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Abstract. — OBJECTIVE: Recently, Zirconia
and polyaryletherketone (PEEK) have attracted
increasing interest as reliable and safe materials
in dental applications, mainly because of their
good biomechanical characteristics. The aim of
this study was to investigate the response to dif-
ferent loads by prosthetic frameworks for sup-
ported fixed partial dentures (FPDs), thus simu-
lating osseointegrated implants.

MATERIALS AND METHODS: The speci-
mens were divided into two groups (n=5 each).
Group A: FDPs in zirconia-ceramic; Group B:
FDPs in PEEK-composite. These 2 groups were
subjected to vertical loads so to evaluate struc-
tural deformation; then, they have been ana-
lyzed by scanning electron microscopy (SEM) at
different magnifications.

RESULTS: In tested samples, different types of
mechanical failures have been observed. In Zir-
conia-specimens, chipping is the main failure
noticed in this study, mostly in distal margins of
the structure. Also, peek-specimens show failure
and fracture.

CONCLUSIONS: Zirconia and PEEK could be
considered both good materials, but several in-
vestigations are needed to use these materials
as an alternative to metals for fixed partial den-
tures.
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Introduction

Dental implants are among the most effective
technique for replacing missing teeth, and nowa-
days implantology has become a predictable treat-
ment with high success rates'. In the last years,
the use of several biomaterials has been investi-
gated in regenerative procedures, also using stem
cells of oral origin and growth factors; recently,
the scaffold-free techniques have become an at-
tracting topic in regenerative dentistry’*. More-
over, both cell-free and scaffold-free approaches
could enhance tissue regeneration, thus replacing
the lost function and anatomy’”’. Implantology is
a dental technique continuously improving itself:
dental implants ensure a good rehabilitation when
a successful osseointegration occurs; nonethe-
less, also the performance of the prosthetic com-
ponents of a replaced tooth have a critical role,
and the materials used in dental implantology are
a strategic pivot not to under evaluate. Different
materials and components have been proposed
for implants over time, mostly used to produce
supported fixed partial dentures (FPD). Titanium,
zirconium, PEEK are the main frameworks used
in implantology®. Recently, also other allotropic
materials have been investigated in medical appli-
cations, such as graphene and borophene’'°.
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The abutments have an important role in mas-
ticatory cycles; specifically, prosthetic premolars
and molars are subjected to high loads. Tradition-
ally, in such rehabilitations, titanium is the mate-
rial used, due to its mechanical properties’®. Ti-
tanium dental implants have been demonstrated
to be highly resistant to different types of forces;
moreover, the scientific literature has reported a
number of studies describing excellent surviv-
al rates of prosthetic rehabilitation supported by
titanium implants and related abutments®'2. Fol-
lowing all these premises, we can consider Tita-
nium as the “gold standard” for dental implants,
and for all such techniques aimed to ensure bone
reconstruction in all the maxillary regions'’. Nev-
ertheless, Titanium may also show issues; for ex-
ample, some cases of allergies to titanium have
been reported'?: in such patients, Titanium could
contribute to implant failure due to inflammatory
reactions involving bone tissue'*'*. Furthermore,
the recent demand for metal-free dental implants
is constantly growing, there-fore, new materials
to replace titanium are requested; among these,
PEEK (polyether ether ketone) and Zirconia im-
plants have been successfully used in dental im-
plantology'®%.

PEEK: Properties and Implications

PEEK is a synthetic, tooth biomimetic ma-
terial, used as a reconstructive biomaterial in
orthopedic field for many decades'>". It be-
longs to the family of polyarylether-ketone and
has an aromatic structure. The monomer unit
of etheretherketone (- C6H4—O-C6H4—O-
C6H4—O0-) polymerizes via a step-growth di-
alkylation reaction involving bis-phenolates that
form the polyetheretherketone. A common syn-
thesis method to obtain PEEK is based on the re-
action between 4.40-difluorobenzophenone and
the disodium salt of hydroquinone in a polar sol-
vent, such as diphenyl-sulphone at 300 °C. It is a
semicrystalline, high-temperature friendly, ther-
moplastic material, with a melting point around
335°C. PEEK has good resistance to chemical
erosion, good mechanical strength, and high in-
ertness to other chemicals®. It has Young’s (elas-
tic) modulus value more like to human bone,
compared to other materials (3-4GPa). PEEK
is isoelastic with bone, and this could allow a
negligible stress shielding effect, and a homoge-
neous distribution of loads thus avoid a harmful
concentration of stress and forces in the same
part of the structure®. PEEK dental implants are
greatly suitable, and indicated, in those patients

suffering of allergies; in fact, the low allergenici-
ty of PEEK ensures a safe use also with different
alloys, other material, and their micro/nanopar-
ticles released in the surgical site’®. PEEK can
be easily modified by the incorporation of oth-
er materials into its structure; for example, the
incorporation of carbon fibers can increase its
elastic modulus up to 18GPa". In recent years,
this polymer has also been modified at the na-
noscale level, to improve its bioactivity and, in
particular, its osteoconductive properties®®. Con-
ventionally, PEEK is used after a passive coating
with bioactive compounds, such as calcium hy-
droxyapatite (HAp), by means of plasma-spray-
ing technique???. Primary applications of PEEK
in dentistry are dental implants, implant abut-
ments, fixed crowns, fixed bridges, removable
dentures, and other prosthetic components?’-2¢.
PEEK materials can be projected and produced
by means of CAD-CAM technology?’. CAD-
CAM is a performing technique to manufacture
dental restorations, allowing to produce peek-
based dental prostheses chair-side®. In the last
decades, CAD-CAM designed composites and
polymethylmethacrylate (PMMA) fixed den-
tures have been demonstrated to hold superior
mechanical properties, compared to convention-
al fixed dentures**?>. PEEK is a safe and suit-
able material, alternative to PMMA. Three-units
fixed-partial-dentures manufactured via CAD-
CAM have been suggested to have a high frac-
ture resistance®®. The fracture resistance showed
by CAD-CAM milled PEEK fixed dentures is
much higher than those made of lithium disil-
icate glass-ceramic (950N), alumina (851N)¥,
and zirconia (981-133IN)?. Considering the
excellent abrasion resistance showed by PEEK
material, the overall mechanical properties, and
the adequate bonding to teeth and composites, a
PEEK fixed partial denture can be considered an
effective rehabilitative solution, and it is likely to
have a satisfactory survival rate.

Zirconia: Properties and Implications
Zirconia is, chemically, Zirconium dioxide
(ZrO,). It can exhibit three different crystallo-
graphic thermolabile structures: 1. monoclinic (up
to 1,170°C), 2. tetragonal crystal (between 1,170
and 2,370°C), and 3. cubic (from 2,370 °C to melt-
ing point)®-°. There are many stabilizing oxides to
obtain suitable alloys from pure zirconia; these al-
loys are able to ensure the conservation of tetrago-
nal form at room temperature®'. As an example, Yt-
tria (Y203) is the most common stabilizer used for
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Zirconia in dental applications. Yttrium-stabilized
Zirconia polycrystals (Y-TZP) have been applied
since the 1990s in dentistry to synthesize frame-
works of dental-fixed prostheses by slip-casting or
CAD-CAM techniques. Y-TZP reveals a higher
mechanical strength than the other feldspar-based
porcelains®~¢. The application of zirconia in dental
implants and dental abutments has been introduced
due to its superior fracture resistance, respect to
other dental ceramics®’.

Zirconia is a dental ceramic with high me-
chanical strength, and good chemical properties;
furthermore, it has a Young’s modulus (210GPa)
close to stainless steel alloy (193GPa)***°, In vitro
studies on ZrO2 have revealed a fracture tough-
ness of 9 to 10 MPa/m, and a flexural strength
ranging from 900 up to 1,200MPa*-*°. Retro-
spective in vivo studies have revealed no fracture
of Y-TZP frameworks over short or medium*
periods of evaluation. However, failures in den-
tal porcelain-to-zirconia assemblies due to frac-
tures along the porcelain-to-zirconia interface
have been reported in previous studies®®*'. Some
studies** have revealed failures in 8% of dental
porcelain-to-zirconia interfaces over a period of
36 months, compared with 13% over 38 months.
Another study has revealed failures in 15% of the
dental porcelain-to-zirconia interfaces over a pe-
riod of 24 months, and 25% over 31 months. On
the other hand, a low failure rate (2.7-5.5%) has
been highlighted in metal-ceramic systems over
periods of 10 and 15 years***. In the modern
dentistry, patients have increased their demand
for a better aesthetics in dental prostheses. Re-
cently, a new type of zirconia, highly aesthetic,
has been introduced: Yttria-stabilized tetragonal
zirconia polycrystalline (3Y-TZP)¥. These ceram-
ics are promising materials in the production of
dental crowns and fixed dental prostheses (FDP),
because of their superior biocompatibility*®, ex-
cellent mechanical properties, and improved aes-
thetics*”*. To predict the clinical performance
of ceramic and polymer-based dental prostheses
(Zirconia and PEEK, respectively), in this study
the mechanical behavior of these materials has
been investigated. Essentially, we have repro-
duced a biomechanical system to investigate all
the potential relationships between biomechani-
cal properties of 2 different materials, and their
mechanical failures, including crack formation,
chipping, bond failure and bulk fracture. Other
types of failures, such as secondary fractures,
marginal discrepancies, and surface roughening
are of secondary interest in this study.
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Materials and Methods

