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EVALUATION OF THE OPTICAL AND MECHANICAL PROPERTIES OF 
CAD/CAM GENERATED YTTRIA-STABILIZED ZIRCONIA LAMINATE 

VENEERS 
 

TARIQ FADEL A. ALGHAZZAWI 
 

MATERIALS ENGINEERING 
 

ABSTRACT  
 

 The purpose of this investigation was to study three aspects which have been 

shown to limit clinical applications of yttria-stabilized zirconia (Y-TZP) for dental resto-

rations. Mechanical property and structural changes due to low-temperature degradation 

(LTD) of Y-TZP led to increased surface roughness and monoclinic phase fractions, with 

a concomitant decrease in hardness and modulus.  Yttria content and flexural strength 

were unchanged and phase transformation proceeded from the surface into the bulk of the 

material. The optical properties of Y-TZP, IPS e.max® CAD (IEC), and feldspathic por-

celain (FP) laminate veneers showed that the underlying color of try-in pastes (TP) af-

fected the color difference for different regions of IEC and FP veneers (cervical and body 

region). The IEC veneers were affected more by TP color than were FP veneers.  The Y-

TZP veneers were not affected by the color of the TP or the composite resin abutment 

(CRA) color. No effect of the color of the CRA was found for the overall color of all ve-

neers except at the cervical region for FP veneers. However, there was an effect of differ-

ent colors of TP on the color coordinates of the overall color for all the veneers. The me-

chanical properties of these three laminate veneers materials were studied for two de-

signs, i.e., incisal overlapped preparation (IOP) and three-quarter preparation (TQP). No 
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effect of preparation design on the mean failure load of Y-TZP and IEC veneers was 

found and material type did not affect failure load for a given design except for IEC ve-

neers which had a higher failure load than FP for the IOP design. The IOP design, Y-TZP 

and IEC veneers showed more failure by fracture of the CRA, while FP veneers fractured 

at the incisal region. The TQP design, Y-TZP veneers showed more failures by complete 

debonding, whereas the IEC and FP veneers showed more fractures of the CRA. TheY-

TZP veneers showed the lowest number of fractures and highest complete debonding, 

while the FP veneers showed the highest number of fractures and lowest occurrence of 

complete debonding. 
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1. INTRODUCTION 

1.1. Background of zirconia material 

1.1.1. Discovery and mechanical properties 

Zirconium oxide (ZrO2) or zirconia is a metal oxide that was identified as a reac-

tion product of heating the gem zircon by the German chemist Martin Heinrich Klaproth 

in 1789.1 Zirconia is polymorphic in nature, meaning that it displays a different equili-

brium (stable) crystal structure at different temperatures with no change in chemistry. It 

exists in three crystalline forms: monoclinic (room temperature to 1170 oC), tetragonal 

(1170 oC–2370 oC) and cubic (2370 oC–up to melting point). 2 

Stabilizing oxides, such as magnesia, ceria, yttria, and calcia, are added to zirco-

nia in order to retain the tetragonal phase in a metastable condition at room temperature, 

thereby enabling a phenomenon called transformation toughening to occur. Zirconia has 

been shown to transform to the more stable monoclinic phase when it interacts with a 

crack.  The 4% volume increase acts to close the crack and influence propagation. This 

transformation-toughening process gives zirconia its enhanced mechanical properties and 

makes it relatively unique among ceramic materials. Studies have shown that zirconia has 

a fracture toughness of 9 to 10 MPa/m(1/2) and flexural strength of 900 to 1200 MPa.2 

1.1.2. Medical and dental applications 

Zirconia was introduced as a biomaterial because of its enhanced mechanical 

properties along with its biological and chemical inertness which enhanced biocompati-

bility.3 The biomedical application of zirconia started in the 1960s,4 focusing on ortho-
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pedics for total hip replacements.5,6 Additionally, dental applications were introduced 

because of the  white color and mechanical properties, plus to replace the metallic sub-

structure of dental restorations such as implant abutments,7,8 single crowns,9,10 fixed par-

tial dentures,11,12 orthodontic brackets,13 and endodontic posts/dowels.14-16 

1.1.3. Classification of zirconia 

 Zirconia has been classified according to the type of material which surrounds the 

zirconia grains to facilitate tetragonal–to-monoclinic transformation. This includes: (i) 

partially stabilized zirconia (PSZ) [tetragonal zirconia grains (t-zirconia grains) which are 

embedded in a cubic zirconia matrix such as Mg-PSZ and Ca-PSZ]; (ii) zirconia tough-

ened alumina (ZTA) (t-zirconia grains are immersed in a high elastic modulus matrix 

such as In-Ceram zirconia)17; and (iii) tetragonal zirconia polycrystals (TZP) which con-

sists of 100% t-zirconia grains such as Y-TZP and Ce-TZP.  

1.1.4. Manufacturing 

 CAD ⁄CAM technology has had a positive influence on zirconia which is widely 

available for applications in dentistry. This technology enables the machining of pre-

made zirconia blocks into copings and frameworks. The technique is that a master die is 

scanned, and the restoration is designed on the computer screen using sophisticated soft-

ware.  Zirconia has been machined by two different processes: (i) soft-machining of the 

framework from pre-sintered blocks (green state) prepared using cold isostatic pressure 

(CIP) into a larger size than the scanned die and sintered 20-30% to full density at a cer-

tain time and temperature in order to compensate for enlargement; and (ii) hard-

machining which involves machining the framework from fully densely sintered zirconia 

blocks. The soft milling procedure has been shown to be easier and less time consuming, 
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but the compensation for the enlargement of the framework by sintering may increase 

marginal discrepancy. Hard milling, although it introduces cracks and is highly time con-

suming, produces much stronger frameworks and an improved fit at the margin because 

there is no sintering shrinkage. 18,19 

1.1.5. Challenges 

Bonding of fixation cement to zirconia is a challenge. The key to a strong attach-

ment between zirconia and cement is sufficient surface roughness of the zirconia surface. 

Hydrofluoric acid has not been used to increase the surface roughness in part because 

there is no glass in zirconia. Abrasion with alumina particles (Al2O3) increases surface 

roughness, but it causes surface cracks plus it reduces the flexural strength.20  The Al2O3 

particles can be modified by coating the particles with glass forming silica modified alu-

mina particles. The process of sandblasting the intaglio surface of zirconia restorations 

with silica modified alumina particles is called a tribochemical silica coating. This glassy 

coating enhances chemical bonding with a silane coupling agent and utilization of resin 

cement, but the bond strength is not as strong as bonding of the resin cement to tradition-

al porcelain.21,22  Further advances in the materials chemistry led to new primers and lut-

ing cements which can bond to the zirconia surface, including phosphate-modified resin 

cements or phosphoric acid primers that produce adhesion like a silane coupling agent. 

However, bond strength has been shown to be suboptimal. The currently available ap-

proaches for adhesive bonding of zirconia are not sufficient for most clinical applications, 

and there is no long-term data to support their use.  

The opacity of zirconia limits transmission of light, so zirconia must be covered 

by veneering to optimize esthetics. In this regard, liners have been used to mask the zir-
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conia frameworks, but these materials have been shown to have low bond strength to the 

veneering ceramic and could be one of the factors for chipping of the veneering porce-

lain.23 

The transformation toughening associated with the tetragonal-to-monoclinic 

transformation is desirable in the presence of a crack because the excess volume caused 

by tetragonal-to-monoclinic transformation reduces crack propagation. This transforma-

tion also occurs in the presence of hydrothermal stress, such as environments with water, 

blood, and synovial fluids. In this case, the tetragonal to monoclinic transformation is 

considered unfavorable because the excess volume is not compensated by crack space 

and causes micro- and macrocracking which thereby reduces mechanical properties. This 

phenomenon is called low-temperature degradation (LTD) or aging. Furthermore, the 

presence of pre-existing cracks can make LTD worse because the cracks act as inlets for 

the water to leak inside the microstructure and causing more transformation. Several fac-

tors were investigated to reduce LTD, such as increasing grain size, temperature, vapor, 

surface defects of the material, type, percentage and distribution of stabilizing oxides, and 

processing techniques.24,25  Still, these have been ineffective, while the most successful 

method to reduce LTD for dental zirconia is by covering with veneering ceramic.  

1.2. Literature review 

1.2.1. Aging 

Haraguchi et al.26 first reported two cases of surface degradation (roughening and 

micro-cracking) associated with the tetragonal-to-monoclinic transformation. The mo-

noclinic content was 20% and 30% for the femoral heads, respectively, after 3 and 6 

years in vivo. The transformation was associated with an increase in surface roughness 
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(Ra) from 6 to 120 nm. The micrographs showed that small surface domes were present 

on the pole of the heads, and these domes were most likely monoclinic spots. 

Roy et al.27 investigated the dissolution of Mg-TZP and Y-TZP for femoral heads 

by aging through autoclaving at 134 oC and 207 kPa steam in stages up to 49 h. The aged 

Y-TZP specimens had significantly higher monoclinic phase concentration (34.7% vs. 

5.60%) and surface roughness (Ra = 11.9 nm vs. 4.89 nm). However, there was no statis-

tically significant differences in monoclinic phase concentration (7.75% vs. 6.73%), and 

roughness (Ra = 6.08 nm vs. 5.78 nm) between the aged and nonaged Mg-PSZ speci-

mens. Furthermore, images from the nonaged group showed that the surface of Y-TZP 

specimens were relatively featureless. The Y-TZP specimens exhibited a rough ‘‘orange 

peel’’ like appearance while there were no differences in surface morphology between 

the aged and nonaged Mg-PSZ. Some have proposed that the increase in volume asso-

ciated with transformation of Y-TZP pushed individual grains out of the surface, causing 

the microscopically observed ‘‘orange peel’’ effect and increased the surfaces roughness. 

The surface of Mg-PSZ heads did not exhibit an ‘‘orange peel’’ texture after artificial 

aging, and neither the mean peak height nor the peak spacing of Mg-PSZ were signifi-

cantly influenced by the LTD process.  The results of this study are in agreement with 

another study in which phase transformation, roughness, and hardness of Mg-PSZ did 

not vary after 8.9 years in vivo, suggesting that the surface of Mg-PSZ is not affected by 

aging and thereby the wear of adjacent bearing surfaces is not influenced.28  

Kosmac et al.29 reported that aging of Y-TZP at 37 oC for 24 h in artificial saliva 

resulted in a detectable amount of monoclinic zirconia. A higher amount of transforma-

tion was found with accelerated aging at 134 oC for 2 h. While aging for 24 h at this tem-
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perature, the amount of monoclinic phase exceeded 25%. The flexural strength was 15% 

lower as compared with sintered ceramics when immersed in artificial saliva for 24 h at 

37 oC. Chevalier et al.30 reported a less significant strength reduction when the as-

sintered specimens were subjected to accelerated aging prior to testing in artificial saliva. 

There was no effect on the strength under monotonic fatique loading when the transfor-

mation on the surface of the specimens was 25% after accelerated aging in artificial sali-

va. At least in the short-term, the observations were that the resultant residual surface 

compressive stresses suppressed the water-assisted stress-corrosion process.  

Lilley31 reported that decreasing grain size and increasing yttria concentration 

both lead to reduced tetragonal to monoclinic transformation.  Papanagiotou et al. 32 re-

ported that after aging treatment, the yttria concentration decreased from 6.76 to 4.83 

wt%. This decrease in yttria percentage suggests that aging has an effect on the concen-

tration of this stabilizing oxide, which seems to be reduced under this specific LTD 

treatment. A decreased percentage of yttria has important effects on the solubility of the 

material by making the tetragonal zirconia grains more vulnerable to monoclinic trans-

formation under temperature and environmental conditions even less severe than the ex-

perimental condition studied.  

Ardlin33 studied the chemical stability and the effect of aging (4% acetic acid at 

80 oC for 168 h) on flexural strength, and crystalline structures of two shades, P0 (white) 

and P17 (yellow), of DenzirTM Y-TZP blocs used for dental restorations. Forty specimens 

with 20 specimens for each shade were ground and polished, and ten specimens of each 

shade were exposed to low-temperature aging. The surfaces of the specimens were eva-

luated by SEM, X-ray diffractometry, and roughness. The chemical solubility in 4% acet-
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ic acid was assessed by weight loss. SEM was used to evaluate the surfaces of Y-TZP 

and dental feldspathic samples immersed in 8% SnF. The two shades of the specimens, 

which had a high flexural strength, were not affected by aging and exhibited high chemi-

cal stability in the tested solutions. 

1.2.2. Optical properties 

Aboushelib et al.23 reported that the application of veneer ceramic over the zirco-

nia framework masked the opacity of zirconia. A liner material or deep chroma dentin 

was needed to reproduce the required color. The author concluded that the use of pre-

colored zirconia frameworks did not offer any direct advantage over the standard natural 

zirconia. Moreover, Hjerppe et al.34 reported a decrease in the strength of zirconia that 

had been color shaded with zirconia coloring liquids.  

Very little data are available on the shade reproduction with veneering ceramic 

systems for zirconia cores.35,36  The differences between veneering ceramics for zirconia 

cores and veneering ceramics for PFM, alumina, glass infiltrated and PFM restorations 

are mainly related to CTE. A reasonable position states that most of the factors influen-

cing the color of the more widely investigated ceramic systems may affect veneering ce-

ramics for zirconia cores as well.37-39  Celik et al.40  reported that the color of the all-

ceramic zirconia core with different veneering porcelain shades is influenced by repeated 

firings. The results of the Celik study were confirmed by Ozturk at al.41 who reported that 

there was significant changes in L*a*b* color data as the number of firings increased.  

The L*a*b* were affected by ceramic composition (DC-Zirkon or IPS e.max Press), 

number of firings (3, 5, 7, 9) and ceramic thickness (0.5, 1,1.5 mm). As the ceramic 

thickness increased, the value of L* reduced for both ceramic materials, and there was a 
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change in color coordinates for IPS e.max Press (a* and b* are increased), and DC-

Zirkon (a* increased but not b*) specimens.   

With respect to layering, Lee et al. 37 reported that the brand of core material may 

influence the final color of sample as much as veneering. Ho-Jung et al.36 reported that 

the effect of veneer ceramic on a zirconia substrate (Lava), specific to the color changes 

of the layered ceramics, varied by brand, shade, and dentin porcelain thickness. The au-

thors concluded that the final appearance of zirconia core ceramic restorations can be 

manipulated by varying the dentin porcelain thickness.  

