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CHAPTERR 3 

Thee apparent increase of the Young's modulus 
inn thin cement layers. 

3.11 Abstract 

Objectives:Objectives: The bond of adhesive luting cements to the tooth tissues and restorative materials is 

expectedd to hinder their transverse contraction for the layer thickness applied in dental restorations. 

Itt was hypothesized that the hindering of the transverse deformation will influence the relation 

betweenn stress and strain {the stiffness) in the direction perpendicular to the substrate surface. The 

aimm of this study was to investigate the relation between cement layers with different ratio between 

bondedd and free surface (C-factor) and the stiffness of these layers, i.e. an apparent increase of the 

Young'ss modulus of the dental luting cement. 

Methods:Methods: Commercial luting cement RelyX ARC (3M, St Paul. MN, USA) was used in this 

study.. The "real" Young's modulus and the Poisson ratio were determined and these values were 

usedd in models with layers with different C-factors (0.5. 1.0. 2.0, 3.0, 4.0. 5.0 and 6.0) in a three-

dimensionall  Finite Element Analysis program (FEMAP, E.S.P., Maryland Height. MO. USA). 

Thee apparent Young's modulus was measured for layers with thickness of 0.5 mm (C=6.0) and 6.0 

mmm (C=0.5) and compared with the results of the Finite Element Analysis (F.E.) analysis. 

Results:Results: The apparent Young's modulus in the 0.5 mm layer was 20% higher than the 

apparentt Young's modulus in the 6.0 mm layer. This result was confirmed by the results of the F.E. 

analysis.. For very thin layers the stiffness will be 25% higher than the Young's modulus. 
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ChapterChapter 3 

Significance:Significance: The hindering of the transverse contraction has to be taken into account studying 

thee mechanical properties of dental luting cements because it influences the behaviour of these 

lutingg cements in thin layers. 

3.22 Introduction 

Despitee the increased effort to prevent dental decay, many patients are still in need 

off  prosthetic reconstructions. Analyses of failure of fixed restorations have shown caries to 

bee their most frequent cause [1]. Nevertheless, technically, its retention is the 'Achilles 

heel'' of fixed prosthetic work. To fix the restoration luting cement is used, which has to fil l 

andd seal the gap between tooth and restoration. Besides retention, a good seal of the tooth 

tissuess is recognized as an important factor for the longevity of fixed dental restorations 

[2],, Therefore resin composite cements, which show good adhesive properties, are 

becomingg increasingly popular. Resin composite cements undergo polymerization 

contractionn during setting [3, 4] and as a consequence of the adhesion to the restoration, 

andd the preparation, setting stresses arise in the cement [5]. After adhesion is obtained its 

maintenancee becomes an issue. It is not only that the developing setting polymerization 

stressess cannot exceed the bond strength or the cohesive strength of the materials involved 

butt also the stressed cement has to withstand functional loading forces. As functional 

loadingg forces are unavoidable one should aim for low polymerization contraction stress 

development.. Alster et al. [6, 7] studied the tensile strength and the polymerization 

contractionn stress of thin resin composite layers. With decreasing layer thickness 

(increasingg C-factor) the setting stress developed increases. Feilzer el al. [8] even found 

spontaneouss cohesive failure of resin-based restoratives tested at higher C-factors (C>2.5) 

inn a laboratory setup. Apparently, thin resin cement layers show different behaviour 

comparedd with thicker resin-based restorative layers. However, the phenomenon of 

spontaneouss cohesive failure was not found by others [9]. 

Thiss may be explained by the compliance of the test setup used in these studies, as 

thee influence of compliance on thin cement layers is relatively high. 

Inn these studies a laboratory setup was used with a simple geometry existing of two 

parallell  discs cemented together with a resin composite restorative or cement. 

36 6 



TheThe apparent increase of the Young's modulus in thin cement layers 

Forr the prediction of the magnitude of these stresses clinically FEA may be a helpful tool. 

