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Abstract

Objective—The aim of this study was to provide a design guideline for developing tetragonal
yttria-stabilized zirconia with improved translucency.

Methods—The translucency, the in-line transmission in particular, of 3 mol.% yttria-stabilized
tetragonal zirconia (3Y-TZP) has been examined using the Rayleigh scattering model. The theory
predicts that the in-line transmission of 3Y-TZP can be related to its thickness with grain size and
birefringence the governing parameters. To achieve a threshold value of translucency, the critical
grain size of 3Y-TZP was predicted for various thicknesses (0.3 — 2.0 mm). The threshold value
was defined by a measured average in-line transmission value of a suite of dental porcelains with a
common thickness of 1 mm. Our theoretical predictions were calibrated with one of the very few
experimental data available in the literature.

Results—For a dense, high-purity zirconia, its in-line transmission increased with decreasing
grain size and thickness. To achieve a translucency similar to that of dental porcelains, a
nanocyrstalline 3Y-TZP structure was necessitated, due primarily to its large birefringence and
high refractive index. Such a grain size dependence became more pronounced as the 3Y-TZP
thickness increased. For example, at a thickness of 1.3 mm, the mean grain size of a translucent
3Y-TZP should be 82 nm. At 1.5 mm and 2 mm thicknesses, the mean grain size needed to be 77
nm and 70 nm, respectively.

Significance—A promising future for zirconia restorations, with combined translucency and

mechanical properties, can be realized by reducing its grain size.

Keywords
zirconia (Y-TZP); microstructure; grain size; translucency; optical birefringence; light scattering

© 2014 Elsevier Ltd on behalf of Academy of Dental Materials. All rights reserved.

Corresponding author: Yu Zhang, yz21@nyu.edu, Tel.: +1 212-998-9637.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
The author declares no conflict of interest.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang

Page 2

1. Introduction

Yttria-stablized Tetragonal Zirconia Polycrystal (Y-TZP) has been used as a dental
restorative material for over a decade [1]. While it is still the strongest and toughest ceramic
ever used in dentistry, its aesthetics—in particular, its translucency—remains as a major
drawback. The opacity of zirconia becomes a problem especially when placing an anterior
crown or shortspan fixed dental prosthesis in the presence of other anterior natural teeth. In
this case, the reflectance and light scattering do not always appear natural. In order to create
space for a porcelain veneer thick enough to cover the opaque zirconia core and to match the
optical properties of the adjacent natural dentition, a substantial reduction of tooth structure
is required. In addition, in an effort to prevent veneer chipping [2-5] and delamination [6—
8], monolithic zirconia is often used in full arch restorations, posterior crowns and fixed
dental prostheses [9-16]. In these cases, the opacity of zirconia can pose a problem.

After a decade of research and development, some progress has been made in improving the
translucency of Y-TZP (e.g. increase the density of zirconia and eliminate the alumina
sintering aid). However, close examinations have revealed that unless it is thin (< 0.5 mm),
the so-called commercial translucent Y-TZP restorative materials remain predominantly
opaque. Beyond such phenomenon lies a critical question: how do we improve the
translucency of Y-TZP? To answer this question, we must begin with the interactions of
light and solids.

Light, x-rays, and heat are all part of electromagnetic waves; each is characterized by a
specific range of wavelengths. X-rays have a wavelength typically in the range of 0.01 to 10
nm, while visible light lies between 400 nm (violet) and 700 nm (red). Under daylight
conditions, the normal human eye is most sensitive to a wavelength of 555 nm, leading to a
perception that green light, at this wavelength, is far “brighter” than the light at other
wavelengths.

When light proceeds from air into a solid, part is reflected, part is absorbed, but part may be
transmitted. Reflection occurs at the interfaces between the solid and air. Absorption
happens when a photon of light transfers its energy and momentum to a valence band
electron, excites the electron, across the band gap, into the conduction band. Naturally, these
excitations with the accompanying absorption can take place only if the photon energy is
greater than that of the band gap. The band gap of Y-TZP is around 5.2 eV and 6.0 eV
according to the theoretical calculation and experimental determination, respectively [17].
Both values are much greater than the maximum energy 3.1 eV associated with the
minimum wavelength 400 nm of visible light, suggesting that no significant adsorptions
occur over the visible region of the spectrum. The question then arises: what makes an
inherently transparent Y-TZP material opaque? In the following section, we examine the
light transmission properties of Y-TZP.

Light that transmitted into the interior of Y-TZP may experience interior reflection and
refraction; the phenomenon is termed as scattering. This internal light scattering may result
from several sources, including pores, impurities, defects, and grain boundaries (Fig. 1).
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The influence of pore size and pore population on light scattering in zirconia has been
examined by a number of authors [18-20]. It was found that pore sizes in the range of 200 —
400 nm (typical of the current dental zirconia) and pore populations as low as 0.05% can
significantly relegate the translucency of Y-TZP. The dental community is well-aware the
deleterious effect of porosity on zirconia translucency. Measures, such as high sintering
temperatures (1510 — 1550 °C) coupled with prolonged dwell time (up to 6 hrs) (BruxZir,
Glidewell, Newport Beach, CA), have been taken to ensure a respectable density.

