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discs survived real-world conditions and stayed where they were supposed

vii

“Doktorat˙14” — 2017/6/28 — 10:05 — page viii — #8

viii

to. The patients that wore the experimental dentures deserve special thanks
for all their patience and good humor. I am also grateful to Sanja Panchevska
from the Saints Cyril and Methodius University of Skopje for her support in
running the clinical trial, and to experts from the National Institute of Chemistry who helped me conduct analyses and understand what was really going
on. Edi Kranjc provided X-ray diffraction measurements, and Gregor Kapun
helped me chase the cracks during countless hours at the scanning electron
microscope. I am also grateful to Zoran Samardžija for teaching me how to
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me to keep everything under control. And finally, I owe everything to my
parents, who have always supported me in overcoming any challenges that
lay in my path.
J. C.

“Doktorat˙14” — 2017/6/28 — 10:05 — page ix — #9

CONTENTS

Declaration

v

Acknowledgements

vii

List of Figures

xiii

List of Tables

xvii

Acronyms

xix

Abstract

xxi

Izvleček
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ABSTRACT

Dental use of 3Y-TZP ceramics comprises several laboratory processing
steps affecting its final properties. This dissertation considers the roles of
sintering temperature and airborne-particle abrasion in the ceramic’s susceptibility to low-temperature degradation (LTD) and its mechanical properties.
In the first part, ceramics with fine and coarse grain microstructures were
prepared and their moisture- and stress-related transformability assessed by
X-ray diffraction (XRD) and biaxial flexural strength. The experimental protocol consisted of two sintering temperatures, airborne-particle abrasion and
accelerated ageing up to 48 h in vitro.
In the second part, long-term accelerated ageing was employed to monitor the relationships between LTD, strength and subsurface microstructure.
Intact and airborne-particle abraded ceramic discs of two thicknesses were
aged for up to 480 h in vitro. The kinetics of ageing were estimated from
data on strength, XRD and depth of the transformed zone (TZD). Subsurface changes were characterized using a scanning electron microscope coupled with a focused ion beam (FIB-SEM).
The third part considers a clinical study investigating LTD in the aggressive environment of the oral cavity. Polished or airborne-particle abraded
discs were incorporated in lower complete dentures worn by volunteers for

xxi
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ABSTRACT

24 months. On 6-month recalls, the discs were temporarily removed for
XRD, SEM and atomic force microscopy analysis (AFM).
It was shown that both sintering temperature and airborne-particle abrasion played an important role in the 3Y-TZP ceramics’ ageing and mechanical behaviour. The low-temperature-sintered, fine-grained ceramic exhibited superior LTD resistance due to lower t-m transformability, while the
high-temperature-sintered, coarse-grained material experienced higher surface strengthening and improved LTD resistance upon airborne-particle abrasion. Long-term accelerated ageing revealed important new information
on the extent of this protective effect and its positive impact on the mechanical properties. In the initial stages of accelerated ageing, the strength
of airborne-particle abraded specimens was decreased, but then stabilized
to match the strength of as-sintered groups. Thinner specimens exhibited
similar mechanical behaviour, with the exemption of spontaneous fracturing after 480 h which did not occur in thicker specimens. The TZD in the
as-sintered specimens exhibited a uniformly increasing linear trend. Upon
airborne-particle abrasion, two-step linear ageing kinetics were observed,
matching the approximately 10 µm thick altered zone under the abraded surface. When this zone was annihilated by LTD, the strength and the LTD
speed returned to the values measured before abrasion. The protective effect
of airborne-particle abrasion against LTD was also confirmed in the in vivo
clinical study. Oral exposure yielded clear signs of LTD, with the monoclinic
content increasing linearly with time and proceeding faster in polished samples. However, the degradation progress was slow overall and the associated
surface changes, including a nanoscale increase in roughness, did not reach
clinically meaningful levels.
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IZVLEČEK

Pri uporabi keramike 3Y-TZP v stomatološki protetiki so potrebni številni
laboratorijski postopki, ki lahko vplivajo na njene končne značilnosti. Disertacija obravnava vlogo temperature sintranja in priprave površine s peskanjem pri dovzetnosti keramike do staranja in pri njenih mehanskih lastnostih.
V prvem delu raziskave smo pripravili keramiki s fino in grobozrnato
strukturo, njuno dovzetnost do fazne transformacije pa smo vrednotili z rentgensko difrakcijo (XRD) in dvoosno upogibno trdnostjo. Eksperimentalni
protokol je obsegal sintranje pri dveh temperaturah, peskanje in umetno
staranje do 48 h.
V drugem delu raziskave smo intaktne in peskane vzorce dveh debelin
umetno starali do 480 h, kinetiko staranja pa ocenili iz podatkov o trdnosti,
fazni sestavi in mikrostrukturi. Spremembe področja pod površino smo vrednotili z vrstičnim elektronskim mikroskopom, opremljenim s fokusiranim
elektronskim snopom (FIB-SEM).
V tretjem delu raziskave smo izvedli klinično študijo staranja v agresivnem okolju ustne votline. Polirane in peskane vzorce smo vgradili v spodnje totalne proteze prostovoljcev, ki so jih neprekinjeno nosili 24 mesecev. V
6-mesečnih intervalih smo vzorce analizirali z XRD, SEM in mikroskopijo
na atomsko silo (AFM).

xxiii
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IZVLEČEK

Pokazali smo, da temperatura sintranja in peskanje vplivata na dovzetnost
keramike 3Y-TZP do staranja in na njene mehanske lastnosti. Finozrnata
keramika, sintrana pri nižji temperaturi, je bila odpornejša na staranje, vendar je grobozrnata keramika, sintrana pri višji temperaturi, ob peskanju prikazala večji prirastek k trdnosti in izboljšano odpornost na staranje. Z dolgotrajnim umetnim staranjem smo ugotovili, da se trdnost peskanih vzorcev
v začetnih fazah staranja zmanjšuje, a se kasneje ustali v bližini vrednosti
intaktnih vzorcev. Tanjši vzorci so se po 480 h staranja spontano zlomili,
do česar pri debelejših vzorcih še ni prišlo. Globina transformirane plasti na
intaktnih vzorcih je s staranjem linearno naraščala. Pri peskanih vzorcih je
staranje napredovalo v dveh fazah in je v prvih 10 µm pod površino potekalo
počasneje, v tem območju pa smo s FIB-SEM opazili izrazito spremenjeno
mikrostrukturo. Ko je staranje prodrlo skozi to plast, sta se tako trdnost
vzorcev kot hitrost staranja spet približali vrednostim na intaktnih vzorcih.
Peskanje kljub poškodbi površine ni ogrozilo obstojnosti keramike, njegov
zaščitni učinek proti staranju pa smo potrdili tudi v klinični študiji, ko smo
keramiko izpostavili ustni votlini. Jasni znaki staranja so bili razvidni predvsem na poliranih vzorcih, kjer je delež monoklinske faze naraščal hitreje kot
na peskanih. V splošnem je proces staranja in vivo napredoval zelo počasi,
tako da opažene spremembe površine, med drugim povečanje hrapavosti na
nano ravni, niso dosegle klinično pomembnih razsežnosti.
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INTRODUCTION AND AIMS

The objective of the prosthodontic treatment is to restore lost oral tissues in
both their functional and their aesthetic form. Dental materials used for this
purpose need to withstand the aggressive oral environment, where considerable chemical, mechanical and temperature loads can be expected [1]. Close
contact with hard and soft dental tissues requires excellent biocompatibility,
and the importance of dental appearance necessitates visual properties that
mimic those of the natural state of the dentition. By fulfilling many of these
demands, ceramic-based materials have long been one of the most widely
applied restorative choices in prosthodontics [2, 3].
Tetragonal zirconia polycrystalline ceramic, that is partially stabilized by
3 mol.% yttria (3Y-TZP) is particularly well regarded for its combination of
excellent mechanical properties, biocompatibility and attractive optical qualities. Chemically, zirconia is a metal dioxide (ZrO2 ) known since antiquity
when it was valued as a jewel [4]. Zirconia ceramic was introduced as a
biomaterial during the late 1980s as a stronger and less stiff alternative to
alumina ceramic, which was at that time the state-of-the-art material for use
in orthopaedic surgery [4].
Hip joint replacement was one of the zirconia ceramic’s first biomedical applications, but a worldwide product recall due to unexpected failures

1
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INTRODUCTION

constrained its use in orthopaedics after the year 2001 [5, 6, 7]. With the
development of CAD/CAM technology, zirconia ceramic has found a new
and widespread application in dentistry [3, 8]. Its enhanced aesthetic appearance compared to that of metals has made it a popular choice for allceramic dental restorations [8, 9, 10]. Typical uses include core materials
in fixed dental restorations, and aesthetic implant abutments. Individualized
3Y-TZP ceramic reconstructions can also be designed to support both toothand implant-supported overdentures. But while 3Y-TZP ceramics surpass
metal alloys in terms of aesthetics and biocompatibility, issues regarding
the thermal compatibility of porcelain veneers and 3Y-TZP ceramic cores
proved problematic for the restorations’ clinical longevity [11]. One of the
most conspicuous complications was chipping of the veneering porcelain
reported to occur in almost 20% of the bridges during the 5-year followup [12]. This is more than twice the rate of similar issues encountered in
the classic metallo-ceramic technology [12]. The problem was later addressed by adopting better-controlled sintering cycles with slower heating
and cooling rates [13], but doubts remained and encouraged the development
of monolithic, full-contour 3Y-TZP prosthetic solutions free of the veneering
porcelain, as shown in Figure 0.1.

Figure 0.1 Monolithic dental restorations are fabricated from one-piece zirconia ceramics without
the porcelain veneers. The restorations are anatomically contoured during machining in the pre-sintered
state (a). The final aesthetic appearance is achieved through colouring and glazing (b).

Thin constructions are possible technologically because zirconia ceramics
is characteristically both strong and tough, which is a highly unusual combination for a brittle ceramic material [14] and has even likened it to steel
[15]. It can withstand high mechanical stresses and has the good ability to
dissipate fracture energy and arrest cracks once they appear [10]. The root of
its excellent mechanical behaviour lies in its crystallographic characteristics.
Zirconia ceramics are polycrystalline materials composed of many randomly
oriented grains regarded as small single crystals (crystallites) [16]. The ma-
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3

terial is polymorphous and its crystal lattice can exist in several phase forms:
monoclinic, tetragonal and cubic [14]. As shown in Figure 0.2, these phases
are temperature-dependent.

Figure 0.2
Zirconia is polymorphous and has several crystallographic forms. The phase
transformations are accompanied by changes in the unit cell type (monoclinic, tetragonal or cubic) and
the associated volume. The changes are restricted to domains occurring within a single grain, yielding
substantial compressive and shear stresses in the material.

In pure zirconia, the only phase stable at room temperature is monoclinic
[4]. Pure zirconia also shatters during sintering due to considerable stresses
generated by a tetragonal to monoclinic (t-m) phase transformation on cooling [4]. To make it technologically useful, the material can be retained in
the tetragonal state by adding small amounts of stabilizing dopants. For
medical applications, this is most commonly achieved by the addition of 3
mol.% yttria (Y2 O3 ), yielding a zirconia-yttria alloy known as 3Y-TZP ceramic [8, 10]. In this form, the tetragonal phase is still metastable and can
transform to monoclinic if specific conditions are met. This is crucial for
its unique characteristics and is particularly conspicuous in the phenomenon
known as stress-generated martensitic transformation. When subjected to
stress, the metastable tetragonal grains transform to the stable monoclinic
variants. Because the associated volume increases by about 4%, compressive stresses are developed, inhibiting the growth of cracks and resulting in
toughening of the structure [15].
3Y-TZP ceramic’s phase metastability is therefore crucial for its outstanding mechanical properties, but also has a disadvantageous aspect known as
low-temperature degradation (LTD) or ageing. When the material is exposed
to moisture at slightly elevated temperatures the tetragonal grains on the surface start transforming spontaneously to the monoclinic phase [17]. Due to
the volume expansion associated with the t-m transformation, the process
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is accompanied by surface roughening, grain pull-outs and extensive microcracking, which may ultimately lead to strength degradation [6, 17, 18]. The
exact mechanism of tetragonal phase destabilization during LTD is still incompletely understood [10]. Early models proposed that water molecules react with Zr-O-Zr bonds in grain boundaries, forming Zr-OH bonds [19, 20].
More recently, it has been shown that the material is destabilized when water
species fill the oxygen vacancies in the ZrO2 lattice [8, 14]. The moistureinduced t-m phase transformation progresses from the surface to the interior
[20] by a mechanism similar to that of the corrosion of metals, forming a degraded surface layer with a distinct boundary to the underlying, unaffected
material [18, 21]. The process is presented schematically in Figure 0.3.

Figure 0.3 LTD progresses from the surface into the bulk and results in a microcracked layer with
dislodged grains and roughened surface.

LTD is temperature-dependent and proceeds most rapidly at temperatures
between 200◦ C and 300◦ C [20], but can also occur at human body temperature [21, 22]. The t-m phase transformation is also sensitive to the chemical and phase composition, microstructure, surface topography and testing
conditions [14, 18]. The progress of the LTD has been the focus of intensive
research after the aforementioned unexpected failures and a mass product recall in 2001. Namely, the premature fractures of femoral heads in vivo were
attributed to severe degradation of 3Y-TZP ceramic in connection with improper processing methods during sintering [6, 23, 24]. Sintering conditions
have a direct influence on the grain size and phase composition according to
the phase diagram [25]. To ensure 3Y-TZP ceramic’s reliable behaviour, it is
crucial to control every step of the production process, which also includes
post-sintering mechanical surface treatments.
In clinical practice, grinding and polishing are commonly required to adjust the occlusion, whereas airborne-particle abrasion is used to clean the
cementation surface and to increase the surface roughness, improving the
bonding with luting cements [26, 27]. This is necessary because oxide ceramics are chemically inert and cannot be etched, which makes standard
methods to achieve adhesive bonding in silica-based ceramics unsuitable
[26]. Bonding thus has to rely on micro-mechanical interlocking achieved
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by roughening the surface mechanically or through surface conditioning by
alternative means [27]. Methods to enhance bonding using technologically
advanced coatings have been successfully developed [28, 29], but simpler
airborne-particle abrasion remains the most widely used and recommended
procedure to improve bonding, even though it damages the surface [27]. The
laboratory procedure and the surface roughening resulting from airborneparticle abrasion are shown in Figure 0.4. The damage is substantial, but the
metastability of 3Y-TZP ceramics means that a significant amount of surface
strengthening takes place concurrently [30]. An increase in strength is thus
experienced due to the surfaces being placed into compression [31].

Figure 0.4 Airborne-particle abrasion is commonly applied to prepare the 3Y-TZP ceramic’s
cementation surfaces (a). The procedure results in substantial plastic deformation (b), with sharp
cuts from the impacts of incoming Al2 O3 particles. The upper portion of the Figure (b) depicts the
airborne-particle abraded surface, bordering on the as-sintered surface.

