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Statement of problem. Bonded porcelain veneers are widely used esthetic restorations. Although high success and survival
rates have been reported, failures occur. Fracture is the most common failure mode. Fractures range from incomplete cracks
to the catastrophic. Minimally invasive or thin partial veneers have gained popularity.

Purpose. The aim of this study was to measure the influences of porcelain veneer thickness and enamel substrate thickness on
the loads needed to cause the initial fracture and catastrophic failure of porcelain veneers.

Material and methods. Model discoid porcelain veneer specimens of varying thickness were bonded to the flattened facial
surfaces of incisors, artificially aged, and loaded to failure with a small sphere. Individual fracture events were identified and
analyzed statistically and fractographically.

Results. Fracture events included initial Hertzian cracks, intermediate radial cracks, and catastrophic gross failure. Increased
porcelain, enamel, and their combined thickness had like effects in substantially raising resistance to catastrophic failure but
also slightly decreased resistance to initial Hertzian cracking. Fractographic and numerical data demonstrated that porcelain
and tooth enamel behaved in a remarkably similar manner. As porcelain thickness, enamel thickness, and their combined
thickness increased, the loads needed to produce initial fracture and catastrophic failure rose substantially. Porcelain veneers
withstood considerable damage before catastrophic failure.

Conclusions. Increased enamel thickness, increased porcelain thickness, and increased combined enamel and porcelain
thickness all profoundly raised the failure loads necessary to cause catastrophic failure. Enamel and feldspathic porcelain
behaved in a like manner. Surface contact damage occurred initially. Final catastrophic failure followed flexural radial
cracking. Bonded porcelain veneers were highly damage tolerant. (J Prosthet Dent 2014;111:380-387)

CLINICAL IMPLICATIONS

Increased enamel and porcelain thickness both substantially raised the
loads needed to cause the catastrophic failure of model porcelain
veneers. Porcelain and enamel thickness should be maximized, with
enamel preservation being prioritized. Porcelain veneers are highly
damage-tolerant restorations. Wherever possible, occlusal contact
should be avoided on porcelain veneers.
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Bonded porcelain veneers have been
widely used to address esthetic dental
problems for more than 3 decades.'”
Porcelain veneers have many advan-
tages, including pleasing esthetics,
abrasion resistance, and stability. Tooth
preparation for veneers preserves much
precious tooth structure, especially
enamel and the important dentinoena-
mel junction.” The success of porcelain
veneers has been attributed to a durable
bond between 2 materials of similar
elastic moduli, porcelain and enamel.®”

Initial reports on porcelain veneers
tech-

bulky gingival

described a

. 2,6,10
nique.

nonpreparation
However,
contours can limit cleansing and provide
unnatural gingival profiles, and gingival
recession is a common problem.'
Subsequently, techniques with tooth
preparation became widely accepted.
Conservative tooth preparation facili-
tates optimizing the emergence profile
and overall contour and provides a
definite finishing line. As well as facial
reduction, preparation designs often
include incisal, proximal, and even
lingual reduction.®'*"®

Recently, minimally invasive veneer
preparation designs have become pop-
ular. These involve less tooth reduction,
partial coverage, and minimal porcelain

19-23

thickness. Minimally invasive ve-

neers have also been described as being
mini, minimal, minimal thickness, ul-

traconservative, ultrathin, partial, or

19-25

sectional veneers. Thicknesses of

0.3 mm have been reported for mini-

19-22
whereas

mally invasive veneers,
conventional porcelain veneers gener-
ally range from 0.3 to 1.0 mm in

14,16,17,26-29 - -
S Clinical outcome

thickness.
data for minimally invasive veneers have
yet to be published.

Excellent clinical outcomes, good
satisfaction ratings, and high survival
rates have often been reported for

. . 10,12,14-
conventional porcelain veneers. ™~

16,28-37
’ However,

more  rigorous
studies with a wider variety of outcome
metrics, Kaplan-Meier or lifetime sur-
vival curves, and entailing more
demanding analyses have generally re-
ported lower long-term success and

. 11,17,18,38-4
survival rates.”' 18359 Although
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leakage, marginal discrepancies, debond-
ing, esthetic problems, caries, peri-
odontal problems, and pulpal disease
may all occur, fracture is the most
common failure mode.'%" 147 18:39.42.45

Clinical fracture modes for conven-
tional bonded porcelain veneers include
longitudinal or radial cracking; chip-
ping or fracturing in incisal areas, areas
of occlusal contact, and areas close to
the veneer margins, and in marginal

semicircular half-moon frac-

10,14,15,17,18,28-30,39,42,46

areas,
tures, reminis-
cent of those found in porcelain jacket
crowns.”” Fractures have been ascribed
to the application of flexural tensile

stresses to porcelain veneers by func-

. . 15,17,31,39

tional loading, > """ cement poly-

merization shrinkage, and thermal
. 46,48

cycling.™

Fractographic analyses of clinically
fractured ceramic crowns have indicated
that failures initiate on their inner, or
tensile, surfaces.*”°° For ex vivo crown
models, flexural radial cracking is
thickness.”'

