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Abstract
Purpose: The aims of this study were to reveal the mechanism of failure of bilayered
beams and to assess the thickness ratio effect on the load-bearing capacity of the
bilayered beams.
Materials and Methods: Both analytical and finite element analysis methods were
used to analyze the stress distributions of bilayered beams subjected to three-point
bending test and the residual thermal stresses due to coefficient of thermal expansion
mismatch. Then, the ideal load-bearing capacity of the beams as a function of core
thickness was evaluated based on the mechanical models. Finally, three-point bending
tests were performed on Cercon Zirconia /IPS e.max Ceram beams to verify the
mechanical models.
Results: The failure load as a function of core thickness was obtained. For the
materials employed in this study, the thickness ratio did not significantly affect the
load-bearing capacity of bilayered beams when the thickness ratio changed from 1:2
to 2:1.
Conclusions: The residual thermal stresses in the core layer have slightly beneficial
effects on the strength of the beams. The first strength theory can be used to explain
the mechanism of failure, which can be described as the failure is interpreted by
tensile stress and ultimate strength of the material. Based on the relationship between
the thickness ratio and load-bearing capacity, the core/veneer thickness ratio of the
connector of a fixed partial denture could be relatively small to about 1:2 to obtain a
good appearance.

Laminated all-ceramic restorations have been used extensively
because the strong framework material veneered with porcelain
presents a combination of both high strength and excellent
esthetics. Besides high strength, the strong core materials, such
as zirconia, offer excellent biocompatibility and low plaque
accumulation.1 Consequently, the application of veneered all-
ceramic restorations has become an alternative to traditionally
used metal crowns and fixed partial dentures (FPDs); however,
the connector, which is a critical region for all-ceramic FPDs,
could produce the original crack either at the interface or on the
free surface clinically.2 Therefore, it is important to design the
appropriate connector. As is well known, strength and structure
are two primary determinants of the clinical performance of this
part. Consequently, considerable research has been conducted
on the strength and failure mode of the all-ceramic bilayered
systems, including disks and beams, which have similar stress
patterns to the FPD connector.3–10

Thickness ratio can affect failure mode and failure origin for
both bilayered disk and beam specimens.4,9–13 Some investi-
gations have shown that strength increased as the core/veneer
thickness increased.4,14 Hsueh et al13 pointed out that the loca-
tion of the maximum tensile stress of bilayered discs in a biaxial
bending test changed with the thickness ratio, thus, the strength
and failure mode can be affected; however, some studies found
that strength was not dependent on the thickness ratio.6,7,10 The
different conclusions indicate that the effect of thickness ratio
has not been clearly revealed. Hence, investigating the stress
distribution in the beams is paramount to understanding the
effect of the thickness ratio on their strength and failure mode.

Thermal residual stresses due to sintering the veneer porce-
lain can be generated either by a difference in the coefficient
of thermal expansion (CTE) between the core and veneer, or
by a thermal gradient throughout the veneer layer at the glass
transition temperature where the veneering ceramic transforms

17Journal of Prosthodontics 24 (2015) 17–24 C© 2014 by the American College of Prosthodontists



Load-Bearing Capacity of Bilayered Dental Ceramics Wang et al

Table 1 Mechanical properties

Young’s Bending
modulus Poisson’ CTE α strength

Materials E (GPa) ratio ν (×10−6/ C) σ (MPa)

IPS e.max Ceram 70 0.27 9.5 90
Cercon Zirconia 210 0.31 10.5 900

All data provided by the manufacturers.

from a viscoelastic into a solid state.1,15,16 The thermal residual
stresses may result in cracks and porcelain chipping failures
in bilayered all-ceramic dentures, as often observed in clinical
applications.17–19 As a result, residual thermal stresses should
not be ignored when studying the strength and failure of bilay-
ered structures.

Although many investigations have been conducted to re-
search the thermal stresses in bilayered structures,13,19,20 few
have focused on the relationship between load-bearing capacity
and total stress distribution of the structures, including thermal
and bending stress, in a three-point bending test. Hsueh et al13

have studied stress distributions of disk specimens in biaxial
bending by both analytical and finite element analysis (FEA)
methods, whereas this study focused on the beam specimens in
uniaxial bending. The calculation method of thermal stresses
used in this study has been used to predict thermal stresses in
elastic multilayer systems,21 but it has not been used in bilay-
ered dental ceramics.

The objectives of this study were to reveal the mechanism
of failure of bilayered beams and to evaluate the layer thick-
ness effect on the load-bearing capacity of the bilayered sys-
tems. In addition, the effect of thermal stresses on the strength
of bilayered beams was determined. The hypotheses were:
(1) the load-bearing capacity of bilayered dental ceramics
was determined by maximum tensile stress in the structure
and tensile strength of materials and (2) the larger the thick-
ness ratio, the higher load-bearing capacity of the bilayered
beams.

Materials and methods

Cercon Zirconia (Dentsply DeguDent GmbH, Hanau-
Wolfgang, Germany) as the core ceramic and IPS e.max Ce-
ram (Ivoclar Vivadent AG, Schaan, Liechtenstein) as the ve-
neer porcelain were used to establish the mechanical models.
The mechanical properties of the two materials are given in
Table 1.

Mechanical models for thermal stresses

The calculation in this study focused on the thermal stresses
due to CTE mismatch and ignored other factors such as glass
transition and thermal gradient during cooling. When the bilay-
ered beam is cooled to room temperature (25◦C) from sintering
temperature (725◦C), thermal stresses are generated because of
the difference in CTEs between two materials. The glass transi-
tion temperature of the veneer porcelain is 490◦C (provided by
the manufacturer). Hence, the temperature change is considered
�t = – 465◦C for thermal stresses developed in the bilayered
beam.

Figure 1 Schematic diagram of bending of bilayered beam due to
CTE mismatch between the core and veneer materials. (A) Stress-free
condition before cooling; (B) strain after cooling. Only the right half
of the model was presented because of the symmetry of the speci-
men geometry. The specimen is free of constraint during cooling. h1

and h2 are heights of core layer (I) and veneer layer (II), respectively;
z = zb is the location of the bending axis; α1 and α2 are CTE of core and
veneer materials, respectively; σ r1 and σ r2 are thermal stresses in the
core and veneer, respectively.

A bilayered beam is shown schematically in Figure 1. Only
the right half of the model is presented because of the symmetry
of the specimen geometry. The specimen is free of constraint
during cooling. The veneer (II) is sintered to core ceramic (I).
The thicknesses of the core and veneer are h1 and h2, respec-
tively (Fig 1A). The CTEs of the two materials are α1 and
α2, respectively. The coordinate system is defined so that the
interface is located at z = 0.

The strain in the system, ε, can be decomposed into a uniform
component, c, due to the displacement compatibility when the
beam experiences different shrinkage during cooling, and a
bending component due to bending of the system caused by
asymmetric stresses (Fig 1B). The bending axis is defined as
the line in the cross section of the system where the bending
strain component is zero. The total strain ε in the system can
be expressed as:

ε = c + z − zb

r
(1)

where z = zb is the location of the bending axis, and r is the
radius of curvature of the beam. The normal stresses in the
veneer and core, σ r1 and σ r2, are related to strains by:

σr1 = E1 (ε − α1 × �t) (2)

σr2 = E2 (ε − α2 × �t) (3)

where E1 and E2 are Young’s modulus of zirconia and veneer
materials, respectively. The three parameters c, zb, and 1/r can
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Figure 2 Equivalent width transformation of cross-section of bilayered
beam during bending stress calculation. (A) Cross-section of bilayered
beam; (B) transformed cross-section. The equivalent cross-section is de-
veloped in which the width of the lower layer (b1) increases in the same
proportion to the ratio of the Young’s modulus between the zirconia and
veneer material. z is the distance from the centroidal axis (y-axis) to the
bottom surface.

be determined from three boundary conditions, as described
previously.21 In the present bilayered situation, they are deter-
mined to be:

c = E1h1α1�t + E2h2α2�t

E1h1 + E2h2
(4)

zb = E2h2
2 − E1h2

1

2 (E1h1 + E2h2)
(5)

1

r
= 3

[
E1h2

1 (c − α1�t) − E2h2
2 (c − α2�t)

]
E1h2

1 (2h1 + 3zb) + E2h2
2 (2h2 − 3zb)

(6)

Mechanical models for bending stresses

Flexural stresses at the mid-span section subjected to the three-
point bending test in both monolithic and bilayered beams were
determined using classic beam theory and Roark’s formulas.22

For a monolithic beam, the normal stress σ n at any point is:

σn = −Mz

Iy
(7)

where M = Pl/4 is the bending moment at the mid-span section
of the beam, P is the load applied to the beam, and l is span
of the rollers. z is the vertical distance from the point to the
neutral axis, the y-axis. Iy = bh3/12 is the moment of inertia of
the section with respect to the neutral axis, where b and h are
the width and height of the beam, respectively.

Beams constructed of two materials with the core (I) and
the veneer (II) (Fig 2A) can be treated by an equivalent width
transformation that transforms a bilayered beam into a uniform
beam of veneer material. Accordingly, an equivalent cross sec-
tion is developed in which the width of the lower layer (b1)

increases in the same proportion that the Young’s modulus
of the core material makes with that of the veneer material
(Fig 2B), that is b1 = b(E1/E2).23,24

The coordinate system is set such that the y-axis coincides
with the centroidal axis of the cross-section, and the z-axis is
perpendicular to the y-axis and lies at the center of the cross-
section in width. The distance from the centroidal axis to the
bottom surface (z) of the transformed beam can be calculated
by:

z = b1h2
1 + bh2 (2h1 + h2)

2 (b1h1 + bh2)
(8)

The cross-sectional moment of inertia (Iy) for the transformed
beam can be determined by:

Iy =
∫

A
z2dA = b1

3

(
h3

1 + 3h1z2 − 3h2
1z

)
+ b

3

(
h3 + 3hz2 − 3h2z − h3

1 − 3h1z2 + 3h2
1z

) (9)

where h is the total thickness of the beam. Normal stress σ n in
the bilayered beam loaded in a three-point bending test can be
determined by:

σn=
{

−Mz
Iy

, z ≥ h1

−Mz
Iy

×E1
E2

, z ≤ h1
(10)

where the bending moment, M, is equal to the value in the
monolithic beam. The stresses at the interface are not equal for
the two materials, and can be calculated by the first (top) and
second (bottom) equations in equation (10) for the upper and
lower layers, respectively.

Finite element analysis

FEA was performed to make a comparison with the analytical
method. Because the model in this study, the simply supported
beam, was a regularly shaped object, 2D FEA was sufficient
to solve the problem. Two-dimensional models for both the
monolithic beam and bilayered beam were established in the
numerical FEA program ANSYS (ANSYS, Inc., Canonsburg,
PA) (Fig 3). The geometries of the models were similar to the
ceramic beams used in the three-point bending test. The models
had a 36 mm length and 3 mm total thickness, and the core thick-
ness of the bilayered beam varied from 0.5 to 2.5 mm. In the
bilayered model, the veneer porcelain was on the upper layer,
whereas the core ceramic was on the lower layer. The interface
between the two layers was assumed to be bonded perfectly at
all stages of computation. The models were divided into about
28,000 elements (2D four-node structural solid element, plane
182 element) after performing mesh sensitivity analysis. The
plane stress state was assumed, and the thickness of the plane
elements in the models was 4 mm. The constraints were applied
as the simply supported beam with a span of 30 mm. The x- and
y-direction displacement of the node at x = 3 mm, y = 0 mm
was constrained, and the y-direction displacement of the node
at x = 33 mm, y = 0 mm was constrained. Stress calculations
were based on the temperature difference from glass transi-
tion temperature of the veneer material to room temperature
(�t = –465◦C), and a force applied at the middle span of the
top surface.
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Figure 3 Schematic FEA model of bilayered beam. Part of the model
(circled in black) in ANSYS is also shown. The interface between the two
layers was assumed to be bonded perfectly. The models were divided
into about 28,000 plane 182 elements. Stress calculations were based
on the temperature difference from the glass transition temperature of
the veneer material to room temperature (�t = –465◦C), and a force
applied at the middle span of the top surface.

Calculation of the ideal failure loads of beams

Based on the first hypothesis, the tensile stress is the determi-
nant of the failure of beams, and the total failure stress on the
mid-span section is approximately equal to the bending strength
of the material under tension. As a result, the ideal failure loads
for beams can be determined by the transformation of the stress
analytical equations.

The corresponding calculation indicates that when the core
thickness is larger than 0.7 mm, the strength of the bilayered
beam should be close to the initial strength of the core ceramic;
however, when the beam has a core thickness equal to or smaller
than 0.7 mm, the stress in the veneer at the interface reaches its
ultimate tensile strength first. In this case, the strength of the
beam depends on the strength of the veneer.

For a monolithic beam, the ideal failure load Pi can be cal-
culated by equation (11) based on equation (7):

Pi = 8σ bIy

lh
(11)

where σ b is the flexural strength of the core (900 MPa) or veneer
material (90 MPa). For a bilayered beam, the ideal failure load
can be calculated by equations (2), (3), and (10). The total stress
due to both thermal mismatch and bending test in the bilayered
beam can be expressed as:

σT = σr + σn (12)

For a core thickness larger than 0.7 mm, the ideal failure load
is given by equation (13):

Pi − E24Iy

E1lz
(σb1 − σr) (13)

where σ b1 is the flexural strength of the core material. For
a core thickness equal to or smaller than 0.7 mm, the ideal

Figure 4 Predicted failure load as a function of core thickness for the
case having a total thickness of 3 mm and width of 4 mm, when the
Young’s modulus of the core and veneer materials are 210 and 70 GPa,
and bending strengths are 900 and 90 MPa, respectively.

failure load is

Pi = 4Iy

lz
(σb2 − σr) (14)

where σ b2 is the flexural strength of the veneer material. Based
on equations (11)-(14), the ideal failure loads for beams are
determined, and shown in Figure 4.

Experimental procedures

Three-point bending tests were performed on Cercon Zirco-
nia/IPS e.max Ceram beams to verify the mechanical models.
Twelve monolithic core beams (Cercon Zirconia), 12 mono-
lithic porcelain beams (IPS e.max Ceram), and 36 bilayered
beams with core/veneer thickness ratios of 1:2, 1:1, and 2:1
were fabricated. No surface treatment was performed on the
zirconia after being sectioned and sintered. The zirconia cores
were then veneered with porcelain and sintered in accordance
with the manufacturer’s instructions. Both monolithic and bi-
layered specimens experienced four firing cycles to make a
comparison. All surfaces of all specimens were polished using
aluminum oxide abrasive paper (3M Corp., St. Paul, MN) with
sequentially finer grit size (40, 20, and 9 μm) to the final di-
mensions. The bilayered specimens had the same desired final
dimensions (3 × 4 × 36 mm3) as monolithic specimens. The
mean final height of all specimens measured by a slide caliper
was 3.01 ± 0.05 mm.

The monolithic core and veneer beams, and bilayered beams
that had core ceramic on the lower layer were subjected to
a three-point bending test with a span of 30 mm in accor-
dance with ISO standard 6872:200825 and GB/T standard
6569–2006.26 All specimens were loaded to fracture at a 0.5
mm/min crosshead speed with a test machine (Instron 8801;
Instron Co., Canton, MA), and the failure loads were recorded.

One-way ANOVA and Tukey’s test were performed to deter-
mine whether the difference between groups for failure loads
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Figure 5 Representative fracture surface of (A) monolithic core specimen, and (C) bilayered specimen, in which the veneer porcelain gave more than
five major fragments. Representative scanning electron microscope (SEM) images of the fracture origins of the corresponding specimens (black box)
are shown in (B) and (D). Fractures initiate on bottom surfaces for both specimens.

were statistically significant. All specimens were observed with
an optical microscope (Olympus; Olympus Corp, Tokyo, Japan)
and a field emission scanning electron microscope (QUANTA
FEG 250; FEI, Hillsboro, OR) to identify the initial crack and
characterize the failure mode.

Results
Failure modes and origins

The failure origins of most specimens were located within the
framework surface in the middle between the support cylinders,
which presented the maximum tensile stress in monolithic spec-
imens (Figs 5A and B) and bilayered specimens (Figs 5C and
D). Delamination of porcelain was also presented in these bilay-
ered specimens, and the veneer porcelain gave more than five
major fragments. Only one specimen in the 1:2 group exhibited
porcelain chipping rather than total fracture.

