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Abstract Chipping of the applied veneering ceramic is
reported to be a main clinical failure type of computer-aided
design/computer-aided manufacturing- or manually copy-
milled zirconia restorations. The aim of this in vitro study
was to investigate whether different substructure designs
and veneering processes done by different dental techni-
cians do significantly influence chipping in zirconia-based
all-ceramic fixed dental prostheses during simulated oral
service. Five groups (n=8 per group) of three-unit zirconia
substructures were fabricated in three different laboratories
using copy-milling technique. Three series were veneered
with identical porcelain (groups 1–3) and one with a second
different porcelain (group 4). The fifth group was milled to
final contour design without veneering. Dimensions of the
connector areas were determined. All fixed partial dentures
(FPDs) were adhesively boned on human teeth and
thermally cycled and mechanically loaded (1.2×106×
50 N; 6,000×5°C/55°C) using human antagonists. Restora-
tions were monitored during thermal cycling and mechanical
loading (TCML). FPDs which survived were loaded to
fracture. FPDs which failed during TCML were investigated
with fractographic means. During TCML, chipping took
place in groups 1 (two times), 2 (four times) and 3 (five
times) (Table 1). Chipping areas varied between 2.3 mm2

(group 3) and 58.7 mm2 (group 2). Groups 4 and 5
provided no failures during TCML. Failure in all cases

started from contact points, where superficial wear and
disruption of the porcelain were found. No significant
correlation could be determined between connector thick-
ness and number of failures. Median fracture results varied
between 1,011 N (group 3) and 2,126 N (group 2). The
results show the necessity of considering individual design
and manufacturing of restorations as well as contact
situation. Advanced technical training on zirconia-based
restorations is recommended.
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Introduction

Yttria-stabilized zirconia ceramics are available as alter-
natives for metal-supported restorations. Substructures that
are made of partially stabilized zirconia provide high
fracture strength, high structural reliability and a small
range of strength variation compared to glass ceramics [1,
2]. Zirconia is processed in computer-aided design/computer-
aided manufacturing (CAD/CAM) or CAM technologies and
has been investigated thoroughly in the past years under in
vivo conditions [3–5]. For reducing technological expendi-
ture, manually controlled copy-milling techniques are
available.

After milling, zirconia typically has to be veneered with
porcelain in layering or press technique. This veneering
porcelain shows lower strength compared to high-strength
zirconia [6]. Alternatively, full-zirconia restorations can be
fabricated with occlusal design without veneering (Prettau,
Zirkonzahn, Gais, Italy). When applied, veneering porcelain
is directly exposed to chewing, clenching and moisture
which might weaken the veneering and result in cracks or
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chipping [7, 8]. Although chipping has been described with
porcelain fused to metal restorations [9, 10], it is especially
examined and currently discussed with zirconia restorations
[3–5, 11, 12]. Various factors that might influence chipping
occurrence have been reported: veneering thickness and
occlusal support [13], morphology of the circular finishing
line, adhesive forces between substructure and veneering
[14], negative effects because of the combined different
material layers [15–17] or residual stresses influenced by the
cooling protocol during the veneering process [18]. The
question arises, whether failure types and pattern may be
influenced by the individual design of restorations with its
occlusal variations and therefore different effects on loading
and force distribution. The design of the restoration strongly
depends on the residual dentition as well as on skills and
preferences of the individual dental technician. Therefore,
the fabrication process of the substructure and the veneering
process in the different dental laboratories, especially with
individualised copy milling, gains importance.

Chewing simulations [19], which imitate the clinical
situation with dynamic loading and thermal cycling, may
help to investigate specimen behaviour under clinically
approximated conditions [20, 21] Fractographic methods
[22, 23] can be used to describe ceramic failures, which
appear during the simulation, and to compare the results
with the clinical situation. These failures are in most cases
initiated by flaws inside the material or defects in marginal
or occlusal areas [24]. If no failures occur during
simulation, a subsequent static fracture test may help to
locate of initiated weak points. It may also allow for
comparison of the tested materials with clinically well-
known systems. However, these static benchmark tests may
reveal different failure patterns in comparison to in vivo
situations.