These ex vivo crown models underwent

dependent on ceramic
2 distinct fracture events: first, Hertzian
cone cracking at the surface contact
area, and second, radial cracking start-
ing from flaws in the inner ceramic sur-
face from flexural tensile stresses.
Although veneers differ from crowns in
that they are thinner and more flexible,
as well as durably bonded to an intact
layer of supporting enamel, similar
fracture events may occur.”” A finite
element analysis indicated that thinner
porcelain veneers were prone to high
stresses on both their internal and
external surfaces after bonding with
Furthermore, an

ex vivo compressive test reported that

resinous cements.*®

increasing the thickness of a porcelain
veneer from 0.5 to T mm increased the
fracture strength.””

The effects of both porcelain and
enamel substrate thickness on fracture
resistance warrant investigation, partic-
ularly given the increasing use of mini-
mally invasive porcelain veneers and the
limited thickness of tooth enamel.”* The
purpose of this study was to measure the
influence of porcelain veneer thickness
and enamel substrate thickness on the

loads needed to cause initial and cata-
strophic porcelain veneer failure. The
null hypothesis was that porcelain
thickness and enamel thickness do not
influence the loads needed to produce

catastrophic failure.
MATERIAL AND METHODS

Teeth

Maxillary central and lateral incisors
with completely intact crowns and
roots and free of caries or restorations
were selected, cleaned, and stored in
0.01% thymol solution at room tem-
perature. The teeth were embedded in
epoxy resin (Fast Cure Epoxy; Extec)
within phenolic rings (1", Ring
Molds; Extec). The labial surfaces were
gently ground under water with 240,
400, and 600 grit silicon carbide (Car-
bimet Paper Strips; Buehler) until flat
areas of enamel more than 6 mm in
diameter were obtained. All experi-
mental procedures were performed in
an ambient atmosphere of 70% to 75%
humidity and 20°C to 23°C.

Porcelain veneers

Model
specimens were sectioned from cylin-

discoid porcelain  veneer
ders made of feldspathic porcelain.
Feldspathic dental porcelain powder
(Vita VM13; Vita Zahnfabrik) was
placed in a 6.2-mm-diameter cylindrical
polyvinyl siloxane mold (Aquasil Ultra
XLV Regular Set; Dentsply Intl). The
powder was packed into the mold
against a glass slab with an acrylic resin
plunger, and sufficient water was added
to wet the material. The wet powder
was then compressed by using the
plunger with light tapping forces from a
small mallet. Excess moisture was
removed with an absorbent tissue. The
porcelain specimens were removed, and
the remaining moisture was extracted
by drying in front of a heated furnace
(Vacumat 40T; Vita Zahnfabrik). Spec-
imens were preheated to 450°C, held
for 2 minutes, and fired with a heat rise
of 25°C/min to 890°C under vacuum

for 17.3 minutes, held for 2 minutes, let

ﬁ
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cool to 350°C with the muffle 70%
open, then held under the muffle for 10
minutes. The porcelain cylinders were
then trued to a diameter between 5.4
and 5.5 mm and sectioned with a slow-
speed diamond saw (Isomet; Buehler)
to make specimens with a thickness
ranging from 0.2 to 1.4 mm. The
thicknesses of the individual specimens
were measured with a dial caliper
(Mitutoyo) to £0.01 mm.

Bonding procedure

Thirty veneers of different thickness
were assigned to teeth. The porcelain
veneers were etched with 9.5% buffered
hydrofluoric acid gel (Porcelain Etchant;
Bisco) for 90 seconds, rinsed with water,
and thoroughly air dried. Two coats of a
2-part silane coupling agent (BIS-
SILANE; Bisco) were applied and dried
30 seconds later. The teeth were cleaned
with a slurry of pumice, rinsed, and dried.
The enamel was etched with 32% phos-
phoric acid with benzalkonium chloride
(UNI-Etch; Bisco) for 15 seconds, rinsed
thoroughly, and dried lightly, leaving the
enamel visibly moist. Two coats of a
2-part dual-polymerized bonding agent
(ALL-BOND3; Bisco) were applied, air
dried for 12 seconds to evaporate sol-
vents, and light polymerized for 10 sec-
onds. Thin layers of a porcelain bonding
resin (Hema-free unfilled resin; Bisco)
were applied to the veneers, which were
lined with a light-polymerized veneer
cement (Veneer cement, Choice 2;
Bisco). The veneers were gently seated,
and static vertical loads of 2.83 N were
applied to standardize seating load and
cement layer thickness.”® The seated ve-
neers were light polymerized (Optilux
500; Kerr) for 4 seconds to tack them in
place before excess cementwas removed.
The veneers were then polymerized
circumferentially from their peripheries
for 40 seconds before being polymerized
from their facial aspects for a further
40 seconds.

Artificial aging

Bonded specimens were stored in air
for 10 minutes, in 100 % humidity for

another 50 minutes, then stored in water
for 10 days. Specimens were artificially
aged by thermal cycling 1000 times be-
tween 5°C and 55°C, with dwell times of
120 seconds and a transfer time of 15
seconds. Thermal cycling is known to
decrease the strength of bonded ve-

52,55
neers.