Failure loads

The failure loads of beams Fm are listed in Table 2, in which
no significant difference is observed between bilayered groups
(p > 0.05). The failure loads are close to the predicted values
(84% to 97%). The zirconia beams exhibit significantly higher
failure loads than bilayered beams, which present much higher
failure loads than the veneer beams. The mean failures were
used accordingly for each thickness ratio to calculate the bend-
ing stresses of beams by analytical and FEA methods.

Thermal stresses

For the core thicknesses ratios of 1:2, 1:1, and 2:1, the nor-
mal stress distributions through the thickness at the mid-
span section are shown in Figure 6, and excellent agree-
ment was obtained between analytical and FEA results. On
the upper surface of porcelain, the tensile stress decreases
and becomes compressive when the thickness ratio changes
from 1:2 to 2:1. For each group, the veneer is subjected
to compressive stress, while the core ceramic is subjected
to tensile stress at the interface of layers. The core sur-
faces of the three thickness ratios were subjected to tensile
stress.

Table 2 Failure loads measured (Fm) and predicted (Fp)

Failure load Failure load
measured (SD), predicted,

Group Fm (N) Fp (N) Fm /Fp

IPS e.max Ceram 69.6 (4.6) 72 97%
1:2 448.1 (37.0)a 534.5 84%
1:1 496.7 (36.9)a 535.2 93%
2:1 515.0 (62.8)a 542.8 95%
Cercon Zirconia 679.8 (68.7) 720 94%

aThe values with the same superscript letter have no statistical difference

(p > 0.05).
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Figure 6 Thermal stress distributions at mid-span section with a tem-
perature change �t = –465◦C for the thickness ratios of (A) 1:2, (B) 1:1,
and (C) 2:1. Both analytical and FEA results are shown.

Total stresses

It is meaningful to compare the total stress distributions of a
monolithic beam with bilayered beams subjected to both ther-
mal stresses and failure loads. The stress distribution for a
monolithic beam through the thickness at the mid-span section
is shown in Figure 7A. For the bilayered beams with thickness
ratios of 1:2, 1:1, and 2:1, the stress distributions are shown in
Figures 7B–7D. The stresses in the vicinity of the top surface
were not considered, because they were complicated and dif-
ficult to calculate by equations, and not the main factor of the

failure. Good agreement was obtained between analytical and
FEA results. The normal stress distribution is practically linear
through the thickness of the monolithic beam. Also, in the bi-
layered beam, stress is almost linear through the thickness in
each layer. The stress is discontinuous at the interface because
of the different elastic and thermal properties between the two
materials.

The maximum tensile stress (Table 3) is located on the bottom
surface in each group, where the fracture generally originated.
The total stresses, including thermal and bending stresses, are
not significantly different between zirconia beam and bilayered
beams, and are close to the core material strength (900 MPa)
provided by the manufacturer.

Discussion

The thickness of layers, CTE mismatch, viscoelastic behavior
of veneer materials, and heat flux have been thought to affect
the magnitude of the residual thermal stress and its distribution
in bilayered restorative systems.1,13,20 The stresses cannot be
eliminated because of the nature of the CTE mismatch between
the two materials.27,28 Therefore, the thickness ratio of the lay-
ers in the bilayered system, as a critical factor influencing the
stress distribution during the cooling process, was highlighted.
Based on the mechanical model, the magnitudes of the thermal
stresses near the surface and interface are proportional to the
Young’s modulus of the materials and CTE mismatch between
the two layers.

The strength of the material on the bottom surface, which
was subjected to peak tension, dictates the ultimate strength of
the specimen (Table 3). A similar result was found in previous
studies.3,23,24,29,30 However, the total strength must be a com-
bined action of bending and thermal stresses. The 1:1 and 2:1
beams have larger failure bending stresses than core beams do,
partly due to the effect of compressive residual stresses pre-
existing in the specimens. The compressive residual stresses
neutralized tensile stresses on the bottom surface to a certain
extent, and increased the strength of the bilayered beams. Nev-
ertheless, it should be known that the beneficial residual stresses
cannot significantly improve the strength because of their rela-
tively small values compared to failure stresses.

According to the first strength theory, the main cause of rup-
ture is the maximum tensile stress.31 In the three-point bending
test, the failure origins were located near the maximum tension
region in most specimens, and the total failure stresses were
close to the flexural strength of the material in tension (Table 3).
Therefore, the first strength theory can be used to explain the
failure of the beams. The failure will happen when the max-
imum tensile stress in the specimen equals approximately the
flexural strength of the material in tension. The first hypothesis
was validated. The slight gap between the experimental values
and the strength value provided by the manufacturer could be
the result of differing test configurations, experimental condi-
tions, specimen dimensions, surface preparations, and the flaws
due to manufacturing.23 A specimen with a 1:2 thickness ratio
usually has less strength than 1:1 and 2:1 specimens, but the
strengths of 1:1 and 2:1 specimens are about the same.2,4 That
is due to the size effect of the specimen, as a natural prop-
erty of the bending strength of brittle materials.32 Some studies
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Figure 7 Total stress distributions including thermal and bending stresses through the thickness of the beams under failure loads for (A) the core
beam with Fm = 679.8 N, and for the bilayered beams with thickness ratios of (B) 1:2 with Fm = 448.1 N, (C) 1:1 with Fm = 496.7 N, and (D) 2:1 with
Fm = 515.0 N. Both analytical and FEA results are shown.

Table 3 Bending and thermal stresses on the bottom of the mid-span
under failure loads of beams

Bending stress Thermal stress Total stress
(MPa) (MPa) (MPa)

Group Analytical FEA Analytical FEA Analytical FEA

Veneer 87.5 85.6 - - 87.5 85.6
1:2 766.6 771.7 − 14.4 − 14.8 752.2 756.9
1:1 859.7 855.2 − 26.3 − 26.7 833.4 828.5
2:1 876.8 861.4 − 24.1 − 24.3 852.7 837.1
Core 849.8 836.6 - - 849.8 836.6

pointed out that the thickness ratio had a significant influence
on the flexural strength of the bilayered systems.4–14 That may
be related to a different test method, the nature of the interface,
and the properties of the materials, especially Young’s modulus
and flexural strength of each material.4,5,7,8,13

Table 2 shows that the failure loads measured are close to
the predicted values, confirming the validity of the failure load
prediction model (Fig 4). The second hypothesis was partially
accepted, because the calculation (Fig 4) shows that along with
the increase of thickness ratio, the general trend of ideal bear-
ing capacity also becomes bigger; however, a slight decrease is

observed as the core thickness increases from 1.2 to 1.7 mm.
The ideal failure load is relatively insensitive to the thickness
ratio when the thickness ratio changes from 1:2 to 2:1, and
the total thickness is 3 mm, in agreement with the experimen-
tal results in this study and reported previously.2,3,9 Hence, the
load-bearing capacities of the beams that match that thickness
condition and combination of materials are not an extremely
large difference; however, when the core thickness decreases
below 0.7 mm, the strength of the veneer material becomes a
major factor of the total strength, and the load-bearing capac-
ity decreases sharply. For core thicknesses larger than 1.7 mm,
the bigger the core thickness, the stronger the beams. Never-
theless, the core-to-veneer thickness ratio should be minimized
to achieving natural esthetics of all-ceramic prostheses. There-
fore, it is imperative to balance the strength and esthetics on the
basis of a specific case.

Conclusions

This study investigated the stress distribution and load-bearing
capacity of monolithic and bilayered beams subjected to both
thermal and bending stresses by analytical and FEA methods.
Based on the mechanical models and experiment results, the
following conclusions can be drawn:
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1. The residual thermal stresses in the core layer have
slightly beneficial effects on the strength of the beams.

2. The first strength theory can be used to explain the mech-
anism of failure. The failure is interpreted by tensile
stress and ultimate strength of the material.

3. Based on the established relation between the thickness
ratio and load-bearing capacity, the ideal failure load
does not change much with core/veneer thicknesses ra-
tios between 1:2 and 2:1. Consequently, the core/veneer
thickness ratio could be relatively small to about 1:2 to
obtain a good appearance.
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