
A

A
t
c
e
p
o
fl
a
fi
p
t
g
©

K

1

l
t
v
a
c
d
a
n
c
b

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 1297–1305

Fracture and interfacial delamination origins of bilayer ceramic composites
for dental restorations

Yihong Liu a, Hailan Feng a, Yiwang Bao b, Yan Qiu b, Ning Xing c, Zhijian Shen d,∗
a School and Hospital of Stomatology, Peking University, 100081 Beijing, China

b China Building Material Tests and Certification Centre, China Building Materials Academy, 100024 Beijing, China
c China National Building Material Group Corporation, 100044 Beijing, China

d Department of Inorganic Chemistry, Arrhenius Laboratory, Stockholm University, 10691 Stockholm, Sweden

Received 5 August 2009; received in revised form 9 November 2009; accepted 26 November 2009
Available online 22 December 2009

bstract

lumina and zirconia (Y-TZP) based bilayer ceramic dental composites with core to veneer thickness ratio (R-value) of 1:1 and 2:1 were fabricated
hrough an established dental laboratory multi-steps-firing procedure. Their flexural strengths were determined by three-point bending test. A
ombinational approach of numerical simulations by finite element analysis associated with direct fractography investigation was applied to
lucidate the origins of fracture and interfacial delamination and the influence of physical properties mismatch between core ceramic and veneer
orcelain. A newly developed argon ion beam cross-section polishing technique was used to conduct fine polishing required for close investigating
f the core–veneer interface under scanning electron microscope. For the same core ceramic no significant difference was observed in determined
exural strength of two groups of bilayer composites. The flexural strength of the bilayer composites is ∼55% and ∼35% of the core ceramics
nd achieved ∼90% and 70–77% of the predicated value respectively in case of Y-TZP and alumina based composites. Numerical simulations by
nite element analysis indicate that the often observed interfacial delamination in Y-TZP based bilayer composites has a clear origin of the severe

hysical properties mismatch between veneer porcelain and core ceramics, particularly the flexural strength, which may be prevented by increasing
he flexural strength of veneer porcelain to above 300 MPa. The observation of the formation of microcracks in alumina core immediately one
rain-thick under the veneer–core interface warns the possible thermal damages initiated during the veneering operation.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

State of the arts all-ceramic dental restorations are dome-
ike structures composed of two layers of materials, namely
he reinforcing ceramic core for bearing the biting load and the
eneer porcelain for aesthetics. This materials solution is widely
pplied in dentistry owing to the excellent aesthetics and bio-
ompatibility it provides. To further improve the reliability and
urability of ceramic restorations, besides the commonly used
lumina, glass infiltrated alumina and glass–ceramics, tetrago-

al zirconia polycrystalline ceramics (Y-TZP), a family of tough
eramics initially developed for engineering applications, have
een increasingly adopted for core materials. In this case, a new

∗ Corresponding author. Tel.: +46 08 162388; fax: +46 08 152187.
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ype of fracture mode emerged, known as veneer flaking. Ear-
ier the cracks were often observed to pass straight across the
eneer–core interface in dental crowns when alumina or glass
nfiltrated alumina or glass–ceramics was used as the core mate-
ial. This results in the crack of entire crown that is commonly
alled crown cracking for short in clinic.1,2

In general, two major factors affect the fracture behaviours,
amely (i) the interfacial bonding between the core and veneer
aterials. Thus, chemical mismatch and poor wetting of the core

y the veneer porcelain may cause inferior core–veneer bond
trength,3 and (ii) the mismatch of the physical properties of core
eramic and veneer porcelain. The coefficient of thermal expan-
ion (CTE) mismatch results, for instance, residual stresses when

ooling from the preparation temperature of the veneering porce-
ain, typically being between 900 and 1000 ◦C.4–7 In clinic,
he thickness of the veneer porcelain is never even and the
eneer layer is build-up by a manual multi-steps-firing proce-