The hypothesis tested in this study was that different
substructure design and the veneering process from
different dental technicians do significantly influence
chipping in zirconia-based all-ceramic fixed dental prosthe-
ses (FDPs) during simulated oral service.

Materials and methods

The roots of human maxillary molars (n=80) were coated
with a 1-mm-thick layer of polyether material (Impregum;
3M Espe, Seefeld, Germany) to simulate periodontal
mobility and inserted into PMMA resin (Palapress Vario;
Kulzer, Wehrheim, Germany) forming a molar oral gap of
10 mm. Loaded with 50 N, the layer allows a maximum
mobility of the single tooth in axial and vertical direction of
0.1 mm. All teeth were prepared according to the directives
for ceramic restoration techniques, using a 1-mm-deep
circular shoulder preparation. Polyether impressions (Per-
madyne; 3M Espe) and working dyes were made of class
IV dental stone (Fuji Rock; GC Corporation, Tokyo,
Japan). Models and human antagonists were delivered to
three different dental laboratories for the fabrication of
three-unit fixed partial dentures (FPDs). In all cases, the
substructures were copy milled (Zirkograph; Zirkonzahn).
Veneering was applied in layering technique using two
different porcelains (A and B) without pre-treatment of the
zirconia substructures. Five different examination groups
were provided:

1) Laboratory A: zirconia substructures, veneering A
2) Laboratory B: zirconia substructures, veneering A
3) Laboratory C: zirconia substructures, veneering A
4) Laboratory C: zirconia substructures, veneering B
5) Laboratory C: zirconia substructures (Prettau zirconia;

Zirkonzahn), no veneering

Substructures in groups 1–4 were fabricated of zirconia
(ICE; Zirkonzahn; veneering A: silica based; firing tempera-
ture (FT), 780°C; thermal expansion (TE), 8.7×1.2×10−6/K
and veneering B: ICE: silica based; FT, 820°C; TE, 9.6×
1.2×10−6/K). FPDs and human molar antagonists were
adjusted in a dental articulator (Artex CN; Amann-
Girrbach, Pforzheim, Germany) during fabrication process.
Dimensions (height and width) were measured at both
abutment teeth at the connectors (A, B) and in the centre
of the FDP.

Table 1 Fracture force [newton], number and area of failures during TCML and fracture test

Group Median 25% 75% Failure during fracture test Chipping in TCML (number, area)

Chipping Core Crown Buccal (area [mm2]) Lingual (area [mm2])

1 1,228.50 891.75 1,853.50 1 5 1 (29.7) 1 (57.7)

2 2,126.00 1,308.75 2,591.50 2 2 1 (28.6) 3 (8.3, 58.7, 15.5)

3 1,011.00 955.00 * 2 1 0 5 (11.7, 48.9, 3.1, 2.3, 7.4)

4 1,140.50 790.25 1,699.00 1 2 5 0 0

5 1,568.50 1,296.50 1,977.00 2 6 0 0

*Weighted value not calculable
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All FPDs were adhesively bonded using dual-curing resin
cement (Variolink2) with corresponding primer and bonding
system (Syntac classic; both from Ivoclar-Vivadent, Schaan,
Liechtenstein). A bite registration was used for transferring
FPDs and antagonists into the chewing simulator (EGO;
Regensburg, Germany). Thermal cycling (6,000×5°/55°;
2 min each cycle) and mechanical loading (1.2×106×50 N)
was performed with parameters based on literature data
which are supposed to simulate 5 years of oral service [20,
21]. During simulation time, all FPDs were monitored,
appearing failures were documented and failed FDPs were
excluded from further simulation process. Location (mesial,
distal, buccal or lingual direction) and extension (width,
height and area) of the occurring failure modes were
determined. Scanning electron microscopy (SEM; magnifi-
cation, 10–1,000×; working distance, 20.4 mm; voltage,
5 keV; low vacuum; Quanta; FEI-Phillips, Eindhoven,
Netherlands) was used to do fractographic failure analysis.
Therefore, overview and detailed micrographs were made.

All FPDs, which survived thermally cycled and mechani-
cally loaded ageing without chipping, were loaded until failure
using a testingmachine (Zwick, Ulm, Germany, v=1 mm/min).
The force was applied using a steel ball (d=12 mm), while a
tin foil (1 mm) between pontic and antagonist prevented force

peaks. FPDs which failed during thermal cycling and
mechanical loading (TCML) were excluded from the fracture
test. The FPDs were optically examined before and after
fracture testing. Failure mode was divided into fracture of
veneering, crown or core. Medians and 25%/75% of the
fracture resistance [newton] were calculated. Statistical
analysis was performed using Mann–Whitney U test
(Kolmogorov–Smirnov test; Chi-square; α=0.05).

Results

During TCML, chipping of the veneering took place in
groups 1 (two times), 2 (four times) and 3 (five times)
(Table 1). Most chippings were located in lingual direc-
tions. One chipping in groups 1 and 2 was found in buccal
direction. Chipping areas were 29.7 mm2 (group 1) and
28.5 mm2 (group 2) in buccal direction. Areas varied
between 2.3 mm2 (group 3) and 58.7 mm2 (group 2) in
lingual direction. Groups 4 and 5 provided no failures
during TCML (Table 1). No significant (p=0.168) correla-
tion was found between thickness of the connector and
number of failures (Table 2). Failure in all cases started
from a contact point, where superficial wear and disruption

Fig. 1 Group 1: picture of the
chipping area and SEM image
(magnification)

Table 2 FPD connector dimensions (mean±standard deviation)

Connector dimension Pontic Abutment side A Abutment side B

Group Length [mm] Width [mm] Height [mm] Width [mm] Height [mm] Width [mm]

1 9.3±1.4 8.8±0.6 5.0±0.3 6.1±0.3 4.7±0.6 6.1±0.3

2 9.1±0.5 7.8±1.1 4.6±0.2 5.4±0.3 4.6±0.4 5.0±0.3

3 9.6±0.7 8.7±0.4 4.3±0.5 5.5±0.9 4.3±0.2 5.3±0.3

4 11.0±1.0 9.6±.41 4.4±0.4 5.3±0.8 4.2±0.6 5.5±0.8

5 11.5±0.9 9.4±3.5 5.0±0.4 7.4±0.5 5.2±0.3 7.8±0.6
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of the porcelain were found. Exemplary SEM micrographs
are provided as detailed figures (Figs. 1–5).

No significant differences in fracture resistance were
found between the individual groups (p>0.055), with the
exception of groups 2 (2,126 N) and 4 (1,141 N; p=0.042).
Median fracture results varied between 1,011 N (group 3)
and 2,126 N (group 2). Failures in the fracture test were
chipping (two times), core fracture (eight times) and
fracture at the crown coping (19 times). The dimensions
of the connector had no significant influence on the fracture
results (0.9>p>0.054). (Table 1).

Discussion

The hypothesis of this study that chipping in zirconia FDPs,
which are delivered by different dental laboratories, is
influenced by the individual substructure design and veneering
process had to be confirmed. In contrast to expectations, no
significant correlation was found between chipping and the

final dimensions of the connectors, although the dimensions
varied between the individual groups.

The search for the reason of the individual chipping
differences is strongly characterized by the basic idea to
investigate no standardized, but individually shaped, FPDs.
The design of the FPDs was strongly influenced by shape and
size of the individual teeth and the individual fabrication
process by the different dental laboratories. Human molars
were used to ensure a clinical relevant modulus of elasticity of
the abutments and to simulate a relevant bonding between
FPDs and teeth. Human antagonists create a clinically
relevant loading and wear at the occlusal surface of the
examined restorations. Direct comparability of loading
situations and fracture results of the individual FPDs is
therefore limited. TCML parameters have been chosen
congruent to numerous other in vitro studies. They are known
to simulate restoration stress according to a 5-year period of
intraoral use [20, 21]. Under oral conditions the contact
between antagonist and tooth is sensory regulated, therefore
pneumatically controlled TCML may cause impact condi-

Fig. 3 Group 2: picture of the
chipping area and SEM image
(magnification)

Fig. 2 Group 2: picture of the
chipping area and SEM image
(magnification)
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tions on the crown surface, which might only be comparable
to the clinical situation with limitations.