However,, for a proper FEA. key properties such as Young's modulus, yield point, and 

viscosityy as function of setting time, should be known. Braem et al. [10] and Dauvillier et 

al.al. [11] studied the development of Young's modulus of resin composites during setting. A 

moree simple approach is to calculate the relation between normal stress and strain with 

Hooke'ss law [12]. where the strain in the Z-direction in a tri-axial stress state can be 

describedd as (Fig. 3.1) 

£zz = GZ / F " V ° X / F  VGy/ y/E E 
i) ) 

or r 

E== l / g z [ a z - v ( ox + ay)] (2) 

wheree v is the Poisson ratio, 8 is the elastic strain and E the Young's modulus. 

<7.. * 

Z,Z, = G/E - vGx/E - vCy/E 

"**  CJ. 

Fig.. 3.1 Strainn in the Z-direction in a tri-axial stress state. 

Byy uniaxial loading (Tx and o v are zero. The Young's modulus can than be 

calculatedd with Hooke's law E = A az /^e.; this equation is also used in most dental studies 

too calculate stresses in dental cements. 
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Forr thin dental luting cement layers however ax and Gv cannot be considered zero. 

Ass a consequence of the adhesion of the cement layer to the restoration and the preparation 

ann amount of strain will cause more stress due to the hindering of the transverse 

contractionn in comparison with a not-hindered situation. 

Therefore,, the simple use of Hookers law in thin cement layers leads to an apparent 

increasee of the Young's modulus. No literature describes the apparent increase of the 

Young'ss modulus for dental luting cements applied in thin layers. 

Clearlyy the simple use of Hooke's law for the calculation of stresses in thin cement 

layerss will lead to an underestimation of stresses. This study aimed to investigate the 

relationn between C-factor and stiffness of a luting cement layer by comparing laboratory 

testt results with the results obtained by FEA. 

3.33 Materials and Methods 

Materials Materials 

Thee material used was dual-curing luting cement RelyX ARC (batch AEAE. 3M. 

St.. Paul, MN, USA) a two-paste BisGMA-TEGDMA-based resin composite. According to 

thee supplier Zirconia/silica filler is used to impart radiopacity, wear resistance and strength. 

Fillerr loading of the mixed cement is approximately 67.5 % by mass. 

Thee average particle size for the filler is approximately 1.5 urn. The cement was handled 

andd mixed according to the manufacturer's instructions, no light cure was used. 

Genera/ Genera/ 

Too gather data for stiffness calculations, bonded luting cement discs (0 6.0 mm) 

withh thickness of 0.5 mm (C = 6.0, n = 5) and 6.0 mm (C = 0.5, n = 5) were, during their 

setting,, exposed to stress/strain cycles in a universal testing machine. The 6.0 mm thick 

sampless were considered as free of lateral constraint and were used to calculate the "real" 

Young'ss modulus and the Poisson ratio. These data were used in seven FEA models, with 

layerss with C-factors of 0.5, 1.0. 2.0, 3.0, 4.0, 5.0. and 6.0 respectively. With the values of 

thee strain caused by a fixed induced stress the apparent increase of the Young's modulus 

wass calculated for each model. The model was validated by comparing the experimentally 

foundd apparent increase of the Young's modulus at C-factors 6.0 and 0.5. 
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TestTest setup 

Inn a test setup in an automated universal testing machine (Hounsfield. Perryv\ood 

Businesss Park. Sallbrds, Redhill Surrey. UK) as described in detail by Alster et al. [6] 

(Fig.. 3.2) the luting cement was cured. 

Crosss head 
Loadd cell 

Hounsfield d 
base e 

Fig.. 3.2 Test setup with (1) adjustment bolts. (2) sample, and (3) inductive probes. 

Thee surfaces of two steel cylinders (0 6.0 mm) one connected to the moving 

crossheadd with the load cell and one to the Fixed base of the tensilometer were coated with 

aa thin silica layer and subsequently silanized (Silicoater. Kulzer GmbH. Wehrheim. 

Germany)) to ensure optimal bonding between steel cylinder and the freshly mixed samples 

insertedd between the two cylinders. Steel was chosen because the hindering ot the 

transversee contraction with steel substrates will be close to the maximum. 

Anyy axial displacement of the adhesive surfaces was determined with the aid an 

extensometerr (LVDT type 1304K. Millitron . Feinprüf Perthen GmbH. Göttingen. 

