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Biomechanical three-dimensional finite
element analysis of monolithic zirconia crown
with different cement type

Seung-Ryong Ha*

Department of Dentistry, Ajou University School of Medicine, Suwon, Republic of Korea

PURPOSE. The objective of this study was to evaluate the influence of various cement types on the stress
distribution in monolithic zirconia crowns under maximum bite force using the finite element analysis.
MATERIALS AND METHODS. The models of the prepared #46 crown (deep chamfer margin) were scanned and
solid models composed of the monolithic zirconia crown, cement layer, and prepared tooth were produced
using the computer-aided design technology and were subsequently translated into 3-dimensional finite element
models. Four models were prepared according to different cement types (zinc phosphate, polycarboxylate, glass

ionomer, and resin). A load of 700 N was applied vertically on the crowns (8 loading points). Maximum
principal stress was determined. RESULTS. Zinc phosphate cement had a greater stress concentration in the
cement layer, while polycarboxylate cement had a greater stress concentration on the distal surface of the
monolithic zirconia crown and abutment tooth. Resin cement and glass ionomer cement showed similar
patterns, but resin cement showed a lower stress distribution on the lingual and mesial surface of the cement
layer. CONCLUSION. The test results indicate that the use of different luting agents that have various elastic

moduli has an impact on the stress distribution of the monolithic zirconia crowns, cement layers, and abutment

tooth. Resin cement is recommended for the luting agent of the monolithic zirconia crowns. [J Adv Prosthodont

2015;7:475-83]
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INTRODUCTION

The strength aspect of the posterior restoration material is
more important than the esthetic aspect because posterior
restorations are subject to higher stresses during mastica-
tion than antetior restorations. To overcome fracture of all
ceramic restorations, many core materials have been devel-
oped to support the weaker-veneering porcelains. These
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include lithium disilicate, glass-infiltrated alumina, high-
purity alumina, and zirconia." Among many dental ceramics,
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) was
proven to be satisfactory and was widely used for its remark-
able fracture resistance and flexural strength compared to
other dental ceramic materials.’

Zirconia exists in three different crystal phases at three
different temperatures; monoclinic, tetragonal, and cubic.
Zirconia is in the monoclinic phase at room temperature.
The monoclinic phase changes into the tetragonal phase at
temperatures from above 1,070°C. Then zirconia becomes
stable in the tetragonal phase at temperatures between
1,170°C and 2,370°C. At temperatures above 2,370°C, zit-
conia exists in the cubic phase. Zirconia can maintain the
tetragonal phase at room temperature when stabilizers such
as ceria, magnesia, or yttria are added. The transformation
of martensitic tetragonal to monoclinic phase may be initi-
ated by stress, such as machining, weat, or water. The trans-
formation from the tetragonal to monoclinic phase causes a
volume expansion by 3-4%. Crack propagation is blocked
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by the volume expansion at the crack tip. This transforma-
tion-toughening phenomenon results in the fracture resist-
ibility and higher strength of zirconia. Zirconia has flexural
strength ranging between 800-1200 MPa and a fracture
toughness ranging between 6-8 MPa, and it meets the
mechanical requirements for high stress-bearing postetior
restorations.*>

Guess ¢f al® reported that monolithic lithium disilicate
ceramic which were fabricated by the application of com-
puter-aided design/computer-aided manufacturing (CAD/
CAM) resulted in fatigue-resistant crowns, whereas veneered
zirconia crowns showed a higher susceptibility to cyclic
loading with early vencer failures based on fatigue findings.
Advances in dental ceramic materials and the development
of CAD/CAM along with milling technologies have
improved the materials and made them easier to use which
was impossible with conventional dental processing tech-
niques.”” The monolithic zitconia crowns have been used
more widely because of the recent developments in zirco-
nia stain and glaze techniques. Moreover, they have been
used more to avoid chipping of vencering porcelain. Even
with their rapid development and increased uses, distinct
criteria have not been established for the application of
monolithic zirconia crowns. Little information is currently
available on the cementation of the monolithic zirconia
crowns. Finite element analysis (FEA) is an appropriate
method for stress analysis. Since FEA was developed in the
engineering field, it has been a popular option to analyze
stress. In dentistry, FEA has been used to study stress dis-
tributions in the teeth and restorative materials.'™"" The pur-
pose of this study was to evaluate the influence of different
cement materials on the stress distribution in monolithic
zirconia crowns by three dimensional FEA.

MATERIALS AND METHODS

FEA has been used as a method to analyze the magnitude
and distribution of stresses in complex geometries. The
geometric solid model was divided into elements, which
were used as mathematical functions.'*"

A standard crown preparation with a 8° convergence
angle between tooth axis and axial wall, the chamfer depth
of 1.2 mm, was prepared on a mandibular first molar of
the Nissin study model (D85DP-500B.1, Nissin Dental,
Kyoto, Japan) by using a surveyor (F1, Degu Dent GmbH,
Kanau, Germany). The prepared model and unprepared
mandibular right first molar resin model were scanned
using an optical scanner (Optical 3D Scanner Activity 101,
Smart Optics Sensor technik GmbH, Bochum, Germany).
They were imported into the CAD software for modeling
(Free Form modeling systems, Sensable-Geomagic,
Woburn, MA, USA). Subsequently, a monolithic zirconia
crown was designed based on an unprepared tooth resin
model by using CAD. The solid models of a monolithic zit-
conia crown (1.5-mm thickness), a cement layer, and a pre-
pared tooth were generated by using the scanned images
with CAD software (Hyper Works 10.0, Altair Engineering,

476

Ontario, Canada). Even though the recommended cement
thickness is 50 um, the cement thickness in this study was
defined to be 200 pm to approximate the reported mean
occlusal gap values of 219-369 pm."* Moreover, Reich ef al.
studied the cement thickness of crown fabricated by 3
commercially available CAD/CAM systems and reported
the mean occlusal gaps were 215 pm, 371 pm and 383
pm."” In this process, 4 different models wete fabricated for
the different cement types (zinc phosphate cement (ZPC),
polycarboxylate cement (PC), glass ionomer cement (GIC),
and resin cement). The monolithic zirconia crown layer, the
cement layer, and the prepared tooth were assembled in the
final model (Fig. 1. A-C).

* Model I: vertical load 700 N, zinc phosphate cement
* Model 1I: vertical load 700 N, polycarboxylate cement
* Model I1I: vertical load 700 N, glass ionomer cement
* Model IV: vertical load 700 N, resin cement

The finite element model was developed by using
ABAQUS/CAE 6.9 software (Dassault Systémes, Vélizy-
Villacoublay, France). The solid model was then meshed
with parabolic tetrahedron solid elements. The material
properties used in this study are listed in Table 1.1

The following assumptions were included in the finite
element models: (1) all components (monolithic zirconia

Fig. 1. Three components of the finite element analysis
model. (A) Monolithic zirconia crown, (B) cement layer,
(C) prepared tooth. Eight loading points and directions of
load applying. (D), (E) three points on the outer inclines
of each buccal cusp, three points on the inner inclines of
each buccal cusp, and two points on the inner inclines of
each lingual cusp.
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Table 1. Material properties used in finite element analysis'®

Component Material Elastic modulus (GPa) Poisson’s ratio Density (g/cm?®)
Crown Zirconia 205 0.19 2.40
Cement layer Zinc Phosphate Cement 13.7 0.33 3.25
Polycarboxylate Cement 5.11 0.35 2.57
Glass lonomer Cement 7.56 0.35 1.88
Resin Cement 8 0.33 219
Tooth Dentin 16 0.31 2.14

crown, cement layer, and prepared tooth) were assumed to
be homogeneous, linearly elastic, and isotropic in propet-
ties; (2) no slip happened between components (perfect
bonding); (3) the cement layer had a 200-pm uniform thick-
ness except at the margins; (4) the monolithic zirconia
crown had a 1.5-mm uniform thickness except at the mar-
gins; (5) no components were flawed; and (6) all degrees of
freedom were constrained at the root component surface.

Occlusal loads must be resisted by the prostheses as
well as the cement. In the majority of previous research,
maximum bite force has been reported as 700 N.'*® Therefore,
the magnitude of the values of load used in the present
study was 700 N to simulate maximum bite force depend-
ing on the published data.!™"!® The load of 700 N was dis-
tributed uniformly on the following 8 points of the crown
in a vertical direction: 3 points on the outer inclines of each
buccal cusp, 3 points on the inner inclines of each buccal
cusp, and 2 points on the inner inclines of each lingual cusp
(Fig. 1. D-E)."” The maximum principal stresses were
recorded for the monolithic zirconia crown, each cement
layer, and prepared tooth.

RESULTS

The stress patterns of each model are presented in Fig. 2,
Fig. 3, Fig. 4, and Fig. 5. The same color indicates a similar
range of the distributed stress level. The maximum princi-
pal stress distributions of the monolithic zirconia crown are
shown in Fig. 2. The stress distributions changed with the
different cement types. Concentrations of maximum princi-
pal stress were observed on 8 loading points on the occlusal
surface, the buccal cusp on the buccal surface, the lingual
pit on the lingual surface, and the cervical area on the mesi-
al and distal surfaces. Difference in the stress distribution
of the monolithic zirconia crown was observed in each
model for the mesial, distal, and intaglio surfaces. Model 1
showed the highest maximum principal stress on the occlu-
sal, cervical areas of the mesial, and intaglio surfaces, while
Model 11 showed the highest maximum principal stress on
the cervical areas of the distal surface. Model I1T and
Model 1V showed similar stress distribution pattern each

othet.

The maximum principal stress distributions of the
cement layers are shown in Fig. 3; concentrations of maxi-
mum principal stress were observed on the occlusal surface,
intaglio surface, and cervical area of the cement layers. The
stress distribution changed with the different cement types.
Model I showed the highest maximum principal stress on
the mesial and distal surfaces, while Model II showed the
lowest maximum principal stress on the mesial and distal
surfaces of the cement layer. Model 11T and Model IV showed
similar stress distribution pattern each other except for the
lingual surface. Model IV showed the lowest maximum
principal stress concentration on the lingual surface of the
cement layer.

The minimum principal stress distributions of the
cement layer are shown in Fig. 4; concentrations of mini-
mum principal stress were observed on the occlusal surface,
intaglio surface, and cervical areas of the cement layer. The
stress distributions changed with the different cement
types. Model I showed the highest stress concentrations on
the buccal, mesial, and distal surfaces, whereas Model 11
showed the lowest stress concentrations on the buccal,
mesial, and distal surfaces. However, Model II showed the
highest minimum principal stress on the lingual surface.
Model IIT and Model 1V showed similar stress distribution
pattern each other.

The von Mises stress distributions of the cement layer
are shown in Fig. 5; concentrations of von Mises stresses
wete observed on the occlusal surface and cervical areas of
the cement layer. The stress distributions changed with the
different cement types. Model I showed the highest stress
concentrations on the occlusal, buccal, lingual, cervical
areas of the mesial, and intaglio surfaces, while Model II
showed a lower stress concentrations on the lingual and
mesial surfaces than the other models. Model IIT showed
the lowest stress concentration on the buccal surface, while
Model TV showed a lower stress concentration on the distal
surface than the other models.

The highest levels of the maximum principal stress,
minimum principal stress, and von Mises stress in each
component are shown in Fig. 6, Fig. 7, and Fig. 8.
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Fig. 2. Maximum principal stress distribution of the monolithic zirconia crown. (A) - (D) Buccal, (E) - (H) lingual, () - (L)
mesial, (M) - (P) distal view.
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Fig. 3. Maximum principal stress distribution of the cement layer. (A) - (D) Occlusal, (E) - (H) buccal, (1) - (L) lingual
view.
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Fig. 4. Minimum principal stress distribution of the cement layer. (A) - (D) Occlusal, (E) - (H) buccal, (I) - (L) lingual
view.
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Fig. 5. von Mises stress distribution of the cement layer. (A) - (D) Occlusal, (E) - (H) buccal, () - (L) lingual view.
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tooth.

DISCUSSION

The use of the monolithic zirconia crowns has become
popular in the restorative dentistry. While there are a vast
variety of dental cements presently available in the market
including ZPC, PC, GIC, and resin cements, there are no
well-established guidelines for the selection of dental
cements for the monolithic zirconia restorations.

Dental cements are designed to provide stability and
retention to the restorations in the harsh oral environment.
Retention mechanisms atre divided as chemical, mechanical,
and micromechanical elements. Usually, 2 or 3 mechanisms
work together in combination, depending on the nature of
the cement and material.”” Dental cements are subdivided
as resin-based and non-resin-based cements. They should
have properties such as resistance to dissolution, a strong
bond, high strength under tension, good manipulation
properties, and biocompatibility. ZPC has been traditionally
regarded as the most popular material, despite its lack of
adhesion, solubility, and low hardness properties. Although
the final marginal accuracy of all-ceramic systems produced
from CAD/CAM has significantly improved, these prod-
ucts still result in larger internal gaps than those of cast
crowns, possibly resulting in thicker cement layers and less
frictional retention to the abutments."*!> These would be
drawbacks for ZPC because of its solubility and lack of
adhesiveness. ZPC has been used in some all-ceramic sys-
tems, but long-term clinical data have not yet been pub-

lished. PC was the first cement exhibiting adhesive proper-
ties to the tooth. However, PC exhibited low compressive
strength, tensile strength, and it may undergo significant
plastic deformation under functional force after set. GIC
are also of great interest to clinicians. These cements exhib-
it several clinical advantages, including physicochemical
bonding to tooth structures, low coefficients of thermal
expansion, and long-term release of fluoride. However, low
mechanical strength compromises the use of GIC in high-
stress-bearing areas. Moreover, GIC would not be suitable
for ceramics that require support from the cement. Therefore,
resin-based cements are widely used as the choice of
cements for ceramic restorations due to the disadvantages
of other cements such as lack of solubility, support, and
adhesion. Resin cements are based on bisphenol-A-glycidyl
metharcrylate and other metharcrylates. It has the advan-
tages such as high bonding strength, high compressive
strength and low solubility.

Restorative dentistry constantly undergoes changes and
no currently available cement is ideal for all situations. The
advent of adhesive cements has considerably expanded the
scope of fixed prosthodontics. Resin-based cements are
used in all-ceramic systems because of the important role
that those cements play in the final clinical success of this
treatment modality.?2*

Several authors have studied the role of dental cement
by using FEA. Proos et al'® investigated the influence of
adhesive resin and ZPC on In-Ceram coping and gold cop-
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ing, and their results suggested that the type of dental
cement has a minor effect on the resultant stress distribu-
tion. Kamposiora e a/,”® who studied the stress level and
distribution of the cement layer with 4 types of cement
under an all-ceramic crown and gold crown, found that
ZPC shows a greater stress value than other cement materi-
als. Shahrbaf ez 4/.°° studied the influence of the tooth
preparation design and the elastic moduli of cement which
include 4 kinds of commercially available resin cements and
extremely high value hypothetical cement. Their results
suggested that both the preparation design and the elastic
modulus of cement affect the stress distribution of the
restored crown-root complex. Rekow e a/?” studied the
influence of 7 variables, including crown material and
thickness, cement material and thickness, position of load,
cusp inclination, and the supporting core, on the maximum
principal stress distribution. They found that the crown
material and thickness are major contributive factors. In
their study, all cements were assumed to be in the rigid
bonding condition, which means that the interface of each
component cannot slip. Additionally, these bonding condi-
tions can create internal tensile stress on the bonded crown.
May et al.”® who studied the influence of the cement thick-
ness and bonding condition on the feldspathic porcelain
crown by means of 2-dimensional multiphysics FEA and a
physical test, found that the well-fitted, bonded feldspathic
crown can withstand a greater load than the non-bonded
crown, but the bonding effect disappears under a large
cement layer.

The present study used 4 types of dental cements and
showed that these types of cements have similar stress dis-
tributions except for ZPC and PC, which had a wider distri-
bution of a high stress level on the monolithic zirconia
crown and cement layer. These findings suggest that low-
elastic materials result in a lower stress distribution in the
cement layer and transfer less stress to the prepared tooth.
Resin cements have the advantage of high tensile strength,
high compressive strength, high bonding strength, and low
solubility. Resin cements are relatively insoluble compared
to the other dental cements. Moreover, resin cements have
shown better retention than ZPC or GL.* However, con-
ventional resin cements require multiple steps for bonding
procedure.” In addition, it is difficult to establish chemical
bonding between resin cements and the zirconia inner sut-
faces without functional monomer or other surface treat-
ments. Therefore, self-adhesive resin cement containing
functional monomer is recommended for luting agent of
the monolithic zirconia crowns.

The results of in vitro simulation testing cannot be pos-
tulated to the clinical situation, because this simulation
study design did not contemplate typical factors of the oral
cavity, such as dynamic forces of mastication or fatigue
loading, Obviously, direction of occlusal loading is relevant
to the teeth anatomy during mastication. This, however,
was not taken into consideration in the current study. In the
present study, the maximum bite force was simulated.
Further studies are necessary on the effect of the cement
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type under conditions of dynamic occlusion, various
cement thicknesses, and cement polymerization. In clinical
practice, the restored crown-root complex is always located
in conditions that are moist and prone to temperature
changes. Therefore, further studies are necessary on the
influence of the cement under conditions of bonding,
water storage, cyclic loading, and thermo-cycling.

CONCLUSION

Within the limitations of this study, it can be concluded
that the use of different dental cements that have different
elastic moduli has an impact on the stress distribution of
the monolithic zirconia crown, cement layer, and prepared
tooth. Dental cement with higher elastic modulus creates a
wider distribution of a higher stress concentration area
within the cement layer. Resin cement is recommended for
luting agent of the monolithic zirconia crown, because it
showed low stress concentration in the cement layer and it
has an advantage of low solubility.
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