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Purpose: The purpose of this paper is to investigate the influence of interphase properties on restored tooth 
structure due to polymerization shrinkage of resin-based composite. 
Materials and Methods: A 3D finite element analysis was performed.  The restoration-tooth interface was 
simulated using solid elements of varying material properties and thicknesses.  The stress within the restored 
tooth structure built up from the polymerization shrinkage of the restorative composite was computed accounting 
for the time-dependent and visco-elastic behavior of the composite. 
Results: It was found that a correlation exists between material and geometry properties at the restoration-tooth 
interface and higher shrinkage stresses were located at the interphase due to polymerization shrinkage.  The 
development trend of residual stress from polymerization shrinkage in the restored-tooth structure was predicted. 
Conclusion: The varying material and geometry properties of restoration-tooth interface seemed to have a 
conclusive effect on the interfacial stress system, as well as on the longevity of the restoration.  From the purely 
mechanical point of view, this can result in interfacial debonding.  (Int Chin J Dent 2009; 9: 1-8.)   
Key Words: composite restoration, finite element analysis, interphase, polymerization shrinkage. 
 

Introduction 
    The demand for non-metal tooth restoration has grown considerably in recent years because of their good 

workability and esthetic appearance.  Amongst the most popular alternatives to metal tooth restorations are 

composite resins and ceramic or composite inlays retained by an adhesive resin.  Their main advantages are 

better aesthetics, avoidance of mercury and lower cost effectiveness.  Nonetheless, the stiffness of resin-based 

composite restorations may vary greatly and does not fully match that of natural teeth.  Some problems will 

appear when the teeth are under stressful conditions.  Both polymerization shrinkage1-3 and cyclical loading4-6 

can disorganize the restoration’s coherence. 

    The major drawback of these restoration techniques probably is the polymerization shrinkage of resin-based 

composite during the curing process.  Shrinkage associated with the polymerization of composite resins can 

generate considerable stresses in the surrounding tooth tissues.  These shrinkage stresses may be confined within 

the polymerized composite.  It can also transfer into the bonding interphase, even the tooth structure, resulting in 

unknown clinical consequences.7  When the bonding strength of the adhesive system is insufficient to resist the 

polymerization shrinkage stress, a gap will develop at the bond interphase, causing marginal leakage of the 

restoration.  On the other hand, although the bonding strength is sufficient to sustain the stress, the stress will 

transmit to the tooth structure, leading to a cuspal deflection which may in turn result in postoperative 

hypersensitivity or enamel fracture.8,9  

    Shrinkage stresses are believed to develop mainly within the time periods of irradiation.  Such stresses can 

have a detrimental effect on the longevity of the restoration and the dentin-restoration interphase.10-13  The use of 

low modulus restorative materials or the application of flexible adhesive linings has shown to render release of 

such stresses, which can thus be adopted as a method to reduce composite restoration deterioration.2,3,14,15  

However, utilization of low modulus filling materials is not always possible in stress-bearing areas, and the 

restoration has to be strong and wear resistant.  Therefore, composites with high load-bearing capacity such as 

high modulus must be used.16,17  A relatively thick bonding layer of 50-250 µm has been proven to be effective 
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in leveling the mismatch of modulus values at the restoration-tooth interface.18,19  However, few research articles 

have been found to optimize the Young's modulus and thickness of the restoration-tooth interphase, the purpose 

of which is to reduce shrinkage stresses. 

    The dimensions of the teeth differ from each other, and they exhibit large deviation from the standard mean 

values.  The stress found from simplified laboratory test set-ups may not fully mimic that from the complex 

clinical cases.  For these reasons, different experimental measurements can hardly be compared fairly.  However, 

the influence of the restoration-tooth interface on the stress system generated in the tooth was of interest. The 

development of tensile and/or shear stresses at the restoration-tooth interface can disrupt the adhesive bonding of 

the restoration system to the cavity walls and have a detrimental effect on the longevity of the restoration.  Finite 

element analysis (FEA) software has been developed as a tool to investigate the magnitude and distribution of 

stresses in complex geometries such as restored teeth.  This clinical problem has been addressed in finite element 

models, where variations in the material properties of restoration-tooth interface were investigated for their 

influence on the stresses induced in the restoration-tooth structure.17,20  In this study, the mechanical behavior of 

the enamel-dentin-composite interphase structure, subjected to polymerization shrinkage has been investigated 

by means of 3D FEA.  This study aimed at optimizing the adhesive interphase thickness and flexibility 

(sufficient stress absorbency) using finite element method.  By doing this procedure, we aim to prevent critical 

interfacial stresses that might lead to premature failure of the adhesively restored tooth due to polymerization 

shrinkage. 