mailto:shen@inorg.su.se
dx.doi.org/10.1016/j.jeurceramsoc.2009.11.019
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ure. This increases the complexity of stress distribution, which
ecomes difficult to study if a simplified model would not be
ntroduced. The evenly thick flat bilayer ceramic composite
pecimens were, therefore, developed to simulate the fracture
ehaviours. Accordingly, it has been revealed that the fracture
esistance and failure modes of bilayer ceramic composite spec-
mens were dependent on the core to veneer thickness ratio,8–10

nd were influenced by surface treatments and surface defects,11

s well as by testing and loading methodologies.9,12 The inter-
acial delemination has been ascribed to large mismatch of
he fracture toughness13 or the fracture toughness and elastic

odulus.14

As the bilayer ceramic composite comprise two layers of
eramics with very different mechanical performances, it is
f outmost importance to identify the crack origin and the
rack propagating trajectory for understanding the fracture
echanism(s) and for improving the performances of dental

estorations. During mechanical testing the fracture of bilayer
ll-ceramic specimens occurs instantly when a critical stress
s reached, which makes it impossible to follow the evolution
f propagating cracks. One way to overcome this drawback is
o use numerical simulations by finite element analysis (FEA).
his technique has been applied to facilitate analyses of stress
istributions during simulated mechanical loadings of dental
estorations.15,16

In the present work, rectangular platelet bilayer ceramic
omposite specimens consisting of alumina and respectively
-TZP as ceramic cores and silicate based glasses as veneer
orcelains were produced according to an established dental
aboratory multi-steps-firing procedure. Their bending strengths
ere tested, following with detailed fractography investigation
y optical and electron microscopes. FEA method was employed
o simulate the crack initiation, crack propagation and fragmen-
ation or delamination processes during the fracture of the bilayer
omposites with test bar geometries used for the 3-point bending
est. Our aim is to, through a combinational approach of exper-
mental tests and numerical simulations, define the fracture and
elamination origins thus to guide the restorations design and the
aterials development suited for this rapidly growing medical

pplication of structural ceramics.

. Experimental procedures

.1. Materials preparation

Dense ceramic blocks were made of high purity alumina and
mol% yttria stabilized Y-TZP, respectively. The two ceramics
ere prepared by cold isostatic pressing (CIP) followed with
ressure-less sintering (PLS) in air, i.e. in the same way as the
ndustrial processes widely applied in dentistry. The rectangular
esting bars were then prepared by cutting the blocks, followed
y grinding and double-sides polishing. The surface of the test
ar to be veneered by porcelain was finished by sandblasting

ith 25 �m aluminium oxide abrasive under 0.4 MPa of pressure

t a distance about 10 cm. The samples were faced to the sand
eam with an angle of 45◦ with sandblasting time about 1 min.
-TZP and alumina core bars were veneered individually with

w
s
i
b

amic Society 30 (2010) 1297–1305

ommercial veneer porcelains developed for Y-TZP or alumina
Rondo, Nobel Biocare AB, Gothenburg, Sweden). Alumina
ore bars were veneered with another type of porcelain (Vintage
or Alumina, SHOFU Dental Co., Japan). In order to reflect the
ossible impact of the veneering process on mechanical proper-
ies, the bilayer specimens were prepared strictly according to
he recommended dental laboratory multi-steps-firing procedure
or each porcelain and ceramic. These procedures are specially
eveloped for making all-ceramic crowns with several veneer
ring steps interposed by rapid heating and cooling. During the
rst firing cycle a veneer layer with approximate target-thickness
as built-up and fired. At least one more correction firing cycle
as then conducted to compensate for the sintering shrinkage
f veneer layer in order to achieve exactly the right dimensions.
onsidering the possible introduction of cracks on core sur-

ace by sandblasting before veneering and in order to test the
nfluence of thermal mismatch between core and veneer mate-
ials, additional alumina based bilayer specimens individually
eneered with Rondo and Vintage, respectively, were prepared
y sand paper grinding of the core material surface instead of
andblasting.