Extended dwell times were
used to ensure adequate heat transfer
for the specimens and their large

r’l’]Ol.Il']tS.56
Testing and analysis

Specimens were radiographed digi-
tally (XDR; Cyber Medical Imaging) to
measure the enamel thickness beneath
the center of each veneer. Moist speci-
mens were placed onto the platen of a
universal testing machine (5966; Ins-
tron) with the porcelain uppermost. A
tungsten carbide sphere, 1.59 mm in
radius, was placed on the center of each
model veneer. The radius of the sphere
was somewhat larger than the radius of
an incisal edge but smaller than that of a
large cusp. This method was known to
produce elastic deformation before
Hertzian cracking and plastic deforma-
tion in the outer surface contact area
without initially causing bulk or cata-
strophic fracture.’” Radial cracking was
expected to start from the inner bonded
ceramic surface after surface damage51;
clinical cracking and chipping in the
areas of occlusal and incisal contacts

has been widely reported for ve-

10,14-17,30,32,33,39,42,44,45
neers

and for
glass-ceramic onlays.”® The specimens
were loaded ata crosshead speed of 0.01
mm/min,

and load-time data were

recorded until catastrophic failure
occurred. Individual fracture events were
identified by post hoc analysis of the
universal testing machine load-time data
files with a spreadsheet (Excel; Micro-
soft). During pilot testing on additional
specimens, individual fracture events
were studied and sequenced by stopping
the test after individual events had been
identified on the load-time display and
on performing qualitative fractographic
examination. Fractographic analysis was
performed with a variety of light micro-

scopic techniques, brightfield, darkfield,
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Nomarski, and polarization to identify
and study fracture initiation sites and
Fracture load was

modes. plotted

against enamel thickness, porcelain
thickness, and combined enamel and
porcelain thickness. Regression analysis
was used to identify the simple linear
equations relating fracture load to
thickness, and correlation coefficients,

R?, were calculated.
RESULTS

Influence of porcelain veneer
thickness on porcelain veneer
fracture events

Increasing porcelain thickness ten-
ded to slightly decrease the load needed
to form initial cone cracks (Fig. 1); the
linear equation produced by regression
analysis for the influence of porcelain
veneer thickness on the initial cone
crack fracture event was y=—130x+402
(R*=0.04). Increasing porcelain thick-
the

to produce terminal

ness markedly increased load

needed cata-
strophic fracture (Fig. 1); the linear
equation produced by regression anal-
ysis for the influence of porcelain veneer
thickness on the terminal catastrophic
fracture y=723x+517

(R*=0.5).

event was

Influence of enamel thickness on
porcelain veneer fracture events

The influence of enamel thickness on
porcelain veneer fracture events was
remarkably similar to that of porcelain
thickness (Figs. 1, 2). Increasing enamel
thickness tended to slightly decrease the
loads needed to form initial cone cracks
(Fig. 2); the linear equation produced by
regression analysis for the influence of
enamel thickness on the initial cone
crack was y=—118x+367 (R*=0.01).
Increasing enamel thickness markedly
increased the load needed to produce
terminal catastrophic fracture (Fig. 2);
the linear equation produced by regres-
sion analysis for the influence of enamel
thickness on the terminal catastrophic
fracture y=804x+590
(R?=0.3).

event was
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[l Plot of fracture load against porcelain veneer thickness.
Initial Hertzian surface cracks are plotted as light blue dia-
monds; intermediate radial cracks as small black dots; and
final catastrophic failures as large blue circles. Regression
lines for initial Hertzian surface cracks and final catastrophic

failures are plotted.

Influence of combined porcelain
veneer and enamel thickness on
porcelain veneer fracture events

The influence of combined porcelain
veneer and enamel thickness on porce-
lain veneer fracture events was consis-
tent with those of separately plotted
porcelain veneer and enamel thicknesses
(Figs. 1-3). Increasing porcelain thick-
ness tended to slightly decrease the load
needed to form initial cone cracks
(Fig. 3); the linear equation produced by
regression analysis for the influence of
porcelain veneer thickness on initial
cone crack fracture events was
y=—83x+413 (R?=0.04). Increasing
porcelain thickness markedly increased
the load needed to produce the terminal
catastrophic fracture (Fig. 3); the linear
equation produced by regression anal-
ysis for the influence of porcelain veneer
thickness on the terminal catastrophic
fracture  event y=405x+506
(R*=0.4).

Intermediate radial crack loads were

was

not subjected to regression analysis

because, for individual specimens,

GE ET AL

multiple intermediate events often

occurred at different loads (Figs. 1-3).
Qualitative fractography

No porcelain fractures or debonding
occurred during cementation, thermal
cycling, or storage. Upon loading, the
initial fracture event was the forma-
tion of a Hertzian cone crack in the
porcelain veneers of all thicknesses
(Figs. 1-4). In half of the specimens, 15
of 30, complete cone cracks continued
through the cement and extended into
enamel (Fig. 5). In another 3 speci-
mens, partial cone cracks extended into
enamel. Some of the extensions into
enamel were shallow; others penetrated
to the dentinoenamel junction (DEJ),
but none crossed the DEJ into dentin.
Intermediate fracture events involved
the formation of radial cracks within
the veneer before final catastrophic
failure (Figs. 1-4). In these bonded
veneer specimens, most radial cracks
appeared to originate from sites on the
internal intaglio surface involved in the
Hertzian than from

cracks rather

Enamel Thickness (mm)

Plot of fracture load against supporting enamel thickness.
Initial Hertzian surface cracks are plotted as light blue dia-
monds; intermediate radial cracks as small black dots; and
final catastrophic failures as large blue circles. Regression
lines for initial Hertzian surface cracks and final catastrophic
failures are plotted.

natural flaws directly under the blunt

loading point. Some radial cracks
extended from porcelain into enamel,
or vice versa, but did not cross the DEJ
(Fig. 5). Often, several distinct inter-
mediate radial cracking events were
identified after initial Hertzian cracking
and before gross catastrophic failure

(Figs. 1-3).
DISCUSSION

The null hypothesis was rejected;
porcelain thickness, enamel thickness,
and their combined thickness all influ-
enced the loads needed to produce
catastrophic failure.

