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ABSTRACT
Because of their outstanding mechanical properties, chemical stability, and biocompatibility, 3-
mol % yttria-stabilised tetragonal zirconia polycrystals (3Y-TZP), known as zirconia ceramics in
dentistry, are an important choice for various types of prosthesis. In addition to extensive use for
crown and bridge construction, considerable interest has been generated for applications in
implant dentistry, including full-contour zirconia crowns as supra-constructions, zirconia
abutments, and novel zirconia implants. However, their use among dentist and researchers is
controversial, especially compared with the well-established implants made of titanium
alloys. As a latecomer, the merits and limitations of 3Y-TZP are awaiting careful investigation.
Design, manufacturing, and clinical operation guidelines are urgently needed. The aim of this
review was to address the present status of the application of zirconia ceramics related to
implant dentistry by analysing the published data from both in vitro and in vivo studies.
Suggestions are provided for potential improvements and suitable applications of zirconia
ceramics in metal-free implant dentistry.
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Introduction

Since Branemark et al. [1] inserted the first titanium
screw implant in a patient in 1965, titanium has been
established as the preferred metal for dental implants.
In the past 50 years, the use of titanium dental implants
has been well-documented, with high survival and suc-
cess rates. Titanium dental implants consist of roughly
97% of the total dental implant material market. Com-
bined with titanium implants, metal abutments, and
metal ceramic crowns are also applied to implant res-
toration. However, with more and more applications
of this kind of implant system, concerns have been
raised in relation to the use of metals.

Titanium hypersensitivity [2–5] is a growing con-
cern. Sicilia et al. [6] reported that the prevalence of
titanium allergy in 1500 dental implant patients was
about 0.6%, which may induce implant failure by inhi-
biting implant integration. Although titanium allergy is
uncommon, the appearance of significant compli-
cations in particularly sensitive patients cannot be dis-
regarded [7]. The accumulation of metal ions in the
vicinity of dental and in regional lymph nodes has
been verified, despite the excellent corrosion resistance
of titanium. Poor aesthetic results are another problem
of titanium implants and abutments (Figure 1). The
metallic colour cannot be fully hidden by the soft tissue
peri-implant, which induces a greyish appearance,

especially for patients with thin soft tissue [8–10]. It
has been demonstrated that over 60% of cases showed
a colour mismatch between single implant restoration
and natural tooth gingiva [11]. After gingiva recession,
the titanium implant becomes exposed [11,12]. More-
over, the release of metal ions could induce discolour-
ation of gingiva after implantation in a slow and
continuous way, leading to dissatisfaction with the
long-term aesthetic results.

Although an appearance matching that of standard
gingiva can be achieved by a bone-level titanium
implant with a ceramic abutment, a metal-free implant
system in which all parts are made from ceramics,
without the potential hypersensitivity risk and using
a material very similar to bone, is of particular interest.
The 3 mol % yttria partially stabilised tetragonal zirco-
nia (3Y-TZP), known as zirconia in dental appli-
cations, is the strongest and toughest material in the
field of dental ceramics. It has high flexural strength
ranging from 900 to 1200 MPa and fracture toughness
of about 8–10 MPa m1/2. These properties suggest that
zirconia has great potential for applications in implant
dentistry [13], although many doubts have been raised
concerning the feasibility of its clinical application. In
this paper, we systematically review the published lit-
erature on zirconia ceramics related to their application
as implants, abutments, and restorations. It is hoped
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that our detailed analysis of the properties and
especially the failures observed during in vitro and in
vivo studies will inspire the development of improved
material properties, the optimisation of manufacturing
and clinical operation procedures, and establish the
long-term success of zirconia ceramics in implant
dentistry.

Zirconia as dental implants

The first ceramic implant, made of alumina, was devel-
oped to solve problems caused by metal implants. It
was called the Tübingen implant and was introduced
in 1974. Although it showed excellent biocompatibility
and plaque adhesion properties, the alumina implant
was withdrawn from the market because of frequent
fractures and a poor survival rate [13]. Zirconia has
much better mechanical properties than alumina, and
the first zirconia implant system (the Z-system®) was
developed by Volz [14]. It initiated the application of
zirconia ceramics in implant dentistry.

