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capacity of such ceramic restorations is more dependent 
on the strength and design of the core material. There-
fore, it is appropriate to investigate the stress distribu-
tion in bilayer full-ceramic crowns to understand their 
behaviour and thus potentially improve their design.

The purpose of the present study was to analyse the 
stress distribution in monolithic- and bilayer-structured 
ceramic crowns by means of the finite element method 
(FEM), as a function of the elastic modulus of the core 
ceramic, Ecor, and that of the cement used to lute the 
crown, Ecem, with a view to identifying an ideal stiffness 
for the cement. The stress distribution, magnitude and 
orientation throughout a loaded structure depends not 
only on the loading configuration but also on the geom-
etry of the structure and the properties of its materials. 
One of the advantages of FEM is the ability to investigate 
the influence of property variation to gain a fundamental 
understanding of the relations amongst factors under 
consideration. The stiffness of the cement and its effect 
on the stress in the ceramic are of particular interest.
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Objective: To analyse the stress distribution in monolithic- and bilayer-structured ceramic 
crowns by means of the finite element method (FEM), as a function of elastic modulus of the 
core ceramic, Ecor, and that of the cement used to lute the crown, Ecem, with a view to iden-
tifying an ideal stiffness for the cement.
Methods: A two-dimensional axisymmetric FEM model was created to represent tooth struc-
ture with a cemented ceramic crown in place. The value of Ecor was set at 70, 100, 150 and 
200  GPa representative of the range of commercially available materials. For the veneer, 
Even, it was set at 70 GPa, while that of the cement, Ecem, was varied from 0.2 to 200  GPa, 
in a 1-2-5 sequence. The tensile stress along the x-direction was calculated as an indication 
of the local sensitivity of the model to failure at a given load.
Results: The stiffness of both the core ceramic and of the cement strongly affected the tensile 
stress distribution. With an increase in Ecor, the stress was increased for low Ecem. Also, the 
stress in the cement tended to increase with an increase in Ecem. However, the stress in the 
dentine varied little over the ranges studied here. For Ecor > Ecem, the stress in the core for 
low Ecem was higher than for high Ecem.
Conclusion: It is suggested that the modulus of elasticity for the cement used to lute the ceram-
ic crown plays a critical role in improving the fracture resistance of ceramic restorations.
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Full-ceramic restorations can exhibit superior tooth 
mimicry compared with metal-ceramic devices. 

However, they have a crucial weakness: high failure 
rate for crowns in clinical service, especially in premolar 
and molar sites. To improve strength, bilayer-structured 
restorations have been developed1,2. The load bearing 
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Materials and methods

In creating FEM models of crowns and tooth structure, 
simplification of their structure is made. Notably, the 
three-dimensional asymmetric tooth structure is often 
modelled by using a two-dimensional axisymmetric rep-
resentation instead2. Furthermore, Huiskes et al3 pointed 
out that, evidently, an inaccurate 3D model is less useful 
in obtaining positive results than using an accurate 2D 
model. They remarked that parametric analyses do not 
necessarily need to be carried out with an expensive 
anatomic model, but can often be limited to a simpli-
fied, general representation. In this study, therefore, an 
axisymmetric FEM model was developed for a second 
mandibular molar restored by a full-ceramic crown. The 
model conditions and assumptions were:
• Enamel tissue was completely removed and replaced 

by a full coverage ceramic crown with a variable stiff-
ness core. The occlusal thickness of the crown was 
set at 2.0 mm, and the veneer and core were of equal 
thickness.

• The ceramic crown was luted on to sound dentine.
• A uniform cement layer was set at 0.1 mm thickness, 

perfectly bonding the ceramic to the dentine.
• The influence of the periodontal ligaments were 

assumed to be negligible.
• The ceramic, cement and dentine were assumed to be 

homogeneous, linearly elastic and isotropic.

The dimensions of the model were selected to be consist-
ent with the values identified by Wheeler for an average 
molar crown4. A uniformly-distributed load of 600 N 
was applied normally to the occlusal surface of the 
crown on the central axis over a 1.0 mm radius circle. 
The individual areas of contact between opposing teeth 
(wear facets) have been reported5 to be in the range of 
1 to 4 mm2. The loaded area here was 3.14 mm2. The 
values for the modulus of elasticity of the ceramic com-
ponents were set at 70 GPa for the veneer porcelain, 

Even, and 70, 100, 150 and 200 GPa for Ecor. These 
values were broadly representative of the range of values 
for commercially available ceramics. Ecem was var-
ied from 0.2 to 200 GPa in a 1-2-5 sequence, although 
the values for known cements available do not usually 
exceed 20 GPa. The elastic modulus of dentine was set 
at 10 GPa according to Scherrer’s investigation6. The 
Poisson ratios of the ceramic, cement and dentine used 
were set at 0.25, 0.30 and 0.31, respectively. These data 
are listed in Table 1.

The FEM analysis was carried out using software 
(FACILE, version 3.0, Civil Engineering Department, 
The University of Hong Kong) on a workstation (IBM 
6091/90, IBM Corporation, Texas, USA), under the 
UNIX operating system. The code included four mod-
ules for 1) establishing and meshing the FEM model; 
2) input parameter values and setting the load as well 
as boundary conditions; 3) calculating the solution; and 
4) graphical output of contours and the vector field for 
the model7.

For a good approximation of the structure under the 
assumed simplified conditions, the most important fac-
tors are element mesh density and element type. The 
model here was composed of 2453 triangular elements 
with a total of 5052 nodes (Fig 1). The adaptive mesh-
ing capability of the code was employed to minimise 
the error associated with a lack of convergence of the 
nodal stress. By this technique, the mesh density was 
progressively increased until sufficient accuracy for the 
stresses was obtained8,9. All normal, shear and principal 
stresses were calculated. The boundary conditions were 
to fix the y-axis (i.e. the load axis) at the central axis of 
the model with a free x-axis at the bottom of the model.

The magnitude of the stress gives an indication of 
the local sensitivity of the model to failure at a given 
load. The results were focused on the stress state in 
the ceramics, with variation in stiffness and structure 
as a function of the elastic modulus of the cement. 
The most probable site of failure initiation lies on the 

Table 1  elastic moduli and poisson ratios used in the FeM calculation.

Material Modulus of elasticity / GPa Poisson ratio

Dentine 10 0.31

veneer 70 0.25

Core 70, 100, 150, 200 0.25

Cement 0.2, 0.5, 1, 1.5, 2, 5, 10, 15, 20, 50, 100, 150, 200 0.30
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cementation surface of the ceramic, directly beneath the 
applied load, although stress concentrations may occur 
around the corners of the FEM model of the crown10. 
Accordingly, the magnitude of the x-direction tensile 
stress along the central axis was examined in detail, as 
this represented the path of the steepest descent for this 
stress, in the various components of the structure. This 
choice was made on the basis that failure of ceramic 
restorations is strongly associated with tensile stress.

Results

According to the FEM solutions, the stiffness of the core 
strongly affected the stress distribution. For the bilayer 
structures, Ecor had a strong effect, with an increase in 
this value, the tensile stress was increased using low 
Ecem, but tended to decrease gradually with an increase 
in Ecem (Fig 2).

The value of Ecem strongly influenced the stress 
distribution, not only in the ceramic but also in the 
cement itself. However, the tensile stress in the dentine 
varied little for the ranges studied here. In the bilayer 
structures, the stress in the ceramic tended to vary 
smoothly with an increase in Ecem. Using Even = Ecor 
as a reference condition, i.e. a monolithic structure, as 

Fig 1  FeA meshing model 
(from the screen capture of the 
program display).

Fig 2  variation in the x-direction tensile stress with depth on 
the central axis vs the elastic modulus of the core ceramic for 
four values of ecem: 0.2, 2, 20 and 200 gPa. The front bound-
ary of the results surface represents the monolithic structure, 
the remainder is bilayer.

Fig 3  variation in the x-direction tensile stress with depth on 
the central axis vs the elastic modulus of the cement for four 
values of ecor: 70, 100, 150 and 200 gPa. even was set at 70 
gPa, hence for ecor = 70 gPa, the model represents a mono-
lithic structure, where the other three were a bilayer.

the value of Ecem approached Ecor the stress in the 
ceramic decreased (Fig 3).

With Ecor > Ecem, the stress for low Ecem was 
higher than for high Ecem. But for Ecem > Ecor, the 
peak stress in the cement became very high, although 
the stress in the ceramic tended to be reduced (Fig 3). 
However, it was surprising to see that no stress con-
centration occurred at the veneer-core interface with an 
increase in Ecor (Figs 2 and 3).
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Three classes of cement are commonly used for bond-
ing ceramic restorations clinically, i.e. zinc phosphate, 
glass ionomer and resin-based cements (the misnaming 
of the resin-based materials as cements for simplicity 
was ignored as they are not cements in the strict sense), 
with elastic moduli ranging from 1 to 20 GPa, but cal-
culations for the values of Ecem up to 200 GPa were 
made here, in order to better observe the effect of the 
stiffness of the lute on the stress distribution. However, 
it has to be said that zinc phosphate is rarely used for 
bonding full-ceramic restorations in practice because 
of a high risk of failure due its poorer adaptation19-23. 
Similarly, there is a high risk of failure with the glass 
ionomer, which has been suggested to be due in part to 
high setting expansion, and thus is also not appropriate 
for such restorations22. Subsequent expansion due to 
water absorption is also a known problem.

According to the present results, high stiffness 
cement is able to reduce the stresses in the core (Fig 2). 
The stress curve in the ceramic with a high stiffness 
core became smooth when the stiffness of the cement 
was matched with the core. However, it is probably 
more important that these results indicate that the mag-
nitude of the stress in the lute increases with an increase 
in its elastic modulus. When high shear stresses arise in 
the cement layer, the cement film may have pulverised, 
and the restoration would have both decreased support 
and reduced retention to the dentine. If this happened, 
such full ceramic crowns would have a high risk of 
failure24. Hence, a luting cement with a high modulus 
of elasticity and low bonding strength, such as zinc 
phosphate, cannot be recommended in this application.

The effect of various cements on the fracture resist-
ance of ceramic crowns have been investigated11,14,21 
and it was pointed out that the load at the fracture of 
a resin-luted crown was significantly greater than for 
other cements25-28. Scherrer et al14 reported that the 
fracture strength of ceramic discs bonded with resin-
based cement was approximately 75% higher than when 
zinc phosphate cement was used. According to Heintze 
et al29, the average longevity of ceramic crowns adhe-
sively luted with resin-based cement was appropriately 
three times as long as with zinc phosphate cement. The 
implication of this is that strong adhesion to the abut-
ment teeth is more important than ceramic strength 
for survivability29,30. Furthermore, it has been found 
that etching the ceramic and then polymer-coating 
its tension surface can also significantly improve the 
strength31. Anusavice et al10 investigated the cement 
effect on the tensile stress in the occlusal surface of 
ceramic crowns using FEM and reported that the stress 
decreased when Ecem was high, consistent with results 

Discussion

According to Anusavice et al11, the fracture resistance of 
full-ceramic restorations is strongly dependent on crown 
thickness, cement, crown configuration and the elastic 
modulus of the supporting tooth substrate or other mater-
ials. Furthermore, it has been suggested that ceramic and 
cement thickness, ceramic and cement modulus, and 
load position should be taken into account for the restor-
ation design to minimise clinical failure12. The present 
results extend from outcomes of those reports to include 
the relative values of the elastic moduli of the compo-
nents.