.2. Three-point bending test

The core ceramic bars without veneering have standard
imensions, i.e. 20 mm in long, 4 mm in wide, and 1.2 mm in
eight. Single alumina and Y-TZP ceramic bars were tested
s control groups. The veneered test bars with two different
atios of core to porcelain thickness, referred as R-value below,
ere tested yielding bilayer specimens with two different test
ar thicknesses. These are Group 1:1 samples (R = 1, 20 mm in
ength, 4 mm in width, and 2.4 mm in height) and Group 2:1
amples (R = 2, 20 mm in length, 4 mm in width, and 1.8 mm
n height). Each group of the bending test composed of 10 test
ars. The test bars were ground on both top and bottom sur-
aces with first a 100-grit and then by a 150-grit Al2O3 abrasive
aper. One surface to be placed opposite the load in the test
ig received additional polishing by use of a sequence of steps
hat ranged from 180-grit to 600-grit SiC abrasive papers and
or the bilayer bars this was done on the core ceramic surface.
he cross-sectional dimension of each specimen was carefully
ontrolled by a micrometer.

Three-points bending test was performed in accordance
ith ISO 6872:1995(E) standard for dental ceramics. Flexu-

al strength of all specimens was evaluated on the universal test
achine (CMT5105, Sansi Co., China) with a testing bar span of

5 mm. The load was applied on the centre of the veneer surface
nd the crosshead speed is 0.5 mm/min. The apparent flexural
trength (σf) of the bilayer composite beams was calculated by
he following equation:

f = 3PL

2bd2 (1)
here P is the fracture load; L is the span; b is the width of the
pecimen; d is the thickness of the specimen. Multiple compar-
sons of the mean flexure strength of the core ceramics, and
ilayer composite specimens were performed using the one-
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Table 1
Mechanical properties of the materials used in the present numerical stimulation.

Materials Bending strength (MPa) Young’s modulus (GPa) Poisson’ ratio Thermal expansion
coefficient (×10−6 K−1)

Alumina 690a 380a 0.2219 8.0a

Rondo porcelain for alumina 120a 85.819 0.2219 7.0a

Vintage porcelain for alumina 9420 6520 0.2219 6.7a

Y-TZP 1121a 210a 0.2919 10.4a

R a 5.819 19 a
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a Data provide by the manufactures.

ay analysis of variance (ANOVA) and Tukey’s post hoc test
p < 0.05) by SPSS 10.0 software (SPSS Inc., Chicago, IL, USA).
he apparent flexural strength of the bilayer composite beams
epends on the strength of the two individual layers and the ratio
f their elastic modulus, see Appendix A.

.3. Finite element analysis

The numerical FEA program RFPA’2D (Rock Failure Pro-
ess Analysis, Northeast University, China) is an appropriate
ool for simulating and studying the fracture processes of brit-
le materials.17,18 In present study, the RFPA’2D was utilized
o analyse the fracture process of the veneered alumina and
-TZP bilayer composite specimens with R-value of 1 and
. The numerical simulation of the loading was simplified to
train in two-dimensions, i.e. a plane parallel to the load force
irection. The geometry of the test volume was similar to the
eramic bars used in the 3-point bending test (20 mm long, 4 mm
ide, 1.2 mm core height, 1.2 or 0.6 mm porcelain height). The
echanical properties of the ceramics used in the calculations

nd those of the Si3N4 sustainers of 3-point bending test are
ummarized in Table 1.

The models were divided into 480 × 90 elements and
80 × 72 elements for the Group 1:1 and the Group 2:1 con-
guration, respectively. The loading point was applied in the
entre of the veneer surface at the top of the bilayer bar and a
isplacement load with increment of 0.02 mm per step was used.
he fracture process was modelled step-by-step and smaller

oads were applied in the interval where element failure occurred
ithin one of the original loading steps. Hooke’s law was applied

o describe the relationship between stress and strain until failure
ccurred, i.e. the framework deformed linearly and elastically.
he interface between core and veneer was assumed to bind
oherently and the residual stress caused by CTE mismatch
etween core and veneer was neglected.

Acoustic emissions (AE) are the stress waves induced by the
udden internal stress redistribution of the materials caused by
he change in the internal structure during stress. In RFPA’2D
alculations it was assumed that the strain energies released by
amage elements were all in the form of AE. The AE energy
as mathematically calculated in RFPA’2D by
ei = eic − eir (2)

here eic was the elemental strain energy of element “i” before
ailure, eir was its strain energy after failure. The elemental strain

(
A
(
c

0.22 9.3
0.2422 16.019

nergy depended on the elastic modulus of the element, the
tresses before and after failure, and the volume of the element.16

Alumina models in Group R1 were calculated where the
eneer porcelain’ flexural strength of 120 MPa were stepwise
owered to 100, 90, 80, 70, 60 and 50 MPa. Similarly, Y-TZP

odels in Group R1 were calculated by increasing veneer porce-
ain’ flexural strength stepwise to 180, 240, 300 and 360 MPa.
or both alumina and Y-TZP models in Group R2 only a declined
eneer porcelain’ flexural strength of 70 MPa was calculated.

.4. Microstructure characterization

Fractured pieces of each bilayer specimen were collected
fter the bending test and studied with an optical micro-
cope (Motic k400, Preiser Scientific, Louisville, KY, USA) to
xamine the features of the fracture surface. High resolution
ractography investigations were carried out by using a field
mission Scanning Electron Microscope (SEM, JEOL JSM-
000F, Jeol Ltd., Tokyo, Japan). For analysing the core to veneer
nterface one beam each of Group 1:1 specimen for both Y-TZP
nd alumina was prepared for SEM observation after polishing
he cross-sections by using an argon ion milling system (JEOL
M-09010 cross-section polisher) operated at 5 kV/90 �A. The
olishing time was set to 15 h. Using this way of extremely gen-
le polishing any possible damages that might be introduced by
sing common mechanical polishing is minimized.

. Results

.1. The flexural strength and fractography

The three-points bending test results for each group of bilayer
pecimens are summarized in Table 2. The mean apparent flexu-
al strength (σf) of bilayer ceramic composites was significantly
p < 0.05) lower than that of the corresponding core ceramics, i.e.
35% and ∼55% of the strength of the core material for alumina

nd Y-TZP bilayer specimens, respectively. No major differ-
nces were found between the two groups of bilayer specimens
ith R equalling of 1 and 2 (p > 0.05). In general, the appar-

nt flexural strengths of bilayer Y-TZP specimens were more
han three times higher than that of bilayer alumina specimens

p < 0.05) and even higher than the pure alumina core test bars.
s shown in Table 2, the measured apparent flexural strengths

σf) of the bilayer composite beams are lower than that predi-
ated by the theoretical calculation, i.e. only ∼90% and 70–77%
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Table 2
Bending strengths measured by 3-points bending test and predicated according Eq. (4) in Appendix A.

Group Bending strength measured Bending strength
predicated,a σb (MPa)

σf/σb

Mean, σf (MPa) SD SE 95% confidence interval

Lower Upper

Alumina 514 20.4 7.7 494.7 532.5
Alumina 1:1 171a 14.2 5.3 158.1 184.3 221 77%
Alumina 2:1 184a 17.7 6.7 167.2 200.0 261 71%
Y-TZP 1102 45.7 18.6 1053.9 1149.8
Y-TZP 1:1 605b 31.0 12.6 572.5 637.5 674 90%
Y-TZP 2:1 630b 35.7 14.6 593.1 667.9 717 88%

The values labelled with same letter (a and b) have no statistical different (p > 0.05).
ective
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a The bending strength of 514 and 1102 MPa for alumina and Y-TZP, resp
rocelian, respectively, were used to calculate the σb according Eq. (4) in App
ccur during the veneering process.

f the predicated strength (σs) was achieved respectively in case
f Y-TZP and alumina based composites.

The test bar specimens gave two major fracture pieces after
he bending test and the fracture origin always located at the
ottom surface in the middle between the support cylinders.
n addition, delamination was observed in all bilayer Y-TZP
pecimens with almost completed physical separation of the
eneer porcelain from the Y-TZP core material, but no simi-
ar extensive delamination was ever found in any of the alumina
ilayer specimens, cf. Fig. 1a and b. In the latter case partial
elamination occurred occasionally and covered only a small
rea very close to the fracture path through bilayer test bar.

he typically observed fracture pieces of broken Y-TZP and
lumina bilayer specimens as seen by optical microscopy are
hown in Fig. 1. The location of the initial fracture point sim-

t
a
a

ig. 1. The optical microscope view of the fractured bilayer specimens of Y-TZP (a
he FEA simulated fracture features of the Y-TZP (c) and alumina (d) bilayer specim
greement with the FEA simulation results. In the case of Y-TZP bilayer composites
wo pieces of veneer porcelain completely peeled-off from Y-TZP core; arrows “b”
urface exposed by interfacial delamination; and arrow “d” indicates the veneer porce
ery limited interfacial delamination was observed, where arrows “a” and “b” indic
one; arrow “d” indicates the location of the veneer/core interface.
ly, and Young’s modulus of 380, 210 and 85.8 GPa for alumina, Y-TZP and
A, assuming no damage of mechanical properties of each individual layer to

lated by FEA calculation is shown below in the same figure
or comparison. By high resolution SEM it was observed that
he remaining porcelain fragments still stuck to the surface
f the Y-TZP core appeared as small droplet-like islands, cf.
ig. 2a. Distinct stress fringes are observed inside the veneer
orcelain. For alumina bilayer specimens, porcelain still stuck
o the surface of the alumina core, whereas in limited area
elamination was observed where occasionally some alumina
rains were peeled-off in one grain-thick layer, cf. Fig. 2b. Good
nterfacial bonding was observed with stress fringes appear-
ng to be concentrated in the interface region, see Fig. 2c,
nd microcracks were observed in the alumina core just below

he veneer–alumina interface, cf. Fig. 2c. This microcracking
ppears to extend, in most cases, only one grain-thick into the
lumina core.

) and alumina (b) after experimental 3-point bending test in comparison with
en (with R = 1). Note that the experimentally observed fracture features are in
(a) severe interfacial delamination was observed, where arrows “a” points to

points to the location of fracture surfaces; arrow “c” indicates the Y-TZP core
lain remaining on core interface. In the case of alumina bilayer composites (b)

ate the location of fracture surfaces; arrow “c” indicates a small delamination
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Fig. 2. The SEM images revealing the interface perpendicular to the facture
surface of a Y-TZP bilayer specimen after 3-point bending test, where arrows
“a” indicate the Y-TZP grains exposed due to delamination and “b” the droplet-
like veneer porcelain islands still sticking on the Y-TZP core (a); the SEM image
of the fracture surface of an alumina bilayer specimen revealing the peeling-off a
single grain layer of alumina grains under the veneer–alumina interface (b); and
the SEM image of the facture surface of an alumina bilayer specimen revealing
the observation of microcracks one grain-thick under the interface and stress
fringes presented in the veneer porcelain (c).

Fig. 3. AE maps revealing the initiation and propagation trajectory of cracks. In
Y-TZP composite (a) the first crack is initiated on the core surface. When it prop-
agates close to the core–veneer interface, another crack is initiated at interface
leading to delamination. In alumina composite (b) the crack is initiated on the
core surface and propagates straight through the interface with limited extension
in perpendicular direction along the interface. Under three-point bending load
t
s

3

t
f

he initial damage occurs at 200N and 85N for Y-TZP and alumina based bilayer
pecimens, respectively.

.2. The crack origins and propagation trajectories
Acoustic emission stress waves calculated by FEA illustrate
he initiation and propagation trajectories of cracks in two dif-
erent composites, as illustrated in Fig. 3. The Y-TZP bilayer
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Fig. 4. AE maps revealing that fracture modes of bilayer composites change
with the flexural strength of veneer porcelain. Interfacial delamination appears
when the flexural strength of veneer porcelain is reduced to 70 MPa in alu-
mina bilayer composites (a); delamination is avoided when the flexural strength
o
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stress concentration was occurring at the interface, which made
f veneer porcelain is increased to 300 MPa in Y-TZP bilayer composites
b).

omposite reveals an obvious stress build-up and delamina-
ion at the veneer–Y-TZP interface, see Fig. 3a. The fracture
rocess of the alumina bilayer composite, on the other hand,
roceeds with almost no delamination at the interfacial zone,
s seen in Fig. 3b. It appears that the mismatch of the flexu-
al strength of the two ceramics forming the bilayer composite
s one of the mechanical factors that influence the crack path
nd sensitivity for delamination at the interface, as illustrated
n Fig. 4. It is possible to achieve an interfacial delamina-
ion even with alumina as core material when the flexural
trength of porcelain was declined to 70 MPa, see Fig. 4a.

hen the flexural strength of porcelain is set to values larger
han 70 MPa, however, this strength has almost no influence
n the overall strength of the bilayer composites. By con-
rast, in case of Y-TZP the interfacial delamination disappears
hen the flexural strength of porcelain is increased to 300 MPa,

f. Fig. 4b. Above 100 MPa the flexural strength of porcelain
as almost no influence on the overall strength of the bilayer
omposites.

.3. The formation of cracks in alumina core at short
istance under the interface

Microcracks were observed in the alumina core material just
ne grain-thick under the porcelain–alumina interface on frac-
ure surfaces, as revealed in Fig. 2c. In order to clarify if the
bserved microcracks are formed during the bending test or if the
icrocracks have formed already during veneering processing

n unbent bilayer specimen was carefully polished by mechan-
cal polishing followed with a final step of extremely gentle
rgon ion beam cross-section polishing. Fig. 5 shows an SEM

mage taken on such polished surface. The presence of a high
oncentration of microcracks in the alumina core material about
ne grain-thick under the interface is obvious. It confirms that
he microcracks are formed during veneering process. Similar
rack formation phenomena were observed in alumina bilayer
pecimens veneered with either Rondo or Vintage porcelains,
egardless if the alumina bar surface is sandblasted or gently

round by sand paper before the veneering procedure. In Y-TZP
ilayer samples such cracks were never observed in the Y-TZP
ayer close to the interface after veneering.

p
f
c

ig. 5. An SEM image taken on Argon ion beam section polished surface reveal-
ng the formation of cracks in alumina core just on grain-thick below the interface
etween the core and veneer. In this case Rondo porcelain was use.

. Discussions

.1. The origins of interfacial delamination

In literature, the interfacial delemination has been ascribed
ither merely to the large mismatch of the fracture toughness13

r both to the fracture toughness and elastic modulus.14 In
ur FEA simulation the elastic modulus are involved but not
racture toughness as parameters of concern. Yet, the influence
f fracture toughness is reflected by that of flexural strength,
s the flexural strength is proportional to the fracture tough-
ess, besides its determinable relation with the critical flow size
f each specimen. The FEA simulation reveals that the inter-
acial delamination observed in Y-TZP bilayer composites is
nitiated by shear stresses building up along the interface due
o the mechanical properties mismatch of the two constitu-
ional ceramic components, especially the mismatch of flexural
trength. It suggests that the delamination is possible to be
voided by increase the flexural strength of the veneer porcelain
o above 300 MPa. A drastic increase of the flexural strength of
eneer porcelain is thus a necessary step towards solving the
roblem of interfacial delamination, though technically it still
emains a great challenge to achieve this.

The fracture in both alumina and Y-TZP bilayer composites
ere initiated by tension stresses, but the crack progressed in two
ifferent ways. The FEA simulations discussed above were car-
ied out under the condition of one loading cycle, which means
hat even if the load was kept constant the crack continuously
rowth until complete failure of the composite material occurs.
hus, a bilayer ceramic composite is not “forgiving” once it
tarts to fracture. In the alumina case the failure went straight
ver the interface, whereas in the Y-TZP case an additional shear
orcelain to start delaminating from Y-TZP just before the total
ailure. Y-TZP is still a better core material as the stress–strain
urve showed that the critical loads for initiating a crack in the
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-TZP were two times higher than that in alumina. By bearing
ind the fact that interfacial delamination starts well before the

rack propagates through the Y-TZP layer, one may understand
hat under the fatigue loading conditions local veneer flaking

ay occur, even though no critical damage of the Y-TZP core
tself has taken place. We concluded that this is the main origin
f the veneer flaking of Y-TZP crowns and bridges frequently
bserved in clinic.