As the LTD starts on the immediate surface, the surface preparations might
play an important role in the materials’ hydrothermal stability. Indeed, modifying the surface is one of the approaches to control LTD, the others being
to use dopants, reduce grain sizes, or use composite materials [8]. Notably,
LTD is substantially decelerated if small amounts of alumina (0.25%) are
added to the material [32], presumably by strengthening the grain boundaries
[33]. Complete prevention of LTD is also possible and is usually achieved
by strong stabilization of the material, but with an inevitable trade off: a
decrease in its ability to undergo a t-m transformation impairs the mechanical properties due to lack of toughening. Alternatively, chemical modification using alternative dopants might also result in a lower flexural strength
through coarsened microstructure, as is evident from ceria-stabilized zirconia [34].
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Stress- and moisture-induced transformations are both integral to 3Y-TZP
ceramics, but an understanding of the underlying mechanisms in connection
with the microstructure and the mechanical properties has yet to be achieved.
The LTD’s impact on the overall reliability and its connection with the processing methods is not yet fully clarified. Better understanding of this aspect is needed because the use of 3Y-TZP ceramics in dentistry is constantly
evolving. When addressing the increasingly challenging clinical applications, the predictable behaviour of the material is of high importance and its
shortcomings need to be properly managed.
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Aims and hypotheses

The aim of this doctoral thesis was to study the LTD process in 3Y-TZP
ceramics prepared with various sintering temperatures and airborne-particle
abrasion protocols. The thesis is divided into three parts that are designed to
form three related, but self-standing units describing important new understanding of the LTD process.
The first part describes the complex interactions between the sinteringtemperature dependent grain size, airborne-particle abrasion and LTD. The
aim was to assess the ageing behaviour and mechanical properties of the
low-temperature-sintered, fine-grained 3Y-TZP ceramic compared to those
of the high-temperature-sintered, coarse-grained 3Y-TZP ceramic. It was
hypothesized that low-temperature-sintered, fine-grained 3Y-TZP ceramic
would initially exhibit higher strength and lower transformability than hightemperature-sintered, coarse-grained 3Y-TZP ceramic, but the latter would
exhibit higher strength after airborne-particle abrasion and LTD.
The second part considers the LTD in a prolonged accelerated ageing protocol, aiming to test the hypothesis that airborne-particle abrasion affects the
subsurface layer, introducing residual stresses involved in surface strengthening, but once this layer is annihilated by the LTD, the increase in strength
is no longer evident.
The third part of the thesis presents a clinical study testing the hypothesis
that LTD occurs in the aggressive in vivo environment of the oral cavity and
is dependent on the 3Y-TZP ceramic surface preparation methods.
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Publications

This thesis was based on the following papers:
Cotič J, Jevnikar P, Kocjan A, Kosmač T. Complexity of the relationships between the sintering-temperature-dependent grain size, airborneparticle abrasion, ageing and strength of 3Y-TZP ceramics. Dent Mater
2016;32(4):510–518.
Part 1

Cotič J, Jevnikar P, Kocjan A. Ageing kinetics and strength of airborneparticle abraded 3Y-TZP ceramics. Dent Mater 2017;33(7):847–856.
Part 2
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3Y-TZP ceramics for dental applications are most commonly shaped with
the aid of CAD/CAM technology. The dental reconstructions are digitally
designed, then milled from commercially-available ceramic blocks. They are
most commonly produced by uniaxial pressing of raw powders [35] of similar chemical composition, containing about 3 mol% of yttria [13]. Powder
particles in green bodies are only loosely bound together and, to achieve full
densification, thermal treatment with sintering is necessary [35], as shown in
Figure 1.1. Pre-sintering is a preliminary sintering phase performed by manufacturers, during which the particles partially coalesce by forming necks.
These connections enhance the strength and enable reliable machining, but
the material still remains porous and soft enough to prevent excessive wear
of milling tools. The final sintering takes place in dental laboratories, achieving the final density with shrinkage of about 20% [36].
The sintering conditions have a direct influence on the grain size and on
the related stress- and/or moisture-induced transformability, ageing resistance and mechanical properties. In general, fine-grained 3Y-TZP ceramics
sintered at lower temperatures exhibit superior ageing resistance and higher

11

“Doktorat˙14” — 2017/6/28 — 10:05 — page 12 — #36

12

PART 1: SINTERING TEMPERATURE

Figure 1.1 To make them easier to machine, commercially-available 3Y-TZP ceramic blocks that
are not fully dense and have a soft, chalk-like consistency are used (a). The dental restorations achieve
their final density by thermal treatment during sintering (b). The furnaces and sintering programs are
often producer-specific (c), reflecting individual variations in the pre-sintered blocks’ starting densities
and inhomogeneities which affect the producers’ recommendations and the final grain size.

strength, but lower fracture toughness and damage tolerance, as compared to
their coarser-grained counterparts, achieved by sintering at higher temperatures [25, 37, 38]. The sintering conditions, in particular the firing temperature of dental 3Y-TZP ceramics, are starting-powder-specific and are generally recommended by the producer. Depending on the specific surface area,
crystallite and aggregate sizes, the presence of dopants and the compaction
ability of the starting powder used, the final sintering temperatures are typically between 1350◦ C and 1600◦ C, resulting in grain sizes that range from
0.3 µm to 1 µm [1]. In restorative dentistry, finer grains are advocated not
only for their higher initial strength and enhanced ageing resistance, but also
for the increased light transmittance achieved with grain sizes well below
the wavelength of visible light [39]. Higher translucency and improved aesthetics are thus achieved at the same final density and at the same quantity
and size of the residual pores. Conversely, in the case where superior damage tolerance is targeted, a higher-opacity, coarser-grained ceramic could be
chosen.
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After sintering, further mechanical treatment of dental restorations is common and has important implications for the material’s mechanical properties,
longevity and reliability. Airborne-particle abrasion is commonly applied to
enhance bonding [27], although concerns have been raised concerning the
substantial mechanical damage inflicted in the process. But, regardless of
whether it introduces surface flaws, airborne particle abrasion generally increases the strength of 3Y-TZP ceramics, because the surface strengthening
apparently prevails over the mechanical damage [30, 40, 41, 42, 43, 44].
Furthermore, residual compressive stress and grain refinement were found
to suppress LTD [45], which in turn should have relevance for extending the
lifetime of zirconia-based dental restorations that are exposed to humidity
and cyclic stressing under clinical conditions.
It has recently been demonstrated that the initial monotonic strength of
mechanically damaged and/or hydrothermally treated dental 3Y-TZP ceramics provides a good indication of whether failure would occur during subsequent cyclic stressing [46]. Since the initial strength is likely to be the major
factor determining the survival of dental restorations, our study was designed
to investigate the influence of airborne-particle abrasion and accelerated ageing on the strength of two sets of specimens of 3Y-TZP ceramics with the
same nominal chemical composition, but differing in their grain size and
transformability achieved by sintering at 1400◦ C and 1500◦ C. These two
sintering temperatures were selected on the basis of the reported difference
in the grain size, and of the properties of the materials produced from the
same powder grade [30, 38].
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Experimental protocol

Biomedical grade 3Y-TZP powder (TZ-3YB-E, Tosoh, Tokyo, Japan) was
used to fabricate the materials used in this study. This powder grade is a
commonly used raw material for the preparation of commercially available,
pre-sintered zirconia blocks, containing 3 mol% of yttria in the solid solution
and 0.25 wt.% of added alumina intended to decelerate ageing. Disc-shaped
specimens 20 mm in diameter and 2 mm thick were uniaxially dry pressed at
150 MPa in a floating die then randomly divided into two groups of 90. One
group was sintered at 1400◦ C for 2 h and the other at 1500◦ C for 2 h. After
sintering, the specimens were 15.80 ± 0.02 mm in diameter and 1.48 ± 0.04
mm thick. The relative density exceeded 99% of the theoretical value, as
determined by the Archimedes’ method, using deionized water as the immersion liquid. A theoretical density of ρT = 6.08 g/cm3 for the tetragonal
phase was used in the calculations. The grain size evaluations were made
on FE-SEM (Carl Zeiss, Supra 35LV, Oberkochen, Germany) micrographs
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using the linear intercept method, based on the ASTM E112-13 standard
without introducing any correction factors [47].
The sintered discs were divided into 18 groups of 10 samples each (labelled with the letters A to S) and subjected to the fully crossed experimental protocol of airborne-particle abrasion and accelerated ageing, as
presented in Table 1.1 (page 19). The airborne-particle abrasion was performed with 50 µm or 110 µm Al2 O3 in an air-abrasion unit (Basic IS, Renfert Dental, Hilzingen, Germany). During the procedure, the nozzle tip was
moved evenly and perpendicularly across the disc surface for 20 s at a predetermined distance of 20 mm and pressure of 2.5 bar. Only one side of the
discs was abraded and the treated specimens were then cleaned ultrasonically
in acetone for 10 min. The specimens were aged in deionized water under
isothermal conditions at 134◦ C. Short-term (12 h) and long-term (48 h) ageing were performed. Three randomly selected samples from each group were
subjected to crystallographic phase analysis by XRD using Cu-Kα radiation
over the range 25 to 40◦ 2θ (X’Pert PRO X-Ray diffractometer, PANalytical,
Almelo, The Netherlands). The amount of transformed monoclinic zirconia
(Xm ) was estimated from the diffractograms using the Garvie and Nicholson formula [48]. The biaxial flexural strength was measured in a universal
material-testing machine (Quasar 100, Galdabini, Cardano al Campo, Italy)
using the piston-on-3-balls method. The crosshead speed was 1 mm/min.
The airborne-particle abraded specimens were loaded with the treated side
under tension. The load at fracture was recorded in newtons (N) and the
strength was calculated in accordance with Wachtman et al [49].
Statistical analysis

Statistical analyses were conducted with the statistical software package
R 3.1.2 [50]. Levene’s test was used to assess the homogeneity of variances
and the three-way ANOVA was performed. As presented in Table 1.1 (page
19), the fixed factors were the sintering temperature (2 levels: 1400◦ C or
1500◦ C), the airborne-particle abrasion (3 levels: no abrasion, 50 µm particles, 110 µm particles) and the accelerated ageing regime (3 levels: no ageing, 12 h, 48 h). Statistically significant interactions were further interpreted
with the function “glht” from the “multcomp” package by defining custom
contrasts between the treatments. The p-values were adjusted with the Bonferroni correction method and the significance level was set to α = 0.05.
Multiple comparisons with Tukey’s HSD test were used to further assess the
differences between the mean values in flexural strength and Xm across the
treatment groups.
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Sintering temperature at a temperature of 1400◦ C resulted in a finer grain
size, exhibiting a linear intercept distance of 0.25 ± 0.03 µm. On the other
hand, a sintering temperature of 1500◦ C resulted in a coarser grain size having a linear intercept distance of 0.39 ± 0.02 µm. Distinct, darker alumina
grains were observed in both cases. These are clearly discernible in Figure
1.2, which presents characteristic SEM micrographs of the two materials.

17

“Doktorat˙14” — 2017/6/28 — 10:05 — page 18 — #42

18

PART 1: SINTERING TEMPERATURE

Figure 1.2 SEM micrographs of polished and thermally etched surfaces of TZ-3YB-E ceramics
sintered for 2 h at (a) 1400◦ C and (b) 1500◦ C. Black arrows indicate alumina grains.

The flexural strength values obtained with the two materials before and
after the airborne-particle abrasion and/or the accelerated ageing are summarized in Table 1.1. Also listed in Table 1.1 are the corresponding relative
fractions of the monoclinic zirconia, as determined by the XRD analysis.

Biaxial flexural strength

The results of the Tukey’s HSD test show the differences in the means across
the specific groups and are listed in Table 1.1. When considering the control
groups, the strengths of the low-temperature-sintered, fine-grained ceramic
and the high-temperature-sintered, coarse-grained ceramic, were not statistically significantly different. Similarly, accelerated ageing had no statistically
significant effect on the strength of the as-sintered samples. The effect of the
airborne-particle abrasion was much more pronounced, as it increased significantly the strength of both the low-temperature-sintered, fine-grained and
the high-temperature-sintered, coarse-grained 3Y-TZP ceramics. There was
no significant difference in the strength after abrading with 50 µm or 110 µm
Al2 O3 particles, regardless of the sintering temperature.
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Group

temperature
1400◦ C

Airborne-particle

Accelerated
◦

Flexural strength

19

Xm in %

abrasion

ageing (134 C )

in MPa (sd)

(sd)

A (control)

-

-

1093.50 gh

<1.0 F

B

50 µm

-

(129.26)

C

110 µm

-

1384.95 abcd

3.0 EF

(119.19)

(0.2)

1311.89

cdef

(139.81)
D

-

12 h

1118.68

(0.7)
f gh

(179.91)

◦

1500 C

1.3 F
(0.1)

bcde

7.1 EF

E

50 µm

12 h

(135.01)

(0.2)

F

110 µm

12 h

1304.87 cdef

8.2 EF

(139.81)

(0.4)

G

-

48 h

925.12 h

31.0 BC

(70.99)

(11.6)

H

50 µm

48 h

1064.99 gh

28.1 BC

(80.44)

(0.6)

I

110 µm

48 h

1022.3 gh

22.2 CD

(139.81)

(0.5)

J (control)

-

-

1340.37

3.9 EF

1019.0

gh

<1.0 F

(99.80)
K
L

50 µm
110 µm

-

1492.97 abc

4.5 EF

(120.23)

(0.2)

1558.07

a

(150.57)

(0.2)
ef g

24.7 BCD

M

-

12 h

N

50 µm

12 h

O

110 µm

12 h

P

-

48 h

(55.69)

(0.2)

R

50 µm

48 h

1163.56

7.0 EF

(100.69)

(0.9)

1448.62 abc

12.8 DEF

(205.86)

(1.0)

1538.13 ab

14.9 DE

(119.18)

(1.0)

1167.13 ef g

67.8 A

1215.31

def g

(115.40)
S

110 µm

48 h

1351.17
(97.87)

36.6 B
(3.3)

bcde

36.9 B
(0.3)

Table 1.1 Mean values and standard deviations for the flexural strength and monoclinic content
(Xm ) in the treatment groups. Values marked with the same characters are not significantly different
from each other (Tukey’s HSD test, α = 0.05). Lower-case letters are used for the strength data and
upper-case letters for the Xm data.
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Further insight into the data was obtained by interpreting the three statistically significant, two-factor interactions discovered with the three-way
ANOVA: i) an interaction between the sintering temperature and the airborneparticle abrasion p = 0.0001), ii) an interaction between the sintering temperature and the ageing (p = 0.0045) and iii) an interaction between the
airborne-particle abrasion and the ageing (p<0.0001). To explain the simultaneous effect of the interacting variables, custom contrasts between the
treatments of interest were defined with the strength data pooled across the
third variable, as presented in Table 1.2.
Estimate

se

t-value

adjusted
p-value

Intercept

1251.600

9.549

131.064

<0.0001

Interaction between sintering temperature and airborne-particle abrasion
1400 ◦C vs. 1500◦C

as-sintered (A, D, G vs. J, M, P)

110.216

49.621

2.221

0.4991

50 µm (B, E, H vs. K, N, R)

183.293

49.621

3.694

0.0054

110 µm (C, F, I vs. L, O, S)

404.118

49.621

8.144

<0.0001

Interaction between sintering temperature and accelerated ageing
1400◦C vs. 1500◦C

no ageing (A, B, C vs. J, K, L)

139.843

49.621

2.818

0.0978

12 h ageing (D, E, F vs. M, N, O)

193.193

49.621

3.893

0.0026

48 h ageing (G, H, I vs. P, R, S)

364.593

49.621

7.348

<0.0001
<0.0001

Interaction between airborne-particle abrasion and accelerated ageing
As-sintered vs. 110 µm

As-sintered vs. 50 µm

50 µm vs. 110 µm

no ageing (A, J vs. C, L)

378.702

40.515

9.347

12 h ageing (D, M vs. F, O)

280.380

40.515

6.920

<0.0001

48 h ageing (G, P vs. I, S)

136.613

40.515

3.372

0.0168

no ageing (A, J vs. B, K)

382.685

40.515

9.446

<0.0001

12 h ageing (D, M vs. F, N)

253.375

40.515

6.154

<0.0001

48 h ageing (G, P vs. C, L)

89.993

40.515

2.221

0.4990

no ageing (B, K vs. C, L)

3.983

40.515

0.098

1.0000

12 h ageing (E, N vs. F, O)

27.005

40.515

0.667

1.0000

48 h ageing (H, R vs. I, S)

46.619

40.515

1.151

1.0000

Table 1.2 Results of the multivariate analysis of the flexural strength data. Custom contrasts used
for the group comparisons in the interpretation of the statistically significant 2-factor interactions are
listed. Pooled data from the stated groups were assessed simultaneously for each comparison. The
p-value adjusted with the Bonferroni correction is reported.