 

Materials and Methods  
Finite element model 

    The solid model of a human maxillary premolar was generated using literature data21 for dentin and enamel 

internal volumes and morphologies, while the external shape of the maxillary central incisor was obtained by 

laser based 3D digitizing (Cyberware Inc., Monterey, CA, USA) of a plaster cast (Tanaka Manufacturer, Tokyo, 

Japan).  The scanned profiles were assembled in a 3D wire frame structure using a 3D CAD (AutoCAD 2004, 

Autodesk Inc., San Rafael, CA, USA).  The wire frame curves were exported in a 3D parametric solid modeler 

(Solidworks 2008, Dassault Systemes, Paris, France).  The space for the cavity preparation was also defined.  It 

should be pointed out that the pulp chamber of the tooth was omitted as a simplified calculation because of its 

negligible stiffness.  The restoration was assumed to be bulk filled in one step and fully bonded to the adjacent 

tooth tissues by the interphase.  Some assumptions were made in order to simply the calculations.  Absolute 

bonding was considered among enamel, dentin, composite, and interphase. 

    The FEA model was obtained by importing the solid model into ANSYS rel. 10.0 FEM software (Ansys Inc., 

Houston, TX, USA) using IGES format.  The volumes were redefined in the new environment and meshed with 

4-node tetrahedral elements, finally resulting in a 3D FEA model (Fig. 1).  All the nodes on the external surface 

at the root part were constrained in all directions.  Accuracy of the model was checked by convergence tests.  

Particular attention was devoted to the refinement of the mesh resulting from the convergence tests at the 

restoration-tooth interfaces.  Different material properties were coupled with the elements and geometries 

according to the volume material defined in Fig. 1 (enamel, dentin, composite, and interphase). 

Material properties  

    All materials except the resin-based composite were considered as linear elastic behavior throughout the entire 
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deformation, which is a reasonable assumption for brittle materials in non-failure conditions.22  Dentin is a linear 

elastic and isotropic material while enamel is an elastic and anisotropic material, from a mechanical point of 

view.17  However, the anisotropic enamel behavior was neglected in the present study because it has little 

influence on mechanical behavior of enamel within macroscopic study.  Therefore, enamel was assumed to be 

homogeneous and isotropic.23  Elastic modulus is 50 GPa for enamel and 18.6 GPa for dentin, whereas Poisson’s 

ratio is 0.3 for enamel and 0.31 for dentin.  Young’s modulus of the interphase was varied from 0.1 GPa to 50 

GPa, corresponding to different clinical materials such as Adper Prompt L-Pop (3M ESPE, Seefeld, Germany), 

Clearfil Protect Bond (Kuraray, Kurashiki, Japan), and Xeno III (Dentsply, Konstanz, Germany),24 and Poisson’s 

ratio was set to 0.45 for different materials under consideration. 

 

 
 

 

 

 

 

 

 

 

 

 
   (a) 3D Finite element model       (b) Restoration-tooth system 

   Fig. 1. Three-dimensional finite element model of the restoration-tooth systems. 
 

    The polymerization shrinkage of the composite will generate stress fields within tooth structure, especially 

within interphase.  The data25 revealed that the stress-strain response is sensitive to the strain rate.  This 

observation suggests that the composite exhibits some sort of viscous behavior, coupled with elasticity.  This 

kind of behavior can be described by means of a relatively simple model consisting of springs and dash-pots.  It 

has been shown that a generalized Maxwell-model consisting of only three sub-models is capable of reproducing 

the material behavior for the restorative composite.26  Such model can be implemented easily under the 

framework of finite element analysis, and is therefore particularly useful for determination of the stress field 

generated in tooth restoration through numerical simulation.  In this study, the stress field generated by the 

polymerization contraction was evaluated by a way taking the time-dependent and visco-elastic properties of the 

composite restoration into account.27,28  The curing time was sub-divided into a large number of small intervals, 

while Young's modulus, the viscosity and the current polymerization shrinkage were determined for each 

interval.  The properties of resin-based composite were determined as a function of time according to the 

previous investigation29 for the restorative composite Clearfill P10.  The model used in the present study, 

together with the associated material properties, Young's modulus, viscosity and shrinkage, are listed in Table 1.  

It was assumed the polymerization process of the composite finished in 900 seconds, according to the 

experiment investigation.26  
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   Table 1. Time-dependent polymerization parameters for a chemical curing composite. 

