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Abstract: Objectives: Stresses produced during the fabrication of copings and by chewing activity
can induce a tetragonal-to-monoclinic (t–m) transformation of zirconia. As a consequence, in the
m-phase, the material is not able to hinder possible cracks by the favorable mechanism known as
“transformation toughening”. This study aimed at evaluating if different marginal preparations
of zirconia copings can cause a premature phase transformation immediately after manufacturing
milling and after chewing simulation. Methods: Ninety copings using three commercial zirconia
ceramics (Nobel Procera Zirconia, Nobel Biocare Management AG; Lava Classic, 3M ESPE; Lava Plus,
3M ESPE) were prepared with deep-chamfer, slight-chamfer, or feather-edge finish lines (n = 10).
Specimens were tested in a chewing simulator (CS-4.4, SD Mechatronik) under cyclic occlusal loads
simulating one year of clinical service. Raman spectra were acquired and analyzed for each specimen
along the finish lines and at the top of each coping before and after chewing simulation, respectively.
Results: Raman analysis did not show any t–m transformation both before and after chewing
simulation, as the typical monoclinic bands at 181 cm−1 and 192 cm−1 were not detected in any of
the tested specimens. Conclusions: After a one-year simulation of chewing activity, irrespective of
preparation geometry, zirconia copings did not show any sign of t–m transformation, either in the
load application areas or at the margins. Consequently, manufacturing milling even in thin thickness
did not cause any structural modification of zirconia ceramics “as received by manufacturers” both
before and after chewing simulation.

Keywords: finish line; zirconia coping; Raman spectroscopy; transformation toughening; chewing
simulation

1. Introduction

Due to patients increasing demand for aesthetics, as well as the introduction of the latest
innovative dental technologies, the use of high-strength polycrystalline ceramics has become fairly
widespread in the last decade [1–6]. All-ceramic materials, like zirconia, have to satisfy mechanical
needs and provide good marginal adaptation and longevity comparable to traditional metal-ceramic
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prostheses [7,8]. Besides offering a more natural appearance of restorations, the biocompatibility and
physical properties of zirconia frameworks are widely appreciated by clinicians for their enhanced
chemical stability, high fracture toughness (KIC = 9–10 MN/m3/2), and flexural strength (>1 GPa) [2,4].

Zirconia is an allotropic metastable material, which can be present in different crystallographic
structures with the same chemical composition [9,10]. Structural changes occur by increasing
the temperature:

Orthorombic↔ monoclinic1170 ◦C←→ tetragonal2680 ◦C←→ cubic2370 ◦C←→ liquid

The transformations from cubic to tetragonal (c–t) and from tetragonal to monoclinic (t–m) under
cooling are described as “martensitic”, (i.e., athermal and diffusionless); in the t–m transformation a
volume expansion of about 5 vol.% occurs (when unconstrained) [11]. The three polymorphic phases,
namely monoclinic (m), tetragonal (t), and cubic (c) of zirconia are represented in Figure 1.
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(c) cubic phase.

To date, most zirconia restorations are fabricated by means of CAD/CAM (Computer-Aided
Design/Computer-Aided Manufacturing) or copy-milling techniques [12]. During fabrication, they
can be subjected to possible distortions, especially during sinterization and post-sintering cooling that,
in particular, may negatively affect the marginal areas [13].

For zirconia core prostheses, the manufacturers recommend chamfer or round shoulder
preparations, as they are considered to have the best precision, resistance, and aesthetics [8,14–16].
Nowadays, according to a minimally invasive approach, tooth preparations preserving sound
tissues and preventing tooth weakening are requested. Providing a more acute marginal finish
line, the feather-edge (or knife-edge) preparation was proposed as a less invasive alternative to
chamfer [7,14,15]. Thin margins due to vertical preparation designs are likely affected by shrinkage
and non-uniform distortions, resulting in inferior marginal adaptation and stress accumulation before
clinical use [7,13,17], and increasing the susceptibility to clinical fractures [15]. Thus, they have not
been extensively recommended in the clinical application of zirconia prostheses [4,13,18].

Framework fractures were reported as mechanical complications of zirconia restorations in several
clinical studies [3,12,19,20]. Recent fractographic investigations showed that such fractures originated
at the cervical margins of the frameworks [21,22]. Marginal design influenced the fracture resistance of
zirconia restorations, resulting in highly divergent failure loads ranging from 450 to 1600 N [8,15,23–25],
and the thinner the margins, the higher the risk of zirconia cracks [21,22].

The margin of a single crown framework is a key point where stresses accumulate [7,8,26].
It was hypothesized that stresses generated during CAD-CAM processes to grind the finishing
lines of zirconia dental cores, as well as stresses induced by chewing activity, can induce a
tetragonal-to-monoclinic transformation. The most important consequence of this t–m phase
transformation, deleterious for the resistance of the material, would be that zirconia, in the
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m-phase, would not be able to hinder cracks that could arise by the favorable mechanism
known as “transformation toughening” [2,10,27]. It was pointed out that the longevity of
transformation-toughened zirconia was shorter when the material underwent cyclic loading [10,28].

Micro-Raman spectroscopy was used as a qualitative technique for the spectroscopic
characterization of zirconia for biomedical applications. This technique was used to evaluate zirconia
metastability, and visualize patterns of phase-transformation and related residual stresses on the
surface of zirconia samples [29–32]. Furthermore, micro-Raman spectroscopy offers a non-destructive
approach and enables us to obtain precise information about chemical composition through direct
examination of specimens without compromising their integrity [33,34].

To date, there is little information on the integrity and mechanical reliability of zirconia cores
with different marginal finish lines [4,7,8]. Thus, the present study aimed at evaluating if different
marginal finish lines of zirconia crowns can cause premature aging of zirconia immediately after
manufacturing and after chewing simulation using micro-Raman spectroscopy. The tested hypotheses
were: (1) Different marginal preparations (i.e., deep-chamfer, slight-chamfer, feather-edge) do not
produce a tetragonal-to-monoclinic phase transformation of zirconia cores; (2) a phase transformation
does not occur at the margin of the samples prepared with different geometry after 1 year of fatigue
load simulation.

2. Materials and Methods

2.1. Sample Preparation

Three standardized stainless steel abutments [35–37] were designed in the shape of truncated
cones on the basis of the average dimensions of a maxillary premolar with a height of 7 mm and
a diameter of 8 mm [38] using a dedicated CAD software (Exocad, DentalCAD, Exocad GmbH,
Darmstadt, Germany). Three different finish lines were used: Deep-chamfer (depth of 1 mm),
slight-chamfer (depth of 0.5 mm), and feather-edge (no depth). All masters were designed and milled
with a total occlusal convergence of 10 degrees [39] (Figure 2). Then, the abutments were physically
fabricated using CAM technology by milling stainless steel cylinders in the designed shapes.
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Figure 2. A1: Representative cluster of Group 1; A2: Detail of the slight-chamfer finish line;
A3: Slight-chamfer zirconia coping on the proprietary metal abutment; B1: Representative cluster
of Group 2; B2: Detail of the deep-chamfer finish line; B3: Deep-chamfer zirconia coping on the
proprietary metal abutment; C1: Representative cluster of Group 3; C2: Detail of the knife-edge finish
line; C3: Knife-edge zirconia coping on the proprietary metal abutment.
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Three zirconia available on the market were selected: NobelProcera Zirconia, (Nobel Biocare
Management AG, Zürich-Flughafen, English Switzerland), Lava Classic (3M ESPE, St. Paul, MN, USA),
and Lava Plus (3M ESPE, St. Paul, MN, USA). Thirty zirconia copings for each material were prepared
with a deep-chamfer, slight-chamfer, or feather-edge finish line (n = 10 per group). All copings had a
thickness of 0.6 mm [40]. Groups and compositions are listed in Table 1.

Table 1. Tested materials divided in groups, their compositions, and marginal preparations. All the
groups were tested as received by manufacturers and after simulated artificial chewing for 1 year.

Group Material Composition Preparation

G1a (n = 10)
NobelProcera Zirconia

(Nobel Biocare)

ZrO2 + Y2O3 + HfO2 >
99%, Y2O3 4.5-5.4%,

HfO2 < 5%, Al2O3 < 0.5%

Feather-edge

G1b (n = 10) Slight-chamfer

G1c (n = 10) Deep-chamfer

G2a (n = 10)
LAVA Classic

(3M ESPE)
3 mol% Y-TZP + Al2O3

Feather-edge

G2b (n = 10) Slight-chamfer

G2c (n = 10) Deep-chamfer

G3a (n = 10)
LAVA Plus
(3M ESPE)

3 mol% Y-TZP + Al2O3
0.1% + ionic staining

components

Feather-edge

G3b (n = 10) Slight-chamfer

G3c (n = 10) Deep-chamfer

2.2. Chewing Simulation

Zirconia copings were placed on their proprietary stainless steel abutments used for their
preparation before impression. One drop of paraffin gel was used between the copings and the
stainless steel abutments to avoid minor movements during the simulated chewing process.

A chewing simulator (CS) was used to simulate occlusal loading (CS-4.4, SD Mechatronik, Munich,
Germany) (Figure 3). The device was made up of a sample holder and an antagonist (i.e., an aluminum
cylinder of 8 mm in diameter) mounted on a crosshead with vertical motion (Figure 4). The crosshead
was lifted by means of an endless screw and slowly sunk back to the surface of the specimen. As soon
as the antagonist touched the surface, it detached from the crosshead and transferred the load of
dead-weights to the sample surface. This mechanism ensured a no-impact and equal load for all
specimens, which were mounted on a horizontal carrier. The occlusal loading device had four
separated testing chambers that were fixed to the lower crosshead. In the present experimental
setup, the antagonists were screwed to vertically adjusted carriers in force-supported vertical motion
elements. These elements generated an occlusal load equal to 50 N for each specimen [41,42].

According to data reported in literature [41–44], test parameters were set as follows:
Wet environment, 48 h with 1 Hz frequency for a total of 240,000 cycles with a downward and
upward speed of 16 mm/s. These occlusal parameters simulated 1 year of clinical service [44].
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2.3. Micro-Raman Analysis

A modular research spectrograph (Renishaw InVia; Renishaw plc, Gloucestershire, UK) connected
to an optical microscope (Leica DM/LM optical microscope; Leica, Wetzlar, Germany) was used to
investigate the crystalline configuration of zirconia. A near-infrared diode laser operating at 785 nm
was used to induce the Raman scattering effect. The spectral coverage ranged from 100 to 3450 cm−1

with an average spectral resolution of 5 cm−1 [45]. Instrument calibration was determined before
data acquisition by comparison with the spectrum of a single silicon crystal. Specimens were placed
on a calcium fluoride glass under the optical microscope (Leica DM/LM optical microscope; Leica,
Wetzlar, Germany) on a computer-controlled X-Y-Z stage, focusing the laser beam with 2 levels of
magnification: 20× (laser power on the specimen surface ~40 mW), which provided the detection of
monoclinic zirconia in a quite large area, and 100× (laser power on the specimen surface ~8 mW), to
more precisely detect areas of presence of monoclinic zirconia.

Twenty spectra for each specimen were acquired, before and after chewing simulation, along the
marginal finish line and 5 at the top of each coping, thus where the load was distributed and applied,
respectively, to assess if phase-transition of the zirconia occurred. The spectral range was set between
100 and 700 cm−1 (zirconia fingerprint region), and the exposure time for each scan was 40 s. Acquired
data were then analyzed with a spectrographic analysis software (Grams/AI 7.02; Thermo Galactic
Industries Corp., Salem, NH, USA).

3. Results

None of the Raman spectra acquired at the margins and on the top of the copings showed the
presence of monoclinic zirconia in the pre-chewing situation, irrespective of the different margin
geometry. Moreover, when the spectra acquired before and after chewing simulation were compared,
no changes were detected in any group, at both magnifications, as showed representatively in Figure 5.
In fact, the spectral region between 100 and 300 cm−1 (containing all the vibrational bands needed to
provide reliable information on the extent of the t–m transformation) did not show the typical bands
of monoclinic zirconia at 181 cm−1 and 192 cm−1.
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No significant differences either in the shape of the spectra and in the height and width of the
peaks were observed in all the tested specimens, both as received by manufacturers and after chewing
simulation (Figure 5).

Micro-Raman spectroscopy was used to qualitatively identify possible crystallographic phase
transformation of zirconia, but since no changes were detected in any spectra, no statistical analyses
were performed.

4. Discussion

Zirconia is a restorative material widely used in dentistry and extensively tested for mechanical
properties [46], fracture load [47], bond strength [48], cell proliferation [49], and translucency [10,50].
To date, in the authors’ knowledge, in the literature there are no reports that studied the top and
the finish lines of zirconia copings with Raman spectroscopy, evaluating crystallographic changes
soon after manufacturing milling and after chewing simulation. Consequently, the aim of the present
study was to investigate the crystallographic changes of zirconia at the top and along the prosthetic
margins of zirconia copings after 1 year of simulated clinical service. Particularly, both aging and
fatigue were tested; the multifactorial phenomenon of aging was proven to be influenced not only by
temperature, wetness, and hydrothermal stress, but also by surface defects, mechanical stress, and
processing techniques [2,10,31,51,52]. The fabrication processes could influence these aspects, whereas
dynamic chewing simulation was used to evaluate the possible influence of fatigue loads.

The present investigation was not conceived as a load-to-fracture study but as a qualitative
evaluation of the possible phase transformation induced only by fabrication processes of zirconia
copings as received by manufacturers. As the micro-Raman analyses were performed not only on
the occlusal surfaces but also at the level of the prosthetic margins, it was necessary to remove the
copings from the abutments so as to analyze the inner part of the finish lines. The use of conventional
cements would have made such analyses impossible, so it was decided that a stabilizing medium
would be used to avoid minor movements during the dynamic load of the copings. Indeed, the present
investigation was designed to include the minimum possible number of study variables so as to detect
the influence of milling procedures on possible zirconia phase transformation solely.

The results of the Raman spectroscopic analyses performed in this investigation showed that the
machining processes needed to obtain the complex framework crown shaping did not generate the
phenomenon of “transformation toughening”, either on the top or at the margins of the restorations.
Similarly, specimens that underwent an in vitro occlusal loading challenge (simulating one year of
clinical service) showed monoclinic zirconia neither on the top of the dental framework (where the
load was applied) nor at the margins. Thus, both the experimental hypotheses tested were accepted
since (1) different marginal preparations (i.e., deep-chamfer, slight-chamfer, feather-edge) did not
produce a t–m phase transformation of zirconia cores and (2) phase transformation did not occur
on specimens prepared with different prosthetic geometries after 1 year of fatigue load simulation.
These results are remarkable since it was reported that zirconia under wear can show up to 40% vol
of m-zirconia [28], so the absence of this phase in the CAD-CAM prepared cores can be considered a
good starting point to support a long-lasting durability of zirconia dental prostheses.

Zirconia for dental use is available in three formulations: (1) dispersion-toughened ceramic, in
which t-zirconia particles are dispersed in alumina (zirconia toughened alumina, ZTA); (2) mullite
(zirconia toughened mullite, ZTM) as partially stabilized zirconia (PSZ), in which zirconia is stabilized
in the t and c phase by addiction of dopants (yttrium, magnesium, etc.); (3) tetragonal zirconia
polycrystals (TZP) that contain almost 98% of t-zirconia grains, which are so fine to need only a small
amount of dopants (3 mol% of yttrium oxide) [39]. Among the materials tested in this study, Nobel
Procera Zirconia is an yttrium-partially stabilized zirconia (Y-PSZ) based on very fine zirconium grains
(0.3–0.5 µm) partially stabilized by the addition of 4.5%–5.5% yttrium oxide (Y2O3), as disclaimed by
manufacturers; LAVA Classic and LAVA Plus are single-phase tetragonal zirconia polycrystals doped
with yttrium (Y-TZP) as deduced by their composition.
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Thanks to the presence of dopants, during the processing of zirconia frameworks or monolithic
crowns, zirconia polycrystals remain in the tetragonal polymorph phase (TZP), metastably retained
when the temperature decreases [53]. Such a metastable tetragonal phase offers an interesting behavior
that makes it mechanically more resistant than the monoclinic one: When a crack starts at the tetragonal
zirconia surface, the tensile stress concentration induces the transformation of the grains nearby the
crack from metastable t-ZrO2 to m-ZrO2, the monoclinic crystals being larger than the tetragonal
ones. In fact, the energy dissipation mechanism determines a 3%–5% volume increase of the crystals,
constrained by the surrounding ones, resulting in a favorable compressive stress that acts as a crack
limiter. Such a stress-induced t–m phase transformation of zirconia crystals under load is known
as “phase transformation toughening” (PTT) and remarkably increases the fracture toughness and
the flexural strength of the material, much higher than in other ceramics for dental use [2,10,15,21].
At room temperature, the transformation from tetragonal to monoclinic is a one-way process. This
means that after the t–m transformation has occurred, zirconia cannot exhibit the phase transformation
toughening and its crack-hindering effect [51,52,54]. Nevertheless, occasionally a spontaneous, slow
transformation of the crystals from the tetragonal to the monoclinic phase in the absence of any
mechanical stress has been reported to occur over time (so-called “low temperature degradation”,
LTD), decreasing the mechanical properties of the material and exposing zirconia frameworks at the risk
of spontaneous catastrophic failures [10,51]. This phenomenon is accelerated by several factors, such as
wetness, grain size, temperature, vapor, surface defects of the material, type, percentage, distribution
of stabilizing oxides, and processing techniques [10,31,55] and can be deleterious especially if it occurs
at the margins of the prosthetic restorations.

Previous studies used X-ray diffractometry (XRD) to detect the crystallographic changes of
zirconia but this technique is limited by its inability to detect the monoclinic zirconia if its content is
lower than 5%, making it unsuitable to identify the start of the transformation [56,57]. For this reason,
the more sensitive Raman spectroscopy was used in the present study. Raman spectroscopy is based
on the change of wavelength of light that occurs if a light beam is deflected by molecules. If a beam of
light (in our case a 785 nm near-infrared diode laser) hits the surface of a specimen, a small amount of
light is rejected in a direction different from the incident one. An exiguous part of this scattered light
changes its wavelength (i.e., Raman effect), providing vibrational information of the chemical nature
of the specimen. Raman micro-spectroscopy can easily detect the presence of monoclinic zirconia,
because its bands are clearly visible at 181 cm−1 and 192 cm−1 [58]. In a recent systematic review
by Pereira et al. about low-temperature degradation of Y-TZP ceramic, the authors affirmed that the
Raman technique is one of the most powerful tools for characterizing zirconia LTD [59].

Current manufacturers’ recommendations and literature suggest that shoulder, chamfer, or
slight-chamfer marginal finish lines should be prepared for zirconia restorations [13,60], especially if
the convergence angle of the tooth abutment is increased [61]. These preparations transfer a minimum
of masticatory stresses from the coping to the veneering porcelain [62]. On the other hand, a knife-edge
finishing line provides a minimally invasive approach, especially in vital anterior teeth, inclined teeth,
etc. [7]. Crown tooth preparations without a defined finish line were historically defined in several
ways, such as knife-edge, feather-edge, or shoulderless [7]. Generally, they may be termed vertical
preparations as opposed to horizontal ones (shoulder, chamfer) [18,63]. These tooth preparations
require an acute, knife-edge margin of the restoration and their most common indication has been the
use of periodontally involved teeth as abutment for fixed prostheses [7,18,63].

Previous in vitro studies focused on the role of finish line preparation in determining marginal
adaptation and fracture load resistance of zirconia crowns [13,15,18,64,65]. Komine et al. reported
no differences in marginal adaptation if zirconia copings were prepared with shoulder, rounded
shoulder, or chamfer [60], while a better marginal adaptation of zirconia crowns with feather-edge
finish line compared to those with chamfer, shoulder, and mini-chamfer finish line types was reported
by Comlekoglu et al. [13]. Nevertheless, authors did not recommend the application of the feather-edge
finish line for clinical use [13], since it could lead to a wedging effect at the margins [66]. An in vitro
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study found that the finishing line design did not influence the fracture resistance of veneered zirconia
restorations [26], as partially confirmed by Beuer et al., who found no differences in fracture load
resistance between shoulderless and shoulder preparation of zirconia copings [64]. On the contrary,
Reich at al. found that in Y-TZP zirconia crowns, feather-edge preparations showed a 38% increase
in fracture load compared to chamfer preparations, regardless of the coping thickness [15]. Most of
these fracture strength studies were conducted under controlled static stress to induce the fracture of
the specimens and were only observational, not considering the structural changes that can occur in
zirconia, while the present study evaluated the crystallographic changes of zirconia copings prepared
with a deep-chamfer, slight-chamfer, or feather-edge finish line after a dynamic load. The fact that
no changes were detected may be explained by the observation that zirconia crowns can survive 3.5
million loading cycles simulating seven years of function before fracture [26] and that the predicted
failure probability of monolithic zirconia crowns in five years is 0.002 [67]. Future laboratory studies
and randomized clinical trials (RCTs) may clarify development of the zirconia structural changes after
prolonged clinical service to assess the longevity of the material.

5. Conclusions

According to the results and within the limits of this in vitro study, the following conclusions can
be drawn:

• irrespective of preparation geometry, the manufacturing processes needed to obtain different
marginal finish lines (deep-chamfer, slight-chamfer, feather-edge) did not generate the
phenomenon of “transformation toughening” either in the load application areas or at the margins
of the restorations in the analyzed brands of zirconia;

• after wear-simulation of one year of chewing (fatigue cyclic load), monoclinic zirconia was not
found either on the top or at the margins of the copings;

• manufacturing milling, even in thin thickness, did not cause any structural modification of
zirconia ceramics “as received by manufacturers” both before and after chewing simulation;

• further laboratory studies and RCTs are needed to investigate if longer chewing time can produce
negative effects on zirconia.
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