The results of this study showed that
the effects of porcelain and enamel
thickness were almost identical, both
for the initial fracture events and for the
final catastrophic events (Figs. 1, 2).
Consistent with this finding, the effects
of porcelain and enamel thickness were
(Figs. 1-3).
fractographic findings also indicated
that porcelain and enamel behaved in
mechanically similar ways (Figs. 4, 5).

ﬁ
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Plot of fracture load against combined porcelain veneer
and supporting enamel thickness. Initial Hertzian surface
cracks are plotted as light blue diamonds; intermediate radial
cracks as small black dots; and final catastrophic failures as
large blue circles. Regression lines for initial Hertzian surface
cracks and final catastrophic failures are plotted.

In many instances, the Hertzian cone
cracks penetrated all the way through
the porcelain, through the thin cement
layer, and continued into bulk enamel
(Fig. 5). The Hertzian cracks did not
cause the veneers to debond, nor did
they directly cause catastrophic failure.
A similar occurrence has been reported
in vivo.””

Qualitative fractographic analysis
revealed 3 major fracture events in this
initial Hertzian

experimental model;

cracking extending from the outer sur-

face downward; intermediate radial
cracking extending from the inner sur-
face outward and laterally; and finally
gross catastrophic failure (Figs. 1-4).
Hertzian cone cracks are formed when
spherical indenters produce symmetrical
tensile stress around the periphery of
their contact area to cause crack prop-
agation of conical form extending
downward and outward from the sur-

face contact area, analogous to the

Incisal

damage pattern produced by a bullet
impacting a glass pane (Figs. 4, 5).°%°
the

cracks were believed to originate from

In contrast, intermediate radial
flexural tensile stresses applied to the
inner intaglio surface of ceramic resto-
rations and to travel upward to the
restoration surface; they are considered
to be the dominant failure mechanism
of ceramic crowns (Fig. 5).*' Cata-
strophic failure produced destruction of
the specimen and disintegration into
many small fragments. Clinical failures
in areas of occlusal or incisal contact
have been frequently reported, consis-
tent with damage induced by direct

10,14-17,30,32,33,39,42,44,45
> ,30,32,33,39,42,44, How-

contact.
ever, this model produced “ideal” Hert-
zian cracks, rather than the irregular
asymmetric damage typically produced
by uncontrolled clinical surface contact
damage. Again, it is important to stress
that this in vitro model used a small hard
ball, rather than the natural anatomy
and material of opposing tooth struc-
ture, to load the test specimens. Radial
cracking, often without gross failure, has
been reported for porcelain veneers

12,15-18,30,33,35,39,42,44,46

in vivo and for

enamel in  vitro.°® Clinical radial
cracking probably initiates at natural
flaws on the intaglio surface of the
veneer in areas of stress concentration
or in areas of bond failure. Gross failure
of porcelain veneers has also been
d."72"% Thus, the

modes produced in this study may be

describe failure

considered to have clinical relevance.

A Facial view of transilluminated porcelain veneer with
initial central Hertzian cone crack (HCC) and intermediate
radial cracks (white arrows) before catastrophic failure.

THE JOURNAL OF PROSTHETIC DENTISTRY

H Facial view of transilluminated tooth after catastrophic
failure and total loss of veneer; Hertzian cone crack and
radial cracks (white arrows) extend through enamel.
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The wide range in loads between

initial fracture events, intermediate
radial cracking events, and final cata-
strophic failures indicated that porce-
lain veneers bonded to enamel form
highly ~ damage-tolerant  structures
(Figs. 1-3). This success can now be
explicitly attributed to a strong durable
bond between substrates that are
closely matched in mechanical proper-
ties, including elastic modulus, the

. . 61-64
Poisson ratio, and
Failure modes and loads could pro-

foundly differ if veneers were made of

toughness.

materials differing from the feldspathic
porcelain used in this study, or if the
interface between the veneer and tooth
was less durable.®” Glass ceramics and
ceramics tend to have higher elastic
moduli than feldspathic porcelain or
enamel; therefore, their failure modes
and damage tolerance could differ from
those of bonded feldspathic porcelain
veneers.

Which event, initial, intermediate, or
final, matters to a patient? Although
the initial event is a key step in the
evolution of failure, it is unlikely to be
of consequence to the patient; surface
cracks and radial cracks can only be
seen under certain lighting conditions,
whereas catastrophic failure is obvi-
ously important. Pertinently, the loads
needed to cause final catastrophic fail-
ure tended to be considerably larger
than those needed to cause initial
fracture, especially as enamel, porce-
lain, their combined
increased (Figs. 1-3).
veneer even with initial damage could
survive, possibly indefinitely, until a

or thickness

Therefore, a

substantially higher load was eventually
applied. These data suggest that dam-
age tolerance could be increased by
retaining during
preparation and by maximizing porce-

enamel thickness
lain veneer thickness during restoration.