Germany)) consisting of two inductive probes that were Fixed as close as possible to these 

surfaces.. In this way any possible measuring error caused by canting of the probe holder or 

thee contact plane holder was excluded. 
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AA data-acquisition console (Instrumat, Raamsdonksveer. the Netherlands) collected 

thee data (time, load and displacement) simultaneously during the experiment at a sampling 

ralee of 10 's. 

Thee change in diameter under stress was registered with the aid of another 

extensometerr (LVDT type 1318, Millitron , Feinprüf Perthen GmbH. Göttingen. Germany) 

consistingg of two inductive probes fixed in a device, which was clamped to the cylinder in 

orderr to ensure the measurement of the diameter always at the same place halfway the 

curedd composite cylinder. 

ApparentApparent increase of the Young's modulus 

Too gather data for the calculation of the development of the Young's modulus 

duringg the setting of the material and to establish the final value periodically stress-strain 

cycless were performed. The samples were cured in the hindered condition (strain=0) and 

everyy 200 s the obtained load was reduced to zero in 15 s, held at zero for 30 s, and in 15 s 

thee condition of zero strain was reinstalled. To facilitate the recording of material response 

andd the stress-strain cycles, the gearbox of the testing machine was modified to eliminate 

anyy play when the upward or downward motion of the crosshead was reversed and to 

enablee extremely low crosshead speeds. 

DeterminationDetermination of the Poisson ratio 

Too obtain data for the calculation of the Poisson ratio stress-strain cycles, where the 

inducedd stress varied from G = 0 MPa till a = 14.06 MPa, were performed on fully cured 

6.00 mm samples at a crosshead speed of 200 u.m/s during which the change in diameter and 

lengthh was registered continuously. 

ComplianceCompliance of the test setup 

Inn this test setup two inductive probes were fixed as close as possible to the 

adhesivee surfaces enabling, in the hindered condition, automatic compensation of any axial 

displacementt of the adhesive surface, to maintain the original sample height. Nevertheless. 

aa small amount of compliance was inevitable, which may have a relatively large influence 

onn the setting stress development in very thin cement layers. 
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TheThe apparent increase of the Young's modulus in thin cement layers 

Inn order to determine the compliance of the test setup the two steel cylinders were 

madee out of one piece and the test setup was loaded with a crosshead speed of 200 fim's in 

orderr to find the compliance of the lest setup for every load registered. All displacement 

valuess measured were corrected for the compliance of the test setup. 

Alll  experiments were repeated five times and performed at room temperature (22

1°C). . 

FiniteFinite element modeling 

Thee finite element modelling and post processing were with FEMAP software 

(FEMAPP 8.10, ESP, Maryland Height, MO, USA) while the analysis was done with 

CAEFEMM software (CAEFEM 73, CAC, West Hills, CA, USA). The models consisted of 

twoo steel cylinders (L=5.0 mm, 0 6.0 mm) with composite layers in between with a 

thicknesss of, respectively, 0.5, 0.6, 0.75, 1, 1.5, 3.0 and 6.0 mm. Each model consisted of 

approximatelyy 25,000 brick solid elements. The distribution of the elements in the axial 

directionn was chosen in such a way that the composite layer was three elements high for 

thee 0.5, 0.6, 0.75, 1 and 1.5 mm layer, four elements high for the 3.0 mm layer and eigth 

elementss high for the 6.0 mm layer. The Young's modulus and Poisson ratio used were for 

thee steel, respectively, 190 GPa and 0.34 [13] and for the composite 4,738 GPa and 0.27. 

Thee materials were assumed to be homogeneous, linearly elastic and isotropic. All nodes in 

thee bottom plane of the lower cylinder were assumed to be fixed, no translation or rotation 

wass allowed in any direction. All the nodes in the top plane of the upper cylinder were 

uniformlyy loaded with suffient load to introduce a stress in the Z-direction of 15 MPa in the 

steell  cylinder. 

CalculationCalculation methods 

Thee normal stress was calculated by means of: 

aa = F/A, where F is the load response and A is the cross section of the sample. 

Thee strain in the Z-direction was calculated from: 

8ZZ = (ALa ~ A^b) /j where £z is the elastic strain, ALa is the displacement of the 

crossheadd in the hindered situation during the cycle of the load to zero, AL^ is the 

compliancee of the test setup and LQ is the initial sample length. 
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Thee Young's modulus according equation (2) is E = */£z[oz-v(<7x + ay)] 

(Fig.. 3.1), where v is the Poisson ratio, 8 is the elastic strain and E the Young's modulus. 