One major assumption we made to simplify the calculation
uring FEA simulation is that the interface between core and
eneer is coherent, and no influence the residual stress caused
y thermal expansion coefficient mismatch between core and
eneer is taken into account. As shown above, even under such an
deal load transfer condition interfacial delamination takes place
hen the flexural strength of veneer porcelain is below a critical
alue. In reality, the bonding between Y-TZP and veneer is never
deal. The presence of interfacial voids and the poor chemical
onding established between Y-TZP and silicate based veneer
orcelain provides easy paths for cracks propagation along the
nterface. The interfacial delamination speeds up, particularly
nder the fatigue loading condition.

The experimental observation of stress fringes presented in
he veneer porcelain reveals the built-up of residual thermal
tresses in the veneer layer. The very smooth spherical mor-
hology of the droplet-like veneer porcelain islands remaining
n the Y-TZP surface after flaking further indicates a very high
tress concentration inside the veneer porcelain bond onto the
-TZP core. As in strengthened glass such high concentration of

esidual thermal stress encourages a dynamic breaking. In this
ase of Y-TZP bilayer composite, the flexural strength of Y-TZP
s ten time higher than that of the veneer porcelain, which is high
nough to initiate the process of dynamic breaking of the veneer
ayer.

.2. The origins of unexpected low flexural strength of
ilayerd composites

It is an unexpected observation that the bilayer composites,
articularly the ones based on alumina, revealed lower appar-
nt flexural strength (σf) than the predicated ones (σs). This
ow strength of alumina can hardly be interpreted unless a pos-
ible thermal damage of the core ceramic and its mechanical
roperties occur during the veneering process.

Previous studies have shown that the R-value influences on
he stress distribution in bilayer composites. White et al. studied
ilayer beams composed of thin core and thick veneer porce-
ain with tensile stress concentrated in the porcelain layer. They
eported a declined failure load of the specimens10 and simi-
ar results were also reported by Fleming et al.8 Hsueh et al.
nalysed the influence of R-value on distribution of residual
hermal stresses and on flexure strength determined by ring-on-
ing loading method.23 They found the location of maximum
ension shifted from the porcelain surface to the In-ceram alu-
ina/porcelain interface when the R-value changed from 0.5 to
and 2, and these calculations were confirmed by the observed

rend of the failure origins in their experiments. It is of benefi-
ial to build a compressive residual stresses in the porcelain layer

t
a
o
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o discourage its failure. When the R-value equals 0.5 a tensile
tress is built-up in porcelain and this is an undesired situation.23

ccording our FEA stimulation, when residual thermal stress
s not taken into account, very similar stress distribution and
racture mode is expected in bilayer composites with R-value
qualling 1 and 2, in both cases of alumina and Y-TZP bilayer
omposites. However, the observations taken in our study shows
hat the thermal stresses in the case of an alumina core cannot
e ignored and that the CTE match has to be better as well as
he veneering procedures itself has to be considered to avoid
xtreme thermal shock.

The thermal mismatch between the core ceramic and veneer
orcelain has been intensively discussed in the literature. For
ll-ceramic crowns of which all components are brittle, ther-
al stresses can be detrimental to both veneer and core. A

lose matching of the CTE was accordingly suggested to be
ighly desirable.24 DeHoff et al. calculated the induced ther-
al stress supporting their experimental observation that a high

esidual thermal stress lead to failure of their specimens.6 A
ismatch of 1 × 10−6 K−1 of CTE can yield thermal stresses

n the order of 50 MPa within the layers.25 In the present study,
he CTE of veneer porcelain is set to be about 1 × 10−6 K−1

ower than that of the core ceramics for both alumina and Y-
ZP bilayer composites aiming for establishing a compressive

esidual thermal stress in veneer layer whereas a balancing ten-
ile residual thermal stress occur in the stronger core material. In
his condition, the residual stresses have the maximum value at
he porcelain–core interface which decreases with the distance
rom the interface.23

