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Objectives: The aim of this retrieval study was to analyze the fracture features and identify the fracture origin of
zirconia-based single crowns that failed during clinical use.

Methods: Thirty-five fractured single crowns were retrieved from dental practices (bi-layered, n = 15; monolithic,
n = 20). These were analyzed according to fractographic procedures by optical and scanning electron microscopy
to identify fracture patterns and fracture origins. The fracture origins were closely examined. The crown margin
thickness and axial wall height were measured.

Results: Three types of failure modes were observed: total fractures, marginal semilunar fractures, and incisal
chippings. Most of the crowns (23) had fracture origins at the crown margin and seven of them had defects in the
fracture origin area. The exact fracture origin was not possible to identify due to missing parts in four crowns.
The crown wall thickness was 20% thinner and wall height 30% shorter in the fracture origin area compared to
the opposite side.

Conclusions: The findings in this study show that fractography can reveal fracture origins and fracture modes of
both monolithic and bi-layered dental zirconia. The findings indicate that the crown margin on the shortest axial
wall is the most common fracture origin site.

Clinical significance: Crown design factors such as material thickness at the margin, axial wall height and prep-
aration type affects the risk of fracture. It is important to ensure that the crown margins are even and flawless.

1. Background

Zirconia materials are used extensively for dental crowns due to an
acceptable combination of esthetics and mechanical properties [1-3].
Recent developments have led to a considerable improvement in optical
properties of dental zirconia. By increasing the yttria-stabilizer content
to >3 mol% and thereby the proportion of cubic crystals, omitting the
alumina content and adjusting the grain size, the translucency and
tooth-like appearance has increased [4]. However, the necessary ad-
justments in material composition and grain size negatively affect the
mechanical properties which in turn may limit the clinical success [5].
National or regional registries do not include reasons for failures of
dental restorations in clinical practice, except for implants in some
countries [6-8]. Consequently, the failure rates of different restorations
or materials are unknown. Controlled clinical trials on long-term sur-
vival of dental restorations indicate that zirconia-based crowns show a
relatively good longevity, with up to 95% 5-year survival rates [9-13].
The studies on zirconia crowns are relatively few and with limited
sample sizes, besides most are based on first or second generation of
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zirconia materials, not the recent high translucent (cubic, anterior)
zirconias . Furthermore, case reports and personal communication with
prosthodontic specialists, general practitioners and dental technicians
indicate that mechanical failures, such as zirconia framework fractures
and veneering ceramic fractures, do occur quite often especially with the
high translucent zirconias [9,10,14-18].

The underlying reasons for fracture of zirconia-based crowns may be
due to several factors such as design, material composition or machining
quality. Many in vitro studies have tried to investigate the effect of
different preparation or crown designs on the fracture resistance
[19-26]. The results are inconclusive and comparison among studies is
difficult due to large differences in test methods and designs. In vitro
studies show that there are differences among zirconia materials
regarding load at fracture and margin quality [27-29]. Several studies
have found that all-ceramic crowns have flaws like pores, machining
defects and margin chips, but the clinical relevance of this has yet to be
determined and again the studies are too different for direct comparison
[30-33]. Which factors that are most important for clinical survival are
not evident. At present, there are no established procedures that can cast

E-mail addresses: anneli.skjold@uib.no (A. Skjold), christian.schriwer@uib.no (C. Schriwer), gjerdet@uib.no (N.R. Gjerdet), marit.oilo@uib.no (M. @ilo).

https://doi.org/10.1016/j.jdent.2022.104271

Received 26 May 2022; Received in revised form 12 July 2022; Accepted 25 August 2022

Available online 27 August 2022

0300-5712/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:anneli.skjold@uib.no
mailto:christian.schriwer@uib.no
mailto:gjerdet@uib.no
mailto:marit.oilo@uib.no
www.sciencedirect.com/science/journal/03005712
https://www.elsevier.com/locate/jdent
https://doi.org/10.1016/j.jdent.2022.104271
https://doi.org/10.1016/j.jdent.2022.104271
https://doi.org/10.1016/j.jdent.2022.104271
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdent.2022.104271&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Skjold et al.

light on why the fractures occur in clinical use as the materials in theory
should be able to withstand masticatory forces.