Impurities that have different refractive index than zirconia (e.g. alumina sintering additives)
can dampen the translucency of Y-TZP [21]. (The index of refraction for alumina and
zirconia, at 600 nm wave length, is n=1.76 and n = 2.21, respectively.) In this case,
scattering of light occurs when a light beam travels across the two phase boundaries. To
achieve a better translucency, some dental manufacturers have eliminated the light-
scattering alumina sintering aids (e.g. Glidewell, Newport Beach, CA and 3M ESPE AG,
Seefeld, Germany).

Point defects, such as oxygen vacancies, can form in the Y-TZP lattice, thus, absorbing light
[22]. This is especially the case for Y-TZPs sintered in reduced atmosphere or a controlled
environment. Post-sintering heat treatment in air is, therefore, necessary to diffuse oxygen
back into crystal lattice, eliminating the oxygen vacancies [22-25].

Finally, tetragonal zirconia crystal is birefringent, meaning that the index of refraction is
anisotropic in different crystallographic directions [18,21]. In polycrystalline Y-TZPs,
birefringence results in the discontinuity of the refractive index at the grain boundaries if the
adjacent grains do not have the same crystallographic orientation. This causes both
reflection and refraction at grain boundaries, leading to diversions in the incident beam and
thus reductions in light transmittance.

There has been a large volume of literature concerning the transparency/translucency of
yttria-stabilized zirconia (YSZ); most of which has been focusing on the development of
transparent cubic YSZ (fully stabilized with 8 mol.% or more yttria), due primarily to its
isotropic refractive index property and thus the absence of scattering from birefringent grain
boundaries [20,25-29]. The problem is that the strength of fully stabilized cubic zirconia can
only attain one-half to two-thirds of that of partially stabilized tetragonal zirconia [18]. Few
studies have investigated the translucency/transparency properties of 3 mol.% Y-TZP
[18,19,21,22]. The findings suggest that nanocrystalline 3Y-TZP may potentially exhibit
both desirable translucency and mechanical properties [30,31]. The challenge, however, lies
in the fabrication of such high-quality nanocrystalline structures with little to no porosity
and defects.

Several authors went on to predict the desirable grain size of 3Y-TZP for obtaining a good
translucency/transparency using light-scattering models [18-20]. Following a pioneering
theoretical treatment on the transparent property of alumina [32], Krell et al. [19] used the
Rayleigh-Gans-Debye (RGD) scattering model to predict the dependence of translucency on
the grain size of 3Y-TZP. However, these authors later discovered that the RGD
approximation works perfectly for alumina (example see ref. [32]) but not 3Y-TZP, due to a
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large birefringence of 3Y-TZP relative to alumina [18]. Klimke et al. used the Mie scattering
model—a solution of Maxwell’s equations for electromagnetic waves—to elucidate the
translucency of 3Y-TZP [18]. However, only limited cases—two ceramic thicknesses (0.5
mm and 1.0 mm) at two wavelengths of the incident light (500 nm and 640 hm)—were
examined. In addition, the Mie solution involves infinite series, which requires numerical
simulation using computer codes, and thereby is not preferred over its approximations—the
RGD or the Rayleigh scattering model.

In this study, we used a more straight forward Rayleigh scattering model—an approximation
of the more general Mie scattering model—to systematically examine the effects of grain
size, refractive index, birefringence, and layer thickness on the in-line transmission of 3Y-
TZP. The transmittance of electromagnetic waves in the visible light range was investigated.
The design philosophy in producing translucent 3Y-TZP restorative ceramics with excellent
mechanical properties and phase stability through microstructural tailoring has been
proposed.

2.1. Rayleigh approximation

The main factors that limit the translucency of a solid—apart from reflection and absorption
—are scatting from pores, impurities, defects, and grain boundaries. For a dense, high purity
and nonabsorbing 3Y-TZP, the Rayleigh approximation can be used to estimate its
translucency (in-line transmission, T;7) based on light scattering at grain boundaries due to
the birefringence [18]:

1297475\ [ Angye(2n+Angye o
£t (22 [t

where Ang is the average birefringence, n is the refractive index, 2r is the grain diameter, t
is the thickness of 3Y-TZP, A is the wavelength of the incident light, and R s the loss due to
reflection at the solid surfaces. Note: Klimke et al., in the Eq. (2) of their original paper, had
left out a negative sign in the exponents of the natural base. The first term of the exponential
function (Eqg. 1) signifies the dominance of ceramic grain size, while the second term
emphases the importance of birefringence in anisotropic crystals.