The white colour of zirconia will not impair the aes-
thetic appearance even when gingival recession occurs
or in the case of very thin gingiva [9]. Carinci et al. [15]
conducted a genome-wide expression analysis and
found that zirconia can modulate immunity, which
means a low level of immunity reaction. Zirconia was
successfully used as a substitute for titanium in patients
who exhibited hypersensitivity after titanium implan-
tation [16]. Zirconia implant systems have additionally
demonstrated good integration ability with both hard
and soft tissues. Various surface modifications of zirco-
nia implants can improve osteoblast cell attachment,
differentiation, and bone–implant contact [17]. The

three main strategies applied to date are surface rough-
ening, surface coating with active compositions [18,19]
to change the bio-inert surface to a bio-active one, and
decreasing surface contamination to increase surface
hydrophilicity. The application methods include sur-
face treatments by acid-etching [20], oxygen plasmas
[21], ultraviolet irradiation [22,23], or hydrogen per-
oxide [24]. Figure 2 shows that a much rougher surface
can be generated from an already rough surface of zir-
conia implants formed by traditional computer
numerical controlled milling. Many studies have
revealed that zirconia implants can establish similar
or even better osseointegration than titanium implants.
Schultze-Mosgau et al. [25] and Dubruille et al. [26]
observed higher bone-to-implant contact ratios with
zirconia than with titanium implants. Peri-implant
bone volume density was superior with submerged zir-
conia implants than that with titanium implants [27].

Soft tissue integration is very important to the stab-
ility of the peri-implant tissues and the prevention of
peri-implantitis. In vitro, zirconia showed reduced bac-
terial colonisation, plaque accumulation, improved
fibroblast attachment and growth, and reduced inflam-
mation response, which indicated good soft tissue inte-
gration [28]. Medeiros et al. [29] reviewed the peri-
implant soft tissue in contact with zirconia abutments;
the results revealed gingival soft tissue attachment. The
bacterial attachment and biofilm formation and the
healthy condition of the gingiva were found to be com-
parable or superior to those of a titanium abutment.
Linkevicius et al. [30] reviewed the influence of abut-
ment material on the stability of peri-implant tissues
in 182 patients. They showed that a zirconia abutment
could maintain an equivalent bone level and soft tissue

Figure 1. Aesthetic problems caused by titanium implants. (a) Gingiva appears greyish when the titanium implant is covered by
relatively thin soft tissue. (b) Greyish implant is exposed after gingiva recession.

Figure 2. Two types of surface microstructural features of zirconia implants (magnification ×2000). (a) Surface roughened by sand-
blasting with 110-μm alumina particles at 4-bar pressure. (b) Porous surface developed by sintering coarse zirconia particles.
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reaction to those of titanium, gold, and alumina abut-
ments. Clinical follow-ups of 1121 patients also indi-
cated that zirconia abutments had similar biological
outcomes compared with titanium abutments, namely,
the plaque index, probing bleeding index, and tissue
health were the same. Furthermore, the zirconia abut-
ment showed less soft tissue recession compared with
the titanium abutment [31,32].

Titanium implant is traditionally designed as a
two-piece system: bone-anchored body part and abut-
ment are manufactured separately. They are screwed
together after implant insertion or even after the estab-
lishment of osseointegration. A similar two-piece zir-
conia implant system has been developed (Figure 3)
[33,34]. The two zirconia parts, namely, the abutment
and the implant, are adhered together. However,
once a zirconia abutment fails, it is difficult to remove
from the implant or repair. The fabrication of the two
ceramic parts with high precision is a technical chal-
lenge because of the brittleness of the ceramic. A gap
present between the body part and the abutment
increases the risk of bacterial accumulation and thus
increases the risk of peri-implant inflammation reac-
tion and bone loss [35]. Therefore, this kind of con-
struction does not prevail in the marketplace.

The zirconia implants discussed below are one-piece
systems in which the bone-anchored body and abut-
ment are fabricated as an integrated unit (Figure 3).
The static fracture strength of a one-piece zirconia
implant ranges from 725 to 850 N, which is within
the limits of clinical acceptance [36]. Fatigue does not
influence the lifetime of ceramic implants at loads
under 600 N [37]. In a 4-year follow-up study of the
combination of one-piece zirconia implants and
crowns, no failures, such as pain, paresthesia, and
peri-implantitis, were reported [38]. Nevertheless,
Depprich et al. [39] reviewed the available clinical

data on zirconia implants published between 2006
and 2011 and found that the survival rates of such
implants ranged from 74 to 98% after 12–56 months,
and the success rates ranged from 79.6 to 91.6% after
6–12 months of function. Koller et al. [40] reported
survival rates of titanium implants ranging from 97
to 100% after 3–10.4 years. These data suggest that
the reliability of zirconia implants is currently inferior
to that of titanium implants. The main failure modes
are early implant loss and fracture. Excessive bone
loss is also observed in zirconia-restored cases.

Implant loss and fracture

Osman et al. [41] reported a fracture rate of zirconia
implants of 4.1% after 1 year. A similar percentage
(5.4%, two of 37 cases) of one-piece zirconia implants
fractured during the final torquing in the maxillary
ridge using the prescribed hand torque wrench [42].
Fracture during the torquing and functioning may be
related to the design of the implant and its operation.
Zirconia is strong under compressive stress, but it is
sensitive to shear and tensile stresses. The greater the
angle between the biting force direction and the
implant axis, the greater the shear stresses and an
enhanced risk of zirconia implant fracture [41–43].

The strength of zirconia is process-sensitive and can
be easily deteriorated by any defects introduced during
the entire processing chain, for example, powder gran-
ulation, dry-pressing, machining, and surface treat-
ments [44]. The primary defects include bulk defects
such as voids and hard aggregates, surface defects
such as notches, scratches, and cracks, and local stress
concentrations induced by phase transformations.
These defects can be exacerbated by environment con-
ditions and clinical function, which will lead to

Figure 3. Zirconia implant systems. The two at the left are zirconia abutment and zirconia implant bodies, which can be adhered
together as a two-piece zirconia implant system. The two at the right are different designs of one-piece zirconia implants.
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mechanical overloading or crack growth during chew-
ing loads, and finally cause fracture of the implants
[45].

The clinical study by Dahlert et al. agreed with this
finding [43]. They reported that the fracture rate of
one-piece zirconia implants was nearly 10%, where
13 of 170 inserted implants fractured with an average
in situ period of 36.75 ± 5.34 months. Among the failed
implants, 12 of them were diameter-reduced implants
(3.25 mm in diameter), which were too thin to with-
stand high loads. The other case was an implant having
a normal diameter, but the patient was suffering from
bruxism. All failures were mechanical overloading by
bending forces. The origin of the fracturing was sand-
blasting-induced surface defects and stress concen-
trations. Therefore, it is important to improve the
manufacturing processes to reduce serious defects.
Suitable indications and designs are also needed.

Excessive marginal bone loss

Kohal et al. conducted two 1-year prospective cohort
studies on one-piece zirconia implants. When a zirco-
nia implant was used to replace a single tooth, the aver-
age marginal bone loss was 1.31 mm after 1 year
among 65 patients, 34% of which was at least 2 mm,
and 14% of which was more than 3 mm [46]. In
another study, when zirconia implants supported a
three-unit fixed dental prosthesis, the average marginal
bone loss was 1.95 mm after 1 year. In 40% of the cases,
the bone loss was more than 2 mm, and in 28% cases
the bone loss was more than 3 mm, which was more
serious than for the single-tooth implantation [47]. In
another study conducted by Borgonovo et al. [38], a
high marginal bone loss of 1.79 mm was also observed
during the first year after implant insertion. However,
some new bone formation was evident at 12–24
months, and the marginal bone level remained stable
in the following 2 years.

This phenomenon might be ascribed to four factors:
surface roughness of the implant, the elastic modulus
mismatch between the zirconia implant and natural
bone, the shape of the implant, and the torque used
during insertion. First, the surface roughness of zirco-
nia implants is always lower than that of titanium
implants for a given surface treatment. A moderately
rough surface is beneficial for osseointegration;
hence, zirconia implants with smooth surfaces might
integrate relatively weakly with bone tissues, which
would further lead to high marginal bone loss [41].
Second, the elastic modulus of 3Y-TZP is 210 GPa,
compared with 104 GPa for titanium and 18 GPa for
human bone. Theoretically, the greater the discrepancy
between the elastic modulus of the implant material
and the bone tissue, the higher the stress concentration
in the peri-implant bone; this may induce more mar-
ginal bone loss [44]. However, this hypothesis has

been questioned. A finite element analysis showed
that there was no significant difference of the stress–
strain distribution between zirconia and titanium
implants supporting maxillary overdentures [48]. Sev-
eral studies reported similar stress distributions of the
stress level in bone and in implants at the bone/implant
interface for zirconia and titanium implants [49–52].
The third possible reason might be the tapered form
of the implant or residual cement irritation [35].
Finally, frequently increased bone loss may result
from overtorquing during insertion. A high stress con-
centration at the neck of the implant would lead to
bone trauma and loss [46].