Few data are available on the translucency of different zirconia core materials at 

the clinical thickness as required for restorations. Heffernan et al.39 reported that the 

opacity (contrast ratio) of a 0.5 mm thick In-Ceram Zirconia core was 1.00 (completely 

opaque). Chen et al.42 also reported an opacity value of 1.00 for Cercon Base Zirconia 

with a 0.5 mm thickness. This brand of zirconia was shown to be highly opaque by Bal-

dissara et al.43 who reported translucency values for different zirconia materials with the 

direct transmission method and light transmission instead of the contrast ratio. In this 

study, Lava frames of 0.3 and 0.5 mm thickness resulted in the most translucent material 

among those tested. The authors reported that all of the evaluated materials may be con-

sidered translucent to a certain degree, although the quantity of transmitted light was not 

remarkable when compared to the value of the positive control. 

1.2.3. Bonding to zirconia 

Resin-based composite luting cements are recommended as the best materials for 

cementation of all-ceramic restorations.44  These types of cements have compositions and 

characteristics similar to conventional composites and consist of inorganic fillers embed-
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ded in an organic matrix (e.g., Bis-GMA, TEGDMA, UDMA). The sealing of the mar-

ginal region at the restoration-tooth interface and retention of a restoration have been 

shown to be dependent on the ability of the luting cement to attach along the intaglio sur-

face of the restoration.45 Studies have shown that zirconia is difficult for enhanced mi-

cromechanical retention using hydrofluoric acid to enhance attachment strength to ce-

ment. Kern and Wegner46 reported on the long-term bond strength of phosphate mono-

mer-containing resin-based composite cements to zirconia. They compared the tensile 

bond strength to zirconia using different bonding systems: Panavia Ex, Panavia 21 Ex, 

Bis-GMA alone, Bis-GMA after silanization, Bis-GMA after tribochemical silica coating 

and silanization, Bis-GMA after acrylization, and chemical-cured polyacid-modified re-

sin composite cement. After 150 days of post placement, the  conclusion was that Panavia 

Ex and Panavia 21 Ex were the only luting cements that exhibited higher magnitude bond 

strengths (Panavia: 49.7±8.1MPa; Panavia 21: 46.0±7.4MPa) without a significant loss in 

bond strength after artificial aging. Wegner and Kern investigated tensile bond strength 

over 2 years of resin cements to zirconia, and it was confirmed that the functional phos-

phate ester group of MDP formed a water-resistant chemical bond with the zirconia sur-

face.47  However, Derand and Derand48 found that Panavia Ex did not form a strong bond 

to zirconia and Superbond C & B (4 META/TBB/PMMA) had a significantly greater 

bond strength.  Similarly, Lee et al.49 and Ernst et al.50 reported that Superbond C & B 

produced a greater bond strength than Panavia F. The increase in the bond strength was 

explained by bonding of the anhydride group in 4-META to the zirconia surface and the 

tribochemical coating.  
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Other factors that could affect bond strength are the thickness of the luting ce-

ment, composition of the zirconia (zirconia brand), and type of resin cement. Even 

though Superbond C & B had a greater bond strength when tested in shear compared to 

MDP-containing resin cements, research over the years has focused on improving the 

bond strength of MDP resin cements to ZrO2.51-60 The improvement of the bond strength 

was explained by chemical structure of MDP resin cement that are hydrolytically stable, 

and, therefore, do not decrease in bond strength over time. The addition of MDP-

containing bonding/silane coupling agent to enhance bonding of MDP resin cements has 

produced positive results. It was shown that particle air-abrasion or tribochemical coat-

ing, followed by the application of MDP-containing bonding/silane coupling agent, re-

sulted in increased bond strength compared to MDP-containing cements.51,54,65,66  It is 

known that acidic monomers rapidly hydrolyze silane coupling agents, producing the 

siloxane bonds necessary for chemical bonding.67 It is thought that the acidic nature of 

MDP enhances the siloxane bonding produced by silane coupling agents and results in 

improved retention of resin cements to ZrO2.66 Other phosphate monomer-containing 

cements like RelyX Unicem, a universal self-adhesive resin cement, and non-phosphate 

monomer-containing cements like RelyX ARC and Bifix QM(VOCO GmbH, Cuxhaven, 

Germany), Bis-GMA resin cements, and Multilink Automix (Ivoclar Vivadent, Amherst, 

NY, USA), a phosphonic acid based cement, have exhibited statistically comparable bond 

strength to MDP-containing resin cements in laboratory studies.51,54,55,57-60,64 Although 

these resin cements have shown good mechanical retention, MDP-containing resin ce-

ment continues to be the popular choice for luting ZrO2 prosthetics in clinical applica-

tions due to its low incidence of retention loss leading to failure.65-69 
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1.3. Aims 

1.3.1. Aim 1  

• The influence of dental preparation on the phases (tetragonal vs. monoclinic) of zir-

conia intended for restorations.  

• The effect of aging treatment on the flexural strength, nanoindentation, hardness, 

Young’s modulus, surface roughness, and structural stability of yttria-stabilized zir-

conia (Y-TZP).  

• The depth distribution of the transformation determined. 

1.3.2. Aim 2  

• Investigate the effect of try-in paste, composite resin abutment colors, and different 

veneer regions on the optical properties of feldspathic porcelain, CAD/CAM generat-

ed yttria-stabilized zirconia, and IPS e.max® CAD laminate veneers. 

1.3.3. Aim 3 

• Compare the failure load without thermocycling process of yttria stabilized zirconia, 

and IPS e.max® CAD veneers with feldspathic porcelain veneers supported by com-

posite resin dies (elastic modulus is close to tooth dentin). 

• Evaluate the effect of incisal overlapped preparation and three-quarter preparations 

relative to the failure load of different laminate veneer materials. 

• Determine the failure mode of all laminate veneers. 
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2. MATERIALS AND METHODS 

This section on Materials and Methods will follow the tradition organization of 

describing the materials and their preparation, followed by experimental methods and 

testing protocols.  In the cases where the approaches for the three specific aims differ, 

there are separate subsections for each. 

2.1. Materials and Sample Preparation 

2.1.1. Low-Temperature Degradation Study  

Sixty-four zirconia disc-shaped samples (diameter 11.78 mm, thickness 1.35 mm) 

were fabricated by the TurboDent system (Pou-Yuen Technology Co., Ltd. No. 6, Fu-

gong Rd., Fusing Township, Changhua County 506, Taiwan). The discs were oversized 

to compensate for 20.8% shrinkage during sintering. The chemical composition and ma-

terial specifications of zirconia70 are listed in Tables 1 and 2.      

 The samples were prepared to simulate dental practice as illustrated in Table 3 

for the fabrication of a zirconia restoration. The samples were finished using the Exact-

Micro-Grinding System (Model number 300-310, Germany) with 35 µm diamond lap-

ping film (Allied High Tech Products, Inc., Rancho Dominguez CA) at standard speed 

and pressure without water. The samples were colored with A1 dyeing liquid according to 

the manufacturer’s instructions. The dyed discs were then sintered to full density as rec-

ommended by the manufacturer (the TurboDent system requires a 7.5 hour firing cycle at 

maximum temperature of 1530 oC to include heating and cooling).  The samples were 
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further ground with 35 µm continuous diamond lapping film, and then were polished 

with 0.5 µm diamond lapping film. Each disc was then fired at a temperature of 910 ◦C to 

simulate the porcelain application process; however, for this study, the veneering porce-

lain was not applied.   

The samples were divided into two equal groups - the control group and the acce-

lerated aging group, with thirty-two samples for each group. Four samples were used for 

XRD, surface roughness, hardness, modulus, and elemental analysis, and 28 samples for 

flexural strength for each group (control and aged samples). Multiple measurements were 

made in each sample for surface roughness, hardness, modulus, and elemental analysis as 

illustrated in Table 4.  

2.1.2. Optical Property Study 

The zirconia laminate veneers were constructed from the same zirconia material 

used from low-temperature degradation study.  

A maxillary left lateral incisor (Model #R861, Columbia Dentoform Corporation, 

Long Island City, NY) was used for the veneer preparations and an index was fabricated 

prior to preparation to standardize the thickness of the laminate veneers. The incisal over-

lapped preparation (IOP) was defined as 0.5-mm facial reduction, and 1.5-mm incisal 

edge reduction (Figure 1). An impression of the prepared tooth with adjacent teeth was 

made with polyvinyl-siloxane impression material (Aquasil Ultra digitTM XLV Regular 

Set; Aquasil Monophase, DENSPLY International, York, PA). Type IV die stone (Jade 

Stone, Whip Mix Corp, Louisville, KY) was used to pour the impression in order to fa-

bricate the master cast.   
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The master die was scanned and a restoration site designed using the TurboDent 

system (TDS) CAD/CAM technology (Pou-Yuen Technology Co., Ltd. No. 6, Fugong 

Rd., Fusing Township, Changhua County 506, Taiwan). A total of 30 composite resin 

abutments were machined using Paradigm MZ 100 blocks (3M ESPE, St. Paul, MN) with 

three different colors: A1 (light color), A2 (medium color), A3 (dark color). Ten composite 

resin abutments were fabricated for each color. 

Ten (10) yttria-stabilized zirconia (Y-TZP) laminate veneers were fabricated us-

ing the TDS technique as described: an optical impression of the master die was taken 

with a laser scanner, and a restoration designed, and milled from partially sintered zirco-

nia blocks, colored, sintered to have an overall 0.3 mm thickness. The Y-TZP was cov-

ered with the appropriate veneer porcelain (VITA VM9) according to the manufacturer’s 

instructions.  

Ten (10) glass-ceramic laminate veneers were machine from IPS e.max® CAD 

HT blocks (Ivoclar Vivadent Inc, Amherst, N.Y) using CEREC 3D CAD/CAM technolo-

gy (Sirona Dental Systems LLC, Charlotte, NC). The CEREC powder (IPS Contrast 

Spray; Ivoclar Vivadent AG, Amherst, NY) was sprayed with opaquing powder to obtain 

a uniform layer, with an optimal thickness of 32 µm to visualize both the internal line 

angles of the preparation and define the cavosurface margin.71 An optical impression of 

the sprayed master die was made with a laser scanner and then designed according to the 

manufacturer’s instructions with the veneers being milled from partially crystalized 

blocks, and then fully crystallized according to the manufacturer’s instructions. Another 

ten (10) glass-ceramic laminate veneers were fabricated manually using feldspathic por-
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celain (Noritake Super Ex 3, Noritake Kizai Co., LTD., Nagoya, Japan) using conven-

tional refractory techniques.  

Each veneer was measured at pre-designated regions using a precision caliper 

with an accuracy of 0.001 mm. The average thickness, composition, and grain size for 

each laminate veneer material are provided in Table 5. 

2.1.3. Mechanical Property Study 

Using the IOP of the maxillary left lateral incisor on the dentoform from the pre-

vious experiment, the preparation was further extended to break both the mesial and dis-

tal contacts (Figure 2) to have a three-quarter preparation (TQP).  A second impression 

was taken with the adjacent teeth after completing the TQP and then poured with type IV 

die stone in order to fabricate the 2nd master cast.   

In addition to the 30 laminate veneers and 30 composite resin abutments fabri-

cated from the previous experiment for IOP, another set of 30 composite resin abutments, 

30 laminate veneers (10 yttria-stabilized zirconia, 10 IPS e.max® CAD HT, and 10 

feldspathic porcelain laminate veneers) were fabricated for TQP with identical conditions 

as the previous experiment.  All the veneers were measured using an accurate caliper 

after fabrication for TQP design as in Table 7. The modulus of elasticity and flexural 

strength of all laminate veneer materials are given in Table 8. 

All the composite resin abutments were fixed in a buccal-lingual inclination angle 

of 135o between the long axis of the abutment and the horizontal plane of the abutment 

holder using a surveyor and fixed in place by self-curing acrylic resin (Ortho-Jet, Lang) 

in the abutment holders. The abutments were embedded 2 mm below the cemento-enamel 

junction (CEJ) to simulate the clinical bone level, cleaned with 35% phosphoric acid (Ul-
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tra-Etch, Ultradent Products, Inc., South Jordan, UT) for 30 s, rinsed, and dried.  Subse-

quently, the laminate veneers were cemented on the composite resin abutments to fabri-

cate the test specimens (Table 9). Feldspathic porcelain and IPS e.max® CAD laminate 

veneers were bonded with the same procedure and luting agent (Variolink II; Ivoclar Vi-

vadent, Amherst, NY) except for the etching time of hydrofluoric acid (60 s for feldspath-

ic porcelain veneers and 20 s for e.max® CAD veneers). Yttria-stabilized zirconia lami-

nate veneers do not have glass in their microstructure, so RelyXTM Unicem 2 with tribo-

chemical silica-coating was selected for bonding the yttria-stabilized zirconia material as 

recommended in the literature.72 

2.2. Testing Methods  

2.2.1. Low-Temperature Degradation Study  

The accelerated aging group was given an aging treatment (100 °C, 7 days in boil-

ing artificial saliva73) in order to simulate low-temperature degradation in the oral envi-

ronment.   

Surface roughness was determined using a DI3100 microscope (Digital Instru-

ments, Inc.) in contact mode with oxide-sharpened silicon nitride probes and an average 

scanning speed of 50 µm/s without any additional surface preparation. Average rough-

ness (Ra) (the arithmetic average of the profile ordinates within the measured section) 

and root mean square roughness (RMS) (the root mean square value of the profile ordi-

nates within the measured section) were measured.74 

The phase distribution was analyzed on an x-ray diffractometer (Siemens D500 

Bruker AXS, Madison, Wis). Initial scan was conducted from 10-90o to demonstrate that 

zirconia is a random polycrystal which validates the phase analysis method (Figure 3). 
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These experiments were conducted primarily with Bragg-Brentano geometry between 

27-32 o (2θ), with Kα radiation. Scans were performed at 40 kV, 30 mA, step size of 

0.005o/step, and a scan time of 8 sec/step. The tetragonal-to-monoclinic transformation 

was detected on the top surface of the samples. The relative amount (XM) of the trans-

formed monoclinic zirconia in the specimens was calculated from the integral intensities 

of the monoclinic ሺ1ത11), (111) and the tetragonal (101) peaks. This characterization was 

based on the equation proposed by Garvie & Nicholson75:   

ܺ௠ ൌ  
ଵଵଵܫ

௠ ൅ ଵഥଵଵܫ 
௠

ଵଵଵܫ
௠ ൅ ଵഥଵଵܫ 

௠ ൅ ଵ଴ଵܫ 
௧  

The monoclinic fractions were calculated as a function of different x-ray inci-

dence angles (14, 10, 8, 5, 3 degrees) in order to determine the depth distribution of te-

tragonal-to-monoclinic transformation from the surface into the depth of the material 

after the aging process. 