An understanding of failure mechanisms can provide a basis for
recommendations of clinical considerations regarding design and ma-
terial selection. To elucidate the causes of failure of all-ceramic resto-
rations, meticulous characterization of retrieved crowns is necessary
[15]. Qualitative and quantitative fractographic examinations of clini-
cally failed ceramic restorations have increased in later years, but the
number of restorations examined are small and heterogenous [34-37].
Few zirconia-based restorations are included in these analyses [31,35,
37-40]. Furthermore, most studies are performed on bi-layered resto-
rations with a veneering layer of porcelain where certain fracture fea-
tures, such as wake hackle behind pores are more prominent than in core
materials and monolithic crowns. Consequently, there is limited
knowledge of how and why monolithic restorations fracture or whether
zirconia-based crowns have similar fracture modes as other all-ceramic
crowns.

The primary aim of this study was to identify the fracture mode and
fracture origins of retrieved dental zirconia-based crowns. Furthermore,
the aim was to assess which factors that contributed to clinical failure of
the retrieved crowns.

2. Materials and methods

Dentists and dental technicians were invited to submit all types of all-
ceramic restorations that had fractured in clinical use. The invitation
was presented at various national and regional meetings and confer-
ences where the authors gave talks about dental ceramics over the last
five years. The invitations were open for all types of retrievals and
submission of additional information about the restoration history or
composition was voluntary since this information is not always readily

Table 1
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available or takes time and effort to retrieve. Anonymous submissions
were also accepted in case the submitters were reluctant to reveal their
mistakes. The goal was to receive as many failed restorations as possible.
The restorations were submitted without any patient-related informa-
tion and thus raises no ethical concerns.

2.1. Sample

The submitted zirconia-based single crowns were selected for this
study. Around twenty public and private dentists responded to the
invitation with submission of one to six crowns each. Most restorations
were received in the last three years. The retrieved crowns are thus a
convenience compilation of thirty-five zirconia-based crowns that had
failed during clinical use. The compilation consists of both bi-layered (n
= 15) and monolithic (n = 20) zirconia crowns, from both anterior (n =
16) and posterior (n = 19) regions (Table 1). Detailed information
regarding brand names, clinical function time and cement type was not
available. All crowns were retrieved from individual patients, except for
four monolithic anterior crowns that originated from one patient.
Fracture details from these four crowns were obtained by the replica
technique [40]. The dentist received detailed instructions on how to
perform the impression for this procedure. The patient wished to repair
the crowns instead of replacing them. All the analyzed crowns had been
cemented on teeth, except for three crowns which had been cemented on
implant abutments.

2.2. Preparation of the samples

The retrieved fragments were initially ultrasonically cleaned in 1%
enzymatic detergent solution (Biotex, Unilever Danmark AS, Copenha-
gen, Denmark) for 15 min with subsequent rinsing with distilled water

Overview of the retrieved crowns, crown type, tooth type, preparation type, failure modes, fracture origin and additional information. * — one premolar and two molar

crowns were previously cemented on implant abutments.

b four monolithic incisors were retrieved from the same patient.

Crown type Tooth type Preparation type Failure mode Fracture origin Direction of fracture Direct cause of the fracture initiation

Bi-layer Incisor Chamfer Total Crown margin Appr-appr

Bi-layer Incisor Chamfer Total Crown margin Appr-appr

Bi-layer Incisor Chamfer Total Crown margin Bucc-pal

Bi-layer Incisor Chamfer Total Crown margin Appr-appr

Bi-layer Incisor Slice Total Crown margin Ling-bucc

Bi-layer Incisor Chamfer Total Crown margin Bucc-pal

Bi-layer Incisor Chamfer Total Crown margin Appr-appr

Bi-layer Incisor Slice Total Crown margin Appr-appr Outer defect due to manual adjustment at the crown margin
Bi-layer Premolar Chamfer Total Crown margin Ling-bucc

Bi-layer Premolar * Chamfer Total Occlusal intaglio Occl-appr

Bi-layer Premolar Chamfer Total Uncertain

Bi-layer Molar Chamfer Total Crown margin Appr-appr

Bi-layer Molar Chamfer Total Crown margin Appr-appr Outer defect due to manual adjustment at the crown margin
Bi-layer Molar Slice Semilunar Crown margin Appr-appr