Zirconia as dental abutment

As the transmucosal component in the implant system,
the abutment is exposed to the oral cavity directly or
indirectly. Therefore, its appearance has a major
impact on the aesthetics. Using zirconia abutments
has indeed improved the aesthetics. In an 11-year fol-
low-up study of zirconia implant abutments, Zembic
et al. [53] reported excellent long-term outcomes in
anterior and premolar regions. As noted above, a zirco-
nia abutment is rarely applied separately when a zirco-
nia implant is chosen. However, because of its
important aesthetic effect and the frequent application
with titanium implants, the issues related to the com-
bined titanium implant–zirconia abutment appli-
cations are discussed below.

Structural design

Zirconia abutments are available in two basic designs.
The first is a one-piece abutment (Figure 4), in which
all parts are made of zirconia in a unit and the abut-
ment is connected to the implant directly. The other
design is the two-piece abutment introduced by Brod-
beck [54] (Figure 5), which includes a secondary met-
allic component as the connecting part. The zirconia
structure is adhered to the metallic component and
then mounted onto the implant. Many studies have
verified that the fracture strength of two-piece abut-
ments is higher than that of the one-piece design
[55–57]. The fracture of the one-piece zirconia abut-
ments always occurs under relatively low loads and
before damage or plastic deformation of the screw or
implant [56,58]. In an 11-year follow-up study, no
one-piece zirconia abutment fractured, but two screws
loosened [53]. This was considered as a drawback of
the external hexagon implant system. Meanwhile,
severe wear between a zirconia abutment and titanium
implant could induce loosening of the abutment con-
nection, which could further increase the wear between
the abutment and implant. Furthermore, the titanium
wear debris may induce peri-implant gingivitis, gingiva
discolouration, or marginal bone adsorption.

4 J. HAN ET AL.



Metal has a higher ductility than zirconia and can
withstand higher tensile forces through elastic defor-
mation. Therefore, deformation of the metallic parts,
sometimes followed by abutment fracture and screw
loosening, is the main fracture mode of two-piece abut-
ments [56]. Meanwhile, a metallic part will protect the
interface between the abutment and implant from
serious wear, especially when micromotion is present
[59]. For two-piece abutments, the interface between
the zirconia and metallic parts is the weak link. Gehrke
et al. [60] noted that complete adhesive failure was the
main failure mode of a two-piece abutment, leaving the
detached zirconia coping and the titanium insert unda-
maged. Although this finding has not been frequently
verified in a clinical context, it indicates that the resin
cement should be carefully chosen and adhesion opti-
mised under laboratory conditions [61].

Rosentritt et al. [61] believed that the weakest point
is not the bonding connection but rather the design of

the connecting parts. Generally, the type of connection
can be divided into the external connection and the
internal connection. With the external connection sys-
tem, there is an external anti-rotation mechanical
structure on the implant shoulder for connecting the
abutment. With the internal connection system, the
connection formed through inserting the extending
part of the abutment into the interior of the implant.
The internal connection is more popular than the
external one because it better distributes the load and
thereby provides higher fracture strength [56,62]. In
the internal connection system, the abutment connec-
tor can have various geometries, including hexagonal,
octagonal, and conical (Morse taper) shapes. Schmitt
et al. performed a careful review of the performance
of these connections [63]. Although there was no sig-
nificant difference among them in terms of implant
success and survival rate in in vivo studies, several
advantages have been found for the conical design.

Figure 4. One-piece zirconia abutment for titanium implants. (a) All components have a direct connection via a tightening screw of
the one-piece zirconia abutment to the titanium implant. (b) (c) A photograph and an SEM image of the cross-section of the one-
piece zirconia abutment/titanium implant system connected by a central screw. Misfit at the interface between the zirconia abut-
ment and the titanium implant is evident.

Figure 5. Two-piece zirconia abutment for titanium implants. (a) The two components of the two-piece zirconia abutment: the
metallic titanium base and the zirconia superstructure. (b) The two components were glued together as a unit, which is then con-
nected to the titanium implant with a central screw. (c) Computer-aided design of a customised two-piece zirconia abutment.
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Conical connection systems seem to be good at bac-
terial sealing, inhibiting micromotion, resisting torque
loss, and reducing abutment screw stresses and load
distribution. A 12-year follow-up study of zirconia
abutments with different connection designs showed
that both survival and success rates of standard plat-
form abutments were higher than those of platform
switching abutments [64]. For the platform switching
design, there is abutment fracture risk because the
thickness of the abutment is reduced. However, there
remain many opposing views, warranting additional
scientific studies and clinical tests.

Thickness and angulation

Aboushelib and Salameh [65] reviewed several clinical
fracture cases of zirconia implant abutment. Two abut-
ments fractured because of over-reduction of the axial
walls. Additionally, rotational load fatigue testing per-
formance of zirconia abutments is dependent on the
abutment diameter [66]. To resist the applied func-
tional loads, the minimal wall thickness should not
be reduced beyond 0.5 mm. For the one-piece zirconia
abutment, when the abutment is sufficiently thick (i.e.
>0.7 mm), further increasing the thickness will not
further increase the strength [67]. However, for the
two-piece zirconia abutment, strength and thickness
are positively correlated [68]. From this perspective,
insufficient thickness may be a deficiency of the
internal connection abutment. In Ferrari’s study [69],
for same-diameter implants, the thickness of the zirco-
nia abutment with the internal hexagonal connection
was limited to 177–370 μm, but the thickness of the zir-
conia abutment with the external hexagonal connec-
tion was about 1 mm, which is thick enough to resist
torque stress to 25 N cm−1 as well as occlusal stresses.

One important function of angulated abutments is
to adjust the direction of the implant for the final res-
toration. Concerning one-piece zirconia abutments,
angulated ones had lower fracture strength than
straight designs [67]. Compared with the buccal side,
tilting the implant apex to the lingual side significantly
reduced the strength of the angulated zirconia abut-
ment because the lingual surface could better withstand
tension during loading. Decreasing the angle between
the occlusal force and the long axis of the implant low-
ers the fracture strength [70]. However, for the two-
piece abutments, the results were opposite: the angu-
lated abutments exhibited higher strength than the
straight ones at the same thickness [68]. One possible
explanation for this is differing force distributions in
the two abutment systems.

Manufacturing processes

Two kinds of one-piece zirconia abutment, the prefab-
ricated ones and the custom-made ones, are available.

The former designs are uniform and standardised,
but if the position or angulation of the fixture is not
appropriate or if the height of the surrounding soft tis-
sue is insufficient, this fully dense abutment is difficult
to grind. Material loss and defect generation will
further reduce the fracture strength [71]. Custom-
made zirconia abutments are fabricated according to
individual models. The model or implant fixture in
the mouth is digitised and the abutment is digitally
designed to take into account the occlusion/angula-
tion/emergence profile and provide room for the final
aesthetic restoration.

Both customised and prefabricated standard zirco-
nia abutments have comparable fracture strengths
[72]. The strength is sufficiently high to restore anterior
teeth, but more attention should be paid when the
abutment is located in the posterior area [73].

Park et al. [74] found that the abutment/implant
interface was the weakest area of one-piece zirconia
abutments. A microgap in this region cannot always
be completely avoided. An irregular or large microgap
can lead to mechanical and biological injury, such as
screw loosening or fracture, bacterial accumulation,
and peri-implant bone deficiency [75]. Titanium and
zirconia abutments were reported to have similar initial
leakages, but after 195 h the leakage for zirconia abut-
ments was almost nine-fold higher [76]. Several studies
reported that the dimensional accuracy of customised
abutments is inferior to that of prefabricated ones
[72,74,77]. Microgap at the customised abutment–
implant interface is larger than that at the prefabricated
abutment–implant interface. Although a microgap is
clinically acceptable, the precision of the design and
processing should be further improved to strengthen
this weak region. For the customised two-piece zirconia
abutment, the misfit problem is less obvious because
the connecting metallic part is prefabricated.

Abdelhamed et al. [76] reported a clear correlation
between torque and microleakage for zirconia abut-
ments. Higher applied torque can effectively reduce
the microgap between the zirconia abutment and the
implant and thereby reduce the risk of microleakage
and inflammation [76,78,79]. Rosentritt et al. [61]
suggested that sufficiently high torque moments and
early re-screwing in a clinical context be used to reduce
the microgap and risk of screw loosening. More atten-
tion should be paid when tightening a zirconia abut-
ment than a titanium one; Carrillo reported two
zirconia abutments that fractured when tightened at
the required torque [80].

Zirconia abutments are typically manufactured by
manual copy-milling and computer-aided milling.
The raw material can be presintered blocks or green
bodies. Injection moulding has also been used to obtain
parts having excellent strength. Yang et al. [81] pro-
duced one-piece zirconia abutments by this technique
and loaded them with forces from different angles to
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simulate the real fracture risk of anterior teeth. They
found that zirconia abutments with titanium implants
are sufficiently strong for clinical application.

Full-contour monolithic zirconia
restorations

The initial application of zirconia in dentistry was to
replace metal as copings. However, a major issue
occurred as porcelain-fused-to-zirconia restorations
became increasingly applied in clinical settings. Chip-
ping of veneering porcelain frequently occurs and it
is the primary cause of restoration failure. Full-contour
monolithic zirconia restorations without veneer
(Figure 6) were proposed as a possible solution to
this issue [82]. In metal-free implant dentistry, full-
contour zirconia restorations may have more opportu-
nities than previously. However, concerns remain for
the application of zirconia as material for full-contour
restorations. The issues mainly relate to the following
three aspects: (1) aesthetics, (2) wear, and (3) long-
term reliability.

Aesthetics

To mimic the natural look of teeth, two important opti-
cal effects should be reproduced: colour and translu-
cency. In 1998, Cales [83] proposed that zirconia
ceramics could be coloured by doping with special
transition metal and rare-earth oxides to reproduce

the colour of natural teeth. The most common method
is to dip presintered zirconia crowns into the staining
solution. The final colour appears after drying and
complete sintering [84]. However, the final colour
always varies because of the influence of many factors,
including the porosity of the zirconia blocks [85], con-
centration of the colouring liquid [84], immersion time
[86], and sintering temperature [87]. The colour differ-
ence cannot be distinguished before sintering, so the
dental technician cannot adjust it during the processing
procedure. Thus, precise colour reproduction is very
challenging by this approach. The zirconia microstruc-
ture is also affected by the colouring oxides. The pig-
ments may segregate inside the grain boundaries or
deposit on the outer surface of the products, yielding
elongated grain structures, surface lifts, and numerous
small pores [88]. These changes are detrimental to the
strength, and can occur especially when the concen-
tration of the dipping solution is high [89–91] or the
shading time is prolonged [91]. An alternative colour-
ing method is to dope zirconia powders or blocks
directly with metal oxides. This can be done at the
industrial scale with good colour precision, and
coloured zirconia blocks are readily available.

Translucency is the second most important charac-
ter of natural teeth. Heffernan et al. [92] and Chen et al.
[93] studied the translucency of several all-ceramic sys-
tems. Zhang [94] analysed the factors affecting the
translucency of zirconia in detail, and suggested that
a nanocrystalline structure was needed to enhance

Figure 6. Full-contour zirconia crown supported by an implant (Erran Self-glazed Zirconia®). (a) A screw-retained monolithic zirconia
crown. The hole provides a pathway to inspect and tighten the screw even after restoration. (b) A customised crown/abutment
construction. It will be adhered to a secondary metallic base and then connected to the implant.

Figure 7. SEM images revealing (a) the gradient structural features of Erran Self-glazed Zirconia® and (b) the surface of a conven-
tionally milled zirconia, which does not have a gradient structure.
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the density, eliminate pores, and provide translucency.
Matsuzaki et al. [95] produced monolithic translucent
zirconia having translucency comparable to that of
porcelain. In addition, Klimke et al. [96] successfully
developed transparent zirconia with very high in-line
transmission, which would completely satisfy the
restorative requirement. Intense shading can reduce
the translucency of zirconia [97], which is an additional
problem that needs to be resolved.

Wear performance

The ideal restoration should have good wear-resistance
and not induce excessive wear of the opposite natural
teeth. Zirconia is a very stiff ceramic and has wear
resistance that is much better than those of both
human enamel and porcelain. Whether zirconia
induces significant wear on the opposite natural
teeth, especially when it is not veneered, has been
studied. Oh et al. [98] analysed various factors related
to the abrasion of enamel by dental ceramics and
found no obvious relationship between the hardness
of the ceramics and enamel abrasion. The microstruc-
ture, roughness of the contact area of the ceramics, and
the patient’s intrinsic risk factors are important. For
full-contour zirconia crowns, proper surface treatment
is particularly important. Beuer et al. [99] suggested
that glazing is an effective method to maintain the
wear resistance of zirconia and to avoid excessive
abrasion of opposite natural teeth. However, this 30–
50-μm-thick glazed layer is destroyed or gets worn
out after 6 months and the exposed rough surface
can then lead to increased contact wear. Polishing
can provide zirconia with a very smooth surface, like
that obtained by glazing, and further enhances the
wear resistance of zirconia. However, full-contour zir-
conia polished by a 3-μm diamond paste failed to pro-
tect the enamel from excessive abrasion. Jung et al.
[100] and Wang et al. [101] agreed with Beuer that
glazing is not effective to protect the opposite natural
teeth during long-term clinical service. Once the glazed
layer has been destroyed, the rough contact surface
having several acute angles will increase the local fric-
tional stress and enamel wear. In their studies, fine pol-
ishing with 10-μm SiC polishing papers or using
diamond rubber burrs with 106–125- and 20–30-μm
grain sizes did effectively reduce enamel abrasion.
Many other studies also verified that finely polished
zirconia will not induce excessive abrasion of natural
teeth and even provide better protection than other
dental ceramics having different surface treatments
[102–106]. A 1-year follow-up study revealed that
polished full-contour zirconia crowns led to less wear
of antagonist enamel, 42.10 ± 4.30 μm for premolar
and 127.00 ± 5.03 μm for molar, than porcelain-
fused-metal crowns, which were 69.20 ± 4.10 μm for
premolar and 179.70 ± 8.09 μm for molar. However,

the wear was much more than for natural teeth,
which was about 30–40 μm in the posterior area
[107]. Recently, good wear performance of a new pro-
duct, called Erran Self-glazed Zirconia®, has been
reported [108]. This new grade of zirconia has a gradi-
ent microstructure with a naturally formed smooth
surface that mimics the structure of tooth enamel,
which helps protect the opposite natural teeth. The
two SEM images shown in Figure 7 reveal the surface
structure difference between the self-glazed surface
and the conventional milled surface. Long-term clinical
follow-up studies are needed to determine the wear
behaviour of full-contour zirconia crowns fabricated
by various techniques and to identify the optimal
solution.

Long-term reliability

Low-temperature degeneration (LTD) of zirconia has
long been a concern of dentists. Unlike the rapid
stress-induced phase transformation that affects tough-
ness, a spontaneous slow transformation from the
tetragonal phase to the monoclinic phase may occur
in zirconia grains at relatively low temperatures and
in a humid environment. This aging phenomenon
influences the long-term reliability. Possible LTD
mechanisms of zirconia are classified into four cat-
egories: (1) corrosion, (2) destabilisation, (3) stress-
induced transformation, and (4) alternative mechan-
isms [96,109]. Although no single mechanism is com-
pletely accepted, it is established that the aging does
begin with contact with water. Papanagiotou et al.
[110] found that the loss of stabilising Y3+ ions does
occur during aging. Thus, full-contour zirconia crowns
without veneering porcelain may face an increased risk
of aging.

