can limit their utilization, such as 

abrasiveness and wear, which are highly dependent on 

the surface characteristics of the restoration.

Chemical stability, translucency, good flexural 

strength, and KIc are some of the properties that make 

this glass-ceramic so popular and versatile, permitting 

LDS to be suitable for posterior areas in different 

applications, such as anterior veneers and posterior 

inlays, onlays or overlays, 3-unit FDP (premolar 

region) tooth- and implant-supported single crowns 

(SC), and bilayered and monolithic restorations.83 The 

blocks used in monolithic restorations are available in 

different colors and translucency, depending on the 

ions or size and distribution of the crystals dispersed 

on the glassy matrix, respectively.

Studies concerning controlling translucency and 

mechanical properties of LDS ceramics have been 

done in the past few years. Jung, et al.84 (2021) 

demonstrated a control method for tailoring the 

translucency of LDS glass ceramics through thermal 

refinement. The results of LDS microstructure and 

translucency for four different heating treatment 

schedules were compared. Microstructure plays a vital 

role in ceramics translucency, which can be controlled 

by changing the volume, size, and density of crystals. 

The high temperature decreases glass phase viscosity 

and raises the mobility of molecules in ceramics, which 

facilitates crystal growth while holding time enhances 

the number of crystallites. The results showed that 

the higher the crystal density, the lower the ceramic 

translucency, due to less light scattering. However, 

the particle size should be small enough to achieve 

minimal grain-boundary light scattering. Besides, the 

heat treatment can modify the percentage of particles 

that allows visible light transmission.

The mechanical strength of the current dental 

products of LDS is not adequate for some specific 

dental applications.85 Heat-treatment temperature 

and holding time can also be an alternative to modify 

the mechanical properties of LDS glass ceramics. 

Sun, et al.86 (2021) investigated the influence of the 

three-stage heat treatment on microstructure and 

mechanical strength. The results showed that the 

lithium metasilicate (LMS) phase is initially formed at 

619 °C, then decomposed and recrystallizes as the LDS 

phase at 789 C. At the third stage (850 oC, holding time 

of 3 h), the morphology of LDS crystals was modified 

from spherical to rod-shaped. The bending strength 

was significantly enhanced for the glass-ceramic with 

a large amount of uniform round-shaped LDS crystals 

(325 MPa). The results also suggest that the increased 

temperature of the second stage could be beneficial to 

the transition from LMS to LDS crystals. For LDS glass 

ceramics, the major fracture type is intergranular since 

the glass matrix is more brittle and has lower tensile 

resistance than the crystalline phase. The fractures 

will occur in the weaker residual glass, between the 

crystals and the glass, and propagate through the glass 

matrix. The fracture surfaces demonstrate that LDS 

crystals can retard the propagation of cracks in the 

samples. Thus, heat-treatment can be an alternative to 

change some properties, such as mechanical strength 

and translucency.

Long-term (10 to 16.9 years) clinical retrospective 

data on the performance of LDS inlays and onlays, 

crowns, and partial crowns as a function of multiple 

variables have been published, and cumulative survival 

rates are all above 90%.87,88 However, although high 

survival rates, comparable to PFM, were observed for 

LDS monolithic FDP at 10 years (87.9%), an impressive 

decrease to only 48.6% in survival was reported at 

the 15-year follow-up, suggesting a decisive role of 

fatigue and crack propagation over time.89,90 

Due to its good mechanical, optical, aesthetics, 

and biological properties, combined with reduced 

thickness, favorable wear behavior, and minimally 

invasive approach, LDS is currently one of the most 

popular metal-free materials for dental restorations. 

New lithium disilicate materials have been launched 

in the market with essential innovations in the glass 

composition and crystal structure.91 However, some 

drawbacks can limit their use in dental applications. 

A different approach has been developed to overcome 

these limitations. 

In addition to leucite-reinforced feldspathic 

ceramic and LDS classified as glass ceramics, there is 

zirconium-lithium silicate (ZLS). ZLS is an alternative 

approach for the optimized CAD/CAM technology, 

and it is composed of a lithium silicate ceramic 
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reinforced with 10% zirconia, thus achieving optimized 

translucency and high durability. Its microstructure is 

formed by a homogeneous glassy matrix containing 

a crystalline component of round and submicrometric 

elongated grains of lithium metasilicates and 

orthophosphates. Additionally, it contains tetragonal 

zirconia to increase strength value.92,93 Hence, 

according to the manufacturer’s instructions, ZLS is 

indicated for anterior and posterior crowns, veneers, 

inlays, and onlays.94

High-strength core ceramics

Metal-Oxide Based Ceramics

Alumina-Based Ceramic

Alumina, or aluminum oxide (Al2O3), is a chemically 

inert ceramic with clinical applications based on 

its biocompatibility, density, strength, and wear 

resistance.95 In Dentistry, high-density and high-purity 

alumina ceramics (>99.5%) were used in dental 

implants due to excellent corrosion resistance, good 

biocompatibility, high wear resistance, and moderate 

mechanical strength. Alumina has been used in dental 

applications for fabricating copings and frameworks of 

full-coverage crowns and fixed prostheses.96 Currently, 

polycrystalline alumina is no longer available.

Significant progress has been made to overcome 

the inherently brittle nature of Al2O3.97 The mechanical 

properties of alumina were improved by the addition 

of ZrO2 as a reinforcing agent, creating the zirconia 

toughened alumina (ZTA), a polycrystalline ceramic 

composite of alumina matrix and a disperse phase of 

metastable tetragonal zirconia.98 The enhancement 

of KIc in the ZTA composite is mainly attributed to the 

stress-induced phase transformation that tetragonal 

(t) zirconia undergoes into the more stable monoclinic 

(m) phase.97 In addition, the transformation t → m can 

generate a state of compression in the alumina matrix 

due to the volumetric expansion of ZrO2 (3 - 5%).99

The mechanical properties of ZTA can be controlled 

by changing the ZrO2 content for specific applications. 

For example, Hu, et al.97 (2020) investigated the 

effects of the Y2O3-stabilized ZrO2 content (from 

0 wt% up to 41.5 wt%) on the mechanical properties 

of ZTA composites. Mechanical tests showed that an 

increase of ZrO2 content (over 20 wt%) decreased 

microhardness, whereas KIc increased. However, 

the limitation of using ZrO2 is related to a slow 

transformation from tetragonal to monoclinic phase 

(t →  m), which occurs in a humid atmosphere, 

followed by microcracking and a loss in strength in 

a phenomenon called low-temperature degradation 

(LTD). Thus, several studies have been carried out to 

predict the aging behavior of ZTA composites.100

A recent study carried out by Jalkh, et al.101 

(2020) evaluated the effect of aging in a composite 

of alumina matrix reinforced by 30 wt% of 3Y-TZP 

and compared the results with samples prepared 

with high-purity alumina (particle size of 350  nm) 

and pure 3Y-TZP (Zpex; particle size of 40  nm). 