Eqg. 1 describes, in a very succinct way, the interrelation between the in-line translucency
and ceramic thickness with grain size and birefringence the governing parameters. In design
of highly translucent ceramics, it is crucial to keep their grain size small, especially for
ceramics with a high refractive index and large birefringence such as 3Y-TZP.

2.2. Applicable range for the Rayleigh scattering model

Any meaningful application of the Rayleigh scattering model requires knowledge of its
range of validity. Strictly speaking, Rayleigh scattering describes the elastic scattering of
light by insulating particles much smaller than the wavelength of the incident light. In the
case of propagation of light through polycrystalline 3Y-TZP, the criterion for Rayleigh
scattering is:
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where r is the radius of the 3Y-TZP grain, n is the refractive index, and A is the wavelength
of the light. Accordingly, the upper threshold of 3Y-TZP grain size, which satisfies the
criterion for Rayleigh scattering, can be estimated using Eq. 2. Consider the shortest (370
nm) and the longest (750 nm) wavelengths that the human eye recognizes, the maximum
grain size for Rayleigh scattering ranges from 50 nm to 110 nm.

2.3. Index of refraction

The refractive index is arguably the most important optical property of a material; it
generally varies with the wavelength of light n(A). We use one of the very few
comprehensive refractive index data available for zirconia (http://refractiveindex.info/), and
plot it as a function of wavelength in Fig. 1b (solid curve). The shaded area represents the
visible light region (A = 400 — 700 nm). As one can see, the refractive index of zirconia, n,
increases drastically as the wavelength approaches the UV regime (< 400 nm), but gradually
decreases as the wavelength enters the visible spectrum and beyond. The n— A curve is then
calibrated against experimental data from the literature. Individual data points of various
symbols in Fig. 1b are experimental data for 3Y-TZP (square [33]) and 4.5Y-TZP (circles
[17]). The measured n values for 3Y-TZP sit on the n— A curve, whereas those for 4.5 Y-
TZP lie just below the n—\ curve. It has been reported that, for a given wavelength, n
decreases as the Y,03 content increases [17]. This observation agrees with the fact that the n
values for 4.5Y-TZP determined by French et al. [17] are slightly lower than the n— A curve
for 3Y-TZP, which boosts the confidence on the n(\) data utilized.

As alluded to in our Introduction, when light strikes a solid, some will be reflected. If the
incident light is normal to the solid surfaces, the loss of reflection, R, at the front and back

anair
faces of a solid is given by =1 — N2 52 where n and ng;, are the refractive indices of
solid and air, respectively. Using the n(\) data for 3Y-TZP from Fig. 1b and ng; ~ 1 for air

in the visible range, the loss due to reflection at both the front and back surfaces of Y-TZP

2n
can be predicted by B=1 — PO and results are plotted in Fig. 1c. Assuming no scattering
from the grain boundaries and pores and no absorption occurred, the maximum theoretical

2n
transmission, T, of 3Y-TZP can be estimated by 7'=1 — R= n211 (Fig. 1c). In the visible

spectrum (shaded area in Fig. 1c), 3Y-TZP has a higher refractive index value relative to
other dental ceramics. For instance: alumina (n ~ 1.76) [32], lithium disilicate (n ~ 1.55
[34]), leucite (n~ 1.51 [35]), and porcelain (n ~ 1.50 [35]). As a result, 3Y-TZP exhibits a
high surface reflection and a low light transmission relative to other dental ceramics,
especially in the short wavelength region.

2.4. Birefringence in zirconia

Y-TZP has an anisotropic crystal structure, which causes different refractive indices in
different crystalline directions. This optical anisotropy, or birefringence, can create
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discontinuity of the refractive index (An) at the grain boundaries if the crystal orientations of
the adjacent grains are not the same, which in turn results in light scattering. Unfortunately,
reliable experimental data on An for 3Y-TZP is not readily available. By comparing the
tetragonal unit cell of zirconia to monoclinic and cubic lattices, Krell et al. [19] predicted
that the maximum Anpax value for 3YTZP should lie between 0.035 and 0.050. Assuming
the 3Y-TZP grains are randomly orientated, the average birefringence can be estimated by
Angye = 3/2 Anpax [32]. This theoretical prediction is in line with the experimentally
determined Angax = 0.030 for 4.5Y-TZP reported by French et al. [17]. Thus, a range of
Anye = 0.020 — 0.033 appears appropriate to cover the possible variations in birefringence
of 3Y-TZP.