Time (s) E (MPa) η (GPa) Volume shrinkage (%) 
  0 

150 
300 
450 
600 
750 
900 

40 
40 

700 
2140 
3800 
4600 
5400 

  60 
  60 
 774 

868.8 
1104 
2160 
3222 

  0 
1.25 
1.93 
2.20 
2.31 
2.37 
2.41 

 
Residual stresses due to polymerization 

    Polymerization shrinkage of resin-based composites cause residual stresses within restoration-tooth structure, 

resulting in that the restored tooth is in stressed status even no applied loading after curing.  The presence of 

residual stresses results in a changed behavior of the restored tooth, which may become evident for its clinical 

performance.  Clinical symptoms associated with the residual stress may include inadequate adoption, 

microcrack propagation, microleakage and secondary caries.26  The residual stresses (von Mises equivalent 

stresses) were calculated by the FE method to account for the variations in restoration-tooth interphase material 

properties and thicknesses. Here, two variations were considered: 1) Changing the material properties of the 

interphase, Young's modulus Ei, while keeping the thicknesses of the interphase unchanged; and 2) Changing the 

thicknesses of the interphase while fixing the material properties of the interphase, Young's modulus Ei.  

 
Results  
    During the polymerization process, the development of the maximum shrinkage stress (von Mises equivalent 

stress) at different time obtained from the FE calculation are presented in Fig. 2 for studying the influence of 

different Young’s modulus of the interphase and different interphase thicknesses, respectively within 900 s, 

interphase thickness was kept constant at 0.15 mm in Fig. 2a while Young’s modulus was kept unchanged at 10 

GPa in Fig. 2b.  

0

20

40

60

80

0 300 600 900

t (s)

M
ax

 v
on

 M
is

es
 s

tre
ss

 (M
Pa

)

E=0.1

E=1.0

E=10

E=20

  

0

20

40

60

0 300 600 900

t (s)

M
ax

 v
on

 M
is

es
 s

tre
ss

 (M
Pa

)

D=0.10

D=0.15

D=0.20

D=0.25

 
                 (a)                   (b)  

Fig. 2. Time histories of maximum von Mises stress generated in the interphase during the polymerization for  
   (a) different Young’s modulus (D=0.15 mm), and (b) different interphase thicknesses (E=10 GPa). 
 
    These curves representing on-polymerizating processes of composite are usually S-shaped.  Generally, the 

stress generation within the resin-based composite, the tooth and the interphase developed in three stages: 1) 
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Initially, very little stresses were accumulated due to the viscous behavior of the composite resin (0-150 s); 2) 

Subsequently, stresses increased more significantly due to polymerization, stiffening and a reduction of 

visco-elasticity of the composite (150-450 s); and 3) Finally, stresses almost kept unchanged without 

consideration of stress relaxation (450-900 s).  The maximum magnitudes of these stresses were between 20 and 

70 MPa.  Without considering occulusal loading, it was found that the stresses remain constant in the third phase 

according to Fig. 2. 

    The residual stress (von Mises equivalent stress) distribution contours of the interphase for four different 

Young’s modulus of the interphase: E=0.1, 1, 10, and 20 MPa, are predicted in Fig. 3, in which the thickness of 

the interphase was kept unchanged at 0.15 mm, and were obtained at the time of 900 s, just after completion of 

polymerization.  It is clear from Fig. 3 that the location of stress concentration resulting from polymerization of 

the composite was found to occur predominantly at the interphase layer and dentin wall junction, where there 

was greater curvature, thus prone to stress concentration from a purely mechanical point of view; or the upper 

surface where interphase and enamel wall meet.  

    
  (a) Ei=0.1 GPa      (b) Ei=1 GPa     (c) Ei=10 GPa     (d) Ei=20 GPa 

Fig. 3. Residual stress distribution in the interphase with varying Young's modulus of the interphase 
   (D=0.15 mm). 
 

    The residual stress (von Mises equivalent stress) distribution contours of the interphase are shown in Fig. 4 for 

investigating the influence of different interphase thicknesses (D=0.10, 0.15, 0.20, and 0.25 mm) also at 900 s, 

while Young’s modulus of the interphase was kept unchanged at 10 GPa.  It was clear from Fig. 4 that the stress 

concentration resulting from polymerization of the composite was found to occur predominantly at the regions 

more or less the same as those shown in Fig. 3.  

 

    
  (a) D=0.10 mm      (b) D=0.15 mm     (c) D=0.20 mm     (d) D=0.25 mm 

Fig. 4. Residual stress distribution in the interphase with varying interphase thicknesses (E=10 GPa). 
 

    It is found that high residual stresses are located at the occlusal surface along the tooth-composite joint (region 

A) and line angle surrounding the pulpal wall (region B) of the interphase in the present model.  Fig. 5 shows the 

effects of Young’s modulus of the interphase on the residual stress in the interphase developed at the 

afore-mentioned regions at 900 s.  From Fig. 6, the maximum residual stress occurs in the region B when 

Young’s modulus of the interphase is varied between 0.1 GPa and 10 GPa, while, when Young’s modulus of the 
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interphase increases, the maximum residual stress occurs in the region A.  The residual stress in the region A and 

region B of the interphase increase with increasing Young’s modulus of the interphase.  
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Fig. 5. Residual stresses generated in the interphase with different Young’s modulus of the interphase at  
   900 s after curing (left). 
Fig. 6. Residual stresses generated in the interphase with different thicknesses of interphase at  
   900 s after curing (right). 
 