Thee apparent Young's modulus was calculated as 
FF = Aa7, A „ 
^apparentt z AÊZ' 

Thee apparent Young's modulus was calculated from the load/ strain cycles up- and down. 

Thee 6.0 mm thick samples were considered as free of lateral constraint. However, 

basedd on a trial run with FEA the stiffness found was 3.7 % higher than the Young's 

modulus.. To compensate for this model mismatch a 3.7 % lower value of the Young's 

moduluss was used in all FEA models 

Thee maximum value of the apparent Young's modulus with the transverse 

shrinkagee completely hindered can be calculated as follows. 

Thee strain in the X- and Y-direction can be described as; 

£xx = '/FJA<7X - vArjy - vAaz) (3) 

£yy = l/E(A(Jy - vAtfx - vAoz) 4 

forr £x = 0 and 8y = 0 equation (3) and (4) can be written as; 

Aaxx = v(AGy + AGZ) (5) 

Acjyy = v(AGx + AoZ) (6) 

AGXX and Aöy substituted in equation (2) gives; 

^ a ? /A ee = Eapparent
= Er''[1"(" v~'/l-v)] - where Eris the real Young's modulus and v is the 

Poissonn ratio. 

Thee Poisson ratio was calculated from: 

vv = £™d'£ . where £rad is the contraction of the diameter and £z is the lengthening in the 

Z-direction. . 

3.44 Results 

Forr the load range used in this study the stress-strain relation of the compliance of 

thee test setup was a linear relationship. The compliance of the test setup increased with an 

increasee of the tensile stress in the samples with 0.113 pnnJ'jvjpa. 
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Tablee 3.1 

Thee means and the standard deviation of (he apparent Young's modulus Ea|,pjra;, and the Poisson ratio of the 
6.00 mm thick sample 

Stresss (VI Pa) Strain (10') Radial contraction (10') Eappi„en, (GPa) Poisson ratio 

Meann value 
Standardd deviation 

14.066 2.N57 
0.136 6 

0.796 6 
0.041 1 

4.92 2 
0.24 4 

0.27 7 
0,014 4 

Tablee 3.1 shows the results of the Poisson ratio determination. The axial strain and the 

assoeiatedd radial eontraction of the 6.0 mm thick sample at a load of 300 N (= 14.06 MPa) 

weree used to calculate the Younu's modulus and the Poisson ratio. 
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Fig.. 3.3 Development of apparent Young's modulus during the setting of 

thee material. 

Inn Fig 3.3 the apparent Young's modulus, obtained from the load' strain cycles, as a 

functionn of time is presented graphically for layers with C-factor 0.5 and 6.0 respectively. 

Afterr 2 h the Young's modulus had reached the maximum value. The stiffness of the layer 

withh C-factor 0.5 was significant lower (p < 0.05) than the stiffness of the layer with C-

factorr of 6.0. The load.' strain cycles at the crosshead speed as tested did not show any 

significantt visco-elastic behaviour. These data did not differ significantly with the results 

off  the FEA as presented in Table 3.2. 
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Tablee 3.2 

Thee strain with a stress of 15 MPa of material with Young's modulus of 4.738 GPa and Poisson ratio of 0.27. 
thee apparent Young's modulus E.irpaR.ni and the percentage of increase compared with 4.738 GPa. 

C-tt actor 

0.5 5 
1.0 0 
2.0 0 

3.0 0 
4.0 0 

5.0 0 

6.0 0 

Strainn (10'3' 

3.049 9 

2.934 4 
2.767 7 
2.675 5 

2.645 5 
2.606 6 
2.588 8 

EapparcmtGPa) ) 

4.920 0 
5.112 2 

5.416 6 
5.608 8 

5.672 2 
5.756 6 

5.795 5 

increaseCo) ) 

3.8 8 
7.9 9 
14.3 3 

18.3 3 
19.7 7 

21.4 4 
22.3 3 

Inn Table 3.2 the apparent Young's modulus and strain as calculated for different C-

factorss by FliA are presented. It can be clearly seen that the apparent Young's modulus 

increasess with increasing C-factor. 