Initial Hertzian cone cracks occurred
at relatively low loads (Figs. 1-3). These
data could be interpreted to suggest
that areas of occlusal contact should be
maintained on intact enamel, because
increased porcelain thickness does not
increase the loads needed for Hertzian
initiation.  Also,

crack accidently

GE ET AL

occluding on something hard like a
piece of bone could easily initiate
damage. These data may also apply to
porcelain onlays. These risks of contact
damage may be inevitable’® because
increased thicknesses of enamel and
porcelain could also be protective of
catastrophic failure.

The findings that increased porcelain
thickness, enamel thickness, and com-
bined porcelain and enamel thickness
slightly decreased the load needed to
cause initial cone crack fractures may at
first appear counterintuitive. However,
cone cracking is more likely to occur
when flexure of the substrate is con-
strained.””°>°® Therefore, increasing
the thicknesses of relatively stiff porce-
lain and enamel decreases overall spec-
imen flexure, slightly favoring the initial
surface fracture event but greatly helping
to prevent final catastrophic fracture.

These
maximizing both

results demonstrated that
remaining enamel
thickness and porcelain thickness were
important in preventing catastrophic
failure. However, esthetics and hygiene
limit practical clinical applications.
Doubling the thickness of enamel,
porcelain, or their combined thickness
increased the loads needed to cause
catastrophic failure by approximately
1.5 times (Figs. 1-3). These data sug-
gest that nonpreparation veneers may
have significant advantages in prevent-
ing catastrophic failure and avoiding
dentin exposure, along with the con-
comitant risks of microleakage, sensi-
tivity,
generally thin in the gingival thirds of
the facial surfaces of incisors, 0.3 to

Enamel is

and debonding.

0.5 mm,
extremely conservative in that area.”” By
virtue of limited enamel and porcelain
thickness, cervical areas will be more
susceptible to catastrophic failure when

so preparation must be

loaded. Likewise, thin porcelain should
be avoided in areas of high stress.
Preservation of enamel thickness
should be prioritized whenever possible.
Unlike porcelain, enamel is not replace-
able. Furthermore, the integrity of the
dentinoenamel junction zone must be
preserved.” Moreover, retaining suffi-

cient enamel is prudent in the event that

the veneer needs to be replaced during
the patient’s lifetime.

The trends identified in this study
were clear and consistent; however,
considerable scatter in the data was
evident (Figs. 1-3). Brittle fracture has a
high feldspathic

porcelain and enamel are both brittle.

inherent variance;
Furthermore, real incisors were used to
support the porcelain veneers and had
inherent differences in form and overall
size; their histories before extraction
were unknown.

Although this experimental model
used a blunt spherical indenter to load
the specimens, flexural tensile radial
fracture of the veneers was produced
(Figs. 1-4), as has often been reported
12,15-18,30,33,35,39,42,44,46  Tha

results were broadly consistent with the

clinically.

few studies reporting on the effect of
porcelain thickness on veneer frac-
ture.””*>°” As in other layered systems
where the elastic modulus mismatch was
small, the first fracture event occurred on
the top outer surface, whereas in layered
systems where the mismatch was large
and the underlying layer flexible, the first
fracture event tended to occur at the
lower internal surface.®”®> %% There-
fore, porcelain veneers (or other resto-
rations) that are bonded, or bonded in
part, to dentin may behave in a different
manner from those bonded to enamel;
additional study is needed.""

CONCLUSIONS

For a bonded feldspathic porcelain
veneer model system:

1. Increased enamel thickness, por-
celain thickness, and increased com-
bined enamel and porcelain thickness
all profoundly raised the loads to
catastrophic failure.

2. Enamel and feldspathic porcelain
behaved in a like manner.

3. Initial damage was from surface
contact; intermediate radial cracks ori-
ginating from the inner intaglio surface
followed; lastly, catastrophic failure
occurred.

4. Bonded porcelain veneers were

ﬁ

highly damage tolerant.



386

VOLUME 111 ISSUE §

10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

. Calamia JR. Etched porcelain facial veneers: a

new treatment modality based on scientific
and clinical evidence. N Y J Dent 1983;53:
255-9.

. Horn HR. Porcelain laminate veneers bonded

to etched enamel. Dent Clin North Am
1983;27:671-84.

. White SN, Paine ML, Luo W, Sarikaya M,

Fong H, Yu Z, et al. The dentino enamel
junction is a broad transitional zone uniting
dissimilar bioceramic composites. ] Am
Ceram Soc 2000;83:238-40.

. White SN, Miklus VG, Chang PP, Caputo AA,

Fong H, Sarikaya M, et al. Controlled failure
mechanisms toughen the dentino-enamel
junction zone. ] Prosthet Dent 2005;94:
330-5.

. Imbeni V, Kruzic JJ, Marshall GW,

Marshall SJ, Ritchie RO. The dentin-enamel
junction and the fracture of human teeth.
Nat Mater 2005;4:229-32.

. Calamia JR. Etched porcelain veneers: the

current state of the art. Quintessence Int
1985;16:5-12.

. Shaini FJ, Shortall AC, Marquis PM.

Clinical performance of porcelain laminate
veneers. A retrospective evaluation over a
period of 6.5 years. ] Oral Rehabil 1997;24:
553-9.

. Calamia JR, Calamia CS. Porcelain laminate

veneers: reasons for 25 years of success. Dent
Clin North Am 2007;51:399-417.