Bi-layer Molar Chamfer Total Uncertain

Monolithic Incisor” n.n Incisal chipping Incisal

Monolithic Incisor® n.n Incisal chipping Incisal

Monolithic Incisor® n.n Incisal chipping Incisal

Monolithic Incisor” n.n Incisal chipping Incisal

Monolithic Incisor n.n Total Uncertain

Monolithic Canine Chamfer Total Uncertain

Monolithic Canine n.n Total Crown margin Appr-appr

Monolithic Premolar Slice Semilunar Crown margin Ling-ling

Monolithic Premolar Chamfer Semilunar Crown margin Appr-ling

Monolithic Premolar Chamfer Semilunar Crown margin Ling-ling

Monolithic Premolar Slice Total Crown margin Appr-appr Crown margin defect

Monolithic Premolar Chamfer Total Occlusal intaglio Occl-appr

Monolithic Molar Slice Semilunar Crown margin Appr-appr Outer defect due to manual adjustment at the crown margin
Monolithic Molar Slice Total Crown margin Ling-bucc Crown margin defect

Monolithic Molar Chamfer Total Crown margin Ling-bucc Outer defect due to manual adjustment at the crown margin
Monolithic Molar Slice Semilunar Crown margin Ling-ling

Monolithic Molar Slice Total Crown margin Bucc-ling

Monolithic Molar Chamfer Total Crown margin Appr-bucc Defect in material due to incomplete sintering

Monolithic Molar * Chamfer Total Inner axial wall

Monolithic Molar ? Chamfer Total Inner axial wall Defect in material at the fracture start
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before air drying. Each fractured crown was stored individually in lens
paper to avoid recontamination.

2.3. Fractographic analyses

Several fracture variables were identified by thorough fractographic
analysis [36,41].

Failure modes were registered as total fracture (splitting the resto-
ration in two or more parts), semilunar fracture (small marginal fracture
exposing the prepared tooth underneath) or chipping (superficial frac-
ture, not exposing the prepared tooth). The regional location of fracture
origin was registered as occlusal/incisal, marginal, or axial wall region.
Furthermore, it was registered whether the origin was on the inside
(intaglio) or outside surface of the crown. The direction of crack prop-
agation (dcp) was registered as from the region of fracture origin to the
end of fracture, for instance approximal-approximal or bucco-lingual.
An assessment of the preparation finish line design of the abutments
was made for each restoration based on the inner contour of the crown
margin.

The fracture surfaces of all specimens were examined by optical
microscopy (Leica M205 C, Leica Microsystems, Wetzlar, Germany)
under various lighting directions. To confirm the dcp and to verify the
location of the fracture origin, the specimens were further analyzed in a
scanning electron microscope (Phenom XL Desktop SEM, Thermo Fisher
Scientific, Waltham, MA, USA) in secondary emission mode and back
scatter mode. Prior to the examination in SEM, the specimens were
further cleaned in an ultrasonic bath with Dakin’s solution for 10 min,
rinsed with distilled water, air dried, rinsed with alcohol before air
drying and sputter-coating with gold (thickness of 30 A). Crowns with
unusual material appearance were examined in secondary emission
mode (SEM-SED) for analysis of material composition. One crown was
excluded following this procedure as it contained mostly alumina. The
crown margins at the fracture origin area were examined from both
outside and inside of the crown to investigate the quality of the crown
margin. Presence of introduced defects and inherent flaws such as pores
and incomplete sintering, were noted. In addition, both sides of the
fracture surface were examined, when the matching pieces were avail-
able. Fractographic features such as compression curls, wake hackle,
arrest lines, crack branching and hackle lines were used for identifica-
tion of dcp and fracture origin [36]. Images of the fracture surfaces were
acquired to assemble fractographic maps where orientation, dep and
high magnification images of fracture origin and other findings were
included.

1.0 mmn

.3 mm

(.5 mm
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2.4. Crown wall measurements

The location of origin was compared with the other similar areas of
the restoration. The crown wall thickness or the zirconia core thickness
were measured at three different distances from the crown margin both
around the fracture origin and at the opposite end of the fracture path
(Fig. 1). In addition, the axial wall height at the fracture origin was
measured and compared with the axial wall height in the rest of the
crown. The measurements were performed in a microscope imaging
software (LAS X, Leica Microsystems, Wetzlar, Germany) on digital
photos taken by optical microscopy (Leica M205 C, Leica Microsystems,
Wetzlar, Germany).

3. Statistics

This study is a descriptive study of the retrieved restorations. The
number of specimens was too low for statistical comparison among
groups with sufficient power.

4. Results

Overall examination of the crowns showed three failure modes: total
fracture (n = 26), semilunar fracture at the crown margin (n = 5) and
incisal chipping (n = 4) (Fig. 2 and Table 1). All bi-layered crowns
except for one, had failed by total fracture of the core framework. In the
monolithic crowns, all three failure modes were observed. In 16 out of
35 crowns, droplets or smears of veneering and glazing materials was
observed on the intaglio surface of the crown margins.

Fractographic analysis identified four different areas of fracture or-
igins: at the crown margin (23), at the intaglio axial wall surface (2), at
the occlusal intaglio surface (2) and at the outer incisal surface (4)
(Figs. 3-6, Tables 1 and 2). For 13 of the crowns with fracture origin at
the crown margin, the location was in the approximal region of the
crown. The exact fracture origins of four of the crowns were impossible
to identify due to missing fragments but they were still included as the
fracture mode in general could be identified. Three crowns that were
cemented on implant abutments had fracture origin at the crowns’ in-
taglio surface. For eight of the crowns observed defects were likely
fracture initiators (Figs. 7 and 8).

Assessment of the crown design showed that the crown margin was
20% thinner around the fracture origin compared to the opposite end of
the fracture path. The axial wall height at the fracture origin was on
average 30% shorter than the opposing wall.

Axial wall
height

Fig. 1. A schematic cross-section illustration of the measurement points for crown margin thickness and axial wall height.
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Fig. 2. Three failure modes that were observed in retrieved crowns. A: total fracture, shown on one half of a totally fractured monolithic molar crown B: semilunar
fracture at the crown margin (marginal chipping), shown on monolithic premolar crown. C: incisal chipping shown on an gold coated epoxy replica of a monolithic

incisal crown.

Incisal
chipping
n=4

Ocelusal

intaglion — 2

Inner axial

Craown walln = 2

margin

23

n

Fig. 3. A schematic figure of cross-section of a crown. Fractographic analysis identified four different fracture origin areas. N = number of crowns in each area.

Arvest loes

Fig. 4. A fractographic map of a veneered incisor zirconia crown (SEM , secondary emission mode).The largest part of the crown is the buccal half shown in the
central image (B, x 10). Black arrows indicate the direction of crack propagation. The white boxes indicate the size and location of the detail images (A, C and D x
30). The fracture origin is at the approximal region of the crown margin shown in A. Fractographic features that are visible in the veneer layer are wake hackle (A),

hackle lines (C, magnification x30) and crack arrest lines (D, magnification x30).
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Fig. 5. A fractographic map of a monolithic
molar zirconia crown with fracture origin at the
crown occlusal intaglio surface. The main
image D (x15) shows the largest part of the
retrieved crown. Black arrows show the direc-
tion of crack propagation. The white boxes
indicate the size and location of the detail im-
ages. Image B (x20) is taken from the inside of
the crown showing the fracture origin (white
arrow). Fractographic features that are visible
are hackle lines (A and C, x80) and compres-
sion curl (D). The occlusal thickness was 0.310
mm near fracture origin area (* in D). Veneer
contamination is visible at the crown margin

D).

Fig. 6. A fractographic map of a monolithic molar zirconia crown that was cemented on implant abutment (A, x20 magnification). The crack propagation is show
with black arrows. Fracture originated at the crown inner axial wall. Local defect possibly caused during sintering acted as fracture-initiator (B, x50 magnification).
Compression curl and occlusal access hole are visible in A. Thin occlusal thickness compared to axial wall thickness (0,385 mm) at the area marked with * in A).

Grinding marks due to post-failure adjustment of the sharp edges are visible (A).

5. Discussion restorations differ from the more fragile alumina and glass-ceramic ones.

The present result show, however, that the fracture modes resemble

The results show that fractography can be used to determine fracture other all-ceramic restorations [31,35,42-46]. The findings can thus be

origins and crack propagation for zirconia-based restorations even used as a guide to develop more clinically relevant in vitro test methods

without veneering porcelain. Given the higher strength of dental zir- for all-ceramic crowns in general as the fracture modes differ from those
conia, it could be assumed that fracture modes of zirconia-based observed in most “crunch-the-crown” studies [47,48].
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Table 2
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Summary of the fracture origins for anterior and posterior crowns within the two different crown fabrication types. ®-crowns that were cemented on implant abutment.

b_ retrieved from the same patient.