It should be noted that while the control groups did not exhibit statistically significant differences in strength, the difference between the lowtemperature-sintered, fine-grained and the high-temperature-sintered, coarsegrained 3Y-TZP ceramics became statistically significant after airborne-particle
abrasion and/or accelerated ageing. After the airborne-particle abrasion,
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significantly lower strength values were measured for the low-temperaturesintered, fine-grained 3Y-TZP ceramic than for the high-temperature-sintered,
coarse-grained 3Y-TZP ceramic (p = 0.0054 for 50 µm and p<0.0001 for
110 µm). The strength of the low-temperature-sintered, fine-grained 3YTZP ceramic was also significantly lower than that of the high-temperaturesintered, coarse-grained 3Y-TZP ceramic after accelerated ageing (p = 0.0026
for 12 h and p<0.0001 for 48 h). When subjected to accelerated ageing,
the strengthening effect gained through airborne-particle abrasion slowly diminished, but the 110 µm particle-abraded samples retained a significantly
higher overall strength than the as-sintered samples (p<0.0001 after 12 h
and p = 0.0168 after 48 h of accelerated ageing). As demonstrated in Figure
1.3, the high-temperature-sintered, coarse-grained 3Y-TZP ceramic exhibited a larger and more ageing-resistant surface strengthening effect than the
low-temperature-sintered, fine-grained 3Y-TZP ceramic.

Figure 1.3 Mean flexural strengths of TZ-3YB-E ceramic groups before and after airborne-particle
abrasion and accelerated ageing. Standard deviations are omitted for clarity and are presented in Table
1.1.

After airborne-particle abrasion, the high-temperature-sintered, coarsegrained 3Y-TZP ceramic displayed a greater, approximately 50%, increase
in strength, compared to a 24% increase in the low-temperature-sintered,
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fine-grained 3Y-TZP ceramic. Moreover, its strength reduction during the
accelerated ageing was more modest (15%) than for the low-temperaturesintered, fine-grained 3Y-TZP ceramic (23%). After 48 h, the airborneparticle abraded, high-temperature-sintered, coarse-grained groups were still
32% stronger than the control, whereas the strength of the airborne-particle
abraded, low-temperature-sintered, fine-grained groups already dropped down
to, or even below, the level of the control group.
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Crystallographic characterization

According to the XRD analysis, both materials initially consisted of nearly
100% t+c zirconia. The fractions of c-ZrO2 were not quantified, and its
presence was ignored - a common practice in papers dealing with sintered
3Y-TZP ceramics.
When subjected to the experimental protocol, the surface of the lowtemperature-sintered, fine-grained 3Y-TZP ceramic transformed less readily
than the surface of the high-temperature-sintered, coarse-grained 3Y-TZP
ceramic, which was true for the stress-induced as well as for the moistureinduced t-m transformation (Table 1.1).
The difference in transformability between the two ceramics was especially pronounced for the accelerated ageing of the as-sintered specimens.
After 12 h of accelerated ageing only a negligible amount (1.3%) of monoclinic content was detected on the surface of the low-temperature-sintered,
fine-grained ceramic, while the high-temperature-sintered, coarse-grained
ceramic already exhibited 24.7% of monoclinic phase on the surface at this
time. After 48 h of accelerated ageing, the transformed monoclinic fraction detected on the surface of the low-temperature-sintered, fine-grained
and the high-temperature-sintered, coarse-grained 3Y-TZP ceramic was 31%
and 67.8%, respectively.
It should be noted here that a rather large variability in the monoclinic
fraction was encountered with the as-sintered, fine-grained ceramic aged
for 48 h. In order to find a plausible explanation for the large scatter in
Xm values, the aged surfaces were additionally analysed using optical microscopy. As demonstrated in Figure 1.4, substantial differences in the uniformity and size of the partially collapsed, differentially sintered, former
granules were detected on the low-temperature-sintered materials surfaces.
This might have influenced the initial stage of the ageing process, resulting
in a high variability of the monoclinic fraction after long-term ageing. When
the topmost surface layer of the low-temperature-sintered, fine-grained ceramics was removed either by airborne-particle abrasion or by polishing, the
monoclinic fraction after ageing exhibited no excessive variability.
In contrast to the prolonged ageing, airborne-particle abrasion was relatively ineffective in inducing the t-m transformation in the surface of both
types of ceramics: only 3% and 3.9% of the monoclinic phase was detected in the surface of the low-temperature-sintered, fine-grained 3Y-TZP
ceramic abraded with 50 µm and 110 µm airborne particles, respectively,
and 4.5% and 7% in the surface of the high-temperature-sintered, coarsegrained 3Y-TZP ceramic for the two airborne particle sizes. Also, with
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Figure 1.4 Optical micrograph of two low-temperature-sintered, fine-grained, TZ-3YB-E ceramic
samples at 25× magnification. No airborne-particle abrasion was applied, and the surfaces are assintered. Both samples were subjected to 48 h accelerated ageing at 134◦ C. The sample on the
left-hand side exhibited 12% of monoclinic phase on the surface and that on the right-hand side
38% of monoclinic phase on the surface. The granules of the left-hand side sample appear more
homogeneous in size and are approximately 30-40 µm in diameter. The granules of the right-hand
side sample are less uniform, with coarser granules of 60 µm diameter present near the edge.

reference to the XRD results in Table 1.1, the airborne-particle abrasion
had a strong, statistically significant effect on the LTD of the two materials, halving the amounts of monoclinic zirconia detected on the surface
of the as-sintered, coarse-grained specimens after short- and long-term autoclave exposure. When ageing the low-temperature-sintered, fine-grained
material, this hindering effect was less consistent, i.e., after 12 h of ageing, it appeared to be the opposite: 8.2% of monoclinic phase was detected
on the surface of the airborne-particle abraded, low-temperature-sintered,
fine-grained 3Y-TZP ceramic compared to only 1.3% detected on the assintered surface. After 48 h of ageing, the effect of airborne-particle abrasion on the LTD of the low-temperature-sintered, fine-grained 3Y-TZP ceramic appears to become hindering, similar to the high-temperature-sintered,
coarse-grained material, but less pronounced. Up to 28% of the monoclinic phase was detected on the airborne-particle abraded surface of the
low-temperature-sintered, fine-grained 3Y-TZP ceramic, compared to 31%
on the as-sintered surface of the same material. Also to be noted here is that,
with a longer ageing time, the difference in the LTD t-m transformation between the low-temperature-sintered, fine-grained and the high-temperaturesintered, coarse-grained, airborne-particle abraded materials was becoming
ever smaller.
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DISCUSSION

This study demonstrates the complexity of the relationships between the sintering temperature, the airborne-particle abrasion, the LTD, and the monotonic strength of 3Y-TZP for all-ceramic dental restorations. These restorations are custom-fabricated in dental laboratories by the oversize soft milling
of pre-sintered zirconia blocks, pressureless sintering and surface finishing.
Dental laboratories use a broad range of different furnace models, enabling
both the slow and rapid firing of zirconia dental restorations over a wide temperature range for various periods of time, generally following the instructions of the zirconia-block manufacturers [9]. While some of them prefer
stronger, fine-grained ceramics that are sintered at lower temperatures, the
others may prefer coarser, but tougher, material sintered at higher temperatures, although this material may not fully conform with the ISO recommendations [51].
The sintering-temperature-dependent grain size, strength, transformability and fracture toughness of 3Y-TZP are generally known [25]. Knowing
that 3Y-TZP ceramics are sintered in a bi-phasic, t+c region [52], higher
sintering temperatures are expected to result not only in larger grains, but
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also in a higher degree of phase partitioning into the equilibrium assemblage
of t+c phases, i.e. in a larger relative amount of un transformable (yttriarich) c-ZrO2 coexisting in equilibrium with the more readily transformable
(yttria-lean) t-ZrO2 . This may additionally reduce the overall resistance to
LTD of the as-sintered, coarser-grained material [53]. The results of the
present work confirm and complement the aforementioned knowledge.
In the absence of airborne-particle abrasion and/or ageing, the tendency
for a higher strength of the low-temperature-sintered, fine-grained ceramic
compared to the high-temperature-sintered, coarse-grained ceramic was detected, although it was not statistically significant. Also in line with previous
observations [38], the influence of autoclave exposure to induce accelerated
LTD was most pronounced for the as-sintered, coarse-grained material and
least influential for the as-sintered, fine-grained specimens. The difference in
transformability between the low-temperature-sintered, fine-grained ceramic
and the high temperature-sintered, coarse-grained ceramic was therefore observable, and so was the difference in the effectiveness between the finer
and the coarser airborne particles. However, since the absolute amounts of
transformed zirconia are very small, it is questionable as to whether these
differences are significant. This is more so because the two ceramics must
differ in the relative amount of transformable tetragonal phase due to the
different sintering temperatures. Besides, as a consequence of the stressinduced transformation, the (101)t/(111)c peak will encounter a low 2-theta
asymmetric broadening, thereby reducing the accuracy of the calculated Xm
values from the integral intensities of these peaks.
Regardless of not transforming a large amount of the tetragonal phase
into the monoclinic phase, airborne-particle abrasion resulted in a significant surface strengthening. The difference in the airborne-particle sizes of
50 µm and 110 µm had little effect on the strengthening, in agreement with
Garcia Fonseca et al [54]. As suggested by Chintapalli et al [43], it was also
observed that changes in the airborne-particle size and pressure have only
a small effect on the phase transformation due to the erosion of material.
It is significant that the high-temperature-sintered, coarse-grained material,
which initially had a somewhat lower monotonic strength, became superior
after abrasion, confirming that in this respect a higher transformability is advantageous [30]. Ageing, in contrast to impact, transformed a large amount
of tetragonal zirconia into the monoclinic form, but the resultant surface
strengthening was barely noticeable. Similar to other works [46], there was
no correlation between Xm and strength in our study. Therefore, Xm , as determined using the standard XRD technique, should only be regarded as an
indication of transformability and should not be taken as a measure of sur-
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face strengthening. Our results further show that airborne-particle abraded
surfaces exert a protective effect with respect to LTD, slowing its progress.
This effect was less consistent with low-temperature-sintered, fine-grained
material, but was very strong with the high-temperature-sintered, coarsegrained material. In this material the hydrothermal degradation progressed
at a much slower rate in the abraded groups than in the as-sintered groups. In
the high-temperature-sintered, coarse-grained ceramics the impact-induced
surface-strengthening effect was still apparent, even after 48 h of accelerated
ageing (Group S).
It has been shown previously that the mechanically induced transformation has the potential to delay the ageing process [41, 44, 45, 55, 56], but
the phenomenon is not yet fully understood. The enhanced resistance of
ground or abraded zirconia toward hydrothermal degradation has been attributed to the refinement of partitioned tetragonal grains [41], as well as to
the formation of a thin layer of recrystallized and textured nanosized grains
that prevent the formation of monoclinic variants [45, 55]. In addition, as
demonstrated by Muñoz-Tabares et al [57], the mechanically induced transformation is accompanied by considerable changes to the internal stresses
and a reduction of the near-surface grain size that hinder the hydrothermally
induced transformation. Other studies [41, 44, 56] have reported the seemingly protective effect of airborne-particle abrasion against LTD.
Here we extend existing knowledge by considering the role of the sinteringtemperature-dependent transformability of 3Y-TZP ceramics. The results of
our work indicate that the sintering temperature plays an important role in
the LTD of airborne-particle abraded surfaces. At present it is not clear why
the abraded, low-temperature-sintered, fine-grained specimens initially aged
at a higher rate than the as-sintered specimens. This is either because of microstructural heterogeneities observed on the outermost surface of the sintered ceramic, which were removed by subsequent abrasion, or because during the impact (micro)cracks are formed in the surface layer, which opened
the paths for water penetration, but this explanation is yet to be proven. In
contrast, the fluctuations in the surface topography of the high-temperaturesintered, coarse-grained ceramic were barely discernible, which may also explain the considerably lower variability in the monoclinic fraction measured
on the surfaces of these samples, compared to the low-temperature-sintered
ones.
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INTRODUCTION

Progress of the LTD has been the focus of intensive research and it was
recently demonstrated that the degradation penetrates the metastable tetragonal bulk linearly [58, 59]. The situation in dental restorations is, however,
likely to be more complex. The combination of stress- and moisture-induced
transformations of the 3Y-TZP ceramics can be expected clinically, and it
must also be emphasized that commonly used surface preparation techniques
alter the microstructure on and below the immediate surface. The nature
and extent of phase transformation upon mechanical stress is still an unresolved question. XRD readily discerns the monoclinic phase upon LTD [60],
but not upon mechanical damage [61], and there is no correlation between
the amount of monoclinic phase and strength [46, 62, 63]. In the case of
metastable tetragonal zirconia, strengthening by surface damage has been
described both for grinding and airborne-particle abrasion [64, 65]. In addition, the ageing process is apparently delayed if the surface has been mechanically treated, which could be due to the residual surface compressive
stresses [41], partitioning of the surface tetragonal grains [66], or to formation of a thin layer of recrystallized and textured nano-size grains that pre-
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vent the formation of monoclinic variants [45]. Additional crystallographic
phenomena that were ascribed tentatively to the appearance of rhombohedral phase and ferroelastic domain switching, have all been linked to the
mechanical or thermal treatments of 3Y-TZP ceramic surfaces [67, 68]. Neither the reason for the remarkable surface strengthening nor the resistance of
the strengthened surfaces to LTD have been fully clarified. The less-studied
phase transformation effects might have an important role in understanding the material’s long-term behaviour and mechanical properties when subjected to hydrothermal conditions triggering the LTD, ultimately affecting
the materials’ reliability.
We have investigated the combined effect of alumina airborne-particle
abrasion and prolonged in vitro ageing on the flexural strength of 3Y-TZP
ceramic in order to differentiate between their distinctive effects on the ceramic surface and on the subsurface region that ultimately determines the
overall performance and reliability of this popular bioceramic. The aim was
to determine how the microstructure altered by airborne-particle abrasion
changes the LTD kinetics and how the degradation affects the bulk mechanical strength.
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MATERIALS AND METHODS

Specimen preparation

Materials were prepared from commercially available, biomedical grade 3YTZP granulated powder containing 3 mol% of yttria, 0.25 wt.% of alumina
and 3 wt.% of an organic binder (TZ-3YB-E, Tosoh, Tokyo, Japan). 240
specimens were dry pressed into discs uniaxially at 150 MPa and sintered
in a conventional resistance oven at 1500◦ C for 2 h in air with heating and
cooling rates of 5◦ C/min. After sintering, the final diameter of the discs was
15 mm and their thickness 1.5 mm. The relative density exceeded 99% of the
theoretical value, as determined by the Archimedes’ method, using deionized water as the immersion liquid. A theoretical density of ρT = 6.08 g/cm3
for the tetragonal phase was used in the calculations. The grain size was
estimated using the linear intercept procedure based on the ASTM E112-13
standard without introducing any correction factors [47]. The specimen surfaces were mirror polished, thermally etched (1400◦ C for 30 min in air) to
expose the grain boundaries and examined without any surface coating ap-
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plied. The microstructure of the as-sintered 3Y-TZP surface is presented in
Figure 2.1. The final grain size was 0.40 ± 0.04 µm in diameter.

Figure 2.1 SEM micrograph of the 3Y-TZP ceramic surface sintered for 2 h at 1500◦ C. An alumina
grain is indicated by the black arrow.

Experimental protocol

The specimens were divided randomly into two groups of 120 specimens
each. One group was left in the as-sintered state, the other was airborneparticle abraded with 110 µm Al2 O3 particles at a pressure of 2.5 bar, using
an air-abrasion unit (Basic IS, Renfert Dental, Hilzingen, Germany). The
discs were abraded on one side only and then cleaned ultrasonically in acetone for 10 min. Twenty-four groups of 10 samples were formed and subjected to accelerated ageing in vitro, using deionised water at 134◦ C. Both
as-sintered and airborne-particle abraded groups were aged for up to 20 days,
with twelve ageing times: 0 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h,
192 h, 288 h, 384 h and 480 h.
XRD patterns were collected from three randomly selected samples from
each group, using Cu-Kα radiation at 45 kV and 40 mA over the range of
25 to 40◦ 2θ (X’Pert PRO X-Ray diffractometer, PANalytical, Almelo, The

“Doktorat˙14” — 2017/6/28 — 10:05 — page 35 — #59

THINNER SPECIMENS

35

Netherlands). The amount of monoclinic zirconia (Xm ) was estimated using
the Garvie and Nicholson method [48].
The biaxial flexural strength was determined after each time-point of accelerated ageing using a universal material-testing machine (Quasar 100,
Galdabini, Cardano al Campo, Italy). The experimental setup consisted
of a piston-on-3-balls fixture with crosshead speed set to 1 mm/min. The
airborne-particle abraded specimens were loaded with the treated side under
tension. The load at fracture was recorded in newtons (N) and the strength
calculated according to Wachtman et al [49].
The depth of the transformed zone (TZD) after ageing was observed on
cross-sections prepared by grinding with 2400 grit silicon carbide grinding
paper (Struers, Ballerup, Denmark), using optical microscopy (Axio Imager
2, Carl Zeiss AG, Jena, Germany) to ensure the correct mounting position in
the metallographic resin and the achieval of necessary contrast between the
transformed and untransformed portions. Two cross-sections were prepared
for each group and coated with carbon prior to examination with FE-SEM
(GeminiSEM, Carl Zeiss AG, Jena, Germany) to determine the TZD. On
each cross-section, 5 measurements of the TZD were taken to obtain the
average value.
Further insight into the subsurface transformation zone before and after
airborne-particle abrasion and LTD was obtained using the SEM coupled
with a FIB (Helios Nanolab 650, FEI, Hillsboro, USA). A 0.5 µm layer
of platinum film was sputtered on the area of interest, using the ion beamassisted gas injection system at 30 kV and 0.43 nA to prevent the extensive
curtain effect. FIB trenches were cut with ion beam machining at 30 kV and
65 nA and finalized by ion polishing at 30 kV and 21 nA. The cross-sections
were observed in situ, at an angle of 52◦ , using the electron probe at 2 kV
and 100 pA.
Thinner specimens

An additional series of 160 thinner specimens were prepared as described
above, in order to monitor the effects of airborne-particle abrasion and LTD
on thinner structures. These specimens were 0.5 mm thick and divided in
two groups of 80 specimens each. One group was left in the as-sintered
state, the other was airborne-particle abraded with 110 µm Al2 O3 . Sixteen
groups of 10 samples were formed and aged for 0 h, 24 h, 48 h, 96 h, 144 h,
192 h, 288 h, 384 h and 480 h. The biaxial flexural strength was determined
after each time-point of accelerated ageing using a piston-on-3-balls testing
setup (Quasar 100, Galdabini, Cardano al Campo, Italy).
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Statistical analysis

Statistical analyses were conducted with the statistics software package R
3.1.2 [50]. The “segmented” package was used to fit the segmented linear
regression to the flexural strength and to TZD data as functions of the accelerated ageing time. Standard errors and confidence intervals were computed
with the delta method and Davies’ test was used to determine the presence
of changes in the slopes [69]. Asymptotic regression was used to model the
Xm data as a function of the accelerated ageing time. The significance level
was set to α = 0.05.
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Depth of the transformed zone

Ground cross-sections revealed the extent of the LTD process penetrating
from the surface into the bulk. The grinding procedure pulled the ceramic
grains out of the micro-cracked transformed layer, making it clearly distinguishable from the underlying unaffected region of ”healthy” zirconia
(Figure 2.2). The difference in TZD of the as-sintered and airborne-particle
abraded specimens indicated that the LTD progressed at a slower rate if the
surface had been mechanically treated with airborne-particle abrasion.
The TZD in the as-sintered samples exhibited a uniformly growing linear
trend upwards with ageing time (p<0.0001, adjusted R2 =0.9987). The increase was 1.6 µm per 10 h of accelerated ageing, reaching 79 µm after 480 h.
In airborne-particle abraded specimens, the progression of TZD began at a
slower rate, but later increased, as shown on Figure 2.3. The presence of two
separate linear trends was demonstrated using Davies’ test. Using the fitted
two-segment linear regression model the breakpoint was estimated to be at
119.6 h (standard error 5.4 h). In the first segment of the trend, the LTD
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Figure 2.2 Cross-sections of as-sintered and airborne-particle abraded specimens after accelerated ageing. The boundary between the transformed and the
untransformed part is indicated by the dotted line.
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Figure 2.3 Depth of the transformed zone and fitted segmented linear models for as-sintered and
airborne-particle abraded specimens. Data are shown as means ± standard deviation.

proceeded at a rate of 0.7 µm per 10 h of accelerated ageing. In the second
segment, the TZD increased to 1.7 µm per 10 h of accelerated ageing, which
corresponds to the rate measured for the as-sintered samples. The regression
model results are summarized in Table 2.1.
Estimate

se

t-value

95% confidence interval
lower-bound

upper-bound

Airborne-particle abraded groups
Slope 1

0.70

0.03

20.38

0.63

0.76

Slope 2

1.74

0.01

125.90

1.72

1.78

0.01

212.56

1.62

1.65

As-sintered groups
Slope

1.64

Table 2.1 Segmented linear regression analysis of the depth of the transformed zone progression
during accelerated ageing. Estimated values are expressed in µm per 10 h of accelerated ageing.
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Cross-sections prepared with FIB offered an additional structural insight
into the changes in the immediate subsurface region upon accelerated ageing
or airborne-particle abrasion (Figure 2.4).
After 48 h of accelerated ageing, the grains appear to contain twin-related
monoclinic variants with lath-like geometry and predominantly perpendicular orientation to the surface. Short intergranular microcracks are discernible
up to 6 µm in depth and are oriented parallel to the surface (Figure 2.4a).
Airborne-particle abrasion resulted in an altered microstructure, reaching
about 10 µm under the surface (Figure 2.4b). In the topmost 1 µm, severe
plastic deformation is evident and the grains are refined, with no discernible
boundaries between them. In the depth between 1 µm and 6 µm, individual
grains can be discriminated and appear to be deformed and cleaved apart,
with multiple contrasts resembling multiple domains in each grain. The
depth between 6 µm and 10 µm also shows shadows and cleavages in individual grains, albeit less prominently.
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Figure 2.4 A collage of images depicting the topmost 10 µm of FIB-prepared cross sections
(a) after 48 h of accelerated ageing, and (b) after airborne-particle abrasion. After accelerated
ageing, the topmost 6 µm is transformed and microcracked, with black arrows indicating the lath-like
monoclinic variants in the grains. The transition to the untransformed bulk is sharply defined and
indicated with a white line. After airborne-particle abrasion, the topmost 1 µm (indicated with a white
line) is severely plastically deformed and transitions into a layer of deformed grains with distinct
shadows and a cleaved-like appearance indicated with white arrows. These changes gradually become
less pronounced with depth.
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Crystallographic characterization

XRD analysis showed that the LTD of airborne-particle abraded specimens
proceeded at a slower rate than those of as-sintered specimens and also
reached a lower saturation limit of 66.6% after 480 h (Figure 2.5).

Figure 2.5 Xm and fitted asymptotic regression models for the as-sintered and airborne-particle
abraded specimens subjected to accelerated ageing at 134◦ C. Data are shown as means ± sd.

The material consisted, initially, of nearly 100% t+c zirconia (Figure
2.6a). Both airborne-particle abrasion and LTD resulted in marked phase
transformations. After accelerated ageing, the appearance of prominent monoclinic peaks was evident. After 48 h, 36.7% of the surface was detected
to be monoclinic phase in the as-sintered specimens (Figure 2.6b). After 480 h, 73.7% of monoclinic phase was detected, which corresponds to
the XRD saturation limit (Figure 2.6c), leaving only 26.3% of the remaining phase. Airborne-particle abrasion resulted in a more complex, distorted
diffractogram with lower peak intensities (Figure 2.6d), i.e., with low 2-theta
angle broadening, (a type of asymmetric distortion of peak (111)c/(101)t),
reversed intensity of peaks (002)t and (110)t, and increased full width at half
maximum (FWHM) of peak (002)t, in contrast to the (110)t counterpart.
Concurrently, only a very small amount (5.3%) of monoclinic phase was
detected, as evident from the barely discernible monoclinic peak (-111)m.
When airborne-particle abrasion was followed by accelerated ageing, XRD
patterns show a notable increase in intensity of the monoclinic peaks at
the expense of both the intensity and level of the asymmetry of the peak
(111)c/(101)t (Figure 2.6e,f).
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Figure 2.6 XRD patterns obtained from TZ-3YB-E ceramic surfaces, sintered for 2 h at 1500◦ C,
that were airborne-particle abraded with 110 µm Al2 O3 particles and subsequently aged in water at
134◦ C.
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Biaxial flexural strength of 1.5 mm thick specimens

Before ageing, airborne-particle abraded specimens exhibited about 40%
higher mean biaxial flexural strength than as-sintered specimens. The mean
biaxial flexural strengths for airborne-particle abraded and as-sintered specimens were 1458.8 MPa and 1015.9 MPa, respectively. Accelerated ageing
affected the strength of both groups (Table 2.2) and multiple segments of
different trends were demonstrated with the Davies’ test. Two separate linear trends are discernible for the airborne-particle abraded specimens and
3 separate linear trends for the as-sintered specimens (Figure 2.7).
Ageing time

Flexural strength in MPa (sd)
Airborne-particle

As-sintered

abraded
0h
12 h
24 h
48 h
72 h

1458.8

1015.9

(191.0)

(94.0)

1420.7

1195.6

(101.6)

(123.0)

1377.1

1227.0

(88.3)

(111.4)

1349.3

1206.1

(89.7)

(38.5)

1306.6

1131.4

(41.9)

(49.6)

96 h

1219.2

1131.3

(36.3)

(54.0)

120 h

1150.6

1110.7

(25.4)

(26.7)

144 h

1039.2

1102.1

(90.9)

(58.2)

192 h

1028.6

1033.4

(73.1)

(58.1)

1057.9

1065.2

(37.8)

(62.1)

1051.5

1045.5

(28.5)

(33.3)

1065.4

1087.1

(82.0)

(57.8)

288 h
384 h
480 h

Table 2.2 Mean values and standard deviations (sd) for the biaxial flexural strength of airborneparticle abraded and of as-sintered groups subjected to accelerated ageing at 134◦ C.
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Figure 2.7 Biaxial flexural strength data and fitted segmented linear models for (a) airborne-particle
abraded and (b) as-sintered groups.

The results of segmented regression analysis are summarized in Table 2.3.
Reduction of the strength of airborne-particle abraded specimens was measured initially during the LTD; mean strength values then stabilized with no
further detectable reduction. The breakpoint was estimated, using the fitted two-segment linear regression model, to be at 158.9 h (standard error
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Estimate

se

t-value

95% confidence interval
lower-bound

upper-bound

Airborne-particle abraded groups
Slope 1

-27.0

2.2

-12.26

-31.4

-22.6

Slope 2

0.9

0.9

1.10

-0.8

2.6

As-sintered groups
Slope 1

149.5

46.3

3.23

57.9

241.1

Slope 2

-12.9

2.8

-4.69

-18.4

-7.5

Slope 3

0.1

0.6

0.8

-1.8

0.8

Table 2.3 Results of segmented linear regression analysis for the biaxial flexural strength changes
during accelerated ageing. Estimated values are expressed in MPa per 10 h of accelerated ageing.

11.8 h). In the first segment, the estimated first intercept was 1464 MPa and
the strength decrease was 27 MPa per 10 h of accelerated ageing. In the
second segment, no further decrease in strength from the second intercept
of 1021 MPa was observed up to 480 h. For the as-sintered specimens, a
three-segment linear regression model was fitted with estimated breakpoints
at 14.7 h (standard error 2.0 h) and 127.5 h (standard error 20.3 h). In the
first segment, there was a steep increase in strength of 149.5 MPa per 10 h,
progressing from the estimated first intercept of 1016 MPa to the estimated
second intercept of 1254 MPa. In the second segment, the strength started
decreasing with an estimated rate of 12.9 MPa per 10 h. In the third segment, the mean values of strength stabilized at the estimated third intercept
of 1096 MPa, with no further decrease until 480 h. No spontaneous cracking
during the ageing was encountered in this series of 1.5 mm thick specimens.
A subset of strength data with ageing times exceeding 144 h was also modeled, using ordinary linear regression. No association of flexural strength
with ageing time or surface treatment was detected (overall p-value 0.4017).
Biaxial flexural strength of 0.5 mm thick specimens

Prolonged accelerated ageing of thinner specimens resulted in spontaneous
fractures not occurring in thicker ones. Out of 10 thinner specimens per
ageing point, 6 as-sintered and 5 airborne-particle abraded spontaneously
fractured after 480 h at 134◦ C (Figure 2.8). It is worth noting that the specimens surviving 480 h exhibited very similar strength values to the ones
measured for shorter ageing times shown in Table 2.4. In these surviving specimens, mean strengths were 870.7 ± 85.4 MPa for as-sintered and
942.2 MPa ± 92.9 MPa for airborne-particle abraded specimens.
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After 480 h at 134◦ C, approximately half of the thin specimens cracked spontaneously.

In general, thinner specimens exhibited similar mechanical behaviour to
thicker specimens, but ageing appeared to have a somewhat more pronounced
degrading effect on their flexural strength.
Ageing time

Flexural strength in MPa (sd)
Airborne-particle

As-sintered

abraded
0h
24 h

1277.7

1009.8

(200.8)

(120.4)

1364.0

1046.0

(167.3)

(140.1)

48 h

1316.7

1044.9

(110.4)

(90.3)

96 h

1191.0

1066.8

(130.0)

(68.5)

144 h

998.6

932.7

(48.8)

(67.6)

192 h

968.6

903.2

(71.6)

(46.6)

941.8

934.3

(37.0)

(98.6)

916.4

934.2

288 h
384 h
480 h

(49.8)

(75.2)

spontaneous fracture

spontaneous fracture

Table 2.4 Mean values and standard deviations (sd) for the biaxial flexural strength of airborneparticle abraded and as-sintered groups of 0.5 mm thick specimens subjected to accelerated ageing at
134◦ C.