High-density samples (up to 95%) were prepared by 

uniaxially pressing and were subjected to an artificial 

aging (20 h, 134 °C, 0.22 MPa). They observed that 

the optical and mechanical properties of the ZTA-

Zpex composite and alumina remained stable after 

artificial aging, while 3Y-TZP was affected by the 

aging process. A higher contrast ratio (CR=0.99) and 

lower translucency parameter (TP=0,42) values were 

obtained for the ZTA-Zpex composite relative to the 

alumina (CR=0.95 and TP=2.53). XRD analysis of ZTA-

Zpex revealed the stability of the tetragonal phase of 

the composite after aging showing a slight increase in 

the monoclinic content from 1.3% to 3.3%, before and 

after autoclave aging, respectively. On the other hand, 

3Y-TZP showed a considerably increase in the amount 

of monoclinic zirconia after aging (21.9%). Therefore, 

once the t → m phase transformation occurs to a small 

extent in ZTA-Zpex composites, the KIc significantly 

increased (∼910  MPa), when compared with pure 

alumina (∼410  MPa), not showing a significant 

difference after artificial aging. The improvement in 

mechanical performance was related to stress-induced 

phase transformation. The toughening mechanism 

prevents crack propagation and deflection due to the 

residual compressive stress of the thermal expansion 

incompatibility of the alumina and 3Y-TZP.

Today, a reliable implant should exhibit more 

than 30 years of lifetime. In contrast, the lifetime 

of ZTA is around 10 years, which exposes a field of 

opportunity for future improvements.102 Recent studies 

have focused on long-lasting devices based on new 

materials characterized by superior strength and 

toughness, optimal tribological properties, and long-

term biocompatibility. While alumina provides high 

strength and hardness, tetragonal zirconia exerts a 

toughening effect. Thus, exploiting alumina-zirconia 

composite ceramic, as an alternative to monolithic 

alumina and zirconia, seems to be the path for 

enhancing mechanical properties. Further studies on 
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improving different techniques for preparing dense 

ceramics are still necessary.

Zirconia-based ceramics

Zirconium dioxide (ZrO2), also known as zirconia, 

has been the most promising material in dental 

restorations with several advantages, including 

superior flexural strength, KIc, biocompatibility, 

biofunctionality, and affordability.103 Advanced zirconia-

based ceramics are widely used in oral rehabilitation 

as prostheses to replace the unit, and partial and total 

absences on teeth and implants.36

ZrO2 presents polymorphism and can exist in 

three different crystallographic arrangements as the 

temperature changes – monoclinic, tetragonal, and 

cubic.100 The high KIc (3 − 5 MPa√m) of this material 

is explained by the tetragonal phase transforming 

into a monoclinic phase, leading to a compressive 

stress field around the tip of microcracks present in 

ceramic. This prevents the crack from growing, and 

the material gains more resistance against failure 

propagation.104 Moreover, when the material presents 

a high tetragonal phase content, the flexural strength 

exhibits 1000 − 1200 MPa.105

During the ZrO2 development, four different 

generations have been developed, seeking 

improvements to reach better optical and mechanical 

properties. From the description of the generations’ 

developments, a trade-off between aesthetics and 

mechanical properties was clearly evident for some 

generations. The first two generations of zirconia were 

composed of 3 mol% of Y2O3 (cubic phase stabilizer), 

but their optical properties needed improvement to 

reach the aesthetic demands due to the amount of 

alumina in its composition (approximately 0.25 wt.%). 

This aesthetic limitation drove the use of 1st generation 

zirconia in prosthetic infrastructures requiring the 

veneer with traditional feldspathic porcelain to achieve 

a more natural look.106

The 2nd generation of zirconia reduced five times 

the alumina content and changed the sintering 

temperatures and cycles to control particle sizes 

and microstructures, possibly improving their 

optical properties. However, its application as 

monolithic crowns (without porcelain) still resulted in 

unsatisfactory aesthetic properties, limiting its use for 

posterior areas of the mouth.107 The positive aesthetic 

effects of these restorations were still inferior to lithium 

disilicate and leucite-reinforced ceramics. This led 

to the development of new translucent varieties of 

zirconia, aiming to improve their transmittance to be 

used in aesthetically demanding clinical situations.108

Due to this limitation, the 3rd generation of zirconia 

increased the amount of Y2O3 to 4 – 5 mol% aiming 

to increase the ratio of cubic phase.109 This strategy 

was used because the cubic microstructure allows a 

better light transmission regarding its larger grains and 

isotropic geometry, while significantly compromising 

mechanical properties compared to the 1st and 2nd 

generations.110 Ultimately, from a clinical standpoint, 

although the 3rd generation of ultra-highly translucent 

zirconia is suitable for a single monolithic unit or 

posterior prosthesis, lithium disilicate glass-based 

ceramics have dominated the market since they are 

still recognized as materials with more predictable 

aesthetic outcomes.111,112 Also, long-term (≥10 years) 

high survival rates have been reported for lithium 

disilicate, monolithic or bilayered, in anterior and 

posterior restorations.87,88,113 Figure 2 shows the XRD 

spectra and quantification of the crystalline phases of 

the three types of zirconia. From this, we can infer 

that more quantity of yttria stabilizer generates more 

content of cubic phase. Thus, translucent zirconia has 

higher amounts of cubic phase and, consequently, less 

amount of tetragonal phase (c-phase: 5Y-PSZ>4Y-

PSZ>3Y-TZP).114

The current development of a novel ZrO2 generation, 

which we call the 4th generation, comprises a multilayer 

system. This new generation was developed in an 

attempt to mimic the gradual change of color and 

translucency of the natural teeth without compromising 

the mechanical properties. The multilayer system 

works with different amounts of cubic phase in each 

layer.115 However, this phase is also known for its lower 

mechanical properties compared to the tetragonal 

phase. Thus, the challenge now is to understand the 

mechanical behavior of this new system by studying 

the complex interface between the layers. Table 3 

shows the composition, material properties, and 

application of each generation of zirconia.

Due to the large selection of zirconia materials, 

it is difficult for dentists to evaluate and choose the 

most suitable generation for each specific treatment 

case. When it comes to the 3rd and 4th generations, the 

scientific data comparing each other is scarce, mainly 

because the multilayer system is the latest released on 

the market. Aiming to fulfill this gap, Jerman, et al.117 

(2021) evaluated the translucency, biaxial flexural 

strength, and KIc of 3Y-TZP, 4Y-PSZ, and 5Y-PSZ 
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materials. For this study, four different non-shaded 

zirconia, 3Y-TZP (opaque), 3Y-TZP (translucent), 

4Y-PSZ (extra translucent), and 5Y-PSZ (ultra-

translucent), were evaluated. All samples were sintered 

according to the manufacturer’s recommendation at 

1450  °C for 2  h. The translucency measurement 

Figure 2- XRD of zirconia 3Y-TZP 2nd generation and zirconia 4Y/5Y-PSZ 3rd generation illustrating in the rectangle the quantification of 
the tetragonal and cubic phases according to Rietveld’s analysis114; Attribution 4.0 International (CC BY 4.0)

Composition 3Y-TZP 3Y-TZP 4Y/5Y-TZP Multilayer

1st generation 2nd generation 3rd generation 4th generation

ZrO2 (wt%) 93.4 – 94.5 93.4 – 94.5 89.0 – 92.5 89.0 – 94.5

Y2O3 (wt%) 4.5 – 5.6 4.5 – 5.6 < 10 < 10

Al2O3 (wt%) 0.25 1 0.05 < 0.01 0.05 – 0.01

Other oxides (wt%) ≤ 1.0 ≤ 1.0 ≤ 1.0 ≤ 1.0

Material Properties

Biaxial flexural 1000 – 1500 900 – 1300 400 – 1000 550 – 650

strength (MPa)

KIc (MPa.√m) 5.0 5.0 2.4 – 3.75 2.4 – 5

Translucency parameter (TP) 16 (0.5 mm thickness) 19 (0.5 mm thickness) 32 (0.5 mm thickness) 20 (1.0 mm thickness)

E (GPa) 210 210 210 210

Hardness (GPa) 13.4 12.3 12.9 15

Applications

Anterior x x x

Posterior x x x

Crown x x x x

Bridge up to 3 x x x

Full bridge x x

Substructure x x

Inlay/onlay x

Veneer x x

Table 3- Composition, material properties, and application of zirconia66,116
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was conducted by a UV–vis-spectrophotometer, the 

biaxial flexural strength was measured via the piston-

on-three balls method, and the KIc were measured 

by CNB technique. The results showed that 5Y-PSZ 

and 4Y-PSZ were more translucent than 3Y-TZP-t 

and 3Y-TZP-o, with the respective values 34, 33, 30, 

and 26%. This was due to a variation in composition 

that included lower Al2O3 amount and increased Y2O3 

content. For flexural strength, 5Y-PSZ had significantly 

lower values than the other materials, presenting 

259  N/mm² compared to 706 N/mm² of 3Y-TZP-t. 

This was explained by the material’s lower ability for 

toughening transformation due to the lower amount 

of t-phase. Results for KIc revealed lower values for 

4Y-PSZ (3.7 MPa√m) and 5Y-PSZ (2.7 MPa√m) when 

compared with both 3Y-TZP, which presented very 

similar results (4.3  MPa√m). This occurred due to 

lower t → m transformation ability caused by higher 

Y2O3 content. Despite the lower values of the material 

containing higher amounts of Y2O3, this study allows 

us to conclude that both materials are suitable for 

oral restoration. According to the standard DIN EN 

ISO 6872, 4Y-TZP is adequate for three-unit bridges 

and molar restorations; and 5Y-PSZ can be used for 

monolithic restorations, for single crowns in anterior 

and posterior regions, and three-unit bridges in the 

anterior region.

The 4th generation of zirconia has been studied 

to fully realize the range of indications and clinical 

advantages of this new material. The multilayered 

zirconia design aims to mimic the natural teeth aspect 

that changes gradually in the shade. The incisal area 

of a crown is more translucent, growing in chroma 

and opacity towards the gingival region. In this 

context, Kolakarnprasert, et al.118 (2019) studied the 

composition, microstructure, and translucency of a 

multilayered design composed of three different grades 

of ZrO2: ultra-translucent (UT), super translucent (ST), 

and multilayered (ML). These three types of material 

were used to design a multilayered block, in which 

each layer represented the enamel, transition layer 

1, transition layer 2, and dentin. The whole block 

was sectioned to obtain samples from each layer and 

then subjected to sintering thermal treatment at 1500 

– 1550 °C for 2 h. For different materials and their 

layers, the chemical composition, phase fractions, and 

microstructure were determined by X-ray fluorescence, 

X-ray diffraction, and field emission scanning electron 

microscopy. Additionally, their resistance to LTD and 

translucency properties were characterized. The 

results revealed no significant differences amongst 

layers, but the three materials were very distinct. UT 

with ~75 wt% cubic content and a 4.0 µm average 

grain size, ST with 65 wt% cubic content and a 2.81 µm 

average grain size, and ML with 50 wt% cubic content 

and a 0.63 µm average grain size. After water aging 

at 120 °C for 12 h, more excellent monoclinic content 

was found in ML. UT and ST did not show detectable 

monoclinic phase. The translucency was similar among 

layers and between UT and ST, which were superior to 

ML. Finally, for each multilayered zirconia grade, the 

layers only differed in pigment types and contents, 

yielding remarkably natural shade gradients. Also, 

despite the compositional difference between ST and 

UT, both materials showed similar translucencies.

Alumina-toughened zirconia (ATZ) and ceria-

stabilized zirconia/alumina nanocomposite (NanoZR) 

are other types of zirconia-based ceramics 

widely used in Dentistry for implant fixtures. ATZ 

comprises 10 – 20% disperse alumina phase in a  

3Y-TZP zirconia matrix. This combination brings 

together the advantageous properties of both 

ceramics resulting in a material with improved flexural 

strength, fracture toughness, and LTD resistance.119 

NanoZR material comprises a 10  mol% Ce-TZP 

matrix with 30  vol.% of alumina. It presents an 

interpenetrated intragranular nanostructure in which 

either nanosized Ce-TZP or alumina particles are 

located within submicron-sized alumina or Ce-TZP 

grains, respectively. Besides presenting improved 

flexural strength, fracture toughness, and LTD 

resistance, the fatigue of NanoZR shows double the 

numerical value of 3Y-TZP.120,121 The different faces of 

zirconia, and its development evolution, presented 

different microstructures, as seen in Figure 3.

ATZ may be successfully functional as an abutment 

for implant-supported restorations in the long term. 

Studies showed that ATZ abutment might be clinically 

successful in implant-supported restorations at both 

the anterior and posterior regions. The 5-year survival 

rate of the abutments was more than 95%, regardless 

of the type of prosthesis.122 When prolonging the time 

for an estimated cumulative 10-year survival rate of 

the restorations, the result was 94.1% for the FDP 

prosthesis. These numbers confirmed the successful 

application of ATZ abutments.123

Given the composition evolution of zirconia, we 

recommend for future investigations to study the 
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latest version of this dental ceramic. In addition to the 

effects of the composition on the optical properties, 

it is necessary to evaluate the mechanical properties 

and the interaction of each layer. Future studies should 

focus on simulating the oral environment conditions to 

predict the mechanical performance and durability of 

the material in addition to clinical monitoring. 

Glass and ceramics 

Glass-Infiltrated Ceramics

The glass-infiltrated ceramics occupied, for some 

time, an intermediate place between silica-based 

and polycrystalline ceramics, in terms of mechanical 

properties and aesthetics. High-strength core 

ceramics, like zirconia and alumina, could be made 

more mechanically resistant by glass infiltration with 

the slip-casting technique. Historically, the main 

versions of glass-infiltrated ceramic materials were 

alumina, alumina and magnesium, and alumina and 

zirconia, which demanded porcelain layering since 

they were too opaque.124,125 However, such infiltrated 

ceramics were progressively discontinued due to the 

increasing usage of polycrystalline ceramics such as 

alumina and zirconia.126

The ceramic mechanical properties could be 

improved by the glass infiltration technique since it 

increases the density of the material. This generates 

compressive residual stress on the ceramic surface 

and suppresses fine surface cracks produced by 

manufacturing processes like sintering and machining. 

The preform ceramic needs to present a skeleton 

framework with open, continuous porosity and 

sufficient rigidity to achieve a homogenous infiltration. 

This preform is obtained by pre-sintering, and the open 

pores enable the material to take in and withstand 

the capillary effect of molten glass infiltration.127 The 

In-Ceram alumina structure was composed of 82% 

of Al2O3, 12% of La2O3, 4.5% of SiO2, 0.8% of CaO, 

and 0.7% of other oxides128; whereas the alumina and 

magnesium contained spinel oxide (MgAl2O4); and 

the alumina and zirconia were a modification of the 

original In-Ceram Alumina system, with an addition 

of 35% partially stabilized zirconium oxide to the slip 

composition to strengthen the ceramic.129 

The glass-ceramic systems In-Ceram Alumina and 

In-Ceram Spinell were used for single restorations, 

inlay and onlay, and anterior fixed restorations, 

not being recommended for posterior applications. 

In-Ceram Zirconia was better suited this purpose, 

Figure 3- SEM photograph of dental zirconia. (a) ATZ; (b) NanoZR; (c) 3Y-TZP 1st generation; (d) 3Y-TZP 2nd generation; (e) 4Y-PSZ 3rd 
generation; and (f) 5Y-PSZ 3rd generation. White lines indicating 1 µm scale120; Attribution 4.0 International (CC BY 4.0)
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and was developed for a posterior fixed partial 

prosthesis.130 These glass-infiltrated materials are no 

longer available in the market. 

Functionally graded materials 

Functionally Graded Materials (FGMs) are a type 

of glass-infiltrated ceramic. The FGMs are described 

by a gradual change from layer to layer, promoting 

gradual variations in the macroscopic properties 

of the material.131,132 This creates a gradient in 

composition along with the ceramics. Elastic modulus, 

for example, gradually increases since glass has a 

lower modulus than the general dental ceramics used 

for restoration. At the surface, the elastic modulus 

is closer to the modulus of glass; as it goes deeper 

into the bulk, the elastic modulus gradually increases 

until it reaches the modulus of the ceramic.133 The 

gradual change in composition tends to optimize 

the material performance across the whole volume 

since it eliminates the well-defined interface between 

materials, where failure is often initiated. This is 

the reason why functionally graded infiltrated glass 

ceramics are reported to exhibit superior mechanical 

properties compared to monolithic structures.131

In the FGM process, a previously prepared glass 

penetrates the grain boundaries of the monolithic 

ceramic driven by capillary pressure. The resulting 

structure consists of a thin, outer surface glass layer 

about 15 µm thick, followed by a graded glass/

monolithic zirconia layer, about 120 µm thick, and a 

dense homogeneous ceramic core. The outer layer 

is composed only of glass with a consecutive graded 

interface of around 45 vol% of glass. This technique 

allows superior aesthetic aspects since different shades 

of glass can be used.134 

The main ceramic framework used for glass 

infiltration is alumina (Al2O3), ZTA, and zirconia 3Y-TZP 

due to their high flexural strength (600 MPa, 700 MPa, 

and 1000 MPa, respectively) and KIc (3.1 MPa.√m, 

4.8 MPa.√m, 5 MPa.√m, respectively).135-137 For glass 

infiltration, the main compounds include oxides of La, 

Si, B, Ba, Al, Zr, Y, Ti, Ca, K, and Na.138,139 Bioglass 45S5 

is bioactive, biocompatible, and capable of producing 

strong chemical bonds with zirconia surfaces. However, 

this type of glass presents an incompatible CTE with 

zirconia resulting in an unfeasible material for this 

application.140

The influence of surface treatments for ceramics 

is a topic of ongoing investigation. In addition to 

increasing the mechanical properties, the glass-

infiltration method can modify the optical properties of 

the material. Considering ceramic restorations – such 

as feldspathic ceramic, leucite-reinforced feldspathic 

ceramic, polymer-infiltrated ceramic, glass-infiltrated 

ceramic, and some restoration based on resin 

composite – a study was published illustrating the 

relation between mechanical and optical properties 

of these materials. Regarding flexural strength, the 

glass-infiltrated ceramic presented superior flexural 

strength (600 MPa) compared to the other material. 

In contrast, the infiltrated configuration (polymer and 

ceramic) presented lower translucency compared to 

the other ceramic types.141

Although some commercial zirconia has been used 

to manufacture monolithic crowns, some of these 

materials present poor translucency due to their high 

refractive index, low absorption coefficient, and high 

opacity in the visible and infrared electromagnetic 

spectra. In this context, Volpato, et al.142 (2019) 

evaluated the color and translucency of glass-infiltrated 

zirconia based on the concept of functionally graded 

materials. The authors produced samples of Y-TZP and 

divided them into three groups: no treatment (NT), 

immersed in a coloring liquid (A2), and immersed in 

a fluorescent liquid (F). Afterward, half of the samples 

from each group were treated with glass infiltration 

based on the FGMs concept. A commercial glass (VITA 

In-Ceram S1; VITA Zahnfabrik) was applied using the 

protocol of immersing or not the samples in the liquids, 

followed by a thermal cycle that involved heating, 

cooling, and sintering steps. A spectrophotometer 

measured the initial color of the samples in the 

reflectance mode on an absolute white background. 

The translucency parameter (TP) was obtained on a 

black background, and measurements to obtain the 

contrast ratio (CR) were made on the white and black 

backgrounds by the CIEXYZ system. Next, the samples 

were subjected to an accelerated aging protocol for 

4 hours in an autoclave at 134  °C. Then, another 

measurement of color, TP, and CR were accomplished. 

The results showed that the color and translucency 

of the zirconia were altered after glass infiltration 

in almost all the tested groups, especially the color 

group A2. The research pointed out that the glass 

increased the lightness of the zirconia, whereas aging 

treatment affected its chroma. In turn, no perceptible 

differences were found in the untreated group, even 
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after aging. A decrease in translucency was observed 

after the use of coloring and fluorescent liquids, as well 

as after infiltration. This suggests that the presence 

of glass within the zirconia microstructure probably 

prevented light transmission. This study concluded 

that glass infiltration influences the optical properties 

of the zirconia. However, further studies are needed 

to verify whether the fluorescence obtained with 

laboratory procedures is similar to the phenomenon 

in natural teeth and whether the coloration obtained 

with immersion liquids is constant and reproducible.

Engaged with this type of dental ceramic restoration, 

Arnesano, et al.143 (2020) studied the fabrication of 

thermoplastic filaments of glass-infiltrated alumina 

ceramics for 3D printing by fused deposition modeling 

(FDM). The 1.75  mm diameter filaments were 

produced by melting extrusion using Al2O3 powder, a 

multi-component organic system composed of low-

density polyethylene (LDPE), polylactic acid (PLA), 

paraffinic wax, and polyethylene grafted maleic 

anhydride (PEgMA). Two types of filaments were 

produced: one containing 50 vol% of Al2O3 and the 

other 57  vol%. The specimens were printed and 

subjected to a chemical dewax. After that, a pre-

sintering process was performed at 1150 °C for 2 h. 

A lanthanum-based glass powder (VITA In-Ceram®) 

was used to infiltrate the samples by applying a thin 

layer of glass frits on the porous surface at 1120 °C. 

The glass-infiltrated samples, characterized by XRD, 

showed no peak shifts associated with residual 

compression stress. This was regarding the proximity 

of glass and alumina CTE values (8.1×10-6/°C). 

The analysis by Scanning Electron Microscopy 

with Energy Dispersive X-ray Analysis (SEM-EDX) 

revealed a residual porosity, after infiltration, which 

was measured using Hg porosimetry resulting in 

3% for 50 vol% of Al2O3 and 3.5% for samples with 

57  vol% of Al2O3. From the three-point bend test 

results, it was evident that glass infiltration greatly 

improves the mechanical resistance of alumina. Glass 

infiltrated samples with higher solid load (57 vol%) 

showed ~10% higher strength (264 MPa) compared 

to lower alumina loading (238 MPa). Based on these 

results, the authors concluded that combining FDM 

with glass-infiltrated ceramic can be a new approach 

for all-ceramic dental prostheses fabrication in near-

net shape. Further studies are needed to understand 

the influence of the printing parameters and solid load 

on mechanical properties after infiltration to improve 

strength and accuracy.

The benefits of glass-infiltrated ceramic highlighted 

in the previous sections have contributed to the 

ever-improving standard of teeth restoration. This 

material can improve many properties, such as 

mechanical, optical, aesthetics, and tribological. Thus, 

glass-infiltrated ceramic is a good choice for dental 

prostheses and a solution to the high chipping rates 

associated with porcelain-veneered crowns.9

Conclusions 

This review pointed out the last development of 

restorative ceramic materials, including all-ceramic 

and metal-ceramic types. Their applications show the 

current advantages and limitations yet to overcome. 

As seen from PFM to multilayer zirconia, no material 

can fulfill all the needs existing in clinical situations. 

The current need is to reach a balance between good 

mechanical properties and high-quality aesthetic 

finishing aiming to mimic the optical aspect of natural 

teeth. Also, considering the novelty of zirconia Y-TZP 

and ATZ, the reliability of these materials requires 

further laboratory and clinical investigation.
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Tomaž K, editors. Advanced ceramics for dentistry. Waltham, MA: 
Elsevier/BH; 2014. p. 255-77. doi: 10.1016/B978-0-12-394619-
5.00012-2
62- Galiatsatos P, Galiatsatos A, Phillipatos G. Characterization of the 
interface of heat-pressed glass-ceramic masses on metal support Cr-
Co in metal-ceramic prosthetic restorations. J Contemp Dent Pract. 
2021;22(4):335-41. doi: 10.5005/jp-journals-10024-3078
63- Lohbauer U, Scherrer SS, Della A, Tholey M, Noort R Van, Vichi 
A, et al. ADM guidance-Ceramics: all-ceramic multilayer interfaces 
in dentistry. Dent Mater. 2017;33(6):585-98. doi: 10.1016/j.
dental.2017.03.005
64- Kelly JR. Dental ceramics: current thinking and trends. Dent Clin 
North Am. 2004;48(2):513-30. doi: 10.1016/j.cden.2004.01.003
65- Zhang Y, Lee JJ, Srikanth R, Lawn BR. Edge chipping and flexural 
resistance of monolithic ceramics. Dent Mater. 2013;29(12):1201-8. 
doi: 10.1016/j.dental.2013.09.004
66- Zhang Y, Lawn BR. Novel zirconia materials in dentistry. J Dent 
Res. 2018;97(2):140-7. doi: 10.1177/0022034517737483
67- Schmeling M, Sartori N, Monteiro S, Baratieri L. Color stability of 
shade guides after autoclave sterilization. Int J Periodontics Restorative 
Dent. 2014;34(5):689-93. doi: 10.11607/prd.1868
68- Sampaio CS, Gurrea J, Gurrea M, Bruguera A, Atria PJ, Janal 
M, et al. Dental shade guide variability for hues B, C, and D using 
cross-polarized photography. Int J Periodontics Restorative Dent. 
2018;38(Suppl):s113–8. doi: 10.11607/prd.3270
69- Gurrea J, Gurrea M, Bruguera A, Sampaio CS, Janal M, Bonfante E, 
et al. Evaluation of dental shade guide variability using cross-polarized 
photography. Int J Periodontics Restorative Dent. 2016;36(5):e76-81. 
doi: 10.11607/prd.2700

70- Santos RB, Collares K, Brandeburski SB, Pecho OE, Della Bona 
A. Experimental methodologies to evaluate the masking ability of 
dental materials: a systematic review. J Esthet Restor Dent. 2021 
Dec;33(8):1118-31. doi: 10.1111/jerd.12791
71- Della Bona A, Nogueira AD, Pecho OE. Optical properties of CAD-
CAM ceramic systems. J Dent. 2014;42(9):1202-9. doi: 10.1016/j.
jdent.2014.07.005
72- Valizadeh S, Mahmoudi Nahavandi A, Daryadar M, Özcan M, 
Hashemikamangar SS. The effect of ceramic thickness on opalescence. 
Clin Exp Dent Res. 2020;6(6):693-9. doi: 10.1002/cre2.325
73- Dal Piva AM, Bottino MA, Anami LC, Werner A, Kleverlaan CJ, Lo 
Giudice R, et al. Toothbrushing wear resistance of stained CAD/CAM 
ceramics. Coatings. 2021;11(2):224. doi: 10.3390/coatings11020224
74- Su H, Shen Z, Ren Q, Liu Y, Zhao D, Liu H, et al. Evolutions of 
rod diameter, molten zone and temperature gradient of oxide eutectic 
ceramics during laser floating zone melting. Ceram Int. 2020;46(11 
Part B):18750-7. doi: 10.1016/j.ceramint.2020.04.190
75- Mackert JR Jr, Butts MB, Fairhurst CW. The effect of the leucite 
transformation on dental porcelain expansion. Dent Mater. 1986(1):32-
6. doi: 10.1016/s0109-5641(86)80067-7 
76- Cattell MJ, Patzig C, Bissasu S, Tsoutsos A, Karpukhina N. Nucleation 
efficacy and flexural strength of novel leucite glass-ceramics. Dent 
Mater. 2020;36(5):592-602. doi: 10.1016/j.dental.2020.03.017
77- Zhang Y, Rao P, Lü M, Wu J. Mechanical properties of dental 
porcelain with different leucite particle sizes. J Am Ceram Soc. 2008 
Feb;91(2):527–34. 
78- Vasiliu RD, Porojan SD, Bîrdeanu MI, Porojan L. Effect of 
thermocycling, surface treatments and microstructure on the optical 
properties and roughness of CAD-CAM and heat-pressed glass ceramics. 
Materials (Basel). 2020;13(2):381. doi: 10.3390/ma13020381
79- Gönüldaş F, Öztürk C, Atalay P, Öztaş D. Influence of different 
surface finishing techniques on machinable feldspathic and leucite-
reinforced ceramics. Dent Mater J. 2019;38(2):317-22. doi: 10.4012/
dmj.2018-045
80- Zarone F, Di Mauro MI, Ausiello P, Ruggiero G, Sorrentino R. Current 
status on lithium disilicate and zirconia: a narrative review. BMC Oral 
Health. 2019;19(1):134. doi: 10.1186/s12903-019-0838-x
81- Brunot-Gohin C, Duval JL, Verbeke S, Belanger K, Pezron I, Kugel 
G, et al. Biocompatibility study of lithium disilicate and zirconium oxide 
ceramics for esthetic dental abutments. J Periodontal Implant Sci. 
2016;46(6):362-71. doi: 10.5051/jpis.2016.46.6.362
82- Tetè S, Zizzari VL, Borelli B, De Colli M, Zara S, Sorrentino R, et 
al. Proliferation and adhesion capability of human gingival fibroblasts 
onto zirconia, lithium disilicate and feldspathic veneering ceramic in 
vitro. Dent Mater J. 2014;33(1):7-15. doi: 10.4012/dmj.2013-185. 
83- Soares-Rusu I, Villavicencio-Espinoza CA, Oliveira NA, Wang L, 
Honório HM, Rubo JH, et al. Clinical evaluation of lithium disilicate 
veneers manufactured by CAD/CAM compared with heat-pressed 
methods: randomized controlled clinical trial. Oper Dent. 2021;46(1):4-
14. doi: 10.2341/19-233-C 
84- Jung SK, Kim DW, Lee J, Ramasamy S, Kim HS, Ryu JJ, et al. 
Modulation of lithium disilicate translucency through heat Treatment. 
Materials (Basel). 2021;14(9):2094. doi: 10.3390/ma14092094
85- Höland W, Apel E, van ‘t Hoen C, Rheinberger V. Studies of crystal 
phase formations in high-strength lithium disilicate glass-ceramics. 
J Non-Cryst Solids. 2006;352(38-39):4041–50. doi: 10.1016/j.
jnoncrysol.2006.06.039
86- Sun Y, Ma L, Cui J, Feng L, Zhang Z, Yang Y, et al. Effects of heat-
treatment temperature and holding time on the microstructure and 
mechanical properties of lithium disilicate glass-ceramics. J Non-Cryst 
Solids. 2021;553:120502. doi: 10.1016/j.jnoncrysol.2020.120502

18/20 2023;31:e20220421

An engineering perspective of ceramics applied in dental reconstructions



J Appl Oral Sci.

87- Malament KA, Margvelashvili-Malament M, Natto ZS, Thompson V, 
Rekow D, Att W. 10.9-year survival of pressed acid etched monolithic 
e.max lithium disilicate glass-ceramic partial coverage restorations: 
Performance and outcomes as a function of tooth position, age, sex, 
and the type of partial coverage restoration (inlay or onlay). J Prosthet 
Dent. 2021;126(4):523-32. doi: 10.1016/j.prosdent.2020.07.015
88- Malament KA, Margvelashvili-malament M, Natto ZS, Thompson 
V, Rekow D. Comparison of 16.9-year survival of pressed acid etched 
e.max lithium disilicate glass-ceramic complete and partial coverage 
restorations in posterior teeth: Performance and outcomes as a function 
of tooth position, age, sex, and thickness of ceramic mate. J Prosthet 
Dent. 2021;126(4):533-45. doi: 10.1016/j.prosdent.2020.08.013.
89- Kern M, Sasse M, Wolfart S. Ten-year outcome of three-unit 
fixed dental prostheses made from monolithic lithium disilicate 
ceramic. J Am Dent Assoc. 2012;143(3):234-40. doi: 10.14219/jada.
archive.2012.0147
90- Garling A, Sasse M, Becker ME, Kern M. Fifteen-year outcome 
of three-unit fixed dental prostheses made from monolithic lithium 
disilicate ceramic. J Dent. 2019;89:103178. doi: 10.1016/j.
jdent.2019.08.001
91- Phark JH, Duarte S Jr. Microstructural considerations for novel 
lithium disilicate glass ceramics: a review. J Esthet Restor Dent. 
2022;34(1):92-103. doi: 10.1111/jerd.12864
92- Silva CS, Henriques B, Novaes AP, Oliveira D, Silva F, Gomes R, et al. 
Micro-scale abrasion and sliding wear of zirconium-lithium silicate glass-
ceramic and polymer-infiltrated ceramic network used in dentistry. 
Wear. 2020;448-449:203214. doi: 10.1016/j.wear.2020.203214
93- Zarone F, Ruggiero G, Leone R, Breschi L, Leuci S, Sorrentino R. 
Zirconia-reinforced lithium silicate (ZLS) mechanical and biological 
properties: a literature review. J Dent. 2021;109:103661. doi: 
10.1016/j.jdent.2021.103661
94- Banh W, Hughes J, Sia A, Chien DCH, Tadakamadla SK, Figueredo 
CM, et al. Longevity of polymer-infiltrated ceramic network and 
zirconia-reinforced lithium silicate restorations: a systematic review 
and meta-analysis. Materials (Basel). 2021;14(17):5058. doi: 10.3390/
ma14175058.
95- Piconi C. Alumina. In: Ducheyne P, editor. Comprehensive 
biomaterials. Amsterdam: Elsevier; c2011. p. 73-94. doi: 10.1016/
B978-0-08-055294-1.00016-7
96- Galante R, Figueiredo-Pina CG, Serro AP. Additive manufacturing of 
ceramics for dental applications: a review. Dent Mater. 2019;35(6):825-
46. doi: 10.1016/j.dental.2019.02.026
97- Hu Y, Wang H, Cong W, Zhao B. Directed energy deposition of 
zirconia-toughened alumina ceramic: novel microstructure formation 
and mechanical performance. J Manuf Sci Eng. 2020;142(2):021005.  
doi: 10.1115/1.4045626
98- Oliveira PG, Coelho PG, Bergamo ET, Witek L, Borges CA, Bezerra 
FB, et al. Histological and nanomechanical properties of a new 
nanometric hydroxiapatite implant surface: an in vivo study in diabetic 
rats. Materials (Basel). 2020;13(24):5693. doi: 10.3390/ma13245693 
99- Jalkh EB, Bergamo ET, Monteiro KN, Cesar PF, Genova LA, Lopes AC, 
et al. Aging resistance of an experimental zirconia-toughened alumina 
composite for large span dental prostheses: optical and mechanical 
characterization. J Mech Behav Biomed Mater. 2020;104:103659. doi: 
10.1016/j.jmbbm.2020.103659
100- Araújo-Júnior EN, Bergamo ET, Campos TM, Jalkh EB, Lopes 
AC, Monteiro KN et al. Hydrothermal degradation methods affect the 
properties and phase transformation depth of translucent zirconia. 
J Mech Behav Biomed Mater. 2020;112:104021. doi: 10.1016/j.
jmbbm.2020.104021
101- Jalkh EB, Monteiro KN, Cesar PF, Genova LA, Bergamo ET, Lopes 
AC, et al. Aging resistant ZTA composite for dental applications: 
microstructural, optical and mechanical characterization. Dent Mater. 
2020;36(9):1190-200. doi: 10.1016/j.dental.2020.05.011

102- Naglieri V, Palmero P, Montanaro L, Chevalier J. Elaboration 
of alumina-zirconia composites: role of the zirconia content on 
the microstructure and mechanical properties. Materials (Basel). 
2013;6(5):2090-102. doi: 10.3390/ma6052090
103- Shelar P, Abdolvand H, Butler S. On the behaviour of zirconia-
based dental materials: a review. J Mech Behav Biomed Mater. 
2021;124:104861. doi: 10.1016/j.jmbbm.2021.104861
104- Yin L, Nakanishi Y, Alao AR, Song XF, Abduo J, Zhang Y. A review 
of engineered zirconia surfaces in biomedical applications. Procedia 
CIRP. 2017;65:284-90. doi: 10.1016/j.procir.2017.04.057
105- Fathy SM, Al-Zordk W, E Grawish M, V Swain M. Flexural strength 
and translucency characterization of aesthetic monolithic zirconia and 
relevance to clinical indications: a systematic review. Dent Mater. 
2021;37(4):711-30. doi: 10.1016/j.dental.2021.01.022
106- Tuncel İ, Turp I, Aslıhan Ü. Evaluation of translucency of monolithic 
zirconia and framework zirconia materials. J Adv Prosthodont. 
2016;8(3):181-6. doi: 10.4047/jap.2016.8.3.181 
107- Ozdogan A, Ozdemir H. The effects of repetitive firing processes 
on the optical, thermal, and phase formation changes of zirconia. J 
Adv Prosthodont. 2020;12(1):9-14. doi: 10.4047/jap.2020.12.1.9
108- Harianawala HH, Kheur MG, Apte SK, Kale BB, Sethi TS, Kheur 
SM. Comparative analysis of transmittance for different types of 
commercially available zirconia and lithium disilicate materials. J Adv 
Prosthodont. 2014;6(6):456-61. doi: 10.4047/jap.2014.6.6.456
109- Prado PH, Monteiro JB, Campos TM, Thim GP, Melo RM. 
Degradation kinetics of high-translucency dental zirconias: mechanical 
properties and in-depth analysis of phase transformation. J Mech Behav 
Biomed Mater. 2020;102:103482. doi: 10.1016/j.jmbbm.2019.103482
110- Kim HK. Optical and mechanical properties of highly translucent 
dental zirconia. Materials (Basel). 2020;13(15):3395. doi: 10.3390/
ma13153395
111- Harada K, Shinya A, Gomi H, Hatano Y, Shinya A, Raigrodski 
AJ. Effect of accelerated aging on the fracture toughness of 
zirconias. J Prosthet Dent. 2016;115(2):215-23. doi: 10.1016/j.
prosdent.2015.08.020
112- Harada K, Raigrodski AJ, Chung KH, Flinn BD, Dogan S, Mancl LA. 
A comparative evaluation of the translucency of zirconias and lithium 
disilicate for monolithic restorations. J Prosthet Dent. 2016;116(2):257-
63. doi: 10.1016/j.prosdent.2015.11.019
113- Malament KA, Natto ZS, Thompson V, Rekow D, Eckert S, Weber 
HP. Ten-year survival of pressed, acid-etched e.max lithium disilicate 
monolithic and bilayered complete-coverage restorations: performance 
and outcomes as a function of tooth position and age. J Prosthet Dent. 
2019;121(5):782-90. doi: 10.1016/j.prosdent.2018.11.024
114- Arcila LV, Ramos NC, Campos TM, Dapieve KS, Valandro LF, Melo 
RM, et al. Mechanical behavior and microstructural characterization 
of different zirconia polycrystals in different thicknesses. J Adv 
Prosthodont. 2021;13(6):385-95. doi: 10.4047/jap.2021.13.6.385
115- Vardhaman S, Borba M, Kaizer MR, Kim DK, Zhang Y. Wear 
behavior and microstructural characterization of translucent multilayer 
zirconia. Dent Mater. 2020;36(11):1407-17. doi: 10.1016/j.
dental.2020.08.015
116- Pizzolatto G, Borba M, Fundo P. Optical properties of new zirconia-
based dental ceramics: literature review. Ceramica. 2021;67(383):338-
43. doi: 10.1590/0366-69132021673833133
117- Jerman E, Lümkemann N, Eichberger M, Zoller C, Nothelfer S, 
Kienle A, et al. Evaluation of translucency, Marten’s hardness, biaxial 
flexural strength and fracture toughness of 3Y-TZP, 4Y-TZP and 
5Y-TZP materials. Dent Mater. 2021;37(2):212-22. doi: 10.1016/j.
dental.2020.11.007
118- Kolakarnprasert N, Kaizer MR, Kim DK, Zhang Y. New multi-layered 
zirconias: Composition, microstructure and translucency. Dent Mater. 
2019;35(5):797-806. doi: 10.1016/j.dental.2019.02.017

19/20 2023;31:e20220421

PEREIRA RM, RIBAS RG, MONTANHEIRO TL, SCHATKOSKI VM, RODRIGUES KF, KITO LT, KOBO LK, CAMPOS TM, BONFANTE EA,
GIERTHMUEHLEN PC, SPITZNAGEL FA, THIM GP



J Appl Oral Sci.

119- Bergamo ET, Cardoso KB, Lino LF, Campos TM, Monteiro 
KN, Cesar PF, et al. Alumina-toughened zirconia for dental 
applications: physicochemical, mechanical, optical, and residual stress 
characterization after artificial aging. J Biomed Mater Res Part B Appl 
Biomater. 2021;109(8):1135-44. doi: 10.1002/jbm.b.34776
120- Ban S. Classification and properties of dental zirconia as implant 
fixtures and superstructures. Materials (Basel). 2021;14(17):4879. 
doi: 10.3390/ma14174879.
121- Komasa S, Nishizaki M, Zhang H, Takao S, Yin D, Terada C, et 
al. Osseointegration of alkali-modified NANOZR implants: an in vivo 
study. Int J Mol Sci. 2019;20(4):842. doi: 10.3390/ijms20040842

122- Kim SS, Yeo IS, Lee SJ, Kim DJ, Jang BM, Kim SH, et al. 
Clinical use of alumina-toughened zirconia abutments for implant-
supported restoration: prospective cohort study of survival analysis. 
Clin Oral Implants Res. 2013;24(5):517-22. doi: 10.1111/j.1600-
0501.2011.02413.x
123- Yoon HI, Yeo IL, Kim DJ, Kim HY, Han JS. A Prospective clinical 
study of alumina-toughened zirconia abutments for implant-supported 
fixed restorations with a mean follow-up period of 6.9 years. Int J Oral 
Maxillofac Implants. 2019;34(2):451-60. doi: 10.11607/jomi.6588
124- Heffernan MJ, Aquilino SA, Diaz-Arnold AM, Haselton DR, Stanford 
CM, Vargas MA. Relative translucency of six all-ceramic systems. Part 
II: core and veneer materials. J Prosthet Dent. 2002;88(1):10-5.
125- Heffernan MJ, Aquilino SA, Diaz-arnold AM, Haselton DR, Stanford 
CM, Vargas MA. Relative translucency of six all-ceramic systems. Part 
II: core and veneer materials. J Prosthet Dent. 2002;88(1):10-5. 
126- Kruzic JJ, Arsecularatne JA, Tanaka CB, Ho MJ, Cesar PF. Recent 
advances in understanding the fatigue and wear behavior of dental 
composites and ceramics. J Mech Behav Biomed Mater. 2018;88:504-
33. doi: 10.1016/j.jmbbm.2018.08.008
127- Licciulli A, Contaldi V, Kunjalukkal S, Balakrishnan A, Siligardi 
C, Diso D. Influence of glass phase on Al2O3 fiber-reinforced 
Al2O3 composites processed by slip casting. J Eur Ceram Soc. 
2011;31(3):385-9. doi: 10.1016/j.jeurceramsoc.2010.10.018
128 - Gracis S, Thompson VP, Ferencz JL, Silva NR, Bonfante EA. A 
new classification system for all-ceramic and ceramic-like restorative 
materials. Int J Prosthodont. 2015;28(3):227-35. doi: 10.11607/
ijp.4244 
129- Pekkan G, Pekkan K, Hatipoglu MG, Hakan S. Comparative 
radiopacity of ceramics and metals with human and bovine dental 
tissues. J Prosthet Dent. 2007;106(2):109-17. doi: 10.1016/S0022-
3913(11)60104-2
130- Ersu B, Yuzugullu B, Yazici AR, Canay S. Surface roughness 
and bond strengths of glass-infiltrated alumina-ceramics prepared 
using various surface treatments. J Dent. 2009;37(11):848-56. doi: 
10.1016/j.jdent.2009.06.017

131- Petit C, Montanaro L, Palmero P. Functionally graded ceramics for 
biomedical application: concept, manufacturing, and properties. Int J 
Appl Ceram Technol. 2018;15(4):820-40.  doi: 10.1111/ijac.12878
132- Zhang Y, Sun MJ, Zhang D. Designing functionally graded materials 
with superior load-bearing properties. Acta Biomater. 2012;8(3):1101-
8. doi: 10.1016/j.actbio.2011.11.033
133- Khan T, Zhang N, Akram A. State of the art review of Functionally 
Graded Materials. In: 2nd International Conference on Computing, 
Mathematics and Engineering Technologies (iCoMET); 2019 Jan 30-
31; Sukkur, Pakistan. Piscataway: IEEE Xplore; 2019. doi: 10.1109/
ICOMET.2019.8673489
134- Kaizer MR, Moraes RR, Cava SS, Zhang Y. The progressive wear 
and abrasiveness of novel graded glass/zirconia materials relative to 
their dental ceramic counterparts. Dent Mater. 2019;35(5):763-71. 
doi: 10.1016/j.dental.2019.02.022
135- Nasr E, Makhlouf A-C, Zebouni E, Makzoumé J. All-ceramic 
computer-aided design and computer-aided manufacturing restorations: 
evolution of structures and criteria for clinical application. J Contemp 
Dent Pract. 2019;20(4):516-23. doi: 10.5005/jp-journals-10024-2549
136- Naji GA-H, Omar RA, Yahya R. An overview of the development 
and strengthening of all-ceramic dental materials. Biomed Pharmacol 
J. 2018;11(3):1553-63. doi: 10.13005/bpj/1522
137- Frigan K, Chevalier J, Zhang F, Spies BC. Is a Zirconia Dental 
Implant Safe When It Is Available on the Market? Ceramics. 
2019;2(4):568-77. doi: 10.3390/ceramics2040044
138- Dorthé E, Zhang Y. Load-bearing increase in alumina evoked 
by introduction of a functional glass gradient. J Eur Ceram Soc. 
2012;32(6):1213-20. doi: 10.1016/j.jeurceramsoc.2011.11.041
139- Liu R, Sun T, Zhang Y, Zhang Y, Jiang D, Shao L. The effect 
of graded glass-zirconia structure on the bond between core and 
veneer in layered zirconia restorations. J Mech Behav Biomed Mater. 
2015;46:197-204. doi: 10.1016/j.jmbbm.2015.02.017
140- Vu VT, Oh GJ, Yun KD, Lim HP, Kim JW, Nguyen TP, et al. Acid 
etching of glass-infiltrated zirconia and its biological response. J Adv 
Prosthodont. 2017;9(2):104-109. doi: 10.4047/jap.2017.9.2.104 
141- Zhang F, Reveron H, Spies BC, Van Meerbeek B, Chevalier J. 
Trade-off between fracture resistance and translucency of zirconia 
and lithium-disilicate glass ceramics for monolithic restorations. Acta 
Biomater. 2019;91:24-34. doi: 10.1016/j.actbio.2019.04.043
142- Volpato CA, Carvalho OS, Pereira MR, Silva FS. Evaluation of the 
color and translucency of glass-infiltrated zirconia based on the concept 
of functionally graded materials. J Prosthet Dent. 2019;121(3):547.
e1-7. doi: 10.1016/j.prosdent.2018.09.019
143- Arnesano A, Padmanabhan SK, Notarangelo A, Montagna F, Licciulli 
A. Fused deposition modeling shaping of glass infiltrated alumina for 
dental restoration. Ceram Int. 2020;46(2):2206-12. doi: 10.1016/j.
ceramint.2019.09.205

20/20 2023;31:e20220421

An engineering perspective of ceramics applied in dental reconstructions


	_heading=h.30j0zll
	_heading=h.2et92p0
	_GoBack
	_heading=h.4d34og8
	_heading=h.2s8eyo1