Nanoindentation and Young’s modulus measurements were made on the surface 

of the zirconia samples using a nanoindenter® XP/G200 (Oak Ridge, TN) system cali-

brated by using Corning 7980. A Berkovich diamond indenter with 120 o for each facet 

was used for all the measurements. The loading/unloading rate was 0.3 mN/s. A 10 s 

hold time at a maximum load and 10 s at 10% of maximum load during unloading was 

used to minimize thermal drift. The 5 x 5 matrix was taken for each sample using 500 nm 

as maximum penetration depth with 35 nm apart distance, and the Poisson ratio was 0.25. 

The data was processed using vendor software to produce load-displacement curves, and 

the mechanical properties were calculated using Testworks® software. 

Scanning electron micrographs (Philips 515 Scanning Electron Microscope; Phi-

lips Electronics, Eindhoven, Netherlands) of the samples were obtained with an accele-

 17 
 



rating voltage of 30 kV. The samples were coated with carbon for elemental analysis 

with energy dispersive spectroscopy (EDS) in order to quantify material composition 

(yttrium, zirconium, oxygen, aluminum, and hafnium) for the control and aged samples.  

 Fifty-six samples were subjected to a biaxial flexural strength test (piston-on-

three balls) according to the ISO standard 6872 for dental ceramics76 using a universal 

testing machine (Instron, Satec Systems Inc., Model: Apex T5000, Grove PA). Each spe-

cimen was placed with the treated surface under tension on three, 3.18 mm diameter har-

dened steel balls positioned 120o apart on a support circle with a diameter of 10 mm. A 

thin plastic sheet (0.05 mm thick) was placed between the punch and the specimen to 

facilitate an even load distribution. The samples were loaded with a flat piston with a 

diameter of 1.5 mm at the center of the specimen at a crosshead speed of 0.5 mm/min 

until failure occurred. The fracture load was recorded (N) and the biaxial flexural 

strength for each specimen was calculated. 

2.2.2. Optical Property Study 

Four (4) different colors of try-in pastes: bleach XL, opaque white, transparent, 

and yellow were utilized for the assessment of the optical effects of the luting cement 

(Variolink® II, Ivoclar Vivadent, Schaan, Liechtstein) on the visual appearance and fa-

vorable color coordinates of all the laminate veneers.   

A spectrophotometer (Crystaleye, Model CE 100-DC/US, Ver.1.3.1.0 Olympus, 

Japan) was used in this study to measure CIELAB color coordinates: L*from white 

(+100) to black (0), a* from red (+90) to green (-70), b* from yellow (+100) to blue (-80) 

as indicated in Figure 4.77 This device uses seven light emitting diodes (LEDs) as an il-

lumination source with 45/0o geometry. The image-capture time was 0.2 s. The spectral 
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data were acquired from the captured image of the laminate veneers. The reflectance 

magnitudes were measured from 400 to 700 nm wavelength with 1 nm intervals for pixel 

regions.   

Color coordinates were measured in the incisal, body, and cervical regions of all 

laminate veneers with different combinations of laminate veneer material, composite re-

sin abutment color, and try-in paste color along with three repeated readings for each 

combination. The color changes (∆E) were calculated between the control laminate ve-

neers [using composite resin abutment color (A2) with glycerin] and the experimental 

laminate veneers (using a combination of three composite resin abutment colors and four 

try-in paste colors) in the three tooth regions using the following equations:78 

∆L = L control – L experiment 

∆a = a control – a experiment 

∆b = b control – b experiment 

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2 

and ∆E = 3.7 was considered as the perceptibility threshold.79  

The effect on the colors from the composite resin abutment and try-in paste on the 

color of the laminate veneer were interpreted in four different cases as shown in Table 6. 

Case (1): the color of veneers was not changed by the composite resin abutment color nor 

by the try-in paste color. Case (2): the color of the laminate veneers was changed by the 

try-in paste color only. Case (3): the color of the veneers was changed by both the com-

posite resin abutment and the try-in paste colors. Case (4): the color of veneers was 

changed by the composite resin abutment color, but the change was improved by the try-

in paste color. 
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2.2.3. Mechanical Property Study 

Each specimen was mounted in the universal testing machine (Instron, model 

Apex T5000, Satec Systems Inc., Grove, PA). A polymeric material (0.2 mm thick) was 

placed between the flat punch (diameter of 4 mm) and the center of the incisal edge of the 

cemented laminate veneers to facilitate more even load distribution. The specimens were 

loaded at a crosshead speed of 0.5 mm/min until a sudden drop of the load was recorded. 

2.3. Statistical Analysis 

2.3.1. Low-Temperature Degradation Study  

The measurements of the tested spots for each group were averaged for the con-

trol and aged sample sets. The t-test was used between the control and aged samples.80   

2.3.2. Optical Property Study 

The mean and standard deviation (±SD) of ∆E for each veneer material was cal-

culated and averaged for the combinations of the composite resin abutment and try-in 

paste colors at each veneer region. Comparisons between tooth regions were made using 

repeated measures of the analysis of variance (RM ANOVA).81  When the RM ANOVA 

was significant, the Neuman-Keuls test was used to determine which comparisons were 

significantly different. 82 

The color coordinates were measured and averaged for each try-in paste color 

(except transparent) for all laminate veneer materials at the body region of the composite 

resin abutment color (A2). Color coordinates were measured for the composite resin ab-

utment color (A2) with glycerin at the body region of all laminate veneer materials in 

order to compare the color coordinates for each veneer material. The effects of try-in 

paste color and laminate veneer material on color coordinates were assessed using 
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ANOVA.  When the ANOVA was significant, Tukey’s HSD test was used to determine 

which comparisons were significantly different.  A p-value of <0.05 was considered sig-

nificant.82 

2.3.3. Mechanical Property Study 

The failure loads of 10 samples were averaged for each veneer materi-

al/preparation design, and mean and standard deviations calculated. The t-test was used to 

compare the failure load between the two preparation designs (IOP and TQP) for each 

veneer material, and one-way ANOVA was used to compare the failure load between the 

three veneer materials. If the ANOVA test was significant (p < 0.05), Tukey’s HSD test 

was used to determine if veneer materials were significantly different.80 
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Table 1. Chemical composition of yttria-stabilized zirconia. 
 

Chemical component Mol % 
Zirconium dioxide (ZrO2) 92.642 

Yttrium oxide (Y2O3) 5.3 
Hafnium oxide (HfO2) 1.78 

Aluminum oxide (Al2O3) 0.253 
Others 0.025 

 

 

Table 2. Material specifications of yttria-stabilized zirconia. 
 

Specification Value 
6.05  g/cm3 Density (ρ) 

10 X 10-6  K-1 Thermal expansion coefficient (TEC) 
Flexural strength 1200 MPa 

Fracture toughness (KIC) 8 MN/m(1/2) 
Modulus of elasticity (E) 210 GPa 

Grain size 0.35 μ  m

2680 Ԩ 
Vickers hardness (HV 10) 1200  Hv 

Melting point 
Shrinkage after sintering 20.8% 
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Table 3. The procedure for sample preparation simulating dental practice. 
 
 Actual dental procedure Sample preparation 

Finishing Universal silicone wheel (30-
40 µm) 

35 µm diamond lapping film 
using Exact-Micro-Grinding 

System 
Color infiltration Different colors of dyeing 

liquids 
Dyed by A1 color  

Sintering 7.5 hour firing cycle at max-
imum temperature of 1530 

oC to include heating and 
cooling stages 

7.5 hour firing cycle at max-
imum temperature of 1530 

oC to include heating and 
cooling stages 

Grinding Fine-diamond bur (30-40 
µm) 

35µm diamond lapping film 
using Exact-Micro-Grinding 

System 
Polishing Rubber polishers (10 µm) 

with diamond polishing paste 
(1µm ) 

0.5 µm diamond lapping film 
using Exact-Micro-Grinding 

System 
Heat treatment without 
veneering porcelain ap-
plication (800-900 °C) 

910 °C in a porcelain 
processing oven 

910 °C in a porcelain 
processing oven 

 

 

Table 4. The number of samples and data points within each sample for all characteriza-
tion procedures and flexural strength. 

 
Number of samples for each 

group (control and aged) 
Number of data points 

within each sample  

Surface 
Roughness 

Ra (nm) 4 16 
RMS (nm) 4 16 

Amount of Monoclinic (%) 4 1 
Hardness (GPa) 4 97 

Young’s Modulus (GPa) 4 97 
Zr 4 12 

Elemental 
Analysis 
(wt %) 

O 4 12 
Y 4 12 
Hf 4 12 
Al 4 12 

Flexural Strength (MPa) 28 1 
 

 

 23 
 



Table 5. The characteristics and the average thickness at each region of laminate veneer 
materials. 

 
 Average veneer  mean thickness in 

mm     (± SD)  
Composition Grain size 

Cervical 
region 

Body re-
gion 

Incisal 
region 

Yttria-
stabilized 
zirconia 

0.87±0.06 0.88±0.09 0.94±0.08 ZrO2(92.6 mol%), 
Y2O3(5.3 mol%),  

HfO2(1.78  mol%), 
Al2O3(0.25 mol%),  

others (0.025  mol%) 

0.35 μm 

IPS e.max® 
CAD HT 

0.84±0.08 0.95±0.07 0.76±0.05 SiO2 (57-80 wt%), 
Li2O (11-19 wt%), 
K2O (0-13 wt%), 
P2O5 (0-11 wt%), 

ZrO2 (0-8 wt%), ZnO 
(0-8 wt%), other and 
coloring oxides (0-12 

wt%) 

Platelet-
shaped 

crystals is 
in the range 

of          
0.2 to 1.0 

μm 

Feldspathic 
porcelain 

0.45±0.05 0.54±0.08 0.63±0.09 SiO2 (64.5%), Al2O3 
(14.4%), CaO (<1%), 

MgO (<1%), K2O 
(8.7%), Na2O (9.2%), 

Li2O (<1%) 

26.4 μm 
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Table 6. Interpretation of color change on the laminate veneers according to composite 
resin abutment color or try-in paste color. 

 
Case 

 
Color of try-in paste 

 
∆E The effect of color change on the 

laminate veneer 
 
1 

Transparent ∆E < 3.7 The color of laminate veneers was 
neither changed by composite 

resin abutment color nor by try-in 
paste color   

Yellow or bleach XL or opa-
que white 

∆E < 3.7 

 
2 

Transparent ∆E < 3.7 The color of laminate veneers was 
changed by yellow or bleach XL 
or opaque white try-in paste col-
ors (the higher value of ∆E, the 

higher color change) 

Yellow or bleach XL or opa-
que white 

∆E > 3.7 

 
3 

Transparent ∆E > 3.7 The color of laminate veneers was 
changed by both composite resin 
abutment color and any color of 
yellow or bleach XL or opaque 
white try-in paste colors (the 

higher value of ∆E, the higher the 
color change) 

Yellow or bleach XL or opa-
que white 

∆E > 3.7 

 
4 

Transparent ∆E > 3.7 The color of laminate veneers was 
changed by composite resin abut-

ment color (the higher value of 
∆E, the higher color change), but 
its change was decreased by any 
color of yellow or bleach XL or 
opaque white try-in paste colors 
(the lower value of ∆E, the better 
the improvement of color change) 

Yellow or bleach XL or opa-
que white 

∆E < 3.7 
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Table 7. The average veneer means thickness of laminate veneer materials for different 
preparation designs. 

 
Veneer material  Average veneer mean thickness in mm (± SD) 

IOP (n= 10 per each design) TQP (n= 10 per each design) 
Yttria-stabilized zirconia 0.90 (± 0.08) 1.10 (± 0.14) 

IPS e.max® CAD 0.85 (± 0.10) 0.84  (± 0.10) 
Feldspathic porcelain 0.54 (± 0.11) 0.85 (± 0.20) 

 

 

Table 8. The mechanical properties for yttria-stabilized zirconia, IPS e.max® CAD, and 
feldspathic porcelain laminate veneers. 

 
 Modulus of elasticity (GPa) Flexural Strength (MPa) 

Yttria-stabilized zirconia 210 1200 
IPS e.max® CAD 95  360  

Feldspathic porcelain 82 111 
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Table 9. The Cementation procedures for yttria-stabilized zirconia, IPS e.max® CAD, and 
feldspathic porcelain laminate veneers. 

 
Step 

number 
Step-by-step 

procedure 
Feldspathic porcelain 
and IPS e.max® CAD 

Yttria-stabilized zirconia 

1 Surface treat-
ment for the 

intaglio surface 

Etching with 5% hydrofluo-
ric (acid ceramic etching gel; 
Ivoclar Vivadent, Amherst, 
NY) for 60 seconds in case 
of feldspathic porcelain ve-

neers and 20 seconds for IPS 
e.max® CAD veneers, then 

rinsed with water, dried with 
air 

 

Tribochemical silica-
coating using sandblaster 

unit (Renfert, basic classic, 
2945-4025, Hilzin-

gen/Germany) filled with 
CoJet-Sand (30-µm silica-
modified Al2O3 particles, 

CoJetTM system; 3M ESPE, 
St. Paul, Minn): perpendi-
cular to the surface from a 
distance of approximately 
10 mm for a period of 15 s 
at 2.8 bar pressure, then air 

blasted  
2 Apply silane 

coupling agent 
VersaLink Porcelain Bond-
ing for 5 minutes (Sultan-

Healthcare, Hackensack, NJ) 

ESPE-Sil for 5 minutes 
(3M ESPE) 

3 Luting cement Variolink II with light cure 
bleach base (Variolink II; 

Ivoclar Vivadent, Amherst, 
NY) 

A self-adhesive universal 
resin cement (RelyXTM 
Unicem 2, 3M ESPE) 

4 Cure* for ini-
tial fixation 
from facial 

side 

5 seconds 2 seconds 

5 Cure* for final 
fixation from 
facial, mesial, 
distal and pa-

latal sides 

40 seconds 20 seconds 

6 Finishing 
 

Hand instruments (#15c scalpel, #371716, Bard- Parker; 
Becton Dickinson, Franklin Lakes, NJ), and Dialite Ultra 
Polishers (Brasseler USA® Dental Rotary Instruments, 
Savannah, GA.) 