. Matson MR, Lewgoy HR, Barros Filho DA,

Amore R, Anido-Anido A, Alonso RC, et al.
Finite element analysis of stress distribution
in intact and porcelain veneer restored teeth.
Comput Methods Biomech Biomed Engin
2011;1:1-6.

Jordan RE, Suzuki M, Senda A. Clinical
evaluation of porcelain laminate veneers: a
four-year recall report. | Esthet Dent 1989;1:
126-37.

Burke FJT. Survival rates for porcelain
laminate veneers with special reference to
the effect of preparation in dentin: a litera-
ture review. | Esthet Restor Dent 2012;24:
257-65.

Karlsson S, Landahl I. Stegersjo G, Milleding
P. A clinical evaluation of ceramic laminate
veneers. Int J Prosthodont 1992;5:447-51.
Crispin BJ. Expanding the application of
facial ceramic veneers. ] Calif Dent Assoc
1993;21:43-8.

Nordbg H, Rygh Thoresen N, Henaug T.
Clinical performance of porcelain laminate
veneers without incisal overlapping: 3-year
results. ] Dent 1994;22:342-5.

Friedman MJ. A 15-year review of porcelain
veneer failure-a clinician’s observations.
Compend Contin Educ Dent 1998;19:
625-36.

Peumans M, Van Meerbeek B, Lambrechts P,
Vuylsteke-Wauters M, Vanherle G. Five-year
clinical performance of porcelain veneers.
Quintessence Int 1998;29:211-21.

Peumans M, De Munck J, Fieuws S,
Lambrechts P, Vanherle G, Van Meerbeek B.
Prospective ten-year clinical trial of porcelain
veneers. ] Adhes Dent 2004;6:65-76.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Granell-Ruiz M, Fons-Font A, Labaig-Rueda C,
Martinez-Gonzalez A, Roman-Rodriguez JL,
Sold-Ruiz MF. Aclinical longitudinal study 323
porcelain laminate veneers. Period of study
from 3 to 11 years. Med Oral Patol Oral Cir
Bucal 2010;15:e531-7.

Rouse J, McGowan S. Restoration of the
anterior maxilla with ultraconservative ve-
neers: clinical and laboratory considerations.
Pract Periodontics Aesthet Dent 1999;11:
333-9.

Gresnigt M, Ozcan M. Esthetic rehabilitation
of anterior teeth with porcelain laminates
and sectional veneers. ] Can Dent Assoc
2011;77:b143.

Mclaren EA, LeSage B. Feldspathic veneers:
what are their indications? Compend Contin
Educ Dent 2011;32:44-9.

Radz GM. Minimum thickness anterior por-
celain restorations. Dent Clin North Am
2011;55:353-70.

Horvath S, Schulz CP. Minimally invasive
restoration of a maxillary central incisor with
a partial veneer. Eur ] Esthet Dent 2012;7:
6-16.

Strassler HE. Minimally invasive porcelain
veneers: indications for a conservative
esthetic dentistry treatment modality. Gen
Dent 2007;55:686-94.

Magne P, Stanley K, Schlichting LH.
Modeling of ultrathin occlusal veneers. Dent
Mater 2012;28:777-82.

Quinn F, McConnell RJ, Byrne D. Porcelain
laminates: a review. Br Dent ] 1986;161:61-5.
McLean JW. Ceramics in clinical dentistry. Br
Dent ) 1988;164:187-94.

Calamia JR. Clinical evaluation of etched
porcelain veneers. Am J Dent 1989;2:9-15.
Strassler HE, Nathanson D. Clinical evalua-
tion of etched porcelain veneers over a period
of 18 to 42 months. | Esthet Dent 1989;1:
21-8.

Christensen GJ, Christensen RP. Clinical ob-
servations of porcelain veneers: a three-year
report. J Esthetic Dent 1991;3:174-9.

Walls AW. The use of adhesively retained all-
porcelain veneers during the management of
fractured and worn anterior teeth: part 2.
Clinical results after 5 years of follow-up. Br
Dent ) 1995;178:337-40.

Kihn PW, Barnes DM. The clinical longevity
of porcelain veneers: a 48-month clinical
evaluation. ] Am Dent Assoc 1998;129:
747-52.

Magne P, Perroud R, Hodges JS, Belser UC.
Clinical performance of novel-design porce-
lain veneers for the recovery of coronal vol-
ume and length. Int | Periodontics Res Dent
2000;20:440-57.

Aristidis GA, Dimitra B. Five-year clinical
performance of porcelain laminate veneers.
Quintessence Int 2002;33:185-9.

Fradeani M, Redemagni M, Corrado M.
Porcelain laminate veneers: 6- to 12-year
clinical evaluation-a retrospective study. Int ]
Periodontics Res Dent 2005;25:9-17.

Aykor A, Ozel E. Five-year clinical evaluation
of 300 teeth restored with porcelain laminate
veneers using total-etch and a modified self-
etch adhesive system. Oper Dent 2009;34:
516-23.

THE JOURNAL OF PROSTHETIC DENTISTRY

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

Layton DM, Walton TR. The up to 21-year
clinical outcome and survival of feldspathic
porcelain veneers: accounting for clustering.
Int J Prosthodont 2012;25:604-12.