The stiffness of the cement certainly affected the 
stress distribution in the crown, but since such ceramic 
restorations are usually constructed by a layering tech-
nique, for example, as a veneer and core, attention needs 
to be given to this aspect as well. However, the present 
results suggest that no unexpected effects occur at the 
interface, even when the modulus mismatch between 
the veneer and core is large (Fig 2). Nevertheless, the 
stress in the core reduced as the cement became stiffer 
(Fig 3). 

The purpose of the cement is primarily one of reten-
tion, keeping the crown in place. However, while the 
cement transfers stress from ceramic to dentine, it may 
also form a ‘sandwich’ structure for the whole restored 
tooth in the sense that it creates an integrated object 
that behaves as one entity13. The stress transfer is influ-
enced by the adhesion of the cement at both interfaces. 
In practice, the cement thickness under a crown is 
commonly observed to be about 0.1 mm, although the 
acceptable thickness of cement is claimed by Scherrer et 
al14 and others to be approximately 0.03 mm. However, 
Liu et al15 were of the view that cement thickness is 
not very important to stress distribution in ceramics, in 
comparison with the influence of loading conditions or 
the cement modulus. However, for an FEM model, the 
thickness of the cement should be consistent with the 
clinical observation16. Hence, here the thickness of the 
cement was set at 0.1 mm, as used in FEM calculations 
by Dérand and Herø17. Also, a special computer code is 
required to mesh such a thin layer in an FEM model for 
sufficient accuracy, as was employed here18.

In Figure 3, it can be seen that the tensile stress is 
concentrated at the cement layer if Ecem is increased 
beyond Ecor (Fig 3). However, this stress concentra-
tion is unlikely to occur in practice because no known 
cement is stiff enough to meet that condition. Even so, 
Ecem slightly reduced the stress in the core ceramic as 
Ecem was increased, consistent with results reported by 
Dérand and Herø17.
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reported by Farah et al32. However, high fracture resist-
ance was demonstrated for crowns luted by resin-based 
cement with low Ecem. There was speculation that the 
resin material enhanced the transfer of stress away from 
the ceramic crown better than other cements10,33.

The type of cement affects the fracture resistance of 
bonded ceramics and has been demonstrated in many 
experiments21,22,34-38. Some cements can increase frac-
ture resistance but others are detrimental, for example, a 
fluoride-releasing resin caused fracture during 2-month 
storage22. Other work has demonstrated that resin-based 
cement used with an acid-etching process was able to 
increase fracture resistance21,34-37.

A 1.3% overall failure rate at 2 years for 143 anter-
ior and 254 posterior glass-ceramic crowns luted with 
a light-activated resin has been reported39, while at 4 
years the failure rate reached 2.9%40. In contrast, 3-year 
failure rates for molar, premolar and anterior glass-
ceramic crowns bonded with zinc phosphate cement 
were 35.3%, 11.8% and 3.5%, respectively41. Malament 
et al found that survival of glass-ceramic crowns at 
14 years was improved significantly with resin-based 
luting cements20. Burke et al have demonstrated that 
bonding systems provide higher bonding strength than 
plain cementation, which does not involve such bond-
ing agents34,36, so a luting cement accompanied by 
a dentine bonding system may produce a beneficial 
synergistic effect for ceramic restorations. It would 
appear that the luting cement plays a substantial role in 
the achievement of high fracture resistance for ceramic 
restorations42-44.

The possible mechanisms of this phenomenon have 
been proposed as follows:
• The bonding agent and resin lute transfer stress better 

than zinc phosphate cement, perhaps because of the 
poorer penetration of the latter into flaw tips10. The 
maximum tensile stress in the ceramic is reduced by 
a bonded lute45-47.

• Acid-etching the ceramic may increase the radius of 
curvature of crack tips so as to decrease stress con-
centration there10. 

• Resin cement decreases the shear strain along the 
internal surface as a result of chemical bonding 
between ceramic, cement and dentine10.

• Acid-etching increases surface roughness and the 
number of undercuts, thereby increasing the surface 
area for mechanical retention48.

• Crack-bridging may improve the clinical performance 
of ceramic crowns luted with resin. Rosenstiel et al 
suggested the bonding cement itself reinforces the 
ceramic 31. They supposed that the filling of cracks 
by silane molecules and to the bonding of resin across 

the mouths of cracks was effectively fusing flaws and 
thus improving fracture resistance.

• In addition to the effect of chemical bonding between 
resin and ceramic phases, silane also promoted wet-
ting and enabled the resin to flow easily and fill the 
undercuts of the bonded ceramic surface48.

A cement adaptation theory was proposed by Thomp-
son et al23. They indicated that transfer of stress was 
better accomplished by a material with a high modulus 
of elasticity. Furthermore, good adaptation between the 
restoration, luting cement, and the underlying tooth or 
the restored abutment core is critical for the success of 
a ceramic restoration. However, if the lute failed in a 
cohesive manner, this adaptation would not be a factor 
in restoration success. Their findings thus support the 
idea that using resin-based cement on an acid-etched 
ceramic surface is the preferred technique. It can be 
seen that the wetting and flow properties of the luting 
cement may be the key factors controlling cement adap-
tation on the ceramic surface. Cement adaptation (Af) 
has been defined as the fractional portion of the total 
length of the cement-ceramic interface, in which inti-
mate physical contact between the cement and ceramic 
could be observed under SEM23. It was clear that the 
gap between the ceramic and a cement with low adapt-
ability was significantly larger than otherwise. Thus for 
resin-based (RB), glass ionomer (GI) and zinc phosphate 
(ZP) cements, the rank order of the values of Af was 
RB > GI > ZP. This mechanism may explain why ZP, 
despite having higher Ecem cannot transfer stress well, 
while RB, despite lower Ecem, is better. In addition, 
strong cement is also important. ZP has higher Ecem 
but lower compressive strength than RB. ZP has lower 
plasticity (0.1% to 0.2%) compared with RB (5%)49, 
and, as indicated by White et al50, the strengths of the 
cements are also ranked RB > GI > ZP. The FEM solu-
tions of the present study (Fig 3) showed that the stress 
in the cement layer indeed increases with Ecem. Hence, 
using RB to bond ceramic restorations may give lower 
stress and lower risk of failure in the cement layer than 
other cements. Dérand and Herø17 pointed out that load-
ing in vivo may induce stresses that result in a break in 
the cement layer, and that such failure may reduce the 
support and fixation of the restoration. Therefore, for 
successful ceramic restorations, it is crucial to achieve 
greater interfacial bond strength. From the results of 
Scherrer et al51 and Lin et al52, it is suggested that 
increasing this bond strength may be more advantageous 
than increasing the flexural strength of the ceramic.

Morris et al53 also pointed out that the mechan-
ism generating the tensile stresses at the cementation 
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surface was elastic modulus mismatch between the 
ceramic and cement, not the bending of the ceramic. 
The present results support this, but since the modulus 
of elasticity of the resin-based materials is low, the 
mechanism, where they confer improved fracture resist-
ance on ceramic crowns will need further investigation.

Conclusions

It is concluded that ceramic crowns with a high elas-
tic modulus core need to be bonded with high elastic 
modulus cement to reduce the risk of failure. From a 
clinical viewpoint, although this is likely to decrease the 
stress in the core, stress-related problems would occur in 
the cement itself and should not be ignored; damage to 
the cement layer risks ceramic failure. This crucial role 
needs to be recognised in selecting a cement for clinical 
use, although compromise is required in that adaptation, 
bonding and strength as well as stiffness are needed. The 
differences in elastic moduli of the current veneer and 
core ceramics do not appear to present a problem with 
respect to stress concentration at their interface.
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