3.1. Predictions from the Rayleigh scattering model

In-line transmission, T, of Y-TZP with various grain size and plate thickness as a function
of wavelength A has been predicted using the Raleigh model (Eg. 1). The results are
presented in Fig. 2. The grain sizes examined were 30, 50 and 80 nm; the thicknesses
investigated were pertinent to those of dental restorations (0.5, 1.0, 1.5, 2.0 mm). The in-line
transmission was given in a range with the upper and lower bounds corresponding to a lower
and higher average Ange value 0.020 and 0.033, respectively. Regions bounded by two
dashed lines (i.e. 3Y-TZP of 80 nm at shorter wavelengths) were extrapolations of the
theoretical prediction, due to the violation of the criterion for Rayleigh scattering. Tyt
increased as the wavelength increased; however, it decreased as the grain size and zirconia
thickness increased. For grain size of 30 nm, Tt remained greater than 50% for thicknesses
up to 2 mm at wavelengths between 500 and 600 nm, suggesting that an ultra-fine grain
(<30 nm) 3Y-TZP is essentially transparent. However, the transmittance decreased
significantly as the grain size increased.

To demonstrate the effect of grain size on light transmittance, in-line transmissions of 3Y-
TZP are plotted as a function of grain size for various thicknesses at a wavelength of 555 nm
(Fig. 3). We chose 555 nm wavelength because it is most sensitive to the human eye. Our
prediction of T;1 vs. d for 1 mm thick 3Y-TZP using a simple Rayleigh scattering model
(Fig. 3b) is almost identical to that estimated using a more complex Mie scattering model
(see solid curves in Fig. 16 of ref. [18]), which validates our analysis. Here, let Tyt = 2.5%
be the minimum requirement for a desirable translucency. This assumption is based on our
experimental measurements on a suite of commercial translucent porcelains (1 mm in
thickness), where the T, values have varied between 2 — 3 % at a wavelength of 555 nm. In
another words, the 2.5% T, threshold ensures that the translucency of a 1 mm thick 3Y-
TZP plate is equivalent to that of dental porcelains as perceived by human eye. For
reference, the Tt value of a current translucent 3Y-TZP of 1 mm thickness (Zpex, Tosoh
Corporation, Tokyo, Japan) is merely 0.5% at 555 nm. It is important to note that fort < 1
mm, zirconia plates remain essentially transparent for grain size up to 80 nm (Figs. 3 and 4).
However, at larger thicknesses, t = 1.5 and 2 mm, in order to retain a good translucency, the
average grain size of 3Y-TZP needs to be 80 nm or finer.
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To better illustrate the dependence of translucency on grain size and layer thickness, Fig. 4
shows the transmittance contour for 3Y-TZP obtained using Eq. 1 and An,,e = 0.033 ata
wavelength of 555 nm. The boundary between the translucent regime (lower-left hand
corner) and the opaque region (upper-right) is drawn based on the minimum criteria of 2.5%
in-line transmission for translucency. It is evident that, in order to maintain a respectable
translucency, demands for a finer grain size become increasingly crucial as the ceramic
thickness increases.

3.2. Experimental validations using published data

To facilitate a direct comparison between the theoretical prediction and experimental
measurement, the in-line transmission of a nanocrystalline 3Y-TZP across the visible
spectrum predicted by the Rayleigh scattering model (Eq. 1) is presented in Fig. 5, together
with a set of experimental data from ref. [21]. The 3Y-TZP specimens examined have a
common mean grain size of d = 80 nm and thickness t = 1 mm. In our theoretical analysis,
an average birefringence Angye = 0.020 — 0.033 was used; estimated Tt values are shown in
a bold grey-shaded zone. Experimentally, using a commercial 3 mol.% yttria-stabilized
ZrO, powder (YZ-3Y, Tosoh Corporation), nanocrystalline 3Y-TZP was fabricated using
the spark plasma sintering (SPS) method in vacuum [21]. The sintered 3Y-TZP disks were
heat-treated at 900 °C for 4 hrs in air. In-line transmission was measured according to the
method described by ref. [28]; data are replotted in Fig. 5 (solid line). The theoretically
predicted T\t values are higher than those measured experimentally across the visible
spectrum. The discrepancy between theoretical prediction and experimental data will be
addressed in detail in Section 4 (Discussion).

4. Discussion

The most significant sources that hinder the translucency of 3Y-TZP are light scattering at
the grain boundaries, pores, and secondary phases. Measures have been taken by the dental
industry and elsewhere to reduce the porosity and to eliminate sintering additives, such as
alumina. As a result, the modern dental zirconia has come a long way with its ever-
increasing translucency (e.g. Lava Plus, Ivoclar Zenostar, Noritake Katana, and many more).
However, careful examination revealed that commercial zirconia restorative materials,
including all major brands, remain essentially opaque when their thicknesses approach 1 mm
or greater. This is because of light scattering at the grain boundaries, due to the large
birefringence of tetragonal zirconia crystals and the size of these tetragonal grains. The
mean grain size of the current commercial zirconia varies from 0.2 to 0.8 um; an example of
the grain size distribution of a widely used commercial dental zirconia (Bruxzir, Glidewell)
is shown in the central panel of Fig. 6, where the average grain size is 0.6 + 0.2 ym with
over 85% grains ranging between 0.3 and 0.8 um. Studies have shown that 3Y-TZP of such
a mean grain-size range possesses low translucency for thicknesses greater than 1 mm
[18,19].