Twenty titanium fixtures have been embedded
in 10 resin mandible section simulators to mimic
osseointegrated implants placed in the first pre-
molar and molar areas. The embedded implants
were then divided into two groups:

* Group A: five Fixed Partial Dentures (FPDs)
in zirconia—ceramic connected to titanium
abutments,

* Group B: five FPDs in PEEK-composite con-
nected to titanium abutments.

The specimens allocated into the 2 groups
were loaded in a dynamometric testing machine
(Instron 5,566, UK), adopting the three-point
bending tests configuration. The cyclic load ap-
plied to the structures ranged from a minimum
of ON to a maximum of 860N. This load was not
applied randomly, but it was consequent to those
known parameters characterizing the load on a
molar during the chewing cycle (75-89 Kg). A
vertical load of 860N was also applied on each
sample. Samples showing macroscopic failure
were analyzed by scanning electron microscopy
(SEM) and compared.

SEM Analysis

The microscopy analysis was performed on
those sections close to the fractures. The in-depth
analysis at different magnifications aims to un-
derstand the differences between zirconia/titani-
um and peek/titanium fractures, and their poten-
tial impact on clinical failure. Surfaces fragments
(Figure 1la, b, c) were obtained after 3-points
bending mechanical tests: these specimens were
characterized by scanning electron microscopy
(SEM, Zeiss Supra 120). Briefly, samples were
glued on SEM tabs, and have been covered by 12
nm thin Au layer, so to avoid bias in the images
because of secondary electrons’ emission.

Results

The group A showed a significatively higher
number of superficial fractures per each speci-
men: to explain the fracture pattern, SEM anal-
ysis was performed. After careful evaluation of
the SEM analysis, it can be affirmed that the ini-
tial crack is typically developed on the ceramic
surface, then extended to the core of the spec-
imen. At the same time, the design of ceramic
crack has been well described: it develops on the
core surface, and then it seems to prefer to in-



In vitro comparative study on the mechanical behavior of Zirconia and Polyetheretherketone

Figure 1. Samples characterized by scanning electron microscopy (SEM).

volve the veneering ceramic, leading to the fail-
ure of whole samples (Figure 2). Chipping has
been the first failure analyzed in the tested sam-
ples. Microscopic analyses (Figure 3, Figure 4 a,
b) show that all the specimens retain a perfect ad-
hesion at the interface level, even if the locations
tested are very close to the loading zone. Spec-
imens were classified under their failure mode
as adhesive, cohesive or mixed: (1) adhesive, if
no remnants of porcelain were found in the met-
al or zirconia surface; (2) cohesive, if fractures
occurred within the porcelain side; (3) mixed, if
remnants of porcelain were found in the metal/
zirconia surface. Structural defects vary in size
between 1 micron and 450 nm, which can be de-
tected only at high magnification and identified
in the structure of zirconia. However, has been
supposed that such “defects” are a direct result of
ceramic porosity. In PEEK composite group an

adhesive failure between PEEK and framework
was assumed, while a cohesive failure charac-
terizes the detached specimens obtained. It’s
interesting to notice that near the inner margin
of fracture, we have structural defects, spherical
air bubble of composite (Figure 5, Figure 6). The
failure was obtained for an adhesive breakdown
between bonding and PEEK.

Discussion

As emphasized in previous studies®, zirconia
is a brittle and vulnerable ceramic material, and
this may become critical when dental implants are
immediately exposed to huge masticatory forces.
Chipping has been widely investigated as it rep-
resents the first failure in zirconia specimens sub-
ject to experimental in-vitro testing.

Figure 2. SEM images of zirconia specimens.
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Figure 3. SEM analysis of pontic
fragment.

15.Jum 2016 Time :11

Figure 4. Zirconia ce-
ramic bonding at high
magnification (a), small
magnification (b).

Figure 5. SEM images of PEEK
composite samples.
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Figure 6. SEM analysis of PEEK specimens near the fracture area.

The failure rate related to chipping reported in
our study is 15.2% over than the values reported
in the literature®'. Possible reasons for such higher
chipping are both the insufficient bond strength,
excessive tensile stress. This situation in especial-
ly noticed when a considerable thermal gradient
develops through the layers’ system upon rapid
cooling. The visual analysis of failed samples to-
gether with the SEM analysis suggested that the
chipping phenomenon is observed in the FDP
where it is connected to the abutments. This result
could be due to the loss of integrity of zirconia in
this area. Evaluating SEM failures obtained with
this ceramic, it can be assumed that it is a cohe-
sive failure. Although the chipping occurring, the
FDP maintained his elasticity and rigidity. There-
fore, a good connection can be supported and the
adhesion between these two materials (metal and
ceramic) has certainly excellent values.

SEM analysis of peek specimens show that
completely failure modes incur when the bond
strength exceeds the cohesive strength of bonding
resin, agreeing with literature. The PEEK compos-
ite groups show a compressive strain state higher
than the zirconia ceramic. This data can be easily
explained by the differences in elastic moduli of
FDP constitutive materials”. The rigidity of the
zirconia ceramic FDP is significantly higher re-
spect to the PEEK composite. Furthermore, in the
peek composite, the higher rigidity contribution is

ensured by the composite veneer. By analyzing the
study of Taufall et al** it is possible to affirm that
failure and fracture type is related to the veneering
method, showing the same fracture type for digi-
tal and conventional veneer: crack starts in the ve-
neering in the pontic region of the connector area.
This observation agrees with failure types of this
study. The fractographic analysis of fractured sam-
ples namely zirconia ceramic and PEEK compos-
ites showed a brittle failure pattern for the zirconia
samples, with a dump and ripples fractured surfac-
es. PEEK’s surface is a rough surface with an iso-
tropic orientation of fiber. Analyzing its structure,
we can consider two different types of failure or
fracture: inter-fiber fracture (matrix cracking) and
fiber fracture. Experimental evidence has shown
that the failure in a laminated composite is often
progressive, occurring by a process of damage ac-
cumulation. Therefore, the progressive loss of lam-
ina stiffness must be considered as a function of
the type of damage predicted.

Delamination is one of the predominant forms
of failure in laminated composites due to the lack
of reinforcement in the thickness direction. De-
lamination because of impact or a manufactur-
ing defect can cause significant reductions in the
compressive load-carrying capacity and bending
stiffness of a structure. The stress gradients that
occur near geometric discontinuities promote de-
lamination initiation, trigger intralaminar dam-
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age mechanisms, may cause a significant loss
of structural integrity. Examples of these stress
gradient are ply drop-offs, stiffener terminations
and flanges, bonded and bolted joints, and access
holes. Clinical applications on such and other dis-
ease mode>*=* can be used as a comparation, to in-
crease the reliability and strongness of this study.
Similar clinical in vivo applications®-* have been
also considered to set up this study; the challenge
is to use these preliminary results to translate
them into clinical applications.

Conclusions

Two different materials with different proper-
ties and widely adopted like prosthetic solutions
have been compared in this study with the aim
to evaluate the clinical performance of these im-
plants. In Zirconia composites chipping phenome-
non has been observed. Chipping is usually found
in distal margins of the structure, as a direct re-
sult of the fragility of ceramics which opposes the
slightest, elastic recoil of the structure subjected
to bending. The realization of prosthesis in zir-
conia can offer a high aesthetic satisfaction but
a good design and a good evaluation of occlusal
loading should be considered to have a good clin-
ical performance. PEEK composite is a new ma-
terial and its characteristics (high chemical and
mechanical resistance against wear, high tensile,
fatigue and flexural strengths) make this polymer
attractive for industrial usage. In this study PEEK
could be considered a “good material”, with a
great elastic deformation and a high value of ver-
tical displacement. PEEK material can be used
for different prosthetic solutions; this is scientific
acknowledge. However, several long-term inves-
tigations and comparative study will have to veri-
fy that PEEK worth being used as the material of
choice for definitive reconstructions in the future
or that chewing cycle could be a real limit for its
long life. Nowadays there is an increasing ten-
dency to use polymer or “metal free” materials.
PEEK and Zirconia could satisfy the aesthetic and
metal-free demands of the patient. However, ana-
lyzing literature and this study, can be confirmed
that metal ceramic re-mains a gold standard for
dental arches rehabilitation of mandible.
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