11 3 0 i 

Valuee at C-factor » 0 

*,{*,{ x = test results 

Fig.. 3.4 Relation apparent Young's modulus and C-factor. The maximum difference 

onn the calculated values estimated by the FEA program is indicated in the 

graph.. For the test values the standard deviation is indicated. 
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Fig.. 3.4 shows the relation between the results of FEA and the test results of the 

apparentt Young's modulus as function of C-factor. The apparent Young's modulus is 

presentedd here relative to the real Young's modulus. The data found with the FEA were as 

expectedd the same as found experimentally for the 6.0 mm layer (C=0.5) and did not differ 

significantlyy with the experimentally found results for the 0.5 mm layer (C=6). 

3.55 Discussion 

Thiss study shows clearly that a determination of the Poisson ratio can be carried out 

withh a relatively simple test setup. In dental literature few papers are published in which 

measuredd Poisson ratio data were reported, while values for specific products are almost 

nott available. Whiting et al. [14] used an ultrasound method and found values between 

0.233 and 0.32 for different dental composites. Chabrier et al. [ 15] in a static compression 

testt found values between 0.40 and 0.44. The value of 0.27 for the Poisson-ratio of RelyX 

ARC,, found in this study, measured in tensile at slow loading rate, is in line with the data 

publishedd by Whiting et al. The explanation of Chabrier et al. that the different loading rate 

situationn compared to an ultrasound determination causes the differences is not confirmed 

byy this study. The compliance of the test setup showed to have a linear relationship for the 

loadd range tested. This compliance has to be taken into account for stress-strain relations in 

thinn layers. Even with the system in this study where compliance was minimized by 

mountingg the two displacement transducers as close as possible to the adhesive surfaces of 

thee test samples, a small compliance could still be determined, which will have a 

significantt influence on the stress-strain data output when testing thin layers. 

Therefore,, the apparent Young's modulus (Fig.3.3) of the samples of layers with 

0.55 and 6.0 mm thickness with a C-value of 6.0 and 0.5, respectively, are calculated with 

thee stress and elastic strain data corrected for the compliance of the test setup. From Fig 3.3 

itt can be seen that the Young's modulus increases most during the first 15 min. while it has 

reachedd nearly it final value after 20 min. 

Thee apparent Young's modulus calculated for the 6.0 mm layer was lower than that 

forr the 0.5 mm layer. From the results of the FEA (Fig 3.4) it can be seen that the apparent 

Young'ss modulus increases quite rapidly with increasing C-factor and approaches a final 

valuee of approximately 1.25 times the Young's modulus in very thin layers in line with the 

theoreticall  value for C » 0. 
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Findingss of for example Alster et ai [9] who demonstrated a relation between layer 

thicknesss and contraction stress in thin resin composite layers were confounded by the 

errorr introduced by the apparent Young's modulus. However, for the layer thickness as 

usedd in that study the influence was relatively small. 

Anotherr way to determine a Young's modulus is by carrying out a three- or four-

pointt bending test. These tests are not influenced by the hindered transverse contraction. 

Thee Young's modulus determined with these tests is therefore a real Young's modulus, 

whichh can be 80 % of an apparent Young' modulus determined in a thin layer. The 

hinderingg of the transverse contraction has to be taken into account studying the 

mechanicall  properties of luting cements. Moreover, as a consequence severe shear forces 

mayy develop at the adhesive interfaces of luting cements when they are loaded in tensile or 

compression.. Stresses in the cement, like stresses due to bite forces on the cemented 

restoration,, wil l increase the probability of bonding failure not only by compression forces 

butbut also by shear forces. This study indicates that FEA might be a good tool to study the 

reall  stresses occurring in the clinical situation. FEA programs calculate with the influence 

off  the transverse contraction, while for the simple calculation of stresses by using Hooke's 

law,, one has to take the effect of neglecting the hindering of transverse stresses in the 

samplee into account. This effect may be as large as 25% of underestimating the stresses. 

Itt may be concluded that the hypothesis, that the hindering of the transverse 

deformationn wil l influence the relation between stress and strain, the stiffness of the layer, 

i.e.i.e. the apparent Young's modulus of the material, in the direction perpendicular to the 

substratee surface in thin layers, is true. 
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