Different groups Fracture origin

Crown fabrication type Tooth type Crown margin Occlusal intaglio Inner axial wall Outer incisal Uncertain Sum

Bi-layered Anterior 8 0 0 0 0 8
Posterior 4 12 0 0 2 7

Monolithic Anterior 1 0 0 4 2 7
Posterior 10 1 2% 0 0 13

Uneven

crown

margin

contamimaton

Fig. 7. Close up images of two different fractured crowns with fracture origin at the crown margin. A: visible-to-eye defect (white arrows) at the crown margin close
to fracture origin area (x 10, buccal view). Also, an incomplete fracture line is visible (black arrow). B: A monolithic crown with contamination of veneering material

on the inside of the crown margin (white arrows) (x100).

Fractographic analyses of clinically failed all-ceramic dental resto-
rations provide an approach to determination of failure origin [49,50].
The findings of this study indicates that the crown margins in
zirconia-based crowns is highly prone to fracture initiation. This in-
dicates that the crown margin design is of great importance for fracture
resistance. Brittle fractures in ceramics can be described by a weakest
link model with regards to flaw population and microstructure features
around the fracture origin. Mastication forces on the occlusal surfaces of
a dental crown can cause tensile stress at the crown margins [48]. Very
thin margins or defects will increase the potential for stress concentra-
tion exceeding the fracture resistance. The defects may be flaws within
the material created during sintering processes or margin defects
introduced by machining or post-production processing, such as manual
adjustment of the crown margin (Figs. 7 and 8). In this study, not all
observed margin defects served as fracture initiators. However, seven
out of 23 crowns with fracture origin at the crown margin, had defects at
the crown margin that most likely acted as fracture initiators. Similar
observations were made in a previous study, which also showed that
crowns had pores, contamination, or incomplete sintering acting as
fracture initiators [31]. This indicates that extra attention and care
should be taken during CAD/CAM machining and any post-production
adjustment of the zirconia crowns.

Seventeen of the 23 crowns with fracture origins at the crown
margin, had thinner margins in the fracture origin area compared with
the opposite side. The thin crown margins indicate that the abutment
teeth had slice preparation or very shallow chamfers. However, due to
the lack of detailed information of the abutment teeth, these are only
assumptions of the preparation designs. It may also be that the dental
technician had made the crown unnecessary thin. The crown margin
thickness in some of the crowns was uneven, varying from very thin
(<0.1 mm) to relatively thick (>0.5 mm). In such crowns, the fracture
started in the thinner part of the crown margin. The effect of thin crown
margins becomes even more apparent in the bi-layered crowns, where
the thickness of the zirconia core material is even thinner due to the
veneering layer. The observed difference in failure modes between bi-

layered and monolithic zirconia crowns supports this assumption.
Almost all bi-layered crowns had total fracture while all three fracture
modes were present in the monolithic crowns. Several in vitro studies on
material thickness indicate that a material thickness of 0.5 mm is a
critical thickness for monolithic zirconia crowns [51-57]. In vitro studies
examining alternative design of crown margin such as outer collar at
crown margin to increase the margin thickness showed higher fracture
strength of the zirconia crowns [19,58-60]. It is important to bear in
mind that unnecessary deep chamfer preparations may jeopardize the
pulp vitality and must thus be avoided.

The height of the crown wall is usually shorter in the approximal
area, where the crown margin curves due to the gingival papilla. Most of
the crowns in the present compilation had fracture origins in the shortest
region of the axial crown wall indicating the this is a stress concentration
area. An in vitro study examining the effects of margin curvature on load
at fracture of ceramic crowns showed that increased curvature in the
proximal margins reduced load at fracture [34,61]. The results indicate
that a leveling of the crown margin may increase the fracture resistance,
but on the other hand this may cause a retraction of the dental papilla
and subsequently the alveolar bone. Furthermore, a leveled crown
margin requires more tooth substance removal and can thus compro-
mise the tooth and the pulp vitality more than necessary. The pros and
cons must be considered in each individual case.

The observed contaminations of veneering and glazing materials on
the inner side of the crown margins illustrates the complexity of the
dental technical procedures as has been shown previously [31]. The
surplus material can lead to increased hoop stress at the crown margin
during seating and cementation as the restorations are made to fit
perfectly with approximately 50 pm cement space marginally. Further-
more, veneer or glaze on the inside will have a negative effect on cement
flow during cementation and may thus increase the hoop stress even
more or result in incomplete seating [31,35,38]. Furthermore, tension at
the crown margin may be caused by dentine distortion during occlusal
loading [16,48,62]. None of the three crowns in this study that were
cemented on implant abutments had fracture origin at the crown
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Fig. 8. Close up images of a monolithic crown with fracture origin at the crown margin (A, x70 magnification). A defect in the zirconia material due to incomplete
sintering acted as a fracture initiator (black arrows, C, x700). Another defect within the material is shown with black circle (B, x200).

margin. In vitro studies have shown that the fracture strength of
all-ceramic crowns depend on the flexibility of the supporting structure
indicating that tooth supported and implant supported restorations are
subjected to different stress distribution during occlusion [63]. The
absence of abutment flexure may result in different fracture modes. The
limited number of crowns in the present compilation makes it impos-
sible to draw a conclusion, but previous observations of implant-based
restorations are in accordance with these [16].

There were no bi-layered crowns with veneer chipping retrieved in
this study, although it is known that veneer chipping is the predominant
technical complication [10,64,65]. This might be because in situ crowns
with only veneer chipping failures are most often repaired rather than
replaced. Furthermore, these crowns are difficult to remove without
destroying them totally. Four monolithic crowns recorded with incisal
chipping were retrieved from the same patient which has known par-
afunction, and these cannot be counted as four independent cases.
However, this indicates that chipping failures do occur in zirconia
despite the high strength. The fact that these crowns were incisor crowns
strongly indicates that they were of a newer generation of high trans-
lucency zirconia, which has shown to have a lower fracture toughness
than the first generation 3mol% yttria-stabilized tetragonal zirconia
polycrystal (3Y-TZP) [66]. X-ray diffraction or Raman analyses could
possibly detect more accurately which type of zirconia each crown was
made of. As zirconia is often suggested as the solution to patients with
severe parafunction, such as grinding, clenching or bruxism, it is
important to know which type of zirconia to choose in each case. The
lack of detailed information the dentists share when submitting crowns,

indicates that many are unaware of the distinctions. Typical information
was “This is a zirconia crown. It was cemented a couple of years ago and
broke last month without any special events” or they wrote the generic
brand name without specifying which type. Most producers have be-
tween three to five different types of zirconias of different compositions
and amount of yttria stabilizer to choose from.

This study included relatively few specimens, but it is still a large
compilation for this type of retrieval analyses. Surprisingly few dentists
responded to our invitations, given that many have told us they often see
fractured restorations in their practice and asked how to avoid it. On the
other hand, some submitted several restorations. This indicates that
there is a high degree of underreporting. Personal communications with
dental technicians suggested that they were reluctant to submit frac-
tured restorations they had received for their collaborating dentists as
they considered it to be the dentists’ responsibility. Due to the limited
number of specimens, the present results do not represent the variety of
fractures occurring in clinical practice and does not fully elucidate the
complexity of this clinical challenge. Future clinical retrieval studies
need to include more detailed information regarding material compo-
sition, processing methods, cementation technique, time in function,
gender of patient and occlusal forces. A mandatory registry of failed
dental restorations would improve the possibilities for this type of
retrieval analyses tremendously. As it is now, most busy private prac-
titioners do not see the benefits of spending their precious time on
careful removal and collection of fractured crowns and disinfecting the
parts before sending them to a research laboratory. Future clinical trials
of all-ceramic restorations should likewise always include a thorough
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failure analysis including fractography if applicable.

6. Conclusion

The crown margin is a critical region for both monolithic and bi-
layered crowns as most fracture originates here. Care should be taken
during post-production adjustments to avoid introducing critical flaws,
especially in the approximal region where the crown walls are often
both shortest and thinnest and thus most susceptible for stress concen-
trations surpassing the fracture resistance threshold.

Retrieval analyses are useful for understanding clinical failures of
dental restorations. Fractographic analysis of zirconia-based dental
restoration reveals both the fracture mode and possible reasons for
fracture. The lack of systematic reporting or registration of failed dental
restorations limits our ability to learn from our mistakes. A standardized
procedures for failure analysis of clinical retrievals as well as in vitro tests
would increase the possibility of comparison among studies and over
time.

The manuscript Fractographic analysis of 35 clinically fractured bi-
layered and monolithic zirconia crowns has been a collaborative work.
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