Flinn et al. [111] investigated the aging resistance of
three commercial 3Y-TZP zirconia grades: Lava, Zir-
konzahn, and Zirprime. After aging for 200 h in an
autoclave at 134 °C and 0.2 MPa, the monoclinic
phase content was 25–80%, the depth of the trans-
formed zone ranged from 2 to 60 μm, and the biaxial
flexural strength was 100–700 MPa. The study indi-
cated that the aging resistance of zirconia is closely
related to the properties of the starting materials, pro-
cessing techniques, and microstructure. Reducing the
grain size of zirconia could reduce the thermodynamic
driving force of the phase transformation and enhance
the stability of the tetragonal phase, thereby improving
the aging resistance [109]. Chen et al. [112] and
Munoz-Saldana et al. [113] found that aging could be
effectively inhibited when the grain size was equal to
or less than 0.35 μm. However, the reduced grain size
might accelerate aging through forming monoclinic
crystal cores at the grain boundaries. This negative
effect might be avoided by increasing the density
[114]. The relationship between sintering temperature
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and aging resistance of zirconia has also been identified
[115]. A higher sintering temperature increases the rate
of phase transformation and creates a rougher micro-
structure. Hallmann et al. [116] found that zirconia
ceramics sintered at 1350–1450 °C had better aging
resistance because the grains were relatively small
and round and the stress distribution was more homo-
geneous. The tensile/compressive stress ratio increased
and the monoclinic phase content increased with
increasing sintering temperature. Doping is another
way of improving the stability; adding elements such
as Al, Ce, and Si has been studied. The mechanisms
associated with the deceleration of LTD by doping
alumina and silica and their combined effect were
investigated [117]. In alumina, the dopants were segre-
gated at the grain boundaries and strengthened the
grain boundaries to limit cracks. In silica, they were
mainly located as an amorphous phase at the multiple
grain junctions and reduced the strain within the grains
to prevent nucleation and propagation of LTD. These
characteristics were also observed in co-doped zirconia
samples. In summary, it appears that the zirconia rec-
ommended for full-contour crowns should have small
and homogeneous grains, relatively high density, be
sintered at low temperature, and combined with effec-
tive dopants. Defects such as those that would lead
water into the bulk should be critically controlled.

The aging resistance of coloured zirconia has not yet
been rigorously studied. Ardlin [118] found that the
bending strength of coloured zirconia after aging did
not greatly change even though the monoclinic phase
content increased slightly. All of these results con-
firmed that the strength of zirconia after aging is still
sufficient to withstand the loads in the posterior area,
although the strength is slightly reduced by aging.
Clearly, the aging resistance of zirconia, coloured or
uncoloured, is not of great concern in dentistry appli-
cations [119].

Application with dental implants

For implant-supported crowns, monolithic crowns
exhibit higher fracture strength than conventional
veneered ones. Among different materials, monolithic
zirconia crowns performed the best [120]. An in vivo
follow-up study confirmed this finding, since chipping
frequently occurred [59]. The thickness of zirconia
crowns definitely influences the fracture behaviour
[121]. For tooth-supported monolithic zirconia crowns,
those with a 0.5-mm-wide chamber and 0.5-mm occlu-
sal thickness could fulfil the fracture resistance require-
ment for posterior areas. However, Lan et al. [122]
suggested that a 0.7-mm occlusal thickness is necessary
when applied with an implant. This difference may
relate to the loss of periodontal receptors in the implant
and the relatively high sensitivity to load compared with

natural teeth [123]. As discussed above, rescrewing after
a complete restoration in a clinical context is beneficial
to reduce screw loosening. Screw-retained crowns are
recommended rather than cement-retained ones. A
monolithic zirconia crown with an occlusal/lingual
opening hole provides a screwing pathway and enables
the screw to be checked, retightened, and even easily
replaced without destroying the crowns (Figure 6(a)).
A passive fit is also suggested for implant-supported
crowns because of lower mobility than natural teeth.
Karl et al. found that full-contour monolithic restor-
ations had better passive fit than veneered restorations,
and that copy-milled ones had fewer strains than those
prepared by CAD/CAM. These findings suggest that
the precision of design needs improvement [124]. To
date, there have been very few clinical studies concern-
ing monolithic zirconia crowns supported by implants;
this should be remedied.

Fabrication of a zirconia crown/abutment unit
(Figure 6(b)) may be feasible using advanced CAD/
CAM processing. This device would improve the pre-
cision and mechanical properties of the implant
system.

Conclusion

Zirconia ceramics have been well received in implant
dentistry, especially for abutments and full-contour
crowns. However, there remains a need to improve
the processing method to minimise processing defects,
raise fabrication accuracy, and increase material
reliability, and a need to improve the esthetics and sur-
face roughness. There is insufficient scientific clinical
data to recommend using zirconia implants for routine
clinical use.
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