The traditional way to minimize grain-boundary light scattering is to increase the grain size,
leading to less encounter of a light beam with the grain boundaries as it travels through the
material [36]. Thus, high translucency of coarse-grained ceramics relies on a diffuse-
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transmission mechanism (see the right panel of Fig. 6) [32]. By the same token, thinner
ceramic permits more light transmission, simply due to fewer light/grain-boundary
interactions. A successful example is the development of translucent coarse-grained alumina
(mean grain size of 15 — 30 um and about 90% translucent at a thickness of 1 mm), which
was used extensively as the arc tube of high-temperature, high-pressure sodium-vapour
lamps [36,37]. However, coarse-grained structures compromise the strength of ceramics
[38,39]. In addition, the grain-size threshold for spontaneous phase transformation from
tetragonal (t) to monoclinic (m) in 3Y-TZPs is around 1 um [40,41], suggesting that if the
vast majority of tetragonal grains are above 1 um, then the simultaneous t — m
transformation upon cooling from the sintering temperature can diminish the strength of 3Y-
TZP. The grain coarsening approach is, therefore, not a suitable route for producing
translucent 3Y-TZP.

A much more effective approach to increase the translucency of 3Y-TZP is to reduce its
grain size. Here, high translucency is realized by a high in-line transmission (see the left
panel in Fig. 6) [32]. Our analysis has demonstrated that to achieve a translucency that is
comparable to dental porcelains, the mean grain size of 3Y-TZP should be about 82 nm (for
1.3 mm thickness), 77 nm (for 1.5 mm), and 70 nm (for 2 mm). Our findings are supported,
with some discrepancies, by the experimental observations from ref. [21] (Fig. 5). In fact, at
a slightly less translucency level, i.e. T = 2% at 555 nm wavelength (which is about 80%
of the translucency of porcelain), the grain size of 3Y-TZP can be ~120 nm [18], which is
nearly half the size of the current fine 3Y-TZP (e.g. LAVA Plus, average grain size 250
nm).

During the development of this manuscript, 3M ESPE presented an experimental translucent
zirconia at the 2014 AADR Annual Meeting in Charlotte, NC (Abstract #796). This
experimental zirconia was fabricated from a 7.10 wt.% yttria-stabilized zirconia powder and
sintered at 1400 °C for 1 hr dwell time. The resultant microstructure consisted of 75%
tetragonal zirconia and 25% cubic zirconia with an average grain size of 150 nm. Typically,
3Y-TZP stabilized with 5.18 wt.% yttria contains 90% or more tetragonal zirconia; a higher
yttria content tends to increase the amount of cubic phase in zirconia [41]. The better
translucency of this new experimental zirconia was achieved by the combination of a
relatively fine grain size and the introduction of cubic zirconia (with an isotropic refractive
index to avoid scattering from the grain boundaries). A similar approach was adopted for the
development of a new translucent zirconia (Zpex Smile) by Tosoh Corporation, where an
even higher yttria concentration (9.32 wt.%) was utilized. Again, the improved translucency
was achieved by the introduction of cubic zirconia. However, such a tetragonal-cubic hybrid
zirconia is weaker and more brittle compared to its tetragonal counterpart (e.g. the average
flexural strength and fracture toughness of Zpex Smile are 609 MPa and 2.4 MPa m¥/2,
respectively). For the stronger 3Y-TZP to attend a similar translucency, its grain size needs
to be further reduced, due to a large birefringence associated with tetragonal zirconia.

The discrepancy between the theoretical prediction and experimental data revealed in Fig. 4
warrants further elaboration. The higher translucency predicted by the Rayleigh scattering

model relative to that observed from the experiments may be accounted for by the following
reasons. Firstly, the Rayleigh scattering model substantially simplifies the microstructure of
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3Y-TZP by assuming that all grains are spherical in shape and have an identical diameter.
Secondly, ceramics are “optically” inhomogeneous, consisting of pores, defects, etc. The
presence of porosity, even at an exceptionally low content (e.g. 0.01%) with exceedingly
small size (e.g. 100 nm or so0), can reduce the translucency by 50% [42]. The detrimental
effect of pore size and pore content on ceramic translucency becomes more significant in
materials with a high refractive index, such as zirconia, and at short wavelengths. This is due
to a steep increase of the refractive index near the UV region (Fig. 1b). Finally, the material
reported by Zhang et al. [21] is fabricated by SPS in a reduced environment. Consequently,
the material contains a high concentration of oxygen vacancy, which acts as light scattering
centers. Although post sintering heat treatment in air can put some oxygen back into 3Y-
TZP crystals, such a treatment also introduces porosity to the material, owing to the
coalescence of vacancies in large concentrations at high temperatures [43]. It is, therefore,
crucial to optimize the heat treatment condition to reduce the oxygen vacancies while
avoiding the introduction of porosity.

We acknowledge that the Rayleigh scattering model can only confidently predict the in-line
transmittance of 3Y-TZP with grain sizes smaller than 80 nm. For grain sizes significantly
larger than 80 nm, one needs to use the grain-size independent Mie scattering model.
However, the Mie scatting model is more complex, requiring computer simulation.

5. Conclusions

This study aims to provide a guideline for designing dental zirconia with both excellent
translucency and promising mechanical properties. The design philosophy for a translucent,
high-strength tetragonal yttria-stabilized zirconia is to keep its grain size small, ideally under
100 nm, owing to its large birefringence and high reflective index relative to other dental
ceramics. Unfortunately, reliable experimental data on translucency and mechanical
properties of nanocrystalline 3Y-TZP are scarce, due primarily to the challenges in
synthesizing these materials with little to no defects (i.e. pores and oxygen vacancies). One
way to circumvent this problem is to “substitute” some tetragonal zirconia grains with
optically isotropic cubic zirconia particles to relegate grain boundary light scattering. The
trade-off of this approach is that the cubic zirconia is weaker and more brittle than its
tetragonal counterpart.

Acknowledgments

The author would like to thank Prof. Yuxing Wang and Dr. Jens Klimke for valuable discussion. Funding was
provided by the United States National Institute of Dental and Craniofacial Research (Grant R01 DE017925) and
the United States National Science Foundation (Grant CMMI-0758530).

References

1. Sax C, Hammerle CH, Sailer I. 10-year clinical outcomes of fixed dental prostheses with zirconia
frameworks. Int J Comput Dent. 2011; 14:183-202. [PubMed: 22141229]

2. Larsson C, Vult Von Steyern P. Implant-supported full-arch zirconia-based mandibular fixed dental
prostheses. Eight-year results from a clinical pilot study. Acta Odontol Scand. 2012; 71:1118-1122.
[PubMed: 23210793]

3. Ortorp A, Kihl ML, Carlsson GE. A 5-year retrospective study of survival of zirconia single crowns
fitted in a private clinical setting. J Dent. 2012; 40:527-530. [PubMed: 22387979]

Dent Mater. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 10

. Schmitter M, Mussotter K, Rammelsberg P, Gabbert O, Ohlmann B. Clinical performance of long-

span zirconia frameworks for fixed dental prostheses: 5-year results. J Oral Rehabil. 2012; 39:552—
557. [PubMed: 22574689]

. Zhang Y, Kim JW. Graded zirconia glass for resistance to veneer fracture. J Dent Res. 2010;

89:1057-1062. [PubMed: 20651092]

. Aboushelib MN, Feilzer AJ, Kleverlaan CJ. Bridging the gap between clinical failure and laboratory

fracture strength tests using a fractographic approach. Dent Mater. 2009; 25:383-391. [PubMed:
18926566]

. Baldassarri M, Zhang Y, Thompson VP, Rekow ED, Stappert CF. Reliability and failure modes of

implant-supported zirconium-oxide fixed dental prostheses related to veneering techniques. J Dent.
2011; 39:489-498. [PubMed: 21557985]

.LiuY, Liu G, Wang Y, Shen JZ, Feng H. Failure modes and fracture origins of porcelain veneers on

bilayer dental crowns. Int J Prosthodont. 2014; 27:147-150. [PubMed: 24596912]

. Beuer F, Stimmelmayr M, Gueth JF, Edelhoff D, Naumann M. In vitro performance of full-contour

zirconia single crowns. Dent Mater. 2012; 28:449-456. [PubMed: 22196898]

Christensen R. Focus on: Monolithic crowns. Dent Today. 2013; 32:22. [PubMed: 23516807]
Griffin JD Jr. Tooth in a bag: Same-day monolithic zirconia crown. Dent Today. 2013; 32:124,
126-131. [PubMed: 23383537]

Ma L, Guess PC, Zhang Y. Load-bearing properties of minimal-invasive monolithic lithium
disilicate and zirconia occlusal onlays: Finite element and theoretical analyses. Dent Mater. 2013;
29:742-751. [PubMed: 23683531]

Rinke S, Fischer C. Range of indications for translucent zirconia modifications: Clinical and
technical aspects. Quintessence Int. 2013; 44:557-566. [PubMed: 23772439]

Stober T, Bermejo JL, Rammelsberg P, Schmitter M. Enamel wear caused by monolithic zirconia
crowns after 6 months of clinical use. J Oral Rehabil. 2014; 41:314-322. [PubMed: 24447258]
Zhang Y, Kim JW. Graded structures for damage resistant and aesthetic all-ceramic restorations.
Dent Mater. 2009; 25:781-790. [PubMed: 19187955]

Zhang Y, Lee JJ, Srikanth R, Lawn BR. Edge chipping and flexural resistance of monolithic
ceramics. Dent Mater. 2013; 29:1201-1208. [PubMed: 24139756]

French RH, Glass SJ, Ohuchi FS, Xu YN, Ching WY. Experimental and theoretical determination
of the electronic-structure and optical-properties of 3 phases of ZrO,. Phys Rev B. 1994; 49:5133—
5141.