Initially, the airborne-particle abraded specimens were about 25% stronger
than as-sintered specimens. Upon accelerated ageing, their strength started
diminishing and Davies’ test confirmed the presence of two separate linear
trends with the estimated breakpoint at 178.9 h (standard error 29.7 h). On
the other hand, a single, slowly decreasing linear trend was present for the
as-sintered specimens (Figure 2.9).
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Figure 2.9
specimens.

Biaxial flexural strength data and fitted linear models for groups of 0.5 mm thick

Results of the linear regression analyses are summarized in Table 2.5. For
airborne-particle abraded groups, a two-segment linear model was fit. In the
first segment, the estimated first intercept was 1368 MPa and the strength
decrease was 22.1 MPa per 10 h of accelerated ageing until reaching the
second intercept of 1021 MPa. In the second segment, a slower strength
decrease of 2.7 MPa per 10 h was detected. A similarly slow negative trend
was also present among the as-sintered specimens, which exhibited a statistically significant strength decrease of 3.5 MPa per 10 h of accelerated ageing
(p = 0.0002, adjusted R2 =0.16).
Estimate

se

t-value

95% confidence interval
lower-bound

upper-bound

Airborne-particle abraded groups
Slope 1

-22.1

4.2

-5.30

-30.4

-13.8

Slope 2

- 2.7

0.1

-2.09

-5.3

-0.1

0.9

-3.95

-0.48

-0.17

As-sintered groups
Slope

-3.5

Table 2.5 Results of the linear regression analysis for the biaxial flexural strength changes in thinner
specimens during accelerated ageing. Estimated values are expressed in MPa per 10 h of accelerated
ageing.
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DISCUSSION

The above results consider microstructural, crystallographic, and mechanical properties of 3Y-TZP ceramic following airborne-particle abrasion and
ageing.
Ageing kinetics

Using the cross-sections as a direct way of monitoring the LTD, the linearity
of the kinetics of the in vitro ageing in the as-sintered specimens was here
confirmed. The estimated LTD rate of 1.6 µm per 10 h of accelerated ageing at 134◦ C corresponds well to earlier data for as-sintered samples [70].
Knowledge of the ageing kinetics has here been extended and provides evidence for more complex, two-step linear kinetics when airborne-particle
abrasion has been used to mechanically alter the surface (Figure 2.3). In the
initial stages of the accelerated ageing, the abraded specimens aged at a rate
of 0.7 µm per 10 h, which is more than two times slower than that of the assintered specimens. After about 120 h, the ageing rate increased and reached
virtually the same value as that for the as-sintered specimens. The two sepa-
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rate linear trends reflect the different microstructures through which the LTD
has to proceed if the surface has been mechanically treated. The striking subsurface changes following airborne-particle abrasion were discernible from
the FIB cross sections, where an approximately 10 µm thick altered zone
was visible under the plastically deformed surface (Figure 2.4b). This is
in line with the previously reported depth of detectable compressive microresidual stress [62, 71] and corresponds well to the the initial, slower ageing period detected in this study. When the strongly affected upper portion
was penetrated by the LTD, apparently annihilating the compressive microresidual stresses, further degradation of the underlying, untransformed bulk
progressed with the same speed as that in the non-abraded specimens.
While the prolonged ageing of 480 h at 134◦ C could roughly be translated
to more than a century at human body temperature [21], the accelerated ageing of about 60 h affecting the outermost 10 µm might correspond to about
20 years in clinical function. It has been shown in this study that this depth is
associated with key differences between abraded and non-abraded 3Y-TZP
ceramics when strength and ageing behaviour are concerned. The immediate surface is therefore likely to be the deciding factor of the susceptibility
to LTD during the lifetime of a dental restoration.
Phase and microstructure analysis

The nature of the phase composition and/or transformation after airborneparticle abrasion remains a challenging crystallographic problem. Only a
very small proportion of the monoclinic structure was shown by XRD following airborne-particle abrasion. A much deeper altered zone, however,
was observed with FIB analysis and, also, suggested indirectly by the significant surface strengthening.
As presented on Figure 2.4, the transformation front upon accelerated ageing was sharper defined than after airborne-particle abrasion. It is possible
that mechanical surface treatment results in a less uniform distribution of
the monoclinic phase than the moisture-induced transformation, exhibiting
a more gradual transition to the underlying unaffected bulk. The interplay
of plastic deformation and micro-residual stresses might have a large role in
governing the subsurface microstructure, ageing resistance and the increased
flexural strength.
Previously, it has also been suggested that the strained environment might
allow only partial transformation of the grains [72]. A dendritic transformation layer morphology would then be formed according to the differences
in the degree of stabilization or susceptibility to transformation [61]. The
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absence of microcracks in the altered subsurface layer of airborne-particle
abraded specimens is another indicator of the constraints. Microcracks only
appear after moisture-induced transformation during LTD, when the complete monoclinic transformation and relaxation of stresses takes place [57].
Airborne-particle abrasion also resulted in broadening and asymmetrical distortion of XRD peaks. Plastic deformation, with the associated strain, is
known to affect the peak position and appearance [73], but does not necessarily impair the detection, as is evident from the monoclinic phase that is
readily detectable after LTD of airborne-particle abraded surfaces. According to previous reports, the asymmetric distortion of XRD peaks is characteristic of mechanical treatment and, presumably, may consist of two partially
overlapping rhombohedral peaks, (003)r and (101)r, that appear left of the
combined peak (111)c/(101)t, forming the characteristic asymmetric broadening, i.e., a hump [74]. An additional rhombohedral peak (012)r at 2θ of
34.6◦ overlaps with peak (002)t [74], increasing the FWHM value to 0.24.
In the as-sintered sample (Figure 2.6a), the FWHM of the peak (110)t was
0.09. An alternative explanation for the asymmetric broadening lies in the
lattice distortions in the cubic or tetragonal phase [75].
The complex subsurface state of airborne-particle abraded specimens is
also reflected in the fact that the XRD saturation limit was reached later in
time than in as-sintered specimens and was also about 8% lower. The latter observance might suggest the presence of an additional, untransformable
phase in the immediate subsurface layer that is accessible to XRD. The
uppermost, approximately 1 µm thick layer of refined nanoscale tetragonal grains represents about 11% of the estimated XRD penetration depth of
9 µm and could constitute such a phase if this layer was completely untransformable.
Biaxial flexural strength

The results of this study also indicate that the microstructural changes in the
immediate subsurface region before and after LTD correlate to the measured
strength values (Figure 2.7). Initially, airborne-particle abraded specimens
were about 30% stronger than as-sintered specimens, which is consistent
with the surface strengthening effect and in line with previously reported values [63]. Upon LTD, the abraded specimens started to lose strength. This indicates that the LTD reduced the thickness of the effective compressive zone
by annihilating the compressive micro-residual stresses and, consequently,
diminishing the surface strengthening effect obtained with airborne-particle
abrasion. This was particularly conspicuous for the thicker samples, where
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the decrease stopped after about 144 h, when the TZD was approximately
13 µm. At this time, the heavily transformed subsurface layer was completely annihilated by the LTD, and the mean strength of airborne-particle
abraded specimens returned to the initial values measured for as-sintered
specimens. It is notable that no further decrease in thicker samples’ mean
strength was observed, although the LTD process proceeded further into the
bulk, reaching 71 µm after 480 h.
The reaction to ageing of the as-sintered specimens’ strength varied slightly.
A steep increase was followed by a slower decrease and then by stabilization near the values encountered before ageing. The gain in strength during the initial stages of LTD is interesting and has been reported previously
[63, 70]. Kohorst et al. claimed that compressive stresses due to the volume increase in t-m transformation might partly compensate for the tensile
stresses during the strength testing [70]. This strength gain is, however, much
lower than the dramatic increase observed following airborne-particle abrasion. It is unlikely that the monoclinic phase alone is responsible for the
surface strengthening following airborne-particle abrasion, even though a
monoclinic gradient has been detected under the abraded surfaces [43]. The
strengthening effect during ageing was also not consistent, since Kohorst
et al. reported a 33% strength decrease of 3Y-TZP ceramic samples in the
first 16 h of accelerated ageing, but no further mean strength reduction with
longer ageing up to 128 h [70]. The effect of LTD on bulk strength is therefore not a straightforward monotonic deterioration one might expect when
considering the linear progression of the TZD into the bulk. It is likely that
competing events of the strength-increasing t-m transformation and subsequent strength-decreasing relaxation of stresses through microcracking are
taking place during the LTD [18].
It was also suggested that, once the TZD reaches half the critical defect
size of the starting zirconia, the cracks start to grow in the microcracked
layer under stress and shift the control of strength to TZD instead of the
naturally present defects, diminishing variability [76]. A decrease in scatter
was also observed in our study, particularly in the groups aged for more
than 96 h, but the overall mean strength did not decrease below the initial
strength of as-sintered specimens. This means that no additional flaws larger
than the originally present defects were introduced into the material during
airborne-particle abrasion. With properly controlled processing conditions,
this common preparation procedure should therefore not pose a concern for
the material’s stability during clinical service, even though it damages the
surface and, potentially, opens new pathways for water penetration into the
bulk.
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To minimize the damage but still provide the required micro roughening,
it is generally recommended to use 50 µm Al2 O3 particles with a pressure
of 2.5 bar or less [27]. In this study, 110 µm Al2 O3 particles at a pressure
of 2.5 bar were used, as our previous work determined that airborne-particle
sizes of 50 µm Al2 O3 and 110 µm Al2 O3 produced a comparable strengthening effect [63]. A recent meta-analysis also showed that alumina particles
between 30 µm Al2 O3 and 110 µm Al2 O3 and pressures between 2 and 4 bar
are commonly applied and that within these boundaries, airborne-particle
abrasion increases the flexural strength [77]. More severe processing conditions, however, might harm the material by introducing larger surface flaws
[62].

Ageing effects on thinner structures

Thinner structures are likely to be more vulnerable to reduced strength and
fracture during LTD, but very few studies provide data on this aspect. Results
vary widely between Y-TZP brands, with spontaneous fractures reported in
0.2 mm thick bars after 100 h at 134◦ C for some materials, but not for other
[78, 79]. Spontaneous fractures occur because the stress state during ageing
is governed by the surface compressive stresses associated with the t-m transformation front penetrating from the surface into the bulk. Consequently, the
inner bulk is placed into tension and once the internal stress exceeds the tensile strength, fracture occurs [1]. It was estimated that the critical TZD for
spontanous fracture to occur is 1/6th of the specimen thickness [1]. After
airborne-particle abrasion, the critical TZD might be harder to predict because local transformation levels and the thickness of the transformed zones
can vary due to differences in severity and rate of mechanical manipulations
[61] and because weaker, more porous boundaries between the remnants of
the crushed granules can pose a preferential pathway for the LTD progression [1].
The extremely prolonged ageing employed in this work showed that thinner specimens were more vulnerable to the degrading effects of the LTD.
There was a slow, but statistically significant decline in their mean flexural
strength upon accelerated ageing. While the measurable decrease for ageing
times exceeding 100 h was only about 10%, these specimens spontaneously
fractured after 480 h. At this time-point, the TZD of 79 µm reached the
critical value of 1/6th of the 0.5 mm specimen thickness [1]. It is very interesting, however, that the specimens surviving 480 h still exhibited strength
values close to 900 MPa.
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The fact that more severe monotonic decrease in strength was not encountered even after prolonged accelerated ageing is somewhat surprising, but it
is important to realize that strength measured by flexure might not be very
sensitive to the presence of ageing-related microcracks as they are parallel to
the surface. Clinically, more complex loading scenarios might be expected
and strength might be more affected if the degraded materials were loaded
in a direction stressing the cracks perpendicularly, thereby directly opening
them (mode 1). In order to prevent the possible misconception that ageing
is not harmful to mechanical properties of 3Y-TZP ceramics, it must also be
emphasized that ageing invariably degrades the surface, making it more sensitive to damage by contact loading. It has been shown that after long-term
accelerated ageing, modulus of elasticity and hardness decrease considerably
[80], but the depth dependence of mechanical properties in the transformed
zone remains the subject of future studies.
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INTRODUCTION

The previous two parts of the dissertation consider ageing of 3Y-TZP ceramics in vitro when they are subjected to moisture at increased temperatures
and pressures. For reasons of speed and convenience, artificially accelerated tests have long been established as the main method for studying LTD.
They have also been accepted as the standard testing procedure [51] after the
longevity of 3Y-TZP ceramics became seriously questioned due to a series of
unprecedented failures of 3Y-TZP ceramic hip prostheses in 2001. Several
hundred femoral heads fractured soon after implantation, tarnishing the reputation of this material and resulting in mass recalls of orthopaedic implants
with 3Y-TZP ceramic heads [6, 8]. To prevent similar scenarios in dental
medicine, LTD behaviour has become more tightly controlled. According
to ISO guidelines, Xm , calculated using the method of Garvie and Nicholson [48], should not exceed 25% when aged for 5 h at 134◦ C [51]. This
was supposedly designed to represent 20 years at 37◦ C as it was claimed
that one hour at 134◦ C corresponds to 3-4 years at 37◦ C [6]. The reliability
of this extrapolation has been questioned, as several other in vitro studies
have demonstrated that the ageing process at 37◦ C is several times faster
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[21, 22, 59]. It should also be emphasized that the complexity of human
body conditions is a challenge to fully recreating in vitro, and projections
should be done with caution [81].
Published data on the actual extent of ageing in vivo are scarce and have
been limited mainly to retrieval studies from failed or explanted hip prostheses [6, 23, 82, 83, 84]. More extensive in vivo clinical studies are necessary
to better understand LTD in real time when 3Y-TZP ceramic is in contact
with body fluids. While the dental use of 3Y-TZP ceramics has so far not experienced the catastrophic failures seen in the orthopaedic surgery, the lack
of data still undermines confidence in the material when addressing increasingly challenging clinical situations. One of these is the use of monolithic
3Y-TZP ceramics in removable prosthodontics where they act as supporting materials in double crown or bar retained overdentures [85, 86, 87, 88].
Here, the 3Y-TZP ceramic primary structures are polished to a high degree
and coupled with electroformed gold secondary copings, as depicted on Figure 3.1.

Figure 3.1
In removable prosthodontics, overdentures (a) can be effectively stabilized with
monolithic 3Y-TZP ceramic primary crowns (b) coupled with electroformed gold secondary copings
(c). The outer part of the primary structures is polished (d), while the inside is airborne-particle
abraded to improve bonding to the underlying tooth.
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Lacking the protective cover of a veneer or a glaze, a much greater area of
the monolithic ceramic restoration is exposed to the aggressive environment
of the oral cavity. It is also important that monolithic technology often uses
modified 3Y-TZP ceramics with higher translucency to reduce the inherent
opacity of the material and improve the aesthetics. Better light transmittance
is achieved by decreasing the grain size, reducing the porosity and modifying the amount of dopants such as yttria and alumina [39], which are added
to control the transformability and therefore also affect the susceptibility to
ageing. If alumina content in highly translucent 3Y-TZP ceramics is reduced
below the usual value of 0.25%, its protective effect against LTD is diminished [89]. Another strategy to improve optical properties is the deliberate
introduction of a substantial amount of cubic phase by increasing the yttria
content. But although cubic Y-TZP ceramic is both translucent and ageingresistant, it is also mechanically weaker [39, 89].
Degrading environmental effects on monolithic reconstructions can also
be more pronounced because monolithic technology warrants the use of
thinner crown margins, whose degradation could sooner pose a risk for the
restoration’s integrity [1]. Extensive microcracking, roughening and wear of
the ceramic’s surface due to LTD would be of special clinical concern in the
electroforming technology, where the fit between the primary and secondary
structures is crucial for adhesion and overdenture retention. The longevity
requirements are even higher in case of dental implants where the ceramic
surfaces are in highly intimate contact with tissues. Surface degradation
through ageing could compromise osseointegration, as loose degraded particles might trigger the macrophage reaction and osteolysis [90].
Due to the uncertainties associated with LTD of pure 3Y-TZP ceramics,
alternative material solutions, especially alumina-zirconia ceramic composites, have gained momentum in the orthopaedic community [5, 7, 91]. In
contrast, the use of 3Y-TZP ceramics in dentistry is expanding and constantly addressing new indications. Real-world in vivo ageing data is needed
to ensure predictable material behaviour in the increasingly challenging clinical scenarios, also taking into account variations in processing and surface
preparation. This clinical study therefore was aimed at estimating the extent
of the LTD of 3Y-TZP ceramics in the aggressive in vivo environment of the
oral cavity, and to demonstrate the association of ageing with clinically relevant surface treatment with polishing and with airborne-particle abrasion.
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MATERIALS AND METHODS

Clinical study background

In this clinical study 3Y-TZP ceramic ageing in the aggressive environment
of the oral cavity was investigated. It was designed as a collaboration between the Department of Prosthodontics, Faculty of Medicine, University of
Ljubljana, Slovenia, and Ss. Cyril and Methodius University, Skopje, Macedonia. The study protocol consisted of inserting the ceramic specimens in
lower complete dentures worn by patients, as illustrated in Figure 3.2. The
study was granted approval by the Republic of Slovenia National Medical
Ethics Committee (approval no. 61/04/1011). All the procedures were in
accordance with the Helsinki Declaration of 1975, as revised in 1983.
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Figure 3.2 The experimental intraoral ageing device consisted of a complete denture with 3Y-TZP
ceramic specimens inserted in sublingual flanges.

The following inclusion criteria were used to select patients:
good general satisfaction with existing complete dentures based on the
Patient Denture Assessment (PDA) questionnaire [92],
personal preference and willingness to wear the dentures 24 hours a day,
no medical history that might interfere with the planned 6-month recall
during the 24-month course of the study.
The eligible patients received verbal and written explanation on the study
design and the purpose of the research. The participation was voluntary and
confirmed by signing an informed consent form. The participants agreed to
take part in a regular 6-month recall program and were free to stop participating at any time. The present series consisted of 10 volunteers (5 men and
5 women) with a median age of 64.8 years at the start of the study (range
50.1 to 70.9 years).
Preparation of the intraoral ageing devices

Ceramic materials to be incorporated into dentures were prepared from commercially available, biomedical grade 3Y-TZP granulated powder containing
3 mol% of yttria, 0.05 wt.% of alumina and 3 wt.% of an organic binder
(TZ-PX-242A, Tosoh, Tokyo, Japan). 20 specimens were dry pressed into
discs uniaxially at 150 MPa and sintered in a conventional resistance oven
at 1450◦ C for 2 h in air with heating and cooling rates of 5◦ C/min. After
sintering, the final diameter of the discs was 8 mm and their thickness 1 mm.
The relative density exceeded 99% of the theoretical value, as determined by
the Archimedes’ method, using deionized water as the immersion liquid. A
theoretical density of ρT = 6.08 g/cm3 for the tetragonal phase was used in
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the calculations. The grain size was estimated from FE-SEM images (GeminiSEM, Carl Zeiss AG, Jena, Germany) using the linear intercept procedure
based on the ASTM E112-13 standard without introducing any correction
factors [47]. The examined ceramic surfaces were mirror polished, thermally etched (1300◦ C for 30 min in air) to expose the grain boundaries and
examined without any surface coating being applied. The microstructure of
the as-sintered 3Y-TZP surface is shown in Figure 3.3. The final grain size
was 0.26 ± 0.02 µm in diameter.

Figure 3.3
1450◦ C.

SEM micrograph of the highly translucent 3Y-TZP ceramic surface sintered for 2 h at

10 ceramic specimens were mirror polished and 10 were airborne-particle
abraded with 50 µm Al2 O3 particles at a pressure of 2.5 bar, using an airabrasion unit (Basic IS, Renfert Dental, Hilzingen, Germany). After surface treatments, the specimens were cleaned ultrasonically with acetone and
deionized water.
Prior to inserting the ceramic specimens in the dentures, the necessary
space was prepared in suitably flat regions of the denture’s sublingual flanges
(Figure 3.4). Closely fitting slots were shaped using a round tungsten-carbide
bur (Edenta, Au, Switzerland) mounted in a dental laboratory handpiece (K9,
KaVo Dental GmbH, Biberach/Riss, Germany). The slots were filled with
cold-cured acrylic resin (Probase Cold, Ivoclar Vivadent, Schaan, Liechten-
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stein) and ceramic specimens then secured in place with the surface-treated
side exposed to the oral cavity. Excess resin was carefully removed from
the disc borders to prevent tissue irritation and plaque build-up. Final resin
curing was accomplished by immersing the dentures in a warm water bath
for 10 minutes. Patients reported no discomfort either at the insertion of the
newly constructed intraoral device or during the course of the experiment.

Figure 3.4 To mount the ceramic specimens in the dentures, disc-shaped slots were prepared (a)
and filled with cold-curing acrylic resin. The specimens were positioned so that the treated side was
exposed to the oral cavity (b).

Patients were instructed to wear their dentures continuously, removing
them only for daily cleaning with soapy water and a denture brush. At every 6-month recall appointment, the patients were examined to ensure they
were in good oral health and could use their dentures without difficulty. If
any denture-related lesions were visible on the mucosa, the dentures were
adjusted accordingly or relined.

Ceramic specimen analysis

At every 6-month recall appointment, ceramic specimens were removed temporarily from the dentures and submerged in 2.5% sodium hypochlorite for
10 min to remove organic debris from the surface. After rinsing, the specimens were cleaned ultrasonically in acetone, ethanol and deionized water
for 10 min to prepare them for surface characterization by XRD, FE-SEM
and AFM.
XRD patterns were collected using Cu-Kα radiation at 45 kV and 40 mA
over a range of 25 to 40◦ 2θ (X’Pert PRO X-Ray diffractometer, PANalytical, Almelo, The Netherlands). Xm was estimated using the Garvie and
Nicholson method [48].
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Scanning electron micrographs of ceramic surfaces were taken with FESEM (GeminiSEM, Carl Zeiss AG, Jena, Germany) without any surface
coating being applied.
AFM analysis was performed in the contact mode with a scan size of
10 µm × 10 µm (Dimension 3100, Veeco Instruments, Plainview, USA).
The acquired AFM data was processed with WSxM 4.0 Beta 8.1 software
[93], using three measurements to estimate the mean roughness (Ra).
When the analyses were complete, the specimens were re-inserted in the
corresponding patient’s dentures. After 24 months, the discs were removed
from the dentures and cross-sections perpendicular to aged surfaces were
prepared by FIB machining (Helios Nanolab 650, FEI, Hillsboro, USA). A
0.5 µm layer of platinum film was sputtered on the area of interest, using
the ion beam assisted gas injection system at 30 kV and 0.43 nA to prevent
the extensive curtain effect. FIB trenches were cut at 30 kV and 65 nA and
finalized by ion polishing at 30 kV and 21 nA. The transformation depth and
changes in the immediate subsurface zone were observed in situ at an angle
of 52◦ , using the electron probe at 2 kV and 100 pA.
The data on Xm and Ra were analysed statistically with linear models
using the statistics software package R 3.1.2 [50]. The significance level
was set to α = 0.05.
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RESULTS

Crystallographic characterization

Except for one participant who moved abroad after 12 months, all patients
were available to attend the 6-month recall schedule and no ceramic specimens were lost during the course of the study. XRD analyses revealed
changes in phase composition, reflecting the speed and extent of ageing in
vivo (Figure 3.5). Before ageing, polished samples were monoclinic phasefree, whereas Xm of the airborne-particle abraded samples was 2.5%.
The latter also exhibited low 2-theta angle asymmetric broadening of peak
(111)c/(101)t, reversed intensity of peaks (002)t and (110)t, and an increased
FWHM value of peak (002)t. After 24 months of ageing in vivo, the emergence of monoclinic peak (-111)m was clearly discernible in polished samples. On the contrary, very little change was observed in the XRD patterns of
airborne-particle abraded samples. The mean Xm rose to 11.9% in polished
samples and to 4.2% in airborne-particle abraded samples.
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Figure 3.5 XRD patterns obtained from (a) polished and (b) airborne-particle abraded 3Y-TZP
ceramics, before and after 24 months in vivo.
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It was shown, by statistical analysis with multivariate linear regression,
that ageing and surface treatment had statistically significant effects on Xm ,
as shown in Table 3.1. Ageing was treated as a numerical variable expressed
as months in vivo. Surface treatment was treated as a descriptive variable
with two categories - polishing or airborne-particle abrasion.
Estimate

se

t-value

p-value

Intercept

-0.145

0.17

-0.837

0.405

Ageing

0.49

0.01

41.362

<0.0001

Abrasion

2.93

0.25

11.924

<0.0001

Interaction ageing × abrasion

-0.42

0.02

-24.726

<0.0001

F =656.8 on 3 and 92 degrees of freedom, p<0.0001, adjusted R2 =0.95
Table 3.1 Linear regression analysis of the progression of Xm during ageing in vivo. Estimated
values are expressed as % per month.

The statistically significant interaction between ageing and surface treatment indicated that polished and airborne-particle abraded specimens differed in their ageing behaviour. To estimate the actual degradation rates,
further statistical analysis was conducted for polished and airborne-particle
abraded specimens separately, the results being presented in Table 3.2. Linear upward trends, increasing uniformly with exposure time, were observed
for both surface treatments, but the degradation was several times faster in
polished specimens. In the latter, the estimated Xm increase was 0.49% per
month (p<0.0001), while airborne-particle abraded specimens exhibited Xm
values increasing by 0.07% per month (p<0.0001).
Estimate

se

t-value

p-value

Polished
F =1383 on 1 and 48 degrees of freedom, p<0.0001, adjusted R2 =0.97
Intercept

-0.15

0.19

-0.752

0.456

Slope

0.49

0.01

37.194

<0.0001

Airborne-particle abraded
F =34.5 on 1 and 44 degrees of freedom, p<0.0001, adjusted R2 =0.43
Intercept

2.79

0.15

18.541

<0.0001

Slope

0.07

0.01

5.871

<0.0001

Table 3.2 Separate linear regression analyses of the progression of Xm in polished and airborneparticle abraded specimens during ageing in vivo. Estimated values are expressed in % per month.
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Ageing trends are graphically presented on Figure 3.6. While the airborneparticle abraded specimens exhibited a larger initial Xm , the degradation in
polished specimens was significantly faster.

Figure 3.6 Graphical representation of the progression of Xm during ageing in vivo. 95% confidence
intervals are indicated on the plots.

Surface morphology of polished specimens

During the course of the study, early signs of degradation of the polished
surfaces were observed with microscopy methods. Representative SEM micrographs are displayed in Figure 3.7. On non-aged specimens, residual
scratches from polishing and differences in contrast due to random orientation of the underlying grains were the only discernible surface features
(Figure 3.7a). After exposure in vivo, monoclinic variants and intergranular microcracks, consistent with ageing-related t-m transformation, started
to appear on the surface (Figure 3.7b). More conspicuous changes included
individual pulled-out grains and signs of mechanical wear (Figure 3.7c). The
remains of pores that were either already present on the surface before or exposed during polishing, were also discernible on the surface (Figure 3.7d).
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Figure 3.7 SEM micrographs of polished surfaces before (a) and after ageing in vivo (b, c, d).
(b) typical surface changes are depicted with transformed monoclinic variants (black arrows) and with
intergranular microcracks (white arrows). (c) signs of mechanical wear and a pulled-out grain are
shown. (d) A pore is displayed.
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Similar features were also observed with AFM (Figure 3.8). Initially, only
scratches associated with polishing were present on the surface (Figure 3.8a)
but, after the in vivo exposure, surface uplifts consistent with monoclinic
transformation started to emerge (Figure 3.8b).

Figure 3.8

AFM analysis of polished surfaces before (a) and (b) after ageing in vivo.

After 24 months of ageing in vivo, mean roughness had increased from
1.8 to 4.3 nm (Figure 3.9). Linear regression modelled the roughness data
well. The estimated increase in roughness in vivo was shown to be 0.1 nm
per month (p<0.0001) (Table 3.3).

Estimate

se

t-value

p-value

Intercept

2.17

0.25

8.799

<0.0001

Slope

0.10

0.02

5.584

<0.0001

F =31.18 on 1 and 13 degrees of freedom, p<0.0001, adjusted R2 =0.68
Table 3.3 Linear regression analysis of the polished specimens’ roughness during ageing in vivo.
Estimated values are expressed in nm per month.
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Figure 3.9 Polished specimens’ roughness during ageing in vivo shown with the associated linear
regression fit. Mean values with standard deviations and a 95% confidence interval are depicted.

Surface morphology of airborne-particle abraded specimens

Ageing-related surface changes on airborne-particle abraded specimens were
not clearly observable. The SEM examination revealed varied surface topography with sharp cutting grooves, cracks and broken grains (Figure 3.10).
The surface was heavily plastically deformed to begin with (Figure 3.10a)
and did not degrade noticeably after 24 months in vivo (Figure 3.10b). Pieces
of shattered alumina particles and other debris were discernible on the damaged surface (Figure 3.10c-f). The abraded surfaces’ vertical profile was
very uneven and exceeded the AFM’s Z-limit maximum value of 5 µm, so
no AFM analysis was possible on these specimens.
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Figure 3.10 SEM micrographs of airborne-particle abraded surfaces before (a) and (b-f) after ageing
in vivo. Black arrows indicate sharp cutting grooves; and white arrows, cracks in the 3Y-TZP ceramic
surface. Pieces of shattered alumina particles pieces wedged in the substrate material are indicated
by *. Differences in chemical composition are emphasized when the same scene is examined in the
energy-selective backscatter (ESB) mode (e and f).
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Depth of the transformed zone

On FIB-prepared cross-sections, direct observation of the immediate subsurface layer not masked with processing artefacts was possible (Figure 3.11).
Non-aged polished specimens exhibited a uniform microstructure with clearly
discernible grains not showing any signs of t-m transformation (Figure 3.11a).
After 24 months in vivo, ageing-related t-m transformation penetrated approximately 1 µm under the polished surface, as indicated by the white line
(Figure 3.11b). The transformed layer was about three layers of grains
thick with a few short, intergranular microcracks appearing in the upper
part, indicated by black arrows. In contrast, the airborne-particle abraded
surface was heavily plastically deformed, but the underlying grains did not
exhibit a sharply defined transformation front (Figure 3.11c). Instead, they
were distinctly altered, with cleavages and shadows resembling multiple domains. No clear signs of ageing-related t-m transformation were evident
after 24 months in vivo (Figure 3.11d). A transgranular crack spanning the
course of several grains in the immediate subsurface layer is indicated by a
black arrow.

Figure 3.11 FIB cross-sections representing the immediate subsurface region of polished (a, b)
and airborne-particle abraded (c, d) specimens before and after 24 months in vivo. The white line in
(b) indicates the degraded layer under the polished surface after exposure in vivo. Microcracks are
indicated by black arrows.
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LTD progression in vivo and its relation to accelerated ageing tests

Even though LTD remains one of the main subjects of research interest concerning zirconia ceramics, the true extent of LTD during clinical service has
long remained unexplored. It has been believed that accelerated ageing represents a suitable testing platform. Numerous studies, therefore, have reported results obtained in vitro, which confirm that exposure to autoclave
conditions promotes an increase of the monoclinic phase on the surface in a
matter of hours [94]. But while accelerated ageing provides a valuable insight into the LTD, extrapolation of these results to the clinically relevant environment might be questionable due to the multitude of applied experimental parameters and to the fact that different autoclaves yield different results,
even with the same material [21]. Moreover, as artificially accelerated ageing exposes the 3Y-TZP ceramics to increased temperatures and pressures,
the degradation process might not be directly comparable to the human body
conditions [81]. In vivo ageing data are rare, which makes this systematic
clinical study an important contribution to existing knowledge. The ageing
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process has been studied directly in the oral environment by incorporating
3Y-TZP ceramic specimens in complete dentures worn by patients. This approach enabled the ceramic specimens to be removed and examined periodically without excessive discomfort for the patients. Good patient compliance
ensured reliable monitoring of ageing-related changes in phase composition
and surface morphology. Recently, other kinds of intraoral appliances have
also been described as a means of studying ageing in vivo [95, 96]. The data
obtained with our study design constitute so far the most extensive and systematic documentation of ageing-relating changes spanning several years.
In this work, highly translucent ceramics, prepared either by polishing or
airborne-particle abrasion, have also been considered, in order to better illustrate the possible LTD challenges in the emerging monolithic technology.
These two surface treatment methods are commonly applied and are particularly relevant for 3Y-TZP ceramic primary crowns used in combination with
electroformed, gold secondary copings.
In this study, ageing has been monitored using four complementary experimental approaches: XRD, AFM, SEM and FIB-SEM. By using them together, a more complete picture of the transformation process can be achieved
[5]. Quantitative characterizations of crystallographic changes were performed with XRD, while AFM provided information on the early surface
relief changes and the associated roughness. SEM and FIB-SEM enabled
more pronounced signs of degradation such as pulled-out grains, mechanical wear and the depth of the transformed zone to be visualized. All the
methods indicate that LTD of 3Y-TZP ceramics does occur in the mouth,
but progresses at a very slow rate. After 24 months of exposure in vivo,
the mean Xm of polished samples rose linearly to 11.9%. In comparison,
Cattani-Lorente et al reported a mean Xm of 12.8% after 1 year at 37◦ C
in vitro when using a similar highly translucent 3Y-TZP ceramic [22]. Our
direct observation of FIB-prepared cross-sections confirmed that the degradation affected the immediate surface layer a few grains in depth (Figure
3.11). This is in agreement with the previously reported velocity of 0.5 µm
per year at 37◦ C in vitro determined by Keuper et al, even though they studied coarser-grained (0.7 µm), non-translucent 3Y-TZP ceramics with 0.25%
of alumina [21]. On the other hand, in a very recent in vivo ageing study
of 3Y-TZP ceramics with grain sizes of 0.8 µm, 7.7 wt.% of monoclinic
phase was reported after just 60 days of intermittent oral exposure [96]. On
the basis of these results, some comparisons of the relationship of in vivo
data with data obtained using accelerated ageing tests can be made. One of
the most widely accepted projections is that one hour at 134◦ C corresponds
to 3-4 years at 37◦ C [6], which has also served as a reference for the cur-
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rently accepted ISO standard [51]. Our in vivo study adds to the growing
body of evidence that this commonly accepted projection is an underestimate [21, 22, 59]. In this work, 2 years in vivo resulted in an Xm of 12%
which could be achieved after 6 h at 134◦ C. Thus, one hour at 134◦ C would
correspond to about 4 months in vivo, which is quite close to recent projections by Zhang et al [59]. It needs to be emphasized, however, that ceramics
with different microstructures and chemical compositions age at different
rates [97], making comparisons and true standardization difficult.
Another variable to consider is the actual surface state which varies according to the processing methods used during the production of dental
restorations. Airborne-particle abrasion extensively damages the surface, as
depicted on Figure 3.10, but the ageing effects were actually less pronounced
than those observed on polished surfaces. The initial Xm was minimal and
scarcely increased during the course of ageing in vivo. A similar constancy
of Xm values around 4.3% was reported by Cattani-Lorente et al for ground
specimens after 2 years at 37◦ C in vitro [22]. The greater ageing stability
reported after airborne-particle abrasion is in line with previously presented
findings from accelerated in vitro ageing tests [41, 44, 63, 98]. The possible reasons include grain refinement [45] and the residual stresses associated
with plastic deformation and the altered zone extending several micrometers
under the surface [98], as discussed in Part 2 of this dissertation (pages 4951). These microstructure features were also discernible in the FIB-prepared
cross-sections (Figure 3.11).
Clinical significance

While the 3Y-TZP ceramics are susceptible to ageing when exposed to the
oral cavity, the material lifetime prediction cannot be made on the basis of
the velocity of the transformation alone [21]. One of the crucial aspects
of LTD is the deterioration of the surface properties and it is well known
that ageing is associated with microcracking, roughening and a decrease in
hardness and stiffness [22, 80].
This clinical study provides direct evidence that polished surfaces change
during exposure in vivo. But, as with the previously discussed increase in
monoclinic content, the observed changes were minor. Microcracks due to
the volume expansion associated with the t-m phase transformation were
present (Figure 3.7b), but they were not pervasive and the associated nanoscale
roughening was one order in magnitude lower than the clinically relevant
5 µm-gap between primary and secondary crowns [99]. Although ageing in
vivo also resulted in more pronounced topographical changes, such as indi-
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vidual pulled-out grains and mechanical wear, these changes are probably
not sufficiently extensive to constitute clinical issues. Pores on the surface
(Figure 3.7d), are, however, of potentially greater clinical concern. While
not caused by ageing itself, pores represent both surface flaws and paths
for access of moisture to the inner parts of the material. The presence of
these intergranular pores is probably associated with the 3Y-TZP spray-dried
granules that have not completely collapsed during the final stages of powder pressing [1]. While polishing is commonly seen as a desirable method
for eliminating surface irregularities, new porous regions can always be uncovered as the pseudo-grains structure, with weaker boundaries, is present
throughout the volume of the material. Even though the ageing process is
slow, its extent might be importantly influenced by the presence of such
flaws.
In contrast to polishing, the surface morphology arising from airborneparticle abrasion was extensively damaged and did not degrade noticeably
over 24 months in vivo. The absence of monoclinic variants on the immediate surface may be related to its composition of shattered nano-sized grains,
which are thermodynamically stable on account of their small size and are
therefore not susceptible to transformation. The constraints due to residual stresses hinder the ageing process, as is visible in Figure 3.11. These
in vivo results therefore corroborate well the in vitro findings, showing that
airborne-particle abraded surfaces can be highly ageing-resistant regardless
of severe plastic deformation [98]. It needs to be emphasized, however, that
residual stresses might be relaxed during the thermal treatments that may
be applied for finalizing the monolithic 3Y-TZP restorations through colouring and glazing. Annealing is known to affect the microstructure and stress
patterns [40, 66, 100] and might also affect susceptibility to ageing.
Still, the fact that no major surface degradation was discernible in either
polished or airborne-particle abraded surfaces suggests that ageing in vivo
is not likely to constitute a potential clinical threat. However, the time span
of 24 months only offers a limited - albeit useful - insight into the ageing
process occurring during clinical service, in which dental restorations are
expected to last a decade or more. Efforts are in progress to obtain reliable
in vivo ageing data for longer time spans, but are restricted by ethical considerations and patient drop-outs. Another limitation of this study is that it
did not consider the mechanical loading that invariably occurs during clinical service. Wear and ageing were shown to have synergetic effects [101],
meaning that cyclic masticatory forces and other mechanical stresses might
accelerate the crack growth and further increase the wear rate. This proved
true for a number of failed hip prostheses with crater-like surface defects
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that release wear debris into the synovial cavity [6, 90]. On the other hand,
it must be emphasized that such degradation is not the norm and was the result of an improper sintering technique [6]. Only minor tribological changes
were recently observed for retrieved femoral heads that were reported to
have been in function for up to 10 years [84]. It is also appropriate to note
that the expected forces in the oral environment are significantly lower than
those occurring in the hip joints. The peak contact force on hip joints during
walking is about 4000 N [102], while the maximum bite force is between
600 and 1200 N [103]. Another difference is that the joint capsule forms a
sealed environment, while the mouth is an open system where any ceramic
wear debris are quickly washed away. Nevertheless, pronounced roughening
of 3Y-TZP ceramics could increase the attrition of the opposing dentition [1]
and also degrade the appearance of dental restorations, although such problems have not yet been documented clinically.
While ageing renders the surface more sensitive to damage, the actual effects on fracture behaviour and bulk mechanical strength are unknown. As
described on page 54, strength measured by flexure might not be sensitive
to a degraded surface layer, possibly because the microcracks are parallel
to the surface and not stressed in mode 1 during flexure testing [98]. This
resistance to loading is not necessarily comparable to oral conditions, where
the geometries, stress patterns and chemical environment are much more
complex. Interestingly, Miragaya et al have reported a substantial deterioration of mechanical properties in vivo, even in the absence of mechanical
loading [96]. After 60 days of intermittent oral exposure, uniaxial flexural
strengths decreased by as much as 30% [96]. The corresponding monoclinic
phase content was only 7.7%, but the authors suggested that acidic conditions might harm the mechanical properties and aggravate the degradation,
even in the absence of t-m transformation [96]. More research is needed to
support this theory and other possible explanations, for example the reliability of uniaxial test results in light of possible edge flaws introduced during
the handling of thin, beam-shaped specimens [104] should also be considered. Edge flaws on thin crown margins have been shown to be a common
reason for failure of all-ceramic crowns [105, 106, 107]. These regions experience considerable hoop stresses during mastication, but it also needs to be
emphasized that ageing can incite spontaneous fracture, even in the absence
of external loading [1]. Very thin dental restorations might be more susceptible to such failure, as was demonstrated directly in Part 2 of this dissertation
where long-term accelerated ageing of 0.5 µm thick ceramic samples is considered (page 46).
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While this clinical study shows promising results on the in vivo ageing
stability of 3Y-TZP ceramics, future in vivo study designs including occlusal
loading would further explore the LTD phenomenon and yield more robust
results on the true longevity of 3Y-TZP ceramics in the oral environment.
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In this doctoral dissertation, relationships between 3Y-TZP ceramic preparation procedures and its susceptibility to LTD both in vitro and in vivo have
been investigated.
It has been shown that sintering temperature strongly affects the grain
size together with the usually encountered transformability of 3Y-TZP dental
ceramics. The low-temperature-sintered, fine-grained ceramic exhibited an
insignificantly higher strength in the control groups and a superior LTD resistance compared to the high-temperature-sintered, coarse-grained ceramic.
However, when the two materials were airborne-particle abraded, the latter
material experienced a higher surface strengthening and a considerably improved ageing resistance. Therefore, the overall performance of the hightemperature-sintered, coarse-grained ceramic became superior in spite of its
more pronounced phase transformation during LTD [63]. This is important
in light of the increased use of fine-grained ceramics advocated for their enhanced ageing resistance and increased light transmittance required in the
monolithic technology.
Airborne-particle abrasion with Al2 O3 particles is currently the most widespread method to ensure durable bonding of 3Y-TZP ceramic dental reconstructions [27]. This dissertation contributed to a better understanding of the
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precise effects of this procedure, which greatly exceed simple roughening of
the surface. Due to the metastability of 3Y-TZP ceramics, airborne-particle
abrasion alters the subsurface microstructure and phase composition, prominently affecting both the ageing kinetics and the flexural strength.
This study has shown that changes in strength correspond well to the
microstructural and crystallographic characteristics of the immediate subsurface region. Evidence for two-step ageing kinetics in airborne-particle
abraded specimens was shown, with two separate linear trends reflecting the
different microstructures through which LTD proceeds into the bulk. Only
a very small proportion of the monoclinic structure was detected following
airborne-particle abrasion by XRD. A much deeper, approximately 10 µm
thick altered zone, was observed by FIB analysis and, also, was suggested indirectly by the significant surface strengthening and the increased resistance
to ageing [98]. This zone may be composed of constrained, partially transformed grains with the presence of considerable compressive micro-residual
stresses [61, 72]. When the stresses were relaxed through complete monoclinic transformation and microcracking during LTD, bulk flexural strength
returned to the values measured before airborne-particle abrasion. Concurrently, the speed of LTD increased to that of the rate measured in as-sintered
specimens. Even at prolonged times of in vitro ageing, the airborne-particle
abraded groups did not show strengths inferior to those of as-sintered groups.
Thinner, 0.5 mm thick, ceramic samples also reacted in a similar manner,
indicating that airborne-particle abrasion should not pose a concern for the
materials’ stability during clinical service, regardless of introducing new surface flaws. Extremely prolonged ageing showed that thinner specimens were
more vulnerable to the degrading effects of the LTD. After 480 h of accelerated ageing, the TZD of 79 µm reached a critical value of 1/6th of the 0.5 mm
specimen thickness [1], leading to spontaneous fractures not previously encountered in 1.5 mm-thick specimens.
In this work, artificially accelerated ageing was used to induce noticeable
changes in both strength and phase composition of 3Y-TZP ceramics, allowing the nature and extent of phase transformation to be studied in connection
with common 3Y-TZP ceramic preparation methods. As artificially-induced
ageing exposes the samples to increased temperatures and pressures not encountered in the human body, the actual extent of LTD during clinical use
has long remained unexplored. This study has therefore also considered the
ageing process taking place in the oral environment by incorporating ceramic samples in complete dentures worn by patients. It was shown that
LTD of 3Y-TZP ceramics does occur in the mouth, but progresses at a very
slow rate. After 24 months of in vivo exposure, Xm of polished samples
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has risen linearly to 11.9%. FIB-SEM cross-sections demonstrated directly
that the degradation was limited to the immediate surface layer a few grains
in depth. The increase in roughness of the polished samples indicated the
volumetric expansion due to the emergence of the monoclinic variants associated with LTD. Roughening was on the nanoscale, though this is unlikely to affect adversely the clinical behaviour of 3Y-TZP monolithic dental
restorations. While surface morphology after exposure in vivo also exhibited
intergranular microcracks, individual pulled-out grains and signs of mechanical wear, no major surface degradation was discernible, either in polished or
in airborne-particle abraded surfaces. The latter also showed greater ageing
stability which is in line with the findings from the accelerated in vitro ageing
tests. Generally, preparation procedures affecting the immediate surface are
likely to be the deciding factor of the susceptibility to LTD during the lifetime of a dental restoration. The detected ageing changes in vivo were, however, not sufficiently pronounced to represent potential clinical problems. A
number of important issues remain the subject of future studies, particularly
the effect of LTD on the mechanical properties of thin and complexly-shaped
specimens, and the extent of LTD when subjected to realistic loading in vivo.
However, no other aesthetic material has yet surpassed zirconia ceramics in terms of mechanical characteristics. Research is underway to address
the shortcomings of 3Y-TZP ceramics in terms of LTD, opacity and bonding. Alternative stabilizers and innovative microstructures, such as composite materials [108], cubic-enriched zirconia [89] and the emerging ”selfglazing” technology [16], will probably play a significant role in the future.
The technological development will also be aimed to simplify the workflow,
introducing faster sintering cycles [109] and novel shaping technologies,
particularly additive manufacturing [110, 111]. These technological breakthroughs should be carefully evaluated both in vitro and in vivo, keeping
in mind the crucial role of the metastability on the favourable mechanical
behaviour of 3Y-TZP ceramics. LTD, in particular, should be assessed on
realistically-shaped and loaded structures in order to obtain reliable estimations of the true longevity during the clinical service.
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Uvod