    Fig. 6 illustrates the effects of the different interphase thicknesses on the residual stress in the interphase 

developed in the region A and region B only at 900 s.  From Fig. 6, the residual stress increases firstly in the 

region A when the thickness of the interphase increases, then decreases when the thickness of the interphase 

increases further, on the contrary, the residual stress decreases firstly in the region B when the thickness of the 

interphase increases, then increases when the thickness of the interphase increases further.  It can also be seen 

that the high residual stress value in the region B is still larger than the value in the region A during the thickness 

of interphase changing.  When the thickness of the interphase increases up to about 0.18 mm, the maximum 

residual stress value becomes lowest according to Fig. 6.  

 
Discussion 
    Filling decayed teeth with restorative materials has been a conventional method for a long time.  The 

polymerization shrinkage process happened within the resin-based composite at an early stage of restoration, 

followed by occurrence of a more complicated process.  Fig. 2 shows that the process can be divided into three 

different phases: 1) a viscous behavior phase; 2) a reduction of visco-elasticity behavior phase; and 3) an elastic 

behavior phase.  Microcracking and interfacial failure may occur due to residual stress, or as a result of 

resin-based composite polymerization.  A possible means of improving the mechanical performance of the 

interphase is to extend the curing time of simplified interphase beyond those recommended by the manufacturers, 

which can result in improved polymerization and reduced permeability.30  

    Figs. 3 and 4 show the residual stress distribution in the interphase in details at the moment when the 

polymerization of the resin-based composite has completed.  Considering the effect of only polymerization 

shrinkage, the highest stresses are observed in the vicinity of the top surface and near the interface or at the 

interphase layer and dentin wall junction where greatest curvature usually occurs.  Some research studies have 

shown that, when the residual stress in the interphase, reached a certain value, fracture and voids would occur in 

this region.31  The marginal gap between the composite and tooth appears, and the integrity of the 

restoration-tooth structure can eventually be destroyed when the highest stresses are in the vicinity of the top 
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surface and near the interfaces.32  Bacteria may find an opportunity to gain access to the space between the 

filling and the tooth.  This phenomenon is known as microleakage.  When it occurs, tooth-brushing process can 

hardly remove these bacteria, and their metabolic activity leads to extensive decay within the tooth, which is the 

so-called secondary caries.  Therefore, it is very crucial for a dentist to select an interphase with appropriate 

stiffness and thickness so as to make sure that no interphase failure and aforesaid consequences will happen.  

This study confirms that the application of the interphase with a lower elastic modulus and a higher thickness 

can provide a benefit of relieving upper surface stress of the interphase arisen from the polymerization shrinkage.  

But, from the findings in the present study, it is easily found that the stress at the interphase layer and dentin wall 

junction increases as the thickness of interphase increasing, which may result in microleakage within the restored 

teeth.  Some research studies have shown that the property of the restorative composite has more influence on 

the displacement while the interphase has little when considering the effect of polymerization shrinkage.33  

    The development trend of the residual stress with varying Young’s modulus of the interphase has been shown 

in Fig. 5, in which the region A and region B represent the different locations in the restored teeth with high 

shrinkage stress.  From these results, the interphase with Young’s modulus of 10-20 GPa is a proper choice.  For 

the developing trend of the residual stress with varying thickness of the interphase shown in Fig. 6, the 

appropriate thickness of the interphase is about 0.18 mm.  Hence, following the findings in the present study, a 

proper choice of the interphase with appropriate Young’s modulus and thickness can help minimize the residual 

stress in the restorative composite. 

    The restoration-tooth interphase thickness and rigidity (Young’s modulus) are important for restoration-tooth 

mechanical behavior.  A 3D FE analysis has been successfully used to compute the residual stresses (von Mises 

equivalent stress) in adhesively restored tooth, during polymerization and post-polymerization, respectively.  It 

has been demonstrated that structurally modified teeth show a complex biomechanical behavior during the early 

stage of the restoration.  The FE result shows that the restoration-tooth Young’s modulus has opposite effects on 

the stress relief on the restored tooth: the more rigid the interphase is used in the restored-tooth, the higher the 

polymerization shrinkage stress is.  An appropriate way to limit the intensity of the stress transmitted to the 

remaining natural tooth tissue is to employ an adhesive interphase of a certain thickness and a certain Young’s 

modulus, which is able to partially adsorb the composite deformations. From the current findings, a thin 

interphase of a more flexible adhesive (lower Young’s modulus) exhibits the same mechanical performance as a 

thick interphase of a less flexible adhesive (lower Young’s modulus) for the restored teeth.  The present study 

can form a good basis for further investigation and provide some guidance for clinical application of the 

restorative composite and interphase materials. 
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