Dunne SM, Millar BJ. A longitudinal study of
the clinical performance of porcelain veneers.
Br Dent J 1993;175:317-21.

Dumfahrt H, Schiffer H. Porcelain laminate
veneers. A retrospective evaluation after 1 to
10 years of service: part ll-clinical results. Int
Prosthodont 2000;13:9-18.

Smales RJ, Etemadi S. Long-term survival of
porcelain laminate veneers using two prepa-
ration designs: a retrospective study. Int ]
Prosthodont 2004;17:323-6.

Layton D, Walton T. An up to 16-year pro-
spective study of 304 porcelain veneers. Int J
Prosthodont 2007;20:389-96.

Guess PC, Stappert CF. Midterm results of a
S-year prospective clinical investigation of
extended ceramic veneers. Dent Mater
2008;24:804-13.

Burke FJT, Lucarotti PS. Ten-year outcome of
porcelain laminate veneers placed within the
general dental services in England and Wales.
J Dent 2009;37:31-8.

D’Arcangelo C, De Angelis F, Vadini M,
D’Amario M. Clinical evaluation on porcelain
laminate veneers bonded with light-cured
composite: results up to 7 years. Clin Oral
Investig 2012;16:1071-9.

Beier US, Kapferer |, Burtscher D,

Dumfahrt H. Clinical performance of porce-
lain laminate veneers for up to 20 years. Int
Prosthodont 2012;25:79-85.

Barghi N, Berry TG. Post-bonding crack for-
mation in porcelain veneers. ] Esthet Dent
1997;9:51-4.

McLean JW, Sced IR. The bonded alumina
crown. 1. The bonding of platinum to
aluminous dental porcelain using tin oxide
coatings. Aust Dent J 1976;21:119-27.
Magne P, Versluis A, Douglas WH. Effect of
luting composite shrinkage and thermal
loads on the stress distribution in porcelain
laminate veneers. ] Prosthet Dent 1999;81:
335-44.

Kelly JR, Campbell SD, Bowen HK. Fracture-
surface analysis of dental ceramics. J Prosthet
Dent 1989;62:536-41.

Scherrer SS, Kelly JR, Quinn GD, Xu K. Frac-
ture toughness (KIC) of a dental porcelain
determined by fractographic analysis. Dent
Mater 1999;15:342-8.

Lawn BR, Deng Y, Lloyd IK, Janal MN,
Rekow ED, Thompson VP. Materials design
of ceramic-based layer structures for crowns.
J Dent Res 2002;81:433-8.

Magne P, Kwon KR, Belser UC, Hodges JS,
Douglas WH. Crack propensity of porcelain
laminate veneers: a simulated operatory
evaluation. | Prosthet Dent 1999;81:327-34.
Piemjai M, Arksornnukit M. Compressive
fracture resistance of porcelain laminates
bonded to enamel or dentin with four ad-
hesive systems. ] Prosthodont 2007;16:
457-64.

Ferrari M, Patroni S, Balleri P. Measurement
of enamel thickness in relation to reduction
for etched laminate veneers. Int J Periodon-
tics Rest Dent 1992;12:407-13.

GE ET AL


http://refhub.elsevier.com/S0022-3913(13)00366-1/sref1
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref1
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref1
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref1
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref2
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref2
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref2
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref3
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref3
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref3
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref3
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref3
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref4
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref4
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref4
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref4
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref4
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref5
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref5
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref5
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref5
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref6
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref6
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref6
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref7
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref7
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref7
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref7
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref7
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref8
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref8
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref8
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref9
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref9
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref9
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref9
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref9
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref9
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref10
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref10
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref10
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref10
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref11
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref11
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref11
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref11
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref11
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref12
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref12
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref12
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref13
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref13
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref13
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref14
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref14
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref14
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref14
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref15
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref15
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref15
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref15
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref16
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref16
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref16
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref16
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref17
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref17
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref17
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref17
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref18
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref18
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref18
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref18
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref18
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref18
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref19
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref19
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref19
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref19
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref19
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref20
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref20
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref20
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref20
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref21
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref21
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref21
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref22
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref22
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref22
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref23
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref23
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref23
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref23
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref24
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref24
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref24
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref24
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref25
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref25
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref25
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref26
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref26
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref27
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref27
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref28
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref28
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref29
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref29
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref29
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref29
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref30
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref30
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref30
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref31
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref31
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref31
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref31
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref31
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref32
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref32
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref32
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref32
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref33
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref33
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref33
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref33
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref33
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref34
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref34
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref34
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref35
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref35
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref35
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref35
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref36
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref36
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref36
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref36
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref36
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref37
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref37
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref37
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref37
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref38
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref38
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref38
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref39
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref39
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref39
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref39
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref40
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref40
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref40
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref40
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref41
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref41
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref41
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref42
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref42
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref42
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref42
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref43
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref43
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref43
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref43
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref44
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref44
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref44
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref44
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref44
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref45
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref45
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref45
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref45
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref46
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref46
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref46
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref47
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref47
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref47
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref47
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref48
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref48
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref48
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref48
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref48
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref49
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref49
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref49
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref50
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref50
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref50
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref50
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref51
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref51
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref51
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref51
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref52
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref52
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref52
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref52
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref53
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref53
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref53
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref53
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref53
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref54
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref54
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref54
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref54

May 2014

387

55.