As cracks and chipping occurred in most of the tested
groups, it seems to stay as a problem in zirconia-based
FPDs. Failure reasons are supposed to be occlusal overload,
stress corrosion, fatigue or improper structure design [25].
Antagonists cause occlusal wear (see Figs. 1, 2, 3, 4, 5) by
means of chewing impact and clenching and roughening of
the porcelain surface. These flaws or superficial ruptures
cause crack initiation, and flaws can propagate through the
veneering without being stopped or deflected. As described
earlier for crowns [22], a worst case scenario may be
produced if the FPDs are fabricated in a simple shape-reduced
design without occlusal support for the veneering porcelain.
The high strength of zirconia and the individual copy-milling
process even allow for the fabrication of a small substructure
thickness, reduced connector areas or thin crown copings.
Therefore, the high number of chippings may be influenced
by a low support by the substructure and high thickness of the
veneering. This would conform to the crack initiation in two
and three layer systems [15–17] and the description of cone
cracking and radial cracking of the veneering. It is also in
accordance with the failure type, where no interfacial failures
between substructure and veneering were found, but solely
chipping in the veneering.

There were obvious differences in the individual design
of the restorations concerning the shape of the cusps.
Rounded cusps and flat angles were found in groups 4 and
5 where no chipping occurred. In contrast, steep angled and
edged cusps (groups 1–3) improve the optical appearance
but were shown to influence chipping rates negatively. The
force distribution during clenching and mastication [26]
claims for a rounded cusp design for reducing chipping
numbers. The location of the chipping in buccal and lingual
directions may underline this theory: on the tested
mandibular FPDs, main chewing forces occur in the central
lingual areas. The non-load-bearing lingual cusps have to
bear the side shift chewing forces. Thus, shearing forces
produced by sliding and clenching mainly occur on distal
and lingual directions and cause chipping failures. This
theory would also conform to FEA [13] investigations
showing the importance of a constant veneering thickness.
Otherwise, in the mid-layer of the glass ceramic, a steady
propagation of partial cones in the veneering may occur [7].

Different chipping rates between groups 3 and 4 may be
related to the type of veneering porcelain or presumably its
customization. Small differences were found between
properties of varying veneering ceramics (flexural
strength∼90 MPa) [6] or the cooling protocol during the
veneering process [18]. Both are supposed to be the reason

Fig. 5 Group 3: picture of the
chipping area and SEM image
(magnification)

Fig. 4 Group 2: picture of the
chipping area and SEM image
(magnification)
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for chipping. Therefore, the manufacturing process and
handling are assumed to influence chipping performance,
but fractography revealed no chipping origins due to
layering failures. Chipping usually starts from wear and
superficial deterioration. On a smooth round surface, the
antagonist slides easily into the final situation with an
optimal cusp–fossa relation. This might be a reason why
crowns should be polished after occlusal adaptation, and
polishing of porcelain crowns is recommended every now
and then [27].

Fracture tests revealed significant differences only
between individual groups. The type of fracture pattern
(mainly fracture of the core or the crown) strongly varied
from failures during TCML (chipping) and may indicate the
high strength of the core along with a small influence of the
individual core design on the strength of the FPDs. It had to
be supposed that fracture tests did not allow for the
interpretation of the influence of individual design of
veneering porcelain on chipping of the FPDs.

The results of TCML show the necessity of looking at
the occlusal design of restorations and the contact situation
between antagonist and tooth: with increasing angle and
edging of the cusps, shear loading and clenching increase,
forcing wear and destruction of the loading points, fostering
flaws, cracks and the chance of chipping. Further inves-
tigations on standardized specimens are necessary to
improve the knowledge on the influence of the design
(cusp rounding and angle, e.g.) of the restoration on
chipping rates of fixed partial dentures.
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