Klimke J, Trunec M, Krell A. Transparent tetragonal yttria-stabilized zirconia ceramics: Influence
of scattering caused by birefringence. J Am Ceram Soc. 2011; 94:1850-1858.

Krell A, Klimke J, Hutzler T. Transparent compact ceramics: Inherent physical issues. Opt Mater.
2009; 31:1144-1150.

Yamashita I, Tsukuma K. Light scattering by residual pores in transparent zirconia ceramics. J
Ceram Soc Jpn. 2011; 119:133-135.

Zhang HB, Li ZP, Kim BN, Morita K, Yoshida H, Hiraga K, Sakka Y. Effect of alumina dopant on
transparency of tetragonal zirconia. J Nanomater. 2012 Article ID 269064, 269065 pages.
Anselmi-Tamburini U, Woolman JN, Munir ZA. Transparent nanometric cubic and tetragonal
zirconia obtained by high-pressure pulsed electric current sintering. Adv Funct Mater. 2007;
17:3267-3273.

Zhang HB, Li ZP, Kim BN, Morita K, Yoshida H, Hiraga K, Sakka Y. Highly infrared transparent
nanometric tetragonal zirconia prepared by high-pressure spark plasma sintering. J Am Ceram
Soc. 2011; 94:2739-2741.

Wood DL, Nassau K. Refractive-index of cubic zirconia stabilized with yttria. Appl Opt. 1982;
21:2978-2981. [PubMed: 20396160]

Alaniz JE, Perez-Gutierrez FG, Aguilar G, Garay JE. Optical properties of transparent
nanocrystalline yttria stabilized zirconia. Opt Mater. 2009; 32:62—68.

Zhang HB, Kim BN, Morita K, Yoshida H, Lim JH, Hiraga K. Optical properties and
microstructure of nanocrystalline cubic zirconia prepared by high-pressure spark plasma sintering.
J Am Ceram Soc. 2011; 94:2981-2986.

Dent Mater. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Page 11

Peuchert U, Okano Y, Menke Y, Reichel S, Ikesue A. Transparent cubic-zro(2) ceramics for
application as optical lenses. J Eur Ceram Soc. 2009; 29:283-291.

Krell A, Hutzler T, Klimke J. Transmission physics and consequences for materials selection,
manufacturing, and applications. J Eur Ceram Soc. 2009; 29:207-221.

Zhang HB, Kim BN, Morita K, Hiraga HYK, Sakka Y. Effect of sintering temperature on optical
properties and microstructure of translucent zirconia prepared by high-pressure spark plasma
sintering. Sci Technol Adv Mater. 2011; 12 055003 (055006pp).

Casolco SR, Xu J, Garay JE. Transparent/translucent polycrystalline nanostructured yttria
stabilized zirconia with varying colors. Scr Mater. 2008; 58:516-519.

Trunec M, Chlup Z. Higher fracture toughness of tetragonal zirconia ceramics through
nanocrystalline structure. Scr Mater. 2009; 61:56-59.

Apetz R, van Bruggen MPB. Transparent alumina: A light-scattering model. J Am Ceram Soc.
2003; 86:480-486.

Heiroth S, Ghisleni R, Lippert T, Michler J, Wokaun A. Optical and mechanical properties of
amorphous and crystalline yttria-stabilized zirconia thin films prepared by pulsed laser deposition.
Acta Mater. 2011; 59:2330-2340.

Ding Y, Jiang S, Luo T, Hu Y, Miura Y, Peyghambarian N. Lithium disilicate crystalline slab
waveguides from surface crystallised glass. Electron Lett. 1999; 35:504-505.

Heffernan MJ, Aquilino SA, Diaz-Arnold AM, Haselton DR, Stanford CM, Vargas MA. Relative
translucency of six all-ceramic systems. Part i: Core materials. J Prosthet Dent. 2002; 88:4-9.
[PubMed: 12239472]

Coble, RL. Transparent alumina and method of preparation. US Patent. 3,026,210. 1962 Mar 20.
van Vliet J, de Groot JJ. High-pressure sodium discharge lamps. IEE Proc — Sci Meas and
Technol. 1981; 128:415-441.

Rice RW. Effects of environment and temperature on ceramic tensile strength grain size relations. J
Mater Sci. 1997; 32:3071-3087.

Chantikul P, Bennison SJ, Lawn BR. Role of grain size in the strength and R-curve properties of
alumina. J Am Ceram Soc. 1990; 73:2419-2427.

Bravo-Leon A, Morikawa Y, Kawahara M, Mayo MJ. Fracture toughness of nanocrystalline
tetragonal zirconia with low yttria content. Acta Mater. 2002; 50:4555-4562.

Lange FF. Transformation toughening.3. Experimental-observations in the ZrO»-Y 03 system. J
Mater Sci. 1982; 17:240-246.

van de Hulst, HC. Light scattering by small particles. New York: John Wiley and Sons, Inc; 1957.
Savoini B, Ballesteros C, Mufioz Santiuste JE, Gonzalez R, Chen Y. Thermochemical reduction of
yttria-stabilized-zirconia crystals: Optical and electron microscopy. Phys Rev B. 1998; 57:13439—
13447.

Dent Mater. Author manuscript; available in PMC 2015 October 01.



Zhang Page 12

Dent Mater. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Zhang

(a) Scatted at

grain boundaries

Scatted at pores

(%) . “UOISSIWSURI) [BI1}OI0Y L,

Incident
4 In-line transmitted
Reflected
Reflected
b 77
; 26 ® 4.5Y-TZP [2]
8 m 3YSZ [18]
2 25 -
N
G
5]
B 241 _
°
R=|
‘12’ 23 _
3
5 22+ _
~
2.1 1 | 1 | 1 | 1 | 1 | 1 | 1
(C) 35 T I T I T I T I T I T I T 77
S
< 331 75
& T=2n/(n"+1)
@ -
o
3‘: 31 473
—
2
2 2r 71
=]
5 7r o9
3 R=1-2n/(n+1)
T 5 67
~
23 1 | 1 | 1 | 1 | 1 | 1 | 1 65
200 300 400 500 600 700 800 900

Figure 1.

Wavelength, A (nm)

Page 13

The interactions of light and zirconia. (a) Schematic of light transmission through tetragonal
zirconia. Losses in intensity of the incident light are due to reflection at zirconia surfaces,
and scattering by optical birefringence and at pores. Wavelength dependence of (b) the
refractive index of tetragonal zirconia, and (c) theoretical transmission and reflection (at the

surfaces).
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Figure 2.
Predicted in-line transmission as a function of wavelength for 3Y-TZP with various grain

sizes and layer thicknesses. Predictions were made using the Rayleigh scattering model (Eq.
1) with an average birefringence An,e = 0.020 — 0.033. Regions bounded by two dashed
lines were extrapolations of the theoretical prediction, due to the violation of the criterion for
Rayleigh scattering.

Dent Mater. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

N
. .. o ~~ =
In-line transmission, 7;; (%) & 2

~—
(e]
~—

In-line transmission, 7;; (%)

100
90
80
70
60
50
40
30
20
10

100
90
80
70
60
50
40
30
20
10

Grain size, d (nm)

Grain size, d (nm)

Figure 3.
The dependence of in-line transmission on the grain size for 3Y-TZP with various

thicknesses at a wavelength of 555 nm. Predictions were made using the Rayleigh scattering
model (Eg. 1) with an average birefringence An,,e = 0.020 — 0.033. Note: the dashed
horizontal line at Tyt = 2.5% represents a measured average in-line transmission value of
various dental porcelains with a common thickness 1 mm at a wavelength of 555 nm.
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Figure 4.
Contours of threshold in-line transmission values for 3Y-TZP at 555 nm wavelength plotted

on axes layer thickness (t) and grain size (d). Predictions were made using the Rayleigh
scattering model (Eq. 1) with an average birefringence Angye = 0.033.
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Figure 5.
Comparison between the theoretically-predicted and experimentally-measured in-line

transmission values for nanocrystalline 3Y-TZP as a function of wavelength. The 3Y-TZP
examined have a common mean grain size d = 80 nm and thickness t = 1 mm. An average
birefringence Ange = 0.020 — 0.033 was used in theoretical prediction, whereas the
experimental data was obtained from ref. [21]. Regions bounded by two dashed lines were
extrapolations of the theoretical prediction, due to the violation of the criterion for Rayleigh
scattering. Again, the dashed horizontal line at Tyt = 2.5% represents a measured average in-
line transmission value of various dental porcelains with a common thickness 1 mm at a
wavelength of 555 nm.
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Design diagram for developing 3Y-TZP with both excellent translucency and promising
mechanical properties. Note: translucency in fine grained materials is achieved by a high in-
line transmission (left panel), whereas that of coarse grained microstructures is attained by a
high diffusion transmission (right panel). LTD stands for low temperature degradation.
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