56.

57.

58.

59.

60.

Subramanian D, Sivagami G,
Sendhilnathan D, Rajmohan CS. Effect of
thermocycling on the flexural strength of
porcelain laminate veneers. ] Conserv Dent
2008;11:144-9.

Addison O, Fleming GJ, Marquis PM. The
effect of thermocycling on the strength of
porcelain laminate veneer (PLV) materials.
Dent Mater 2003;19:291-7.

White SN, Zhao XY, Yu Z, Li ZC. Cyclic me-
chanical fatigue of a feldspathic dental por-
celain. Int J Prosthodont 1995;8:413-20.
Kramer N, Frankenberger R, Pelka M,
Petschelt A. IPS Empress inlays and onlays
after four years-a clinical study. ] Dent
1999;27:325-31.

Frank FC, Lawn BR. On the theory of Hert-

zian fracture. Proc R. Soc Lond A 1967;299:

291-306.

Lee JJ, Kwon JY, Chai H, Lucas PW,
Thompson VP, Lawn BR. Fracture modes in
human teeth. ] Dent Res 2009;88:224-8.

61.

62.

63.

64.

635.

White SN, Caputo AA, Vidjak FM, Seghi RR.
Moduli of rupture of layered dental ceramics.
Dent Mater 1994;10:52-8.

Xu HH, Smith DT, Jahanmir S, Romberg E,
Kelly JR, Thompson VP, et al. Indentation
damage and mechanical properties of human
enamel and dentin. J Dent Res 1998;77:
472-80.

Jung YG, Wuttiphan S, Peterson IM,

Lawn BR. Damage modes in dental layer
structures. ] Dent Res 1999;78:887-97.
White SN, Luo W, Paine ML, Fong H,
Sarikaya M, Snead ML. Biological organiza-
tion of hydroxyapatite crystallites into a
fibrous continuum toughens and controls
anisotropy in human enamel. | Dent Res
2001;80:321-6.

Lawn BR, Deng Y, Lloyd IK, Janal MN,
Rekow ED, Thompson VP. Materials design
of ceramic-based layer structures for crowns.
J Dent Res 2002;8:433-8.

66.

67.

68.

Rhee YW, Kim HW, Deng Y, Lawn BR.
Contact-induced damage in ceramic coat-
ings on compliant substrates: fracture me-
chanics and design. ] Am Ceram Soc
2001;84:1066-72.

Tsai YL, Petsche PE, Anusavice KJ, Yang MC.
Influence of glass-ceramic thickness on
Hertzian and bulk fracture mechanisms. Int |
Prosthodont 1998;11:27-32.

Scherrer SS, de Rijk WG. The fracture resis-
tance of all-ceramic crowns on supporting
structures with different elastic moduli. Int J
Prosthodont 1993;6:462-7.

Corresponding author:

Dr

Shane N. White

UCLA School of Dentistry

CHS 23-010

Los Angeles, CA 90095-1668
E-mail: snwhite@dentistry.ucla.edu

Copyright © 2014 by the Editorial Council for

The Journal of Prosthetic Dentistry.

Availability of Journal Back Issues

As a service to our subscribers, copies of back issues of The_Journal of Prosthetic Dentistry for the preceding 5 years are
maintained and are available for purchase from Elsevier, Inc until inventory is depleted. Please write to Elsevier, Inc,
Subscription Customer Service, 6277 Sea Harbor Dr, Orlando, FL 32887, or call 800-654-2452 or 407-345-4000 for
information on availability of particular issues and prices.

GE ET AL


http://refhub.elsevier.com/S0022-3913(13)00366-1/sref55
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref55
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref55
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref55
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref55
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref56
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref56
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref56
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref56
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref57
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref57
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref57
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref58
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref58
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref58
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref58
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref59
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref59
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref59
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref60
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref60
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref60
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref61
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref61
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref61
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref62
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref62
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref62
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref62
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref62
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref63
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref63
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref63
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref64
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref64
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref64
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref64
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref64
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref64
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref65
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref65
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref65
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref65
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref66
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref66
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref66
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref66
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref66
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref67
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref67
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref67
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref67
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref68
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref68
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref68
http://refhub.elsevier.com/S0022-3913(13)00366-1/sref68
mailto:snwhite@dentistry.ucla.edu

	Effect of porcelain and enamel thickness on porcelain veneer failure loads in vitro
	Material and Methods
	Teeth
	Porcelain veneers
	Bonding procedure
	Artificial aging
	Testing and analysis

	Results
	Influence of porcelain veneer thickness on porcelain veneer fracture events
	Influence of enamel thickness on porcelain veneer fracture events
	Influence of combined porcelain veneer and enamel thickness on porcelain veneer fracture events
	Qualitative fractography

	Discussion
	Conclusions
	References