The experimental observation of microcrack formation in
he alumina core one grain-thick immediate below the interface
s surprising to us. It reveals an issue that has not been well
onsidered in the community, i.e. the possible thermal dam-
ges initiated during the veneering operation. In practice, the
eneer porcelain layer on the ceramic coping is achieved by
using porcelain onto the ceramic through a multi-steps-firing
nterposed by rapid heating and cooling. In order to mimic the
omponents making procedure in this study we prepared all
pecimens strictly according this established dental laboratory
outine. It appears that the tensile stress built-up in alumina core
y a mismatch of ∼1 × 10−6 K−1 of CTE between core and
orcelain is enough to initiate cracks in alumina core, that is
sually thought to be strong enough to sustain a tensile ther-
al stress. An assumption of slow and homogeneous cooling

s usually taken in calculating the residual stress built-up by
TE mismatch. This does obviously not reflect the existing den-

al laboratory procedure in which rapid cooling can easily lead
o inhomogeneous complex thermal stress distribution. Under
his consideration Y-TZP is more damage tolerant as we never
bserved any similar cracks in Y-TZP core.

. Conclusions
Direct experimental tests showed that the flexural strength of
he bilayer composites is ∼55% and ∼35% of the core ceramics
nd achieved ∼90% and 70–77% of the predicated value in case
f Y-TZP and alumina based composites, respectively. For the
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Fig. 6. A schematic view of the cross-section of a bilayer beam. Es is the elastic
modulus of the lower layer, E the modulus of the upper layer, B the width of
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Zirconia veneering ceramics. Dent Mater 2006;22:857–63.
f

he beam specimen, h the thickness of the up layer, H the thickness of the lower
ayer and W is the total thickness equalling (h + H).

ame core ceramic no significant difference is observed in deter-
ined flexural strength of two group bilayer composites with

ifferent core to veneer thickness ratios (with R = 1 and 2). FEA
imulation reveled that the interfacial delamination in bilayer
eramic composites can be interpreted by the severe physical
roperties mismatch between core ceramic and veneer porce-
ain, particularly the flexural strength. It further predicates that
he often observed delamination in Y-TZP bilayer composites

ight be avoided by increasing the flexural strength of veneer
orcelain to 300 MPa. It is a surprising observation that the ther-
al stress generated by a CET mismatch of ∼1 × 10−6 K−1

etween core and veneer porcelain is high enough to trigger
icrocracking in alumina core when porcelain layer is built-up

y an established dental laboratory multi-steps-firing procedure.
his warns the possible thermal damages initiated during the
eneering operation.
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ppendix A. Calculation of the ideal bending strength
f a bilayer beam

For a flat bilayer beam with the cross-section geometry as
ketched in Fig. 6, where B is the width of the beam, and H, h,
nd W represent the thickness of the upper layer, lower layer and
he entire composite beam, respectively. Let the elastic modulus
f the up layer (porcelain), lower layer (ceramic) and the entire
omposite beam to be Es, Ef and Ec, respectively, and the ratio
f modulus defined by

= Ef (3)

Es

The bending strength of the composite beam σb related to
he strength of lower layer σf and the elastic modulus of both
ig. 7. The predicted strength parameter of the composite beam vs. the thickness
atio for the case of α = Ef/Es = 350/80 and when the total thickness is 3 mm and
idth of 4 mm.

ayers:

b = I

α Ib

σf = k σf (4)

here

b = (B W3)

12
(5)

nd

= I1 = B

{
H3

12
+ αh3

12
+ H

[
αh(H + h)

2(αh + H)

]2

+ αh

[
H2 + Hh

2(αh + H)

]2

A

}
(6)

is determined by Eqs. (3), (5) and (6), i.e. it is related to the
atio of elastic modulus and geometric dimensions of the beam.
he relationship between the thickness ratio and the k value

s calculated and shown in Fig. 7. This is valid usually when
/H < 1. Corresponding calculation indicates: when the H-value
s small, i.e. when the h-value is near the W value, the strength
f composite beam should be close to the initial strength of the
ower layer; when the elastic moduli of the two layers are the
ame, the strength of the composite beam equals the strength of
he tensile (lower) layer; and when the thickness ratio is lower
han 0.5, the strength ratio has very small variation.
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