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Abstract

Purpose of Review Yttria-stabilized zirconium dioxide, 3 mol% Y-TZP (zirconia, 3Y-TZP) was introduced as a prosthetic 
material to provide metal-free, tooth-colored, and durable material option for the patients. However, its optical properties 
are not ideal. This review describes the different strategies to increase translucency of zirconia material and summarizes the 
current knowledge of translucent zirconia for fixed prosthodontic applications.
Recent Findings One of the most common ways of increasing the translucency of zirconia is to add the cubic phase by 
increasing  Y2O3 content.  Y2O3 4Y mol% and  Y2O3 5Y mol% partially stabilized zirconia materials seem to have better opti-
cal properties compared to 3Y-TZP materials but with less favorable mechanical properties.
Summary Despite the attempts to develop a translucent zirconia material, its optical properties are still far from those of 
natural tooth structures. Possible solution for achieving more translucent and durable zirconia material could be utilizing 
nanocrystalline zirconia. The production of nanocrystalline zirconia is yet very technique-sensitive, and the sintering process 
needs to be well controlled. Additional research in this field is needed before recommendation for clinical use. In the future, 
the challenge will be in achieving balance between improved translucency without sacrificing from mechanical properties. 
This would apply not only for subtractive but also additively manufactured zirconia ceramics.

Keywords Zirconia · Translucency · Monolithic · Prosthodontics · Dental materials

Introduction

Dental materials used for restoring teeth attempt to imitate 
translucency and light reflectance of natural tooth struc-
ture. Glass ceramic materials suit best for this purpose, as 
their optical properties resemble the ones of enamel and 
dentine [1]. However, the lower mechanical properties of 
glass ceramic-based materials limit their use in load-bearing 
areas of the mouth [2, 3]. Yttria-stabilized zirconium diox-
ide, 3 mol% Y-TZP (zirconia, 3Y-TZP) was introduced as a 
prosthetic material to provide metal-free, tooth-colored, and 

durable material option for the patients [4]. However, due 
to polycrystal material structure, zirconia has some optical 
restrictions.

Color and translucency are essential components in esthetic 
appearance of a tooth or a dental restoration. Human percep-
tion of color is based on the light emission and its transmis-
sion, absorption, and reflection on the surface of an object 
[5]. Individual interpretation of a color as well as the material 
properties and surrounding conditions (illumination and light) 
play a role in perception and producing a color in dentistry.

Different Phases of Zirconia

Un-stabilized zirconia exists in three different phases, 
depending on the surrounding temperature: monoclinic 
(m) <1170 °C, tetragonal (t) 1170–2370 °C, and cubic (c) 
>2370 °C [6]. Monoclinic zirconia grains are 3–5% larger 
compared to tetragonal ones. When un-stabilized zirconia 
material cools down from >1170 °C, tetragonal grains are 
transformed into monoclinic where 3–5% volume expansion 
occurs. The sudden volume expansion causes cracks and 
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defects in the material, decreasing mechanical strength of 
monoclinic zirconia. Tetragonal zirconia instead has better 
mechanical properties, although it does not exist as such at 
room temperature. By partially stabilizing the zirconia with 
3 mol% of  Y2O3 tetragonal zirconia can be maintained also 
at room temperature [6, 7].

As a meta-stable material, tetragonal zirconia has ability 
to resist crack propagation up to certain extend. The stress 
caused by a crack induces t-m transformation at the crack 
tip, which leads to local volume expansion of 3–5%, and the 
compressive stresses are preventing the crack propagation 
[6, 7]. This phenomenon, called transformation toughening, 
is the basis of high mechanical properties of tetragonal zir-
conia. On the other hand, t-m transformation can also lead 
to detrimental changes on material surface which occur due 
to environmental stresses such as presence of water, body 
fluids, or steamed water [8]. This phenomenon, low-temper-
ature degradation or aging, can be caused for example by 
steam pressure in autoclave. Due the effect of water steam, 
tetragonal grains on material surface turn into monoclinic, 
which is leading to sudden volume expansion and water pen-
etration into the material [9, 10].

Mechanical Properties of 3Y‑TZP

Zirconia is by far the strongest ceramic material for dental 
applications. Flexural strength of 3% mol yttria-stabilized 
zirconia (3Y-TZP) is high, varying from 900 to 1400 MPa 
[11–13] and fracture toughness from 7.4 to 11.5 MPa  m1/2 
[14–16]. On the other hand, flexural strength of lithium 
disilicate-based glass ceramic materials is varying between 
330 and 550 MPa and fracture toughness from 1.39 to 2.04 
[17, 18]. However, it has been shown that flexural strength 
of lithium disilicate-based glass ceramic materials is higher 
after adhesive bonding [19].

3Y‑TZP as a Prosthetic Material

Dental zirconia is a polycrystal material, which does not 
contain any glass phase [1]. Therefore, it is very opaque and 
can be used mainly as framework material for dental crowns 
and FDPs. For esthetic purposes, the framework has to be 
veneered with feldspathic ceramic.

In clinical studies about 3Y-TZP material, minor amounts 
of 1.9–5.9% framework fractures of multiple-unit FDPs have 
been seen in 5 to 10 years of follow-up time [20–22]. Typi-
cally, the multi-unit FDPs fracture on the connector area, 
and the frameworks are therefore often designed bulky in 
order to achieve enough stability for the connector areas. 
Veneering ceramic seems to be clinically the weakest link 
of 3Y-TZP restorations. Several factors can affect to the 

chipping rate of veneering ceramic including non-anatom-
ical framework design, thickness of the veneering ceramic, 
fast cooling phase during porcelain firing process, uneven 
heat distribution in zirconia material, and glass transition 
temperature and thermal expansion of veneering ceramic as 
well as roughness of the veneering ceramic after occlusal 
adjustments [23–28]. Minor and major ceramic chippings, 
varying from 12 to 32 %, are reported in clinical studies on 
teeth over 8- to 10-year follow-up time [21, 29] and up to 
50% in implant-supported restorations in 10-year follow-up 
time [30]. Size of the restoration affects the reported chip-
ping rate as well. Single crowns have shown lower chipping 
rates [21] compared to long-span multiple-unit FDPs, as in 
a 10-year randomized controlled clinical trial, 4- to 5-unit 
FDPs have shown higher chipping rates compared to 3-unit 
FDPs [29]. Figure 1 illustrates a fractured 3Y-TZP multiple-
unit FDP after 3.7 years of use.

In order to avoid the chipping of the veneering ceramic, 
more translucent zirconia materials were introduced [31, 
32•, 33]. These materials can be used monolithic, without 
veneering ceramic. Figure 2 illustrates a monolithic implant 
crown made of 5Y-TZP material.

Color and Translucency in Dentistry

The relationship between the colors is defined by Munsell 
color space [34]. The Munsell color space consists of three 
different parameters: hue, chroma, and value. Hue is defined 
as a color shade; value is describing lightness/brightness of 
a color shade; and chroma is the intensity of the color shade. 
When white light is passing through a prism, each hue of 
visible light range has different wave length, varying from 
400 nm for violet to 700 nm for red color [35]. When white 
light is interacting with an object, some of the wavelengths 
are absorbed and some reflected. The reflected wavelengths 
produce the visual color. Hence, certain object can appear 
in different colors when different light sources are used. In 

Fig. 1  Clinical failure of 7-unit 3Y-TZP FDP with framework fracture 
(black arrow) and veneer chipping (white arrow) after 3.7 years of 
clinical use
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human eye, more precise in the retina, cone and rod cells 
register the light and send to the brain signals, which will 
be interpreted as colors [36].

Numerical values of color can be calculated by using 
CIELAB color space. The International Commission on 
Illumination (CIE) has defined a system where values 
given by spectrophotometric device can be translated 
into color parameters of L*, a*, and b* [37]. L* applies 
to lightness of an object, a* to a hue scale of red to 
green, and b* to a hue scale of yellow to blue. Using 
the CIELAB color space enables comparison of differ-
ent materials and objects in terms of color and appear-
ance. However, the results of the CIELAB color space 
can be difficult to interpret in a clinical environment. 
CIEDE2000 color difference formula was therefore intro-
duced for better correlation with visual inspection [38, 
39]. In CIEDE2000 system, the total color difference 
(△E00) is calculated from lightness (L), chroma (C), and 
hue (H). The system has also thresholds for visual per-
ceptibility (△E00=0.8) and acceptability (△E00=1.8), 
which is functioning as a quality control tool for clinical 
assessments.

A recent in vitro study was comparing the color of ante-
rior monolithic (ML) and veneered zirconia crowns [40]. 
The veneered crowns were fabricated with cutback technique 
and layered with either enamel layering material (bilayer, 
BL) or enamel and dentine layering materials (tri-layer, TL). 
The CIE L*a*b* values of the crowns (n=5) were measured 
with spectrophotometer, and the color differences were cal-
culated with CIEDE2000 formula. The lowest color differ-
ences were seen on BL and TL crowns compared to ML in 
cervical and middle areas of the crowns. In all crown types, 
the cervical and middle areas were mostly under the visual 
perceptibility level (△E00≤0.8).

Light refraction, dispersion, transmission, and absorption 
affect to the optical behavior and color appearance of each 
object. Translucency describes the extent to which light is 

transmitted through the object instead of being absorbed or 
reflected [35]. Translucency can be evaluated by contrast 
ratio (CR), translucency parameter (TP), and refractory 
index (RI). CR is measured by evaluating the ratio of reflec-
tance of a specimen placed on a black background com-
pared to a white background [41], whereas TP represents a 
color difference of a specimen placed on a black background 
compared to a white background [42]. Higher the TP value 
means higher translucency value. Materials with TP values 
≤ 2 are considered opaque, while they are blocking black 
background [43].

Thickness of the material affects directly the translu-
cency parameter (TP) of the zirconia materials. TP values 
of different generation zirconia materials in an in vitro study 
varied between 16.59–20.40 for 0.5-mm-thick specimens to 
5.10–9.17 for 2.0-mm-thick specimens, showing that the 
thinner the material, the more translucent it is [44]. For 
1-mm-thick specimens, TP values were varying between 
11.16 and 15.82, whereas the previously reported TP value 
is 18.7 1-mm-thick enamel and 16.4 for 1 mm dentin [45].

The contrast ratio is known to decrease by increasing 
translucency [44]. The contrast ratio value 0 is considered 
translucent and a value of 1 as fully opaque [46]. The effect 
of sintering temperature to contrast ratio (CR) was investi-
gated in an in vitro study [47]. CR values were measured 
on specimens sintered in 9 different temperatures from 
1300 to 1700 °C. CR was varying from 0.85 for 1300 °C to 
0.68 for 1700 °C differences being statistically significant. 
In other words, CR was decreasing by increasing sintering 
temperature.

Refractive index (RI) defines how much the path of light 
is refracted when entering a material. It depends on differ-
ent wavelengths of light and interaction of light in different 
interfaces (grain/grain vs grain/pore) [48, 49]. 3Y-TZP mate-
rial has higher RI than other ceramic materials, meaning 
that the material has high surface reflection and low light 
transmission [49].

Strategies to Increase Translucency 
in Zirconia Material

There are several methods to increase the translucency of 
zirconia material. It is possible to modify the material struc-
ture by changing the sintering protocol and amount and type 
of dopants, leading to less light refraction and scattering 
from the material structure.

During the development of translucent zirconia, modi-

fying 3Y-TZP microstructure was considered as one of the 
first actions. Zirconia was made more translucent trying by 
increasing material density by eliminating the pores [48, 50]. 
The large difference in refractive index between the pores 

Fig. 2  Monolithic, highly polished 5Y-TZP implant crown
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and zirconia material is causing the light scattering by the 
porosity and generating opaque optical appearance.

For the first-generation zirconia materials, alumina was 
used as sintering aid (3mol% of  Y2O3 and 0.25 wt%  Al2O3), 
which additionally stabilized the material and made it more 
resistant to low-temperature degradation [48]. However, 
alumina dopant was making the material look opaquer. By 
decreasing the alumina content as well as adding other 

dopants like lanthanum oxide, the material translucency 
could be improved [51]. The optimal level of  Al2O3 dopant 
used in more translucent generations of 3Y-TZP is <0.25 
wt%, providing higher density and better translucency [51]. 
Other suggested dopants are lanthanum oxide  La2O3, mag-
nesium oxide MgO, and neodymium oxide  Nd2O3 [52]. 
From different dopants, the  Al3+,  La3+,  Mg2+, and  Nd3+ 
cations are segregated to the grain boundaries providing 
hydrothermal stability. Dopants seem to have effect to 
grain size, since 3Y-TZP materials doped with different 
concentrations of  Al2O3 only showed larger grain size than 
3Y-TZP materials doped with  Al2O3 and  La2O3 [51]. When 
yttria content was increased to 5 mol% (5Y-TZP with 0.05 
wt%  Al2O3), the grain size was significantly larger. How-
ever, in the market, mainly  Al2O3 doped zirconia materials 
have been available.

Other option for increasing translucency of zirconia is 
to increase the grain size. The larger the grains, the less 
light reflection and scattering there will be from grain 
boundaries, leading to higher translucency [48, 53, 54]. 
Larger grain size can be achieved by increasing sinter-
ing time and temperature [11, 47]. Decreasing the grain 

size would also provide more translucent zirconia mate-
rial. Also, in nanocrystalline structure, the translucency 
is dependent on grain size and thickness. Zhang was esti-
mating in his study that for optimal translucency, 1.3 mm 
thick specimen would need a grain size of 82 nm, and 2 
mm thick specimen would need a grain size of 70 nm [48]. 
Nanocrystalline structure could be a perfect solution for 
achieving a zirconia material with high translucency and 
high mechanical properties. However, the production pro-
cess is still inaccurate resulting to defects and porosities.

Adding the amount of cubic phase by increasing yttria 
content is commonly used way of making zirconia more 
translucent [55, 56]. Cubic zirconia is optical isotropic, 
and therefore, light scattering at the grain boundaries is 
not seen [51, 52]. On the contrary, tetragonal zirconia is 
anisotropic in crystallographic directions (i.e., in optical 
properties tetragonal zirconia grains are birefringent) [55]. 
When the adjoining tetragonal grains do not have same 
crystallographic orientation, refractory index shows dis-
continuity at the grain boundaries leading to reductions in 
light transmittance and more opaque appearance.

There are several translucent zirconia materials with var-
ying yttria content, most commonly 4 mol % and 5 mol% 

partially stabilized Y-TZP and 8 mol% fully yttria-stabilized 
zirconia (YSZ) [48, 57, 58].

Graded zirconia was introduced more than a decade ago 
for making the optical and adhesive properties of 3Y-TZP 
better [31]. Glass powder composition was infiltrated on 
3Y-TZP surface, creating a structure where outer surface 
of an object had more esthetic layer, dense 3Y-TZP layer 
in the middle and inner glass layer for adhesive bonding. 
Specimens (thickness 1.4mm) with graded structure showed 
promising results in terms of critical load for radial crack-
ing (1990 N) compared to monolithic specimens (1388 N). 
However, the method might be technique-sensitive and time-
consuming, and the scientific evidence is still scarce.

Finally, one of the more modern options for achieving 
better optical and esthetic outcomes is to combine lay-
ers of different  Y2O3 mol% zirconia material (i.e., differ-
ent translucency) as a multi-layered zirconia block/puck. 
The layers have different contents and pigment types, 
which leads to natural shade [59]. When fabricating a 
restoration with computer-aided design/computer-aided 
manufacturing (CAD/CAM) methods, the restoration is 
milled in such a way that the more translucent layer of 
zirconia is situated on the incisal edge of the restoration. 
A recent in vitro study was showing that there was no dif-
ference in translucency between the multi-layered 5  Y2O3 
mol% and 4  Y2O3 mol% zirconia blocks [59]. However, 
another in vitro study was showing that fracture resistance 
of crown-shaped specimens was lower for multi-layered 
materials compared to conventional 3Y- and 4Y-TZP 
materials [60].

Effect of Dopants to 3Y‑TZP Material 
Properties

Zhang and co-workers were testing 3Y-TZP materials with 
different microstructure, and it could be seen that adding 
0.25 wt%  Al2O3 and 0.2 wt%  La2O3 as a co-dopant resulted 
in higher amount of c-ZrO2 compared to 3Y-TZP material 
doped with 0.25 wt%  Al2O3 only [51]. Similar significant 
difference could also be seen in TP of these materials, 
3Y-TZP 0.25 wt%  Al2O3, and 0.2 wt%  La2O3 being more 
translucent and having lower CR. By manipulating the 
grain boundaries with co-dopants, good long-term hydro-
thermal stability and higher mechanical properties could 
be achieved [52].

Mechanically, the bending strength was higher for 
3Y-0.25Al specimens (997 MPa, SD 202) compared to 
3Y-0.25Al-0.2La specimens (651 Mpa, SD 77). However, 
there were no differences between 3Y-0.25Al-0.2La speci-
mens and other specimens doped with different concentra-
tions of  La2O3 and  Al2O3 [51].
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Consequences of Making Zirconia 
Translucent

Changing the yttria content of zirconia material can have 
effect to several material properties. Additionally, when 
more c-phase is present, yttria is concentrated on tetrago-
nal grains. Cubic zirconia is more brittle, and tetragonal 
zirconia has lower ability to transformation toughening, 
leading to lower mechanical properties [61].

Various in vitro studies show differences in mechanical prop-
erties between different  Y2O3 mol% zirconia materials with ten-
dency to lower mechanical strength when increasing  Y2O3 mol% 
and translucency [32•, 57, 62–65]. Flexural strength, fracture 
toughness, TP and CR values for different generations of zir-
conia are summarized in Table 1. The possible explanation for 

decrease in mechanical properties lies in the phase content of 
zirconia material, since c-phase does not seem to have as high 
mechanical properties as t-phase.

Same trend has also been seen in crown-shaped specimens. 
An in vitro study about implant crowns made of different gen-
erations of zirconia materials was showing that the fully stabi-
lized  (Y2O3 8 mol%) zirconia crowns connected directly to the 
implant exhibited significantly lower fracture load values (140 
N) compared to partially stabilized  (Y2O3 3 mol%) translucent 
zirconia crowns connected directly to implant (259 N) and par-
tially stabilized  (Y2O3 3 mol%) translucent zirconia crowns con-
nected with titanium base to implant (453 N) [75].

Previous in vitro studies show that the airborne par-
ticle abrasion increases the flexural strength of 3Y-TZP 
material [76, 77]. This is based on the t-m phase 

Table 1  Flexural strength, fracture toughness, translucency parameter and contrast ratio of different zirconia generations

*0.7-mm-thick specimens

**1-mm-thick specimens

***1.2-thick specimens

Zirconia type Flexural 
strength 
(MPa)

Fracture 
toughness 
 (m1/2)

Translucency 
parameter**

Contrast ratio Clinical Indications Authors

3Y-TZP
  Opaque

900–1400 4.3–11.5 12–14 0.85–0.88* Frameworks for anterior and 
posterior crowns to long-span 
FDPs

Aboushelib et al. (2008) [14]
Guazzato et al. (2004) [15]
Hjerppe et al. (2009) [11]
Jerman et al. (2021) [66]
Pittayachawan et al. (2007) [12]
Sulaiman et al. (2017) [57]
Tinschert et al. (2007) [16]
Tong et al. (2016) [33]
Yener et al. (2011) [13]
Stawarczyk et al. (2013) [47]
Sulaiman et al. (2015) [44]

3Y-TZP
  Translucent

985–1008 4.3–7.0 12–18 0.84–0.89* Full-contour anterior and pos-
terior crowns and long-span 
FDPs

Abdulmajeed et al. 2022) [62]
Jerman et al. (2021) [66]
Sulaiman et al. (2017) [57]
Tong et al. (2016) [33]
Zhang et al. (2016) [51]
Sulaiman et al. (2015) [44]

4Y-TZP 507–965 3.7–4.4 12.3–12.5 0.79**–0.87*** Full-contour anterior and 
posterior single crowns and 
3-unit FDPs

Abdulmajeed et al. (2022) [62]
Arcila et al. (2021) [67]
Jeong et al. (2022) [68]
Jerman et al. (2021) [66]
Pereira et al. (2018) [64]
Grambow et al. (2021) [69]
Baldissara et al. (2018) [70]

5Y-TZP 377–644 2.4–4.8 9.1–12.4 0.61–0.75*** Full-contour anterior and 
posterior single crowns and 
anterior/premolar 3-unit FDPs

Abdulmajeed et al. (2022) [62]
Camposilvan et al. (2018) [32•]
Harada et al. (2020) [65]
Kongkiatkamon et al. (2022) [71]
Zhang et al. (2016) [51]
Salah et al. (2023) [72]
Hajhamid et al (2023) [73]
De Araújo-Júnior et al. (2022) 

[74]
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transformation-induced volume expansion on material 
surface, creating compressive stresses [77]. Another 
in vitro study comparing different generations of zirconia 
was showing that airborne particle abrasion was increas-
ing the flexural strength of partially stabilized  Y2O3 3 
mol% opaque and  Y2O3 3 mol% translucent zirconia 
but decreasing the flexural strength of fully stabilized 
 Y2O3 8 mol% zirconia [57]. The authors attributed the 
lower mechanical properties of  Y2O3 8 mol% zirconia 
are related to the high c-phase content and lower t-phase 
content of the material. When less t-grains are present, 
also less transformation toughening occurs. On the other 
hand, a study by Chevalier and co-workers demonstrated 
that the presence of cubic grains tend to reduce the mate-
rial resistance to low-temperature degradation [78]. 
Yttrium stabilizer ions seem to enrich the cubic grains, 
while the adjacent tetragonal grains are less stable, and 
therefore, more t-m phase transformation takes place. 
This does not apply to longer sintering times or higher 
sintering temperatures but to aging conditions like moist 
environment.

The microstructure and phase content of zirconia 
material seem to have an impact on bond strength as 
well. Microtensile bond strength of airborne particle-
abraded conventional zirconia (3 mol%  Y2O3) was shown 
to be significantly higher (20.86 Mpa, SD 5.12) than 
that of airborne particle-abraded translucent zirconia (5 
mol%  Y2O3) (16.39 Mpa, SD 4.36) [79]. This could be 
also related to the higher number of cubic grains in the 
material.

Micro‑layering, Staining, and Glazing

Despite attempts to develop a translucent zirconia mate-
rial, its optical properties are still far from those of 
natural tooth structures. Possible solution for overcom-
ing the translucency mismatch between zirconia mate-
rial and natural dental structures and to avoid extensive 
veneering ceramic chippings could be micro-layering 
of the esthetic (buccal) surfaces of dental restorations 
[80]. In micro-layering workflow, zirconia framework 
is fabricated from translucent material block with no or 
very minimal cutback and veneered with <0.5-mm-thin 
ceramic layer which consist of fine-ground ceramic par-
ticles and a viscose liquid. Although in thin layer, the 
felspathic ceramic forms a three-dimensional network 
with natural looking depth effect as well as translucent, 
fluorescent, and opalescent optical properties. However, 
scientific evidence of micro-layering method is still lack-
ing, and the potential risk of veneer chipping cannot be 
excluded at this point.

More natural looking appearance and depth effect 
can also be achieved by staining and glazing the zirco-
nia framework. Staining of green-stage 3Y-TZP opaque 
zirconia might weaken the material’s mechanical proper-
ties [81]. In an in vitro study, staining was performed by 
dipping the specimens into the coloring liquid, and the 
increasing staining time was negatively affecting to flex-
ural strength [81]. Similar effect was seen with 3Y-TZP 
translucent zirconia specimens stained by painting the sur-
face with a brush [82], while increased flexural strength 
and decreased translucency parameter values were seen in 
specimens fabricated from 8 mol% fully yttria-stabilized 
zirconia. The differences between different zirconia mate-
rials might be due to the material content and the amount 
of cubic zirconia present. Additionally, it has been shown 
that tension forces might cause delamination of the glaz-
ing layer on disc-shaped specimens [83]. However, clini-
cally, this has not been reported so far, and it might not be 
a relevant problem.

Conclusions and Future Perspectives

When developing monolithic zirconia materials, more 
translucent nanocrystalline structures seem to be promis-
ing option [48]. They would provide substantial improve-
ments in translucency while preserving strength properties. 
However, it seems to be difficult to produce well-dispersed 
homogenous starting powder containing controlled con-
centrations of stabilizing additives [84••]. Additional 
challenge is to avoid excessive grain growth and porosi-
ties during sintering process. The problems with producing 
methods remain to be solved by scientists in the future. 
Other possible options for developing more translucent and 
durable zirconia materials are further optimizing of the sin-
tering process, grain size, and addition of different dopants.

The development of translucent zirconia materials con-
tinues, and new challenge will be in achieving the balance 
between improved translucency without sacrificing from 
mechanical properties. This would apply not only for sub-
tractive but also additively manufactured zirconia ceramics 
[85–88].
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