Cilj stomatoprotetične oskrbe je povrnitev funkcionalnih in estetskih lastnosti izgubljenih trdih in mehkih zobnih tkiv, izbrani dentalni materiali pa
morajo biti obstojni v agresivnem okolju ustne votline [1]. Z itrijem delno
stabilizirana tetragonalna polikristalinična keramika (3Y-TZP) je biokompatibilen, kemijsko inerten material z izjemno trdnostjo in žilavostjo [3].
Odlične mehanske lastnosti so odraz martenzitne fazne transformacije termodinamsko metastabilnih tetragonalnih zrn v stabilno monoklinsko obliko
(t-m), kar se pri sobni temperaturi zgodi pod vplivom mehanskih napetosti
(transformacijsko utrjevanje) [15].
Metastabilnost tetragonalne faze pa ima tudi slabost, ki jo poznamo kot
degradacijo materiala pri nizkih temperaturah oziroma staranje. Ko je material izpostavljen vlagi, so tetragonalna zrna na površini dovzetna za spontano transformacijo v monoklinsko obliko [17]. Proces spominja na korozijo kovin in vodi v povečanje hrapavosti površine, izpadanje zrn in nastanek
mikrorazpok, kar lahko poslabša mehanske lastnosti [6, 17, 18].
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Keramiko 3Y-TZP v stomatološki protetiki oblikujemo predvsem z uporabo tehnologije računalniško podprtega načrtovanja in rezkanja (CAD/CAM).
Pri tem ima večina delno sintranih blokov keramike 3Y-TZP enako kemijsko
sestavo in vsebuje 3 mol.% itrijevega oksida [13]. Razlikujejo se v temperaturi sintranja, ki neposredno vpliva na velikost zrn in na fazno sestavo, kar
se odraža na odpornosti proti staranju in na mehanskih lastnostih materiala
[25, 37, 38]. Finejšo mikrostrukturo v stomatološki protetiki uporabljamo
zaradi višje začetne trdnosti in boljše odpornosti na staranje, pa tudi zaradi
boljše svetlobne prepustnosti. V primeru, da želimo boljšo odpornost na
poškodbe, lahko izberemo bolj opačno, grobozrnato keramiko.
Po sintranju je zaradi usklajevanja okluzije pogosto potrebno brušenje in
poliranje keramike, peskanje z delci alumine (Al2 O3 ) pa pred cementiranjem
očisti notranje dele konstrukcij in jim poveča površino, kar izboljša povezavo
s cementi [27]. Ker pri keramiki 3Y-TZP ob mehanski obdelavi pride do
napetostno povzročene fazne transformacije, so brušene in peskane površine
plastično deformirane in pod zaostalimi napetostmi. Čeprav s temi postopki
v material vnesemo površinske napake, peskanje v splošnem poveča trdnost, ker površinsko utrjevanje prevlada nad mehanskimi poškodbami [30,
40, 41, 42, 43, 44]. Poleg tega zaostale napetosti in zmanjšanje dimenzij
poškodovanih zrn upočasnijo proces staranja [45]. To bi lahko izboljšalo obstojnost protetičnih izdelkov, izpostavljenih vlagi in cikličnim obremenitvam
pri klinični uporabi.
Staranje keramike 3Y-TZP je odvisno od temperature in je najhitrejše med
200 in 300◦ C [20], vendar v mnogo počasnejši obliki poteka tudi pri telesni
temperaturi [21, 22]. Vpliv staranja na splošno zanesljivost te keramike še
ni povsem razjasnjen, kar je pomembno predvsem zaradi nenehnega širjenja
področij uporabe. Sprva so iz keramike 3Y-TZP izdelovali predvsem ogrodja
fiksnoprotetičnih konstrukcij in na ta način nadomeščali kovinske zlitine [3].
Izgled protetičnih izdelkov je s tem postal bolj naraven, toda kljub odličnim
mehanskim lastnostim so se sčasoma pokazale druge omejitve. Ena pomembnejših je krušenje fasetirnega porcelana, kjer imajo pomembno vlogo razlike v toplotnih lastnostih porcelana in keramike 3Y-TZP [112]. Poročajo,
da v petih letih do krušenja porcelana pride pri skoraj 20% mostovnih konstrukcij z ogrodjem iz keramike 3Y-TZP, kar je več kot dvakrat pogosteje kot
pri klasični kovinsko-porcelanski tehniki [12].
Novejša oblika polnokeramične oskrbe je monolitna tehnologija, pri kateri
je celotna konstrukcija izdelana samo iz keramike 3Y-TZP brez fasetirnega
porcelana. Ta tehnologija obenem omogoča tanjše stene protetičnih sider
in bolj konzervativno preparacijo trdih zobnih tkiv. Za izboljšanje estetike
je pri monolitni tehnologiji v uporabi visoko prosojna, finozrnata keramika
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3Y-TZP, o kateri ni veliko znanega glede dovzetnosti za staranje. Monolitni
pristop se vse bolj uveljavlja tudi v snemni protetiki, kjer za sidranje protez uporabljamo tehniko dvojnih prevlek ali gredi [85, 86, 87, 88]. V teh
primerih je površina keramike neposredno izpostavljena agresivnemu okolju
ustne votline. Posledice staranja, kot sta povečanje hrapavosti in nastanek
mikrorazpok, bi lahko ogrozile integriteto in retencijo konstrukcij.
V disertaciji smo želeli preveriti hipotezo, da je dovzetnost keramike 3YTZP do staranja odvisna od temperature sintranja in s tem povezane velikosti
zrn. Želeli smo tudi preveriti hipotezo, da ima peskanje velik vpliv na obstojnost te keramike tako in vitro kot in vivo, in prikazati dejanski obseg staranja
visoko prosojne keramike 3Y-TZP v ustni votlini.

Metode in materiali

V prvem delu smo z uporabo dveh različnih temperatur sintranja (1400◦ C
ali 1500◦ C) pripravili keramiki s finozrnato in grobozrnato strukturo. Njuno
dovzetnost do transformacije smo ovrednotili z merjenjem deleža monoklinske faze (Xm ) in dvoosne upogibne trdnosti. Eksperimentalni protokol s
popolnim križanjem na 180 vzorcih je obsegal tri protokole peskanja (intaktni, 50 µm, 110 µm) in tri čase pospešenega staranja pri 134◦ C (0 h, 12 h,
48 h). Podatke smo analizirali s trosmerno analizo variance.
V drugem delu smo preučevali pospešeno staranje v daljših časovnih intervalih, s čimer smo natančneje spremljali odnose med staranjem, trdnostjo in
spremembami površinske plasti pri intaktnih in peskanih vzorcih. Pripravili
smo 400 vzorcev dveh različnih debelin (1,5 mm ali 0,5 mm) in jih pospešeno
starali do 480 h. Kinetiko staranja smo ocenili glede na podatke o trdnosti,
Xm in debelini transformirane plasti (TZD), pri čemer smo uporabili segmentno linearno regresijo. Spremembe površinske plasti smo opazovali z
vrstičnim elektronskim mikroskopom, opremljenim s fokusiranim ionskim
snopom (FIB-SEM).
V tretjem delu smo izvedli klinično raziskavo staranja keramike 3Y-TZP
visoke prosojnosti v agresivnem okolju ustne votline, za kar smo pridobili
soglasje Republiške komisije za medicinsko etiko (št. soglasja 61/04/1011).
10 poliranih in 10 peskanih vzorcev smo vgradili v lingvalna krila spodnjih totalnih protez prostovoljcev, ki so jih neprekinjeno nosili 24 mesecev.
Paciente smo spremljali v 6-mesečnih časovnih intervalih, ko smo vzorce
začasno odstranili iz protez in jih analizirali z rentgensko difrakcijo (XRD),
SEM ter mikroskopijo na atomsko silo (AFM). Pri statistični analizi podatkov o Xm in hrapavosti smo uporabili linearne modele.
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Rezultati

Pokazali smo, da temperatura sintranja močno vpliva na transformabilnost
keramike 3Y-TZP, ki jo lahko pričakujemo pri uporabi v stomatoprotetične
namene. Finozrnata keramika je bila v primerjavi z grobozrnato pred peskanjem nekoliko trdnejša in bistveno odpornejša na staranje, vendar je grobozrnata keramika ob peskanju prikazala večji prirastek k trdnosti in pomembno izboljšano odpornost na staranje. V splošnem je grobozrnata keramika
torej prikazala boljše mehanske lastnosti kljub večji dovzetnosti za staranje.
To spoznanje je pomembno glede na vse večji pomen finozrnatih keramik v
monolitni tehnologiji, kjer je poudarek predvsem na prosojnosti in inherentni
odpornosti na staranje.
Peskanje je uveljavljen način priprave površine keramike 3Y-TZP pred cementiranjem stomatoprotetičnih izdelkov. Ta disertacija prispeva k boljšemu
razumevanju posledic peskanja, ki močno presegajo preprosto povečanje
hrapavosti. Peskanje pomembno spremeni fazno sestavo in mikrostrukturo
področja neposredno pod keramično površino, kar vpliva tako na kinetiko
staranja kot na upogibno trdnost. V disertaciji je prikazano, da spremembe
trdnosti dobro korelirajo z mikrostrukturnimi in kristalografskimi značilnostmi območja pod površino. Dokazali smo dvofazno kinetiko staranja
po peskanju, pri čemer dva ločena trenda odražata področji z različnima
mikrostrukturama, skozi kateri staranje prodira v notranjost materiala.
Po peskanju v materialu ni bilo prisotne veliko monoklinske faze, vendar
smo z analizo FIB pod površino dokazali obstoj mnogo obsežnejšega, približno 10 µm globokega spremenjenega področja, ki sta ga posredno nakazovala tudi visok porast trdnosti zaradi površinskega utrjevanja in povečana
odpornost na staranje. To območje bi lahko bilo sestavljeno iz delno transformiranih zrn, obremenjenih s tlačnimi napetostmi. Ko se napetosti med
popolno monoklinsko transformacijo ob staranju sprostijo z nastankom mikrorazpok, se upogibna trdnost spet približa vrednostim, izmerjenim pri intaktnih vzorcih. Sočasno se tudi hitrost staranja poveča do vrednosti, izmerjene
pri intaktnih vzorcih. Zelo pomembno je, da trdnost peskanih vzorcev tudi
pri zelo dolgih časih staranja ni padla pod trdnost intaktnih vzorcev, in da so
na podoben način reagirali tudi tanjši, 0,5 mm debeli vzorci. To nakazuje,
da peskanje ne ogrozi obstojnosti keramike 3Y-TZP, čeprav je njena površina
pri tem poškodovana. Pri zelo dolgih časih se je izkazalo, da so tanjše strukture občutljivejše na škodljive učinke staranja. Po 480 h je TZD dosegla
79 µm, kar je preseglo kritično vrednost ene šestine debeline 0,5 mm debelih
vzorcev in povzročilo spontane zlome tako intaktnih kot peskanih vzorcev,
do česar pri debelejših vzorcih še ni prišlo.
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Z umetno pospešenim staranjem smo dosegli opazne spremembe v trdnosti in fazni sestavi keramike 3Y-TZP, kar je omogočilo preučevanje lastnosti in obsega fazne transformacije v povezavi s pogostimi načini priprave.
Ker pa umetno staranje izpostavi vzorce povišanim temperaturam in tlakom,
ki niso značilni za človeško telo, je dejanski obseg staranja med klinično
uporabo dolgo ostajal neznanka. V okviru doktorskega dela smo zato preverili tudi ta vidik, tako da smo izvedli klinično študijo z vgraditvijo keramičnih
vzorcev v totalne proteze prostovoljcev. Prikazali smo, da staranje keramike
poteka tudi v ustni votlini, vendar napreduje zelo počasi. Po 24 mesecih se
je Xm na poliranih vzorcih povzpel do 11,9%, na peskanih pa do 4,2%. Z
metodo FIB-SEM smo potrdili, da je degradacija prizadela nekaj zrn debel
površinski sloj. Sočasno se je povečala tudi hrapavost poliranih površin,
kar ustreza volumskemu raztezku ob pojavu monoklinske faze. Ker pa je
povečanje hrapavosti ostalo na nano ravni, ni verjetno, da bi lahko samo po
sebi kvarno vplivalo na klinično uspešnost monolitne keramike 3Y-TZP.
Zaključki

Postopki priprave keramike 3Y-TZP so pomemben dejavnik pri njeni obstojnosti in mehanskih lastnostih. Temperatura sintranja vpliva na velikost
zrn in s tem povezano dovzetnost do transformacije, kjer je grobozrnata
keramika v splošnem prikazala ugodnejšo kombinacijo obstojnosti in mehanskih lastnosti. Peskanje je povzročilo kompleksne spremembe pod površino,
ki so pozitivno vplivale tako na mehanske lastnosti kot na odpornost proti
staranju. Slednje smo potrdili tudi v raziskavi in vivo, kjer pa s staranjem povezane spremembe površine še niso bile dovolj izrazite, da bi lahko
predstavljale nevarnost pri klinični uporabi. Z nadaljnjim razvojem lahko
pričakujemo pojav novih tehnik priprave in modificiranih različic cirkonijeve
oksidne keramike, pri čemer bo zanesljivost v kliničnem okolju ključnega
pomena.
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66. Kosmač T, Dakskobler A, Oblak Č, Jevnikar P. The strength and hydrothermal stability of
Y-TZP ceramics for dental applications. Int J Appl Ceram Tec 2007;4(2):164–174.
67. Hasegawa H. Rhombohedral phase produced in abraded surfaces of partially stabilized zirconia
(PSZ). J Mater Sci Lett 1983;2(3):91–93.
68. Virkar AV, Matsumoto RLK. Ferroelastic domain switching as a toughening mechanism in
tetragonal zirconia. J Am Ceram Soc 1986;69(10):C–224–C–226.
69. Muggeo V. Segmented: an R package to fit regression models with broken-line relationships.
R News 2008;8(1):20–25.
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Electroplated telescopic retainers with zirconia primary crowns: 3-year results from a randomized clinical trial. Clin Oral Investig, in press. DOI: 101007/s00784-017-2067-5
89. Zhang F, Inokoshi M, Batuk M, Hadermann J, Naert I, Van Meerbeek B, Vleugels J. Strength,
toughness and aging stability of highly-translucent Y-TZP ceramics for dental restorations.
Dent Mater 2016;32(12):e327–e337.

“Doktorat˙14” — 2017/6/28 — 10:05 — page 100 — #122

100

REFERENCES

90. Chevalier J, Gremillard L. Ceramics for medical applications: A picture for the next 20 years.
J Eur Ceram Soc 2009;29(7):1245–1255.
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