7 Polishing The margins were polished with a diamond polishing paste 
(Henry Schein Inc., Melville, NY) and a rubber cup 
(#9631.204.030; Komet Dental, Rock Hill, SC).   

* The laminate veneers were light polymerized with at least a 600 mW/cm2 light intensity 
(Demetron® LCTM Kerr Corporation, Orange, CA). 
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Figure 1. Incisal overlapped preparation (IOP) design. 
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Figure 2. Three Quarter Preparation (TQP) design. 
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Figure 3. X-ray diffraction scan from 10-90o. The majority of the peaks match the tetra-
gonal phase, card 04-005-4207, with a slight angular offset due to the Y2O3 additions.  
Two monoclinic peaks are present at about 28.0 and 31.5°. One of the primary cards for 
the monoclinic phase is 04-004-4339. This scan indicates that zirconia is a random tetra-
gonal polycrystal with some monoclinic also present. 
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Figure 3. Description of CIELAB System. 
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Abstract 
 

Statement of problem. It is critical to determine if low-temperature degradation (LTD) of 

zirconia occurs using dental procedures in conditions that simulate extended use in the 

oral environment.  

Objectives. The purpose of this study is to investigate the effect of LTD on the flexural 

strength, nanoindentation hardness, Young’s modulus, surface roughness, and structural 

stability of yttria-stabilized zirconia. 

Methods. Sixty-four zirconia samples were prepared to simulate dental practice. The 

samples were divided into the control group and the accelerated aging group. The simu-

lated group followed the same procedure as the control group except for the aging treat-

ment. Atomic force microscopy was used to measure surface roughness. The degree of 

tetragonal-to-monoclinic transformation was determined using x-ray diffraction. Nanoin-

dentation hardness and modulus measurements were carried out on the surface of the 

zirconia samples using a nanoindenter® XP/G200 system.  The yttria level for non-aged 

and aged samples was measured using energy dispersive spectroscopy. Flexural strength 

was determined using the piston-on-three-ball test. The t-test was used to determine sta-

tistical significance.  

Results. Means and standard deviations were calculated using all observations for each 

condition.  The p value comparing non-aged and aged values comes from a group t test. 

The LTD treatment results in increased surface roughness (from 12.23 to 21.56 nm for Ra 

and 15.06 to 27.45 nm for RMS) and monoclinic phase fractions (from 2 to 21%), with a 

concomitant decrease in hardness (from 16.56 to 15.14 GPa) and modulus (from 275.68 
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to 256.56 GPa). Yttria content (from 4.43 to 4.46%) and flexural strength (from 586.86 to 

578.31 MPa) were unchanged.  

Conclusion. The LTD treatment induced the tetragonal-to-monoclinic transformation 

with surface roughening in zirconia prepared using dental procedures.  

Clinical Implications. Tetragonal-to-monoclinic transformation will increase surface 

roughness which might prevent the use of zirconia dental restorations without protective 

veneering porcelain.   

Introduction 

Zirconia is a polymorphic material that exists in three different crystal structures: 

monoclinic, tetragonal, and cubic. Pure zirconia is monoclinic from room temperature to 

1170 oC.1 Above that temperature, it transforms into the tetragonal phase. At a tempera-

ture of 2370 oC, zirconia transforms into a cubic phase. The tetragonal phase may be sta-

bilized by adding small amounts of metallic oxides, such as Y2O3, MgO, CeO, or CaO, 

but it is, in fact, metastable at room temperature. Processes such as grinding and 

sandblasting can trigger the tetragonal-to-monoclinic phase transformation. This trans-

formation is accompanied by a 3–4% volume expansion that induces compressive 

stresses, thereby closing the crack tip and preventing further propagation. This characte-

ristic, known as transformation toughening, leads to the increased fracture strength and 

fracture toughness of Y-TZP ceramics compared with other dental ceramics.1,2 

 Zirconia is inert and has high-temperature applications; yet it was surprising that 

Kobayashi et al. reported that the material can transform at approximately 250 °C.3 This 

low-temperature transformation can have serious implications for clinical applications of 

zirconia-based materials. For example, more than 600,000 zirconia femoral heads were 
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implanted worldwide, mainly in the United States and Europe. The zirconia manufactur-

ers assumed that the problem of transformation was irrelevant until 2001, when several 

hundred hip prosthesis failures were reported at times that wore shorter than anticipated.4  

Transformation toughening caused by tetragonal-to-monoclinic transformation is 

desirable in the presence of a crack because the excess volume caused by tetragonal-to-

monoclinic transformation reduces crack propagation. This transformation also occurs in 

the presence of hydrothermal stress such as water, blood, and synovial fluids over a long 

period of time. This is considered unfavorable because the excess volume is not compen-

sated by crack space and causes micro- and macrocracking, reducing the mechanical 

properties. This phenomena is called low-temperature degradation (LTD) or aging.  The 

following features for LTD have been established:4 (1) the tetragonal-to-monoclinic 

transformation starts on the surface and progresses into the material; (2) reduction in 

grain size and/or increase in concentration of stabilizer reduces transformation rate; and 

(3) degradation is time dependent and proceeds more rapidly at temperatures between 

200 oC and 300 oC. LTD is responsible for grain push-out,5,6 increased surface roughen-

ing,7,8  increased wear, decreased hardness,9 and loss of strength (20% decrease in the 

fracture strength),10-12 which may lead to performance deterioration.13 

Dental restorations function in an aggressive environment with saliva, pH changes 

and cyclic loading. Coping/framework has dual protection against aging through veneer-

ing porcelain on the external surface and luting cement on the internal surface. However, 

it has been shown recently14 that common luting cements absorb water via dentinal tu-

bules, thereby exposing the zirconia coping to moisture, which, in turn, may lead to aging 

problems over a shorter period of time than anticipated. 
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It is critical to determine if LTD of zirconia prepared using dental practice proce-

dures occurs in conditions that simulate extended use in the oral environment. The sur-

face finish of the restoration is critical, and the fabrication with CAD/CAM technology 

and veneering of the ZrO2-framework is a multi-step process with the potential for opera-

tor variability. These surface treatments may affect the long-term stability and the aging 

sensitivity of zirconia and the success of the restoration. Both the aging environment and 

fabrication details for the dental zirconia restoration are very different from those of zir-

conia femoral heads. Thus, there is a need for basic material studies of zirconia for dental 

applications. 

 The objectives of this study were to investigate (1) the influence of dental prepa-

ration on the phases (tetragonal vs. monoclinic) of zirconia intended for restorations (2) 

the effect of aging treatment on the flexural strength, nanoindentation, hardness, Young’s 

modulus, surface roughness, and structural stability of yttria-stabilized zirconia (Y-TZP), 

(3) determine the depth distribution of the transformation. The hypotheses were (1) dental 

preparation would not affect the phases of dental zirconia, and (2) the aging treatment 

would decrease the tetragonal phase stability of the dental zirconia which leads to more 

yttria loss, more tetragonal-to-monoclinic transformation, increased surface roughness, 

lower hardness, lower modulus of elasticity, and the flexural strength would not be af-

fected. 

Materials and Methods 

Sixty-four zirconia disc-shaped samples (diameter 11.78 mm, thickness 1.35 mm) 

were fabricated by the TurboDent system (Pou-Yuen Technology Co., Ltd. No. 6, Fu-

gong Rd., Fusing Township, Changhua County 506, Taiwan). The discs were oversized 
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to compensate for 20.8% shrinkage during sintering. The chemical composition and ma-

terial specifications of zirconia15 are listed in Tables 1 and 2.      

 The samples were prepared to simulate dental practice as illustrated in Table 3 

for the fabrication of a zirconia restoration. The samples were finished using the Exact-

Micro-Grinding System (Model number 300-310, Germany) with 35 µm diamond lap-

ping film (Allied High Tech Products, Inc., Rancho Dominguez CA) at standard speed 

and pressure without water. The samples were colored with A1 dyeing liquid according to 

the manufacturer’s instructions. The dyed discs were then sintered to full density as rec-

ommended by the manufacturer (the TurboDent system requires a 7.5 hour firing cycle at 

maximum temperature of 1530 oC to include heating and cooling).  The samples were 

further ground with 35 µm continuous diamond lapping film, and then were polished 

with 0.5 µm diamond lapping film. Each disc was then fired at a temperature of 910 ◦C to 

simulate the porcelain application process; however, for this study, the veneering porce-

lain was not applied. 

The samples were divided into two equal groups - the control group and the acce-

lerated aging group, with thirty-two samples for each group. Four samples were used for 

XRD, surface roughness, hardness, modulus, and elemental analysis, and twenty eight 

samples for flexural strength for each group (control and aged samples). Multiple mea-

surements were made in each sample for surface roughness, hardness, modulus, and ele-

mental analysis as illustrated in Table 4. The accelerated aging group was given an aging 

treatment (100 °C, 7 days in boiling artificial saliva16) in order to simulate low-

temperature degradation in the oral environment.   
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Atomic force microscopy (AFM)  

Surface roughness was determined using a DI3100 microscope (Digital Instru-

ments, Inc.) in contact mode with oxide-sharpened silicon nitride probes and an average 

scanning speed of 50 µm/s without any additional surface preparation. Average rough-

ness (Ra) (the arithmetic average of the profile ordinates within the measured section) 

and root mean square roughness (RMS) (the root mean square value of the profile ordi-

nates within the measured section) were measured.17 

X-ray diffraction (XRD)  

The phase distribution was analyzed on an x-ray diffractometer (Siemens D500 

Bruker AXS, Madison, Wis). These experiments were conducted primarily with Bragg-

Brentano geometry, between 27-32 o (2θ), with Kα radiation. Scans were performed at 40 

kV, 30 mA, step size of 0.005o/step, and a scan time of 8 sec/step. The tetragonal-to-

monoclinic transformation was detected on the top surface of the samples. The relative 

amount (XM) of the transformed monoclinic zirconia in the specimens was calculated 

from the integral intensities of the monoclinic ሺ1ത11), (111) and the tetragonal (101) 

peaks. This characterization was based on the equation proposed by Garvie & Nichol-

son18:   

ܺ௠ ൌ  
ଵଵଵܫ

௠ ൅ ଵഥଵଵܫ 
௠

ଵଵଵܫ
௠ ൅ ଵഥଵଵܫ 

௠ ൅ ଵ଴ଵܫ 
௧  

The monoclinic fractions were calculated as a function of different x-ray inci-

dence angles (14, 10, 8, 5, 3 degrees) in order to determine the depth distribution of te-

tragonal-to-monoclinic transformation from the surface into the depth of the material 

after the aging process. 
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Nanoindentation hardness and Young’s modulus  

Nanoindentation and Young’s modulus measurements were made on the surface 

of the zirconia samples using a nanoindenter® XP/G200 (Oak Ridge, TN) system cali-

brated by using Corning 7980. A Berkovich diamond indenter with 120 o for each facet 

was used for all the measurements. The loading/unloading rate was 0.3 mN/s. A 10 s 

hold time at a maximum load and 10 s at 10% of maximum load during unloading was 

used to minimize thermal drift. The 5 x 5 matrix was taken for each sample using 500 nm 

as maximum penetration depth with 35 nm apart distance, and the Poisson ratio was 0.25. 

The data was processed using vendor software to produce load-displacement curves, and 

the mechanical properties were calculated using Testworks® software. 

Scanning electron microscopy (SEM) 

Scanning electron micrographs (Philips 515 Scanning Electron Microscope; Phi-

lips Electronics, Eindhoven, Netherlands) of the samples were obtained with an accele-

rating voltage of 30 kV. The samples were coated with carbon for elemental analysis 

with energy dispersive spectroscopy (EDS) in order to quantify material composition 

(yttrium, zirconium, oxygen, aluminum, and hafnium) for the control and aged samples.  

Biaxial flexural strength  
 

 Fifty six samples were subjected to a biaxial flexural strength test (piston-on-

three balls) according to the ISO standard 6872 for dental ceramics19 using a universal 

testing machine (Instron, Satec Systems Inc., Model: Apex T5000, Grove PA). Each spe-

cimen was placed with the treated surface under tension on three, 3.18 mm diameter har-

dened steel balls positioned 120o apart on a support circle with a diameter of 10 mm. A 

thin plastic sheet (0.05 mm thick) was placed between the punch and the specimen to 
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facilitate an even load distribution. The samples were loaded with a flat piston with a 

diameter of 1.5 mm at the center of the specimen at a crosshead speed of 0.5 mm/min 

until failure occurred. The fracture load was recorded (N) and the biaxial flexural 

strength for each specimen was calculated. 

Statistical Analysis  

The measurements of the tested spots for each group were averaged for the con-

trol and aged sample sets. The t-test was used between the control and aged samples.   

Results 

Qualitative results are shown in Table 5. Means and standard deviations were cal-

culated using all observations for the two conditions. The p value comparing control and 

aged values comes from a group t test.   

Elemental analysis using EDS of the control samples indicated high concentra-

tions of zirconium (Zr), oxygen (O), and small concentrations of yttrium (Y), hafnium 

(Hf), and aluminum (Al). The aged samples indicated very similar concentrations without 

any significant reduction in the concentration of yttrium (4.43 % for control samples and 

4.46 % for aged samples) or zirconium (80.73 % for control sample and 80.68 % for aged 

samples).  

The aging treatment resulted in an increase in both the monoclinic fraction and 

surface roughness. The XRD analysis performed on control samples indicated a small 

monoclinic fraction (2%). However, the aged samples showed a substantial amount of 

monoclinic fraction (21%) as shown in Figure 1. The surface roughness was measured 

and the results are shown in Figure 2. There was a significant increase in the surface 

 40 
 



roughness (Ra: 12.23 to 21.56 nm and RMS: 15.06 to 27.45 nm) between control and 

aged samples.  

The hardness and modulus were measured, and the results are shown in Figures 3. 

There was a significant decrease in the hardness (from 16.56 to 15.14 GPa) and modulus 

(from 275.68 to 256.56 GPa) between control and aged samples. The flexural strength 

was not affected between control samples (586.86 MPa) and aged samples (578.31 MPa). 

The distribution of the tetragonal to monoclinic phase fraction within the surface 

can also be measured with XRD. A low incident angle will limit the x-ray penetration 

depth and will yield data more reflective of the material closest to the surface. Figure 4 

shows that as the x-ray incidence angle increased from 3 degrees to 14 degrees, the frac-

tion of monoclinic phase was decreased (3 degree: 39.3 %, 5 degree: 31.5%, 8 degree: 

27.2%, 10 degree: 23.6%, 14 degree: 20.7%). This confirms that the tetragonal-to-

monoclinic transformation is decreasing from the surface into the depth of the material 

where the surface has a larger fraction of monoclinic phase (39.3% at 3 degrees) than the 

deeper area (20.7% at 14 degrees).  

Discussion 

Zirconia copings/frameworks are usually fabricated using partially sintered Y-

TZP blocks, and then are subjected to different surface treatments.  In our study, a mi-

nimal fraction of monoclinic phase (2%) was detected for the control samples, as these 

samples were exposed to various processing treatments that included final heat treatment 

to a temperature of 910 ◦C used in porcelain fabrication. This finding is in agreement with 

several authors who reported that heat treatments in the temperature range 900–1000 0C 
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induce the reverse transformation from monoclinic to tetragonal after aging, grinding or 

sand-blasting of Y-TZP.20,21  

There is no universally accepted mechanism that explains the origins of the tetra-

gonal-to-monoclinic transformation in the presence of moisture, but there are three me-

chanisms proposed in the literature. The first is that water (H2O) reacts with yttria (Y2O3) 

to form yttrium hydroxide (Y(OH)3), which depletes the stabilizing oxide sufficiently to 

cause transformation to the monoclinic phase. 22   The second mechanism is water attack 

of the Zr–O bond which leads to stress accumulation due to movement of –OH into the 

crystal structure. This motion generates lattice defects which act as nucleating agents for 

subsequent transformation from the tetragonal-to-monoclinic phase.23  Finally, O2- (not 

OH-) from water dissociation fills oxygen vacancies.24  Panagiotou et al.25 reported that 

LTD resulted in a loss of yttria (from 6.76 to 4.83 wt%) when Vita In-Ceram YZ was 

aged in boiled water for 7 days, which supports the first mechanism.  In our study, there 

was a significant amount of tetragonal-to-monoclinic transformation, but the yttria and 

zirconia content were unchanged within the sensitivity of EDS. (The same experimental 

method was used by Panagiotou et al.). This apparently contradictory result may be due 

to the different compositions of zirconia that were used. Thus, the data lends indirect 

support to the mechanisms of either attack of the Zr-O bonds or the O2- filling oxygen 

vacancies. 

The strength after LTD is affected by the thickness of the transformed layer on the 

surface (which is related to the amount of monoclinic phase observed),26  and the exten-

sion of the cracks. In the present study, there was no significant difference in flexural 

strength among the samples (P = 0.678). Furthermore,  the flexural strength was not af-
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fected by the amount of the monoclinic transformed (from 2 to 21%) after accelerated 

aging in artificial saliva because tetragonal-to-monoclinic transformation occurred in the 

external surface only with shallower depth, and the internal flaws were not critical 

enough to affect the flexural strength. This finding is in agreement with another study. 25  

The values for flexural strength (586.86 ± 71.47 MPa for control samples and 578.31 ± 

75.25 MPa for aged samples) in this study were much lower compared with other stu-

dies.25,27  Lower values could be due to less-ideal sample dimensions (thick samples with 

smaller diameter) were used in this study to calculate the flexural strength, but it is within 

the minimal accepted flexural strength (500 MPa) as recommended by ISO13356;2008.19 

The phase transformation of artificially aged Y-TZP discs illustrated in the cur-

rent study increased the surface roughness, and this is comparable to previous studies8,12  

because the volume expansion (3-5 %) associated with the tetragonal-to-monoclinic 

transformation leads to grain pushout and surface uplift which imparted the surface 

roughening. Although the roughness of Y-TZP significantly increased with aging, a 

roughness of Ra = 0.021μm and RMS = 0.027 μm is still considered to be very smooth 

compared with acceptable surface roughness for bacterial colonization (0.2 µm)28 and 

within the range of roughness of 0.25 to 0.5 μm to be undetected by a patient’s tongue.29   

Santos et al.8 confirmed that there was a drop in hardness (nanoindentation test-

ing) with the zirconia femoral head (from 18 to 11 GPa) caused by an extensive monoc-

linic transformations (from 0 to 78%). In the present study, there was a decrease in hard-

ness (from 16.56 to 15.14 GPa) and modulus (from 275.68 to 256.56 GPa). This hap-

pened due to the induced micro-cracks from transformation after artificial aging.24 

 

 43 
 



Conclusions 

Within the limitation of this study, the following can be concluded:  

1. Dental preparation procedures do not induce the tetragonal-to-monoclinic trans-

formation without aging.    

2. The LTD treatment induced the tetragonal-to-monoclinic transformation (21%) in 

dental zirconia with surface roughening from 12 to 22 nm (Ra) (p = 0.017).  

3. The hardness (17 to 15 GPa, p = < 0.001) and modulus (276 to 257 GPa, p = < 

0.001) were reduced by LTD. 

4. The transformation proceeds from the surface into the bulk of the material.   

5. In vivo studies need to be conducted to evaluate clinical significance.  
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Table 1. Chemical composition of yttria-stabilized zirconia. 
 

Chemical component Mol % 
Zirconium dioxide (ZrO2) 92.642 

Yttrium oxide (Y2O3) 5.3 
Hafnium oxide (HfO2) 1.78 

Aluminum oxide (Al2O3) 0.253 
Others 0.025 
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Table 2. Material specifications of yttria-stabilized zirconia. 
 

Specification Value 
6.05  g/cm3 Density (ρ) 

10 X 10-6  K-1 Thermal expansion coefficient (TEC) 
Flexural strength 1200 MPa 

Fracture toughness (KIC) 8 MN/m(1/2) 
Modulus of elasticity (E) 210 GPa 

Grain size 0.35 μ  m

2680 Ԩ 
Vickers hardness (HV 10) 1200  Hv 

Melting point 
Shrinkage after sintering 20.8% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 49 
 



Table 3. The procedure for sample preparation simulating dental practice. 
 
 Actual dental procedure Sample preparation 

Finishing Universal silicone wheel (30-
40 µm) 

35 µm diamond lapping film 
using Exact-Micro-Grinding 

System 
Color infiltration Different colors of dyeing 

liquids 
Dyed by A1 color  

Sintering 7.5 hour firing cycle at max-
imum temperature of 1530 

oC to include heating and 
cooling stages 

7.5 hour firing cycle at max-
imum temperature of 1530 

oC to include heating and 
cooling stages 

Grinding Fine-diamond bur (30-40 
µm) 

35µm diamond lapping film 
using Exact-Micro-Grinding 

System 
Polishing Rubber polishers (10 µm) 

with diamond polishing paste 
(1µm ) 

0.5 µm diamond lapping film 
using Exact-Micro-Grinding 

System 
Heat treatment without 
veneering porcelain ap-
plication (800-900 °C) 

910 °C in porcelain 
processing oven 

910 °C in porcelain 
processing oven 
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Table 4. The number of samples and data points within each sample for all characteriza-
tion procedures and flexural strength. 

 
Number of samples for each 

group (control and aged) 
Number of data points 

within each sample  

Surface 
Roughness 

Ra (nm) 4 16 
RMS (nm) 4 16 

Amount of Monoclinic (%) 4 1 
Hardness (GPa) 4 97 

Young’s Modulus (GPa) 4 97 
Zr 4 12 

Elemental 
Analysis 
(wt %) 

O 4 12 
Y 4 12 
Hf 4 12 
Al 4 12 

Flexural Strength (MPa) 28 1 
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Table 5. The mean and standard deviations of the control and aged samples for all charac-
terization procedures and flexural strength. 

 
Mean ± SD  

(control samples) 
Mean ± SD  

(aged samples) p-value  

Surface Rough-
ness 

Ra (nm) 12.23±6.16 21.56±13.39 0.017 
RMS (nm) 15.06±7.23 27.45±16.16 0.009 

Amount of Monoclinic (%) 2.4±0.6 21.0±2.0 <0.001 
Hardness (GPa) 16.56±0.81 15.14±1.83 <0.001 

Young’s Modulus (GPa) 275.68±12.26 256.56±21.56 <0.001 
Zr 80.73±3.18 80.68±2.51 0.966 
O 11.41±3.50 11.45±2.47 0.974 Elemental Anal-

ysis (wt %) Y 4.43±0.32 4.46±0.43 0.848 
Hf 3.09±0.27 3.13±0.31 0.739 
Al 0.305±0.158 0.305±0.239 0.999 

Flexural Strength (MPa) 
 

586.86±71.47 578.31±75.25 0.678 
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a 

Tetragonal (101)  

Monoclinic ሺ1ത11) Monoclinic (111)  

 
Figure 1. XRD analysis for the control (a) and aged (b) samples. Note a substantial in-
crease of monoclinic phase ሺ1ത11) for the aged samples compared with the control.   

b 

Tetragonal (101)  

Monoclinic ሺ1ത11) 

Monoclinic (111)  
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Figure 2. The surface roughness values for control and aged samples. 

0

5

10

15

20

25

30

Ra  RMS

Su
rf

ac
e 

ro
ug

hn
es

s (
nm

)
Control samples
Aged samples

 
 
 

 
Figure 3. The surface hardness and modulus of elasticity values for control and aged 
samples. 
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Figure 4. The fraction of monoclinic phase for different incident angles (14, 10, 8, 5, 3 
degrees). The 3o incident angle had the highest monoclinic fraction while the 14o angle 
had the lowest monoclinic fraction.  
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Abstract 

Statement of problem.  The presence of undesirable tooth colors such as stains from  age 

and tetracycline which extend into dentin often require significant tooth reduction for 

feldspathic porcelain (FP) laminate veneers for an opaque layer to mask stains and optim-

ize the bonding of the restoration.   

Objectives. The objectives were to investigate the effect of try-in paste (TP), composite 

resin abutment (CRA) colors, and veneer regions on the optical properties of feldspathic 

porcelain (FP), yttria-stabilized zirconia (Y-TZP), and IPS e.max® CAD HT (IEC) ve-

neers. 

Methods.  A melamine tooth was prepared for a restoration, and a master cast was fabri-

cated.  The master die was scanned and a restoration designed using TDS. A total of 30 

CRA were machined and 10 veneers were fabricated for each veneer material. Different 

colors of TP were used for optical effects on veneers where the colors of the veneers were 

measured in three regions for veneer materials, CRA and TP colors using a spectropho-

tometer. Results were analyzed using RM ANOVA and ANOVA were used to assess 

differences. 

Results. The color difference for all the veneers was affected by TP and CRA colors at 

different regions. The Y-TZP veneer color co-ordinates (L*: 74.00±0.34, a*: 

0.094±0.203, and b*: 17.43±0.44) were significantly different (p < 0.001) from those of 

IEC veneers (L*: 70.15±0.23, a*: -0.694±0.073, and b*: 11.48±0.30) and FP veneers (L*: 

70.00±0.86, a*: - 0.283±0.203, and b*: 13.86±1.08). There was no difference between 

IEC for L* and FP. Statistical difference (p <0.001) in color coordinates between three 

veneer materials for a* and b*. 
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Conclusion.  The TP color affected the color difference for all veneer materials except the 

Y-TZP while there was no effect on the CRA color. The magnitude of color coordinates 

were changed as a function of TP color and veneer material.  

Clinical Implications.  Experience and available literature shows that when the highest 

translucency for laminate veneers is required to match adjacent teeth, IPS e.max® CAD 

HT laminate veneers will be the material of choice, and the color of the luting cement 

must be considered for all regions of the veneer. However, yttria-stabilized zirconia lami-

nate veneers will be indicated for heavily-stained teeth, and the color of the luting cement 

is not a consideration for any region of the veneer.  

Introduction 

When light interacts with a tooth, it may be reflected, scattered, or transmitted 

concurrent with the scattering of photons. The shade of dentin (the primary source of 

tooth color),1 enamel structure (thickness and translucency), tooth dimension, and surface 

texture influence the optical properties of color, translucency, opalescence, and fluores-

cence.2 Tooth color has been described by a combination of hue, chroma, and value. 

Translucency and intensity vary from the incisal region to the cervical region, with incis-

al, body, and cervical regions becoming progressively darker. This phenomenon is due to 

the decreasing thickness of the enamel from the incisal to the cervical regions as influ-

enced by the underlying dentin. 

The perceived color of an all-ceramic restoration is known to be affected by the 

shade of the restoring ceramic material, its thickness, and, if it is not significantly opaque, 

the color of the underlying material.  The restoration’s color is known to be affected by 

ceramic firing temperature,3 the color of the prepared tooth,4 translucency and thickness 
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of veneering porcelain,5-8 luting agent,3,7 surface glaze,7 layering technique,8 firing (tem-

perature/time cycle),5,8,9 extrinsic colorants, and type of all-ceramic substructure.10-12 

Zirconia is often considered the material of choice in restorative dentistry because 

of its superior mechanical properties, but it is opaque due to density, elemental chemistry, 

high crystallinity13 which results in a relatively high refractive index (2.1-2.2).14  The 

esthetics of dental zirconia have been improved through the following procedures: infil-

tration (infiltration of machined restorations at the pre-sintered stage with chloride solu-

tions of rare earth elements to produce cores of various shades),14  pre-colored blocks 

(pre-colored at the microcrystalline powder state),14 thinner coping thickness,15 different 

colors for the liners,14 choice of zirconia material,15,16 and veneering technique.17,18 If  the 

zirconia restoration is extremely thin, then translucency and the final color might be a 

concern.15 In this case, the color selection of luting cement (which is evaluated with pre-

cementation try-in paste) as well as the region (cervical-body-incisal) will be more im-

portant.  Therefore, zirconia laminate veneers have the potential to match the color of 

adjacent crowns and fixed partial dentures by using appropriate adjunctive procedures. 

       Laminate veneers have been shown to provide greater clinical longevities and 

enhanced esthetics as well as being more conservative compared to all-ceramic crowns. 

Minimal tooth preparation is required for these restorations, thus it is a challenge to 

achieve the optical properties of natural teeth with laminate veneers.19 The laminate ve-

neers are relatively weak and fragile, but their fracture resistance can be enhanced 

through CAD/CAM generated zirconia which has been shown to have greater strength 

than comparable feldspathic porcelain and glass-ceramic materials. Zirconia may offer 

more resistance to traumatic parafunctional occlusal forces and undesirable occlusal 
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schemes where traditional feldspathic laminate veneers cannot be used. The fragile nature 

of feldspathic porcelain laminate veneers has been shown to limit pre-cementation ad-

justment, whereas the strength of zirconia facilitates adjustment of the laminate veneer 

prior to cementation. The opaque nature of zirconia laminate veneers offers an advantage 

in masking undesirable tooth colors from age and tetracycline stains with minimal tooth 

reduction and thickness of restorative material. Research shows that traditional feldspath-

ic porcelain requires more tooth reduction in order to have a thicker opaque layer, with or 

without intrinsic staining, to mask stains. Furthermore, increasing the thickness of tradi-

tional feldspathic porcelain veneers may impede photo-polymerization of the luting ce-

ment and compromise bonding to dentin.   

The objectives of this study were to investigate the effect of try-in paste, compo-

site resin abutment colors, and different veneer regions on the optical properties of 

feldspathic porcelain, CAD/CAM generated yttria-stabilized zirconia, and IPS e.max® 

CAD laminate veneers. The hypotheses were: (1) a significant color difference between 

the three regions for the three laminate veneer materials where yttria-stabilized zirconia 

laminate veneer would show a color difference at the cervical region, whereas IPS 

e.max® CAD would be affected in the body and cervical regions only, and feldspathic 

porcelain in all three regions; (2)  a yttria-stabilized zirconia laminate veneer would mask 

a dark composite resin abutment; (3) opaque white try-in paste masks a dark composite 

resin abutment compared to other try-in paste colors; and (4) the color coordinates would 

be different for the veneer material and the value magnitude of the try-in paste. 
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Materials and Methods 

Fabrication of Master Cast 

A maxillary left lateral incisor (Model #R861, Columbia Dentoform Corporation, 

Long Island City, NY) was used for the veneer preparations and an index was fabricated 

prior to preparation to standardize the thickness of the laminate veneers. The incisal over-

lapped preparation (IOP) was defined as 0.5-mm facial reduction, and 1.5-mm incisal 

edge reduction. An impression of the prepared tooth with adjacent teeth was made with 

polyvinyl-siloxane impression material (Aquasil Ultra digitTM XLV Regular Set; Aquasil 

Monophase, DENSPLY International, York, PA). Type IV die stone (Jade Stone, Whip 

Mix Corp, Louisville, KY) was used to pour the impression in order to fabricate the mas-

ter cast.   

Fabrication of Composite Resin Abutments 

The master die was scanned and a restoration site designed using the TurboDent 

system (TDS) CAD/CAM technology (Pou-Yuen Technology Co., Ltd. No. 6, Fugong 

Rd., Fusing Township, Changhua County 506, Taiwan). A total of 30 composite resin 

abutments were machined using Paradigm MZ 100 blocks (3M ESPE, St. Paul, MN) with 

three different colors: A1 (light color), A2 (medium color), A3 (dark color). Ten composite 

resin abutments were fabricated for each color. 

Fabrication of Ceramic Laminate Veneers  

Ten (10) yttria-stabilized zirconia (Y-TZP) laminate veneers were fabricated us-

ing the TDS technique as described: an optical impression of the master die was taken 

with a laser scanner, and a restoration designed, and milled from partially sintered zirco-

nia blocks, colored, sintered to have an overall 0.3 mm thickness. The Y-TZP was cov-
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ered with the appropriate veneer porcelain (VITA VM9) according to the manufacturer’s 

instructions.  

Ten (10) glass-ceramic laminate veneers were machined from IPS e.max® CAD 

HT blocks (Ivoclar Vivadent Inc, Amherst, N.Y) using CEREC 3D CAD/CAM technolo-

gy (Sirona Dental Systems LLC, Charlotte, NC). The CEREC powder (IPS Contrast 

Spray; Ivoclar Vivadent AG, Amherst, NY) was sprayed with opaquing powder to obtain 

a uniform layer, with an optimal thickness of 32 µm to visualize both the internal line 

angles of the preparation and define the cavosurface margin.20 An optical impression of 

the sprayed master die was made with a laser scanner and then designed according to the 

manufacturer’s instructions with the veneers being milled from partially crystalized 

blocks, and then fully crystallized according to the manufacturer’s instructions. Another 

ten (10) glass-ceramic laminate veneers were fabricated manually using feldspathic por-

celain (Noritake Super Ex 3, Noritake Kizai Co., LTD., Nagoya, Japan) using conven-

tional refractory techniques.  

Veneer Thickness 

Each veneer was measured at pre-designated regions using a precision caliper 

with an accuracy of 0.001 mm. The average thickness, composition, and grain size for 

each laminate veneer material are provided in Table 1. 

Color of Try-in Paste    

Four (4) different colors of try-in pastes: bleach XL, opaque white, transparent, 

and yellow were utilized for the assessment of the optical effects of the luting cement 

(Variolink® II, Ivoclar Vivadent, Schaan, Liechtstein) on the visual appearance and fa-

vorable color coordinates of all the laminate veneers.   
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A spectrophotometer (Crystaleye, Model CE 100-DC/US, Ver.1.3.1.0 Olympus, 

Japan) was used in this study to measure CIELAB color coordinates (L*, a*, b*). This 

device uses seven light emitting diodes (LEDs) as an illumination source with 45/0o 

geometry. The image-capture time was 0.2 s. The spectral data were acquired from the 

captured image of the laminate veneers. The reflectance magnitudes were measured from 

400 to 700 nm wavelength with 1 nm intervals for pixel regions.   

Color coordinates were measured in the incisal, body, and cervical regions of all 

laminate veneers with different combinations of laminate veneer material, composite re-

sin abutment color, and try-in paste color along with three repeated readings for each 

combination. The color changes (∆E) were calculated between the control laminate ve-

neers (using composite resin abutment color (A2) with glycerin) and the experimental 

laminate veneers (using a combination of three composite resin abutment colors and four 

try-in paste colors) in the three tooth regions using the following equations:21 

∆L = L control – L experiment 

∆a = a control – a experiment 

∆b = b control – b experiment 

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2 

and ∆E = 3.7 was considered as the perceptibility threshold.22  

The effect on the colors from the composite resin abutment and try-in paste on the 

color of the laminate veneer were interpreted in four different cases as shown in Table 2. 

Case (1): the color of veneers was not changed by the composite resin abutment color nor 

by the try-in paste color. Case (2): the color of the laminate veneers was changed by the 

try-in paste color only. Case (3): the color of the veneers was changed by both the com-
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posite resin abutment and the try-in paste colors. Case (4): the color of veneers was 

changed by the composite resin abutment color, but the change was improved by the try-

in paste color. 

Statistical Analysis 

The mean and standard deviation (±SD) of ∆E for each veneer material was cal-

culated and averaged for the combinations of the composite resin abutment and try-in 

paste colors at each veneer region. Comparisons between tooth regions were made using 

repeated measures of the analysis of variance (RM ANOVA).  When the RM ANOVA 

was significant, the Neuman-Keuls test was used to determine which comparisons were 

significantly different.   

The color coordinates were measured and averaged for each try-in paste color 

(except transparent) for all laminate veneer materials at the body region of the composite 

resin abutment color (A2). Color coordinates were measured for the composite resin ab-

utment color (A2) with glycerin at the body region of all laminate veneer materials in 

order to compare the color coordinates for each veneer material. The effects of try-in 

paste color and laminate veneer material on color coordinates were assessed using 

ANOVA.  When the ANOVA was significant, Tukey’s HSD test was used to determine 

which comparisons were significantly different.  A p-value of <0.05 was considered sig-

nificant. 

Results 

The data for color differences of all veneer materials is shown in Figure 1. These 

results combine different try-in paste colors (transparent, bleach XL, opaque, yellow), 

with different colors of composite resin abutment (A1, A2, A3) for different veneer regions 
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(cervical region, body region, incisal region) which is compared with the control color 

(composite resin abutment color (A2) with glycerin). Each variable will be addressed sep-

arately in the following paragraphs. 

Yttria-Stabilized Zirconia Laminate Veneers 

The different colors of the composite resin abutments did not cause any color 

change (∆E < 3.7) for the yttria-stabilized zirconia laminate veneers when compared at 

any region. Furthermore, try-in paste color did not result in a color change for any region, 

when they were placed with different composite resin abutment colors (Figure 1a).  

IPS e.max® CAD Laminate Veneers 

There was no color change (∆E < 3.7) for any region of the IPS e.max® CAD la-

minate veneers when they were seated on different colors of the composite resin abut-

ment (Figure 1b).  However, the opaque white try-in paste caused a substantial color 

change (∆E > 3.7) when the laminate veneers were placed on the different composite 

resin abutment colors and compared at the three regions. Furthermore, bleach XL try-in 

paste caused a color change (∆E > 3.7) when the laminate veneers were placed on the 

composite resin abutments with A1 color only when comparing the three regions.  How-

ever, yellow try-in paste did not cause any color change (∆E < 3.7) when the laminate 

veneers were placed on different composite resin abutment colors at the three regions. 

There was a higher effect of opaque white try-in paste on the color change of IPS e.max® 

CAD laminate veneers when compared to feldspathic porcelain at the body and incisal 

regions. 
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Feldspathic Porcelain Laminate Veneers 

There was a color change (∆E > 3.7) at the cervical region of the feldspathic por-

celain laminate veneers when they were placed on the composite resin abutments with A1 

color (Figure 1c), but the color change was decreased by the use of yellow try-in paste 

(∆E < 3.7).  A large color change occurred at each region when the laminate veneers were 

seated on different colors of composite resin abutment using the opaque white try-in 

paste. There was a color change at the cervical region only when the laminate veneers 

were seated with bleach XL try-in paste on the composite resin abutment with A1 color, 

but there was no color change at any region when the yellow try-in paste was used with 

the different composite resin abutment colors.  

Relationship Between Color Change and Ceramic Thickness (Different Regions) 

The color change magnitudes (∆E) were averaged for combinations of different 

composite resin abutment and try-in paste colors for each laminate veneer material as 

shown in Figure 2. It should be noted that the feldspathic porcelain veneers were signifi-

cantly thinner than IPS e.max® CAD and yttria-stabilized zirconia laminate veneers. 

There was a statistical difference (p<0.001) in the value magnitude of ∆E between the 

three regions for each laminate veneer material with an increase of color change from the 

incisal region to the cervical region except between the cervical region (∆E = 

4.053±2.862) and the incisal region (∆E = 4.153±2.642) for IPS e.max® CAD laminate 

veneers. There was a higher magnitude of ∆E at each region of the IPS e.max® CAD ve-

neers compared with yttria-stabilized zirconia and feldspathic porcelain veneers except at 

the cervical region (∆E = 4.053±2.862) of IPS e.max® CAD veneers compared with 

feldspathic porcelain veneers (∆E = 4.640±3.388).  
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Effect of Different Try-in Paste Colors on the Color Coordinates   

As the color of the try-in paste color changed from yellow to bleach XL to opaque 

white, a significant reduction (p<0.001) in the value L* (yellow < bleach < white) as ob-

tained for all laminate veneer materials, as illustrated in Table 3. However, the values of 

a* varied for different veneer materials (yttria-stabilized zirconia: white < bleach = yel-

low, IPS e.max® CAD: white < bleach < yellow, feldspathic porcelain: white < bleach = 

yellow) as well as b* values (yttria-stabilized zirconia: yellow = bleach < white, IPS 

e.max® CAD: white = bleach < yellow, feldspathic porcelain: white <yellow).  

Effect of Different Laminate Veneer Materials on the Color Coordinates  

The color coordinates were measured at composite resin abutment color (A2) at 

the body region for all veneer materials as shown in Table 4. Yttria-stabilized zirconia 

laminate veneers were the highest (L* = 74.00±0.34), but there was no significant differ-

ence (p>0.05) in the L* value between IPS e.max® CAD (70.15±0.23) and feldspathic 

porcelain (70.00±0.86) laminate veneers. IPS e.max® CAD laminate veneers had the 

lowest value of a* (- 0.694±0.073) while it was larger for yttria-stabilized zirconia 

(0.094±0.203) compared with feldspathic porcelain (- 0.283±0.203) laminate veneers. 

Yttria-stabilized zirconia laminate veneers had the highest b* coordinate (b* = 

17.43±0.44) while IPS e.max® CAD showed the lowest b* coordinate (11.48±0.30) for 

laminate veneers.  

Discusson 

Effect of Composite Resin Abutment Color on the Color Difference of Laminate Veneers 

There was no measured effect from the composite resin abutment color on the fi-

nal color of the laminate veneers using transparent try-in pastes for any region except for 
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feldspathic laminate veneers at the cervical region which were affected by the composite 

resin abutment color (A1). Thus, the hypothesis that the opaque white would be the best 

material to mask dark composite resin abutment is generally rejected. The color shifted 

using yellow try-in paste, which was the result of the thin ceramic (0.45 mm) at the cer-

vical region. The composite resin abutment color (A3) in the present study was not dark 

enough to cause a color shift on the overall color of all laminate veneers. 

Effect of Veneer Region (Ceramic Thickness) on the Color Difference of Laminate Veneer 

As the ceramic thickness was increased from the cervical region to the incisal re-

gion for feldspathic porcelain and yttria-stabilized zirconia laminate veneers, the color 

difference decreased except for the cervical and body regions of the yttria-stabilized zir-

conia veneers. This phenomenon can be explained by an increase of incident light absorp-

tion at a thicker region that reflects a reduced quantity of light reflected. These results 

were in agreement with Chaiyabutr et al.23 who reported that as the ceramic thickness is 

increased (from 1.0 to 2.5 mm), the color difference was decreased for IPS e.max® CAD 

LT. However, for IPS e.max® CAD veneers, the body region was more affected than oth-

er regions, and the incisal region was more affected more than the cervical region. This 

result was due to the different ceramic thicknesses which were caused by over- milling on 

the intaglio surface of the IPS e.max® CAD veneers more on the body region than other 

regions. They were fabricated through machining and no layering of veneering porcelain 

was involved when compared to yttria-stabilized zirconia laminate veneers. There was no 

consistent relationship between the color difference and ceramic thickness so the null 

hypothesis was rejected.   
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The color difference of the body and incisal regions of IPS e.max® CAD veneers 

were more affected than feldspathic porcelain even though the feldspathic porcelain ve-

neers were thinner (0.54 mm) than the IPS e.max® CAD veneers (0.85 mm). IPS e.max® 

CAD veneers had a higher magnitude of color change than yttria-stabilized zirconia ve-

neers with similar thickness associated with presence of a glassy phase. However, differ-

ence in the thickness between feldspathic porcelain and yttria-stabilized zirconia veneers 

(Figure 2) creates an ambiguity related to interpretation in the color difference or might 

be due to opacity of yttria-stabilized zirconia itself. It was difficult to standardize the 

thicknesses of the laminate veneers when they were fabricated with different techniques 

and the interpretation of color difference of different materials cannot be tested with 

standardized flat specimens. Thus testing must be done on restorations not only for simu-

lation of the clinical situation, and it is known that also the optical properties are affected 

by surface texture.24   

Effect of Try-in Paste Color on the Color Difference of Laminate Veneer 

The color differences for the yttria-stabilized zirconia laminate veneers were low 

(0.7-1.5) and were lower than the 3.7 perceptible threshold. These results were not af-

fected by any color of the try-in paste at any region, which supports that the yttria-

stabilized zirconia veneers were completely opaque at this thickness so the null hypothe-

sis was rejected. Other studies have shown that there was a higher color difference ob-

tained for different types of zirconia such as 1.99-2.89 for DC-Zirkon,11 1.8-3.6 for Digi-

dent Digizon,18 2.1-3.6 for Vita 2000 YZ cubes,18 0.9-2.1 for Katana.25 This difference 

was attributed to different brands of zirconia with minor structural and dimensional dif-
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ferences in the grains and grain boundaries, which yield higher levels of light absorption 

and scattering, rather than a direct effect from the grain size.26 

Dozic et al. 27 reported that the overall color of 0.6 mm Empress laminate veneers 

was not influenced by different shades of resin cement which was not effective in creat-

ing color shifts. This was explained by the limited cement thickness (30 μm). In the 

present study, the final color of the IPS e.max® CAD and feldspathic porcelain veneers 

was affected more by opaque white than bleach try-in paste in comparable thicknesses 

(30-50 μm) so the null hypothesis was accepted.   

Effect of Color Coordinates (l* a* b*) on the Color of Try-in Paste 

The color coordinates of the laminate veneers were affected by a different value 

of try-in paste color so the null hypothesis was accepted. The color coordinates were 

higher (higher L*), but a* and b* varied (Table 3). This result indicated that the L* of the 

try-in paste overcame the optical properties imparted by different veneer materials to 

cause constant L* changes and that they have a direct influence on the overall color of the 

laminate veneers. Therefore, the overall color of the laminate veneer can be changed with 

different colors of try-in paste in order to have a minimal ∆E with adjacent natural teeth, 

and thereby have the best color match. This finding was not in agreement with Azer et 

al.28 who reported that when comparing different shades of composite resin core material 

or resin luting agents, there was no statistically significant difference found for CIE 

L*a*b* color parameters between the various all-ceramic specimen combinations regard-

ing color change. This can be explained by the magnitude of thick specimens (1 mm). 

Shokry et al. 29 demonstrated that increasing the ceramic thickness reduced the brightness 

and increased the red and yellowish appearance of ceramic specimens.  
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Clinical Significance  

The results in this study showed different color coordinates (Table 4) for different 

veneer materials, so the null hypothesis was accepted. The IPS e.max® CAD was the 

most translucent material because it showed the highest color difference even though the 

veneers were thicker than feldspathic porcelain, it was more blue color (b* = 11.48±0.30) 

compared with feldspathic porcelain (b* = 13.86±1.08). The color coordinates of the 

teeth should be measured before preparation, and the appropriate material selected in 

order to match the color coordinates of natural teeth. Furthermore, the shade of the pre-

pared tooth (dentin) should be selected and replicated as closely as possible, using a tooth 

colored master die when the final restoration is fabricated. The color difference between 

the abutment and prepared tooth should be corrected by the color of the luting cement for 

feldspathic porcelain and IPS e.max® CAD veneers. The opacity of yttria-stabilized zir-

conia veneers, as shown in the present study, is advantageous for masking dark sub-

strates. The color difference between the yttria-stabilized zirconia core and the adjacent 

natural tooth should be reduced through layering techniques for the veneering porcelain. 

The use of a spectrophotometer to measure color coordinates and calculating the color 

difference to determine the magnitude of value decrease showed that a modification of 

the veneering porcelain can be done in order to produce minimum color difference with 

adjacent teeth and therefore to have an overall esthetic restoration that matches any adja-

cent natural teeth.27,30 
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Conclusions 

Recognizing some limitations of this study design, this study leads to following conclu-

sions: 

1. The underlying color of the tested try-in pastes affected the color difference (∆E 

>3.7) for different regions for IPS e.max® CAD (three regions) and feldspathic 

laminate veneers (cervical and body region). 

2. The IPS e.max® CAD laminate veneers were affected more by try-in paste color 

than feldspathic porcelain laminate veneers which was associated with higher 

glass content.  

3. The yttria-stabilized zirconia laminate veneers were not affected by the color of 

the try-in paste, or the composite resin abutment color which was associated with 

relative opaqueness. 

4. There was no effect of the color of the composite resin abutment on the overall 

color of all laminate veneers, except at the cervical region for feldspathic porce-

lain laminate veneers  

5. There was an effect of different colors of try-in paste on the color coordinates of 

the overall color for all the laminate veneers in which L* was increased while and 

a* and b*  varied.  

6. The yttria-stabilized zirconia laminate veneers were brighter (higher L*), yello-

wish (higher b*), and reddish (higher a*) compared to the IPS e.max® CAD and 

feldspathic porcelain laminate veneers.  
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7. The IPS e.max® CAD laminate veneers showed the same brightness as feldspathic 

porcelain laminate veneers, but was more greenish (lower a*) and bluish (lower 

b*) than the feldspathic porcelain laminate veneers.   
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Table 1. The characteristics and the average thickness at each region of laminate veneer 
materials. 

 
 Average veneer  mean thickness in 

mm     (± SD)  
Composition Grain size 

Cervical 
region 

Body re-
gion 

Incisal 
region 

Yttria-
stabilized 
zirconia 

0.87±0.06 0.88±0.09 0.94±0.08 ZrO2(92.6 mol%), 
Y2O3(5.3 mol%),  

HfO2(1.78  mol%), 
Al2O3(0.25 mol%),  

others (0.025  mol%) 

0.35 μm 

IPS e.max® 
CAD HT 

0.84±0.08 0.95±0.07 0.76±0.05 SiO2 (57-80 wt%), 
Li2O (11-19 wt%), 
K2O (0-13 wt%), 
P2O5 (0-11 wt%), 

ZrO2 (0-8 wt%), ZnO 
(0-8 wt%), other and 
coloring oxides (0-12 

wt%) 

Platelet-
shaped 

crystals is 
in the range 

of          
0.2 to 1.0 

μm 

Feldspathic 
porcelain 

0.45±0.05 0.54±0.08 0.63±0.09 SiO2 (64.5%), Al2O3 
(14.4%), CaO (<1%), 

MgO (<1%), K2O 
(8.7%), Na2O (9.2%), 

Li2O (<1%) 

26.4 μm 
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Table 2. Interpretation of color change on the laminate veneers according to composite 
resin abutment color or try-in paste color. 

 
Case 

 
Color of try-in paste 

 
∆E The effect of color change on the 

laminate veneer 
 
1 

Transparent ∆E < 3.7 The color of laminate veneers was 
neither changed by composite 

resin abutment color nor by try-in 
paste color   

Yellow or bleach XL or opa-
que white 

∆E < 3.7 

 
2 

Transparent ∆E < 3.7 The color of laminate veneers was 
changed by yellow or bleach XL 
or opaque white try-in paste col-
ors (the higher value of ∆E, the 

higher color change) 

Yellow or bleach XL or opa-
que white 

∆E > 3.7 

 
3 

Transparent ∆E > 3.7 The color of laminate veneers was 
changed by both composite resin 
abutment color and any color of 
yellow or bleach XL or opaque 
white try-in paste colors (the 

higher value of ∆E, the higher the 
color change) 

Yellow or bleach XL or opa-
que white 

∆E > 3.7 

 
4 

Transparent ∆E > 3.7 The color of laminate veneers was 
changed by composite resin abut-

ment color (the higher value of 
∆E, the higher color change), but 
its change was decreased by any 
color of yellow or bleach XL or 
opaque white try-in paste colors 
(the lower value of ∆E, the better 
the improvement of color change) 

Yellow or bleach XL or opa-
que white 

∆E < 3.7 
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Table 4. The effect of color coordinates (L* a* b*) on laminate veneer material for the 
body region and composite resin abutment color (A2) with glycerin. 

 
 L* a* b* 

Yttria-
stabilized 
zirconia  

74.00±0.34 0.094±0.203 17.43±0.44 

IPS 
e.max® 

CAD HT 

70.15±0.23 -0.694±0.073 11.48±0.30 

Feldspathic 
porcelain 

70.00±0.86 -0.283±0.203 13.86±1.08 

F test 170 53.1 184 

p-value <0.001 <0.001 <0.001 

Comment 
 

Feldspathic porcelain = 
IPS e.max® CAD HT < 
yttria-stabilized zirco-

nia 

IPS e.max® CAD HT < 
Feldspathic porcelain < 
yttria-stabilized zirco-

nia 

IPS e.max® CAD HT < 
Feldspathic porcelain < 
yttria-stabilized zirco-

nia 
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Figure 1. (a) Yttria-stabilized zirconia laminate veneers. (b) IPS e.max® CAD HT lami-
nate veneers. (c) Feldspathic porcelain laminate veneers. The color change (∆E) at the 
three veneer regions (cervical, body, incisal) with different composite resin abutments 
(A1, A2, A3) and try-in paste colors (transparent, bleach XL, opaque, yellow) compared to 
the control color (composite resin abutment color (A2) and glycerin). The perceptibility 
threshold (∆E) is illustrated by a horizontal dotted line at 3.7. 
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Figure 2. The effect of laminate veneer thickness from cervical region to incisal region on 
the color difference for yttria-stabilized zirconia, IPS e. max® CAD HT, and feldspathic 
porcelain materials. 
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Abstract 

Objectives. The effects of material (yttria stabilized zirconia, TZP, IPS e.max® CAD, 

IEC, and feldspathic porcelain, FP), design (incisal overlapped preparation, IOP, and 

three-quarter preparation, TQP), and facture mode was correlated to failure load without 

thermocycling for laminate veneers supported by composite resin abutments.  

Methods. A typodont tooth was prepared with two different preparation designs (IOP, 

TQP). Two master casts were fabricated and the master dies were scanned and designed 

to fabricate the composite resin abutments (30 for IOP and 30 for TQP). The Y-TZP, IEC 

and FP veneers were fabricated with 10 veneers for each preparation design. All the ve-

neers were cemented, invested with auto-polymerizing resin, and tested in compression 

until failure. The t-test and one way ANOVA were used to assess differences. 

Results. There was no statistical difference (p > 0.05) in the preparation design on load 

for Y-TZP (IOP: 244 vs. TQP: 224 N) and IEC (IOP: 306 vs. TQP: 263 N) veneers. 

However, there was a statistical difference in the load (p = 0.0177) for FP veneers (IOP: 

161 vs. TQP: 246 N) between IOP and TQP. There was no statistical difference in the 

load between the three veneer materials for each preparation design except between IEC 

(306 N) and FP (161 N) veneers for TQP.  

Conclusions. Preparation design showed an influence on the failure load of FP veneers 

only. Yttria-stabilized zirconia laminate veneers were least likely to fracture but most 

likely to completely debond; feldspathic porcelain veneers exhibited the opposite charac-

teristics.  
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Introduction 

Crown preparation involves major tooth structure removal (63-73%)1 and may 

cause pulpal irritation, which may lead to irreversible pulpitis.2 Laminate veneers are 

more conservative than crowns3 and maintain the biomechanics of the original tooth with 

a stress distribution similar to a sound tooth with a success rate of approximately 93% 

over 15 years of clinical use.4 

The most frequent failure modes associated with laminate veneers are fracture or 

debonding,4 although the magnitude and angle of the load greatly influences the long-

term success of laminate veneers.5 Several studies indicate that stress concentrates at the 

adhesive interface between the luting cement and enamel.6,7 The shear stress causes the 

veneer displace, causing a compressive stress in the weakest areas (incisal or gingival 

margin).8 This occurrence can create microcracks which propagate and influence fracture 

or detachment of veneers.9 Most fractures are caused by adhesive failure at the porce-

lain/cement interface by complete debonding or fracture of the veneer.5 The porcelain is 

rigid and does not deform significantly during polymerization shrinkage of the composite 

resin cement, thereby creating residual stress at the interface.10 

Fractures of laminate veneers represented 67% of total failures over a period of 15 

years of clinical performance of such restorations.4,11 Clinical observations of ceramic 

veneers showed that cohesive fracture of porcelain mainly occurred on the incisal edge 

because of a greater stress concentration in this area during function,12 where compres-

sive stresses are concentrated along the buccal side of the veneer close to the incisal mar-

gin.12,13 Also fracture of laminate veneers has been shown to be affected by angle of load-
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ing,14 preparation design,14,15 laminate veneer material,16 mechanical thermal cycling,17 

and tooth location.18 

Alumina laminate veneers with a 0.25 mm thickness (Procera AllCeram Nobel 

Biocare) were developed as an alternative to traditional porcelain laminate veneers to 

improve fracture strength and mask the discolored teeth.16 However, a main drawback of 

alumina was stiffness (E = 418 GPa) compared with enamel (E = 84.1 GPa) and dentin (E 

= 18.6 GPa) which was shown to affect the long-term clinical success of bonded laminate 

veneers.14 When a shearing load was applied to an incisor, most of the deformation is 

distributed in the root structure on both the buccal and palatal side. Sorrentino et al.13  

reported that natural teeth restored with alumina laminate veneers (E = 418 GPa) de-

formed like a rigid body with a higher strain in the cervical region and a lower strain in 

the body region. In contrast, feldspathic laminate veneers (E = 82 GPa) resulted in a 

higher strain with lower stress in the crown body so the crown deformed under the ap-

plied load and transferred lower strains to the cervical area of root dentin. This behavior 

can be explained by the differences in stiffness between alumina and feldspathic porce-

lain materials.  

Yttria-stabilized zirconia has a lower modulus (E = 210 GPa), higher flexural 

strength (1200 GPa), and higher fracture toughness (8 MPa/√m) than alumina. Zirconia 

laminate veneers can be milled very thin (0.2 to 0.3 mm) using CAD/CAM technology 

and offer several advantages in clinical cases such as a wide diastema or fractured teeth 

resulting from trauma or decay in which the lingual surface remains intact. When the lost 

tooth structure is large, a zirconia core can be used to support the veneering porcelain if 

over 2 mm thickness is required. Otherwise, the traditional feldspathic porcelain is con-
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traindicated, and a crown restoration is the only option for treatment. Additionally, 

feldspathic laminate veneers have been reported to be contraindicated if traumatic para-

functional occlusal forces occur or in clinical situations that develop loading stress during 

function such as cross bite and edge-to-edge occlusal relationships.19 Zirconia laminate 

veneers may be a good substitute material because of superior mechanical properties. 

Traditional porcelain laminate veneers are fragile and, therefore, difficult to adjust and 

contour before cementation. The strength of zirconia allows for better handling capabili-

ties that facilitate adjustment of the laminate veneer prior to cementation.  

The opaque nature of zirconia laminate veneers has an advantage for masking un-

desirable tooth colors such as age-related discoloration and tetracycline stains with mi-

nimal tooth reduction and reduced thickness of restorative material. Traditional feldspath-

ic porcelain often requires more tooth reduction for a sufficiently thick layer to mask 

stains which may also compromise bonding to dentin.20 Furthermore, increasing the 

thickness of traditional feldspathic porcelain veneers may impede any photo-

polymerization of luting cements.  

The objectives of this study were to: (1) compare the failure load without thermo-

cycling of yttria stabilized zirconia, and IPS e.max® CAD veneers with feldspathic porce-

lain veneers supported by composite resin abutments with an elastic modulus close to 

tooth dentin; (2) evaluate the effect of incisal overlapped preparations and three quarter 

preparations relative to the failure load of different laminate veneer materials; and (3) 

determine the failure mode of all laminate veneers. The hypotheses were: (1) yttria-

stabilized zirconia laminate veneers would have higher failure load than IPS e.max® 

CAD and feldspathic porcelain laminate veneers for the same preparation design; (2) 
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three quarter veneer preparations would have higher failure load than incisal overlapped 

preparations for the same laminate veneer material; and (3) yttria stabilized zirconia la-

minate veneers would fail by complete debonding while the IPS e.max® and feldspathic 

porcelain laminate veneers would fail by fracture rather than debonding. 

Materials and Methods 

Fabrication of Master Cast 

A maxillary left lateral incisor (Model #R861, Columbia Dentoform Corporation, 

Long Island City, NY) was selected as a typical tooth to be restored using a veneer de-

sign. An impression was taken of the model tooth using a high precision condensation 

silicone (Zhermack, Marl, Germany) to obtain a mold for creating laminate veneers of the 

original form and shape. The tooth was prepared with an incisal overlapped preparation 

(IOP) with a 0.5 mm facial reduction and 1.5 mm incisal edge reduction. The first im-

pression of the prepared tooth with adjacent teeth was made with polyvinyl-siloxane im-

pression material (Aquasil Ultra digitTM XLV Regular Set; Aquasil Monophase, 

DENSPLY International, York, PA). The IOP was extended to break both the mesial and 

distal contacts and thereby develop a three quarter preparation (TQP). A second poly-

vinyl-siloxane impression was taken with the adjacent teeth, and both impressions were 

poured with type IV die stone (Jade Stone, Whip Mix Corp, Louisville, KY) to fabricate 

the first and second master casts.  

Fabrication of Composite Resin Dies and Ceramic Laminate Veneers 

The first and second master dies were scanned and designed using the TurboDent 

system (TDS) CAD/CAM technology (Pou-Yuen Technology Co., Ltd. No. 6, Fugong 

Rd., Fusing Township, Changhua County 506, Taiwan). A total of 60 composite resin 
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abutments (30 abutments for IOP and 30 abutments for TQP) were machined using Para-

digm MZ 100 blocks (3M ESPE, St. Paul, MN).  

Fabrication of Ceramic Laminate Veneers  

Twenty yttria-stabilized zirconia laminate veneers (10 veneers for IOP and 10 ve-

neers for TQP) were fabricated using TDS. An optical impression of the master die was 

taken with a laser scanner and the restorations designed according to the manufacturer’s 

instructions with the veneers being milled to a 0.3 mm thickness from partially sintered 

yttria-stabilized zirconia blocks, then sintered, and covered with the appropriate veneer 

porcelain (VITA VM9) according to manufacturer protocols. Twenty lithium disilicate 

glass-ceramic (IPS e.max® CAD, Ivoclar Vivadent Inc, Amherst, N.Y) laminate veneers 

were fabricated (10 veneers for IOP and 10 veneers for TQP) using CEREC 3D 

CAD/CAM technology (Sirona Dental Systems LLC, Charlotte, NC) with software ver-

sion 3.10. An optical impression of the master die was taken and the restorations de-

signed using the Biogeneric technique; the veneers were milled from partially crystallized 

blocks, and then fully crystallized according to the manufacturer instructions. Twenty 

feldspathic porcelain laminate veneers (Super Porcelain Ex-3, Noritake Kizai Co., LTD., 

Nagoya, Japan) were fabricated (10 veneers for IOP and 10 veneers for TQP) using a 

conventional laboratory refractory technique. All the veneers were measured using a cali-

per after fabrication of the IOP and TQP designs (Table 1). The composition, stiffness 

and flexural strength of yttria-stabilized zirconia,21 IPS e.max® CAD,22 and feldspathic 

porcelain23 laminate veneers are provided in Table 2.  
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Fabrication of Specimens 

All the composite resin abutments were fixed in a buccal-lingual inclination angle 

of 135o between the long axis of the abutment and the horizontal plane of the abutment 

holder using a surveyor, and fixed in place by self-curing acrylic resin (Ortho-Jet, Lang) 

in the abutment holders. The abutments were embedded 2 mm below the cemento-enamel 

junction (CEJ) to simulate the clinical bone level, cleaned with 35% phosphoric acid (Ul-

tra-Etch, Ultradent Products, Inc., South Jordan, UT) for 30 s, rinsed, and dried.  Subse-

quently, the laminate veneers were cemented on the composite resin abutments to fabri-

cate the test specimens (Table 3). Feldspathic porcelain and IPS e.max® CAD laminate 

veneers were bonded with the same procedure and luting agent (Variolink II; Ivoclar Vi-

vadent, Amherst, NY) except for the etching time of hydrofluoric acid (60 s for feldspath-

ic porcelain veneers and 20 s for e.max® CAD veneers). Yttria-stabilized zirconia lami-

nate veneers do not have glass in their microstructure, so RelyXTM Unicem 2 with tribo-

chemical silica-coating was selected for bonding the yttria-stabilized zirconia material as 

recommended in the literature.24 

Loading to Failure 

Each specimen was mounted in the universal testing machine (Instron, model 

Apex T5000, Satec Systems Inc., Grove, PA). A polymeric material (0.2 mm thick) was 

placed between the flat punch (diameter of 4 mm) and the center of the incisal edge of the 

cemented laminate veneers to facilitate more even load distribution. The specimens were 

loaded at a crosshead speed of 0.5 mm/min until a sudden drop of the load was recorded. 
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Statistical Analysis  

The failure loads of 10 samples were averaged for each veneer materi-

al/preparation design, and mean and standard deviations calculated. The t-test was used to 

compare the failure load between the two preparation designs (IOP and TQP) for each 

veneer material, and one way ANOVA was used to compare the failure load between the 

three veneer materials. If the ANOVA test was significant (p < 0.05), Tukey’s HSD test 

was used to determine if veneer materials were significantly different. 

Results 

Effect of Preparation Design (IOP vs. TQP) on the Failure Load 

There was no statistical difference of the failure load (p > 0.05) for the prepara-

tion design of yttria-stabilized zirconia (IOP: 244 vs. TQP: 224 N) and IPS e.max® CAD 

(IOP: 306 vs. TQP: 263 N) laminate veneers (Table 4). However, there was a statistical 

difference for the failure load (p = 0.0177) of feldspathic porcelain veneers (IOP: 161 vs. 

TQP: 246 N) between the IOP and TQP designs. There was no statistical difference (p > 

0.05) for the failure load between the three veneer materials of each preparation design 

except between IPS e.max® CAD (306 N) and feldspathic porcelain (161 N) laminate 

veneers for TQP (p = 0.0058). 

Failure Mode vs. Load of Laminate Veneers 

The laminate veneers failed in different modes involving fracture of the laminate 

veneer or complete debonding, chipping of porcelain and fracture of the composite resin 

abutment (Appendix). There was a correlation between failure load and fracture mode 

with different laminate veneer materials and preparation designs (IOP vs. TQP) as illu-

strated in Table 4.  
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 IPS e.max® CAD Laminate Veneers.  Fracture of the composite resin abutments 

were the main failure mode for IPS e.max® CAD veneers with an IOP design at a load of 

369±73 N and TQP at a mean load of 280±96 N. Two laminate veneers with the IOP 

were fractured at the incisal region with a mean load of 259±9 N. 

 Feldspathic Porcelain Laminate Veneers. One veneer completely debonded at a 

lower load (77 N) for IOP compared with IPS e.max® CAD veneers (325±72 N). There 

were a greater number of fractures of the composite resin abutments with TQP (242±46 

N) than with IOP (46±47 N). Feldspathic laminate veneers had the highest fractures (at 

the incisal region: 206±68 N for IOP and 261±53 N for TQP) as compared with IPS 

e.max® CAD (at the incisal region: 259±9 N for IOP). However, it was surprising that 

there were two fractures of composite resin abutments with the IOP at a very low load 

(46±47 N). The mode of failure for the veneers was fracture at the incisal region for IOP 

with a mean load of 206±68 N and fracture of the composite resin abutments for TQP at a 

mean load of 261±53 N.  

 Yttria-Stabilized Zirconia Laminate Veneers. The main failure mode of yttria-

stabilized zirconia laminate veneers for the IOP design was fracture of the composite 

resin abutments at a mean load of 230±124 N while the failure mode of TQP was due to 

complete debonding at a mean load of 196±53 N. There was chipping of the veneering 

porcelain for two laminate veneers at a mean load of 276±20 N. An equal number of 

composite resin abutments fractured for the IOP and TQP designs, but there was a higher 

fraction of complete debonding for the TQP design. Yttria-stabilized zirconia laminate 

veneers showed the highest incidence of complete debonding when compared with IPS 

e.max® CAD and feldspathic porcelain materials (yttria-stabilized zirconia: 203±137 N 
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vs. e.max® CAD: 325±72 N for IOP, yttria-stabilized zirconia: 196±53 N vs. e.max® 

CAD: 236±33 N for TQP). There were no fracture failures of the laminate veneers with 

the TQP design as compared with the IOP design. The yttria-stabilized zirconia laminate 

veneers showed one fracture at the body region (a load of 163 N) as compared with 

e.max® CAD (two veneers fractured at a mean load of 259±9 N for IOP) and feldspathic 

porcelain veneers (seven veneers fractured at a mean load of 206±68 N for IOP and two 

veneers at a mean load of 261±53 for TQP). 

Discussion 

Substrate Material  

The literature shows that use of extracted natural teeth as specimens more closely 

simulates clinical conditions than resin abutments. However, standardization of natural 

teeth is difficult because of age, anatomy, size, shape, storage time after extraction, and 

tooth fracture during loading due to differences in the elastic modulus that occur follow-

ing extraction and storage in a thymol solution.17 Tooth preparation along with variances 

in veneer dimensions that occur with free-hand preparation may result in variable depths 

of preparation and dentin exposure that can alter restoration bonding. Therefore, synthetic 

artificial abutments can be more accurately standardized. In the present study, composite 

resin abutments (Paradigm MZ 100) were used instead of extracted human teeth as a sub-

strate for loading the laminate veneers because of having a closer elastic modulus (E = 12 

GPa) to dentin (E = 18.6 GPa) than steel (E = 200 GPa).   

Challenge of Veneer and Bonding to Resin Cement  

Retention of laminate veneers depends mainly on bonding, whereas tooth prepara-

tion design controls the retention of crowns and fixed partial dentures. Since zirconia has 
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no glass in its microstructure, the material cannot be appropriately etched by hydrofluoric 

acid, and thereby it does not produce micro-mechanical retention which affects the bond 

strength to resin cement. 25  Because of this, yttria-stabilized zirconia laminate veneers 

showed the highest incidence of complete debonding.  In comparison, IPS e.max® CAD 

and feldspathic porcelain laminate veneers showed higher bond strength to resin cement 

because of the glass phase that was etched. However, there was a higher incidence of 

complete debonding for IPS e.max® CAD laminate veneers compared with feldspathic 

porcelain laminate veneers. This observation could be a result of a difference in the ma-

terial particle size between IPS e.max® CAD (0.2 to 1.0 μm) and feldspathic porcelain 

(26.4 μm), also, the larger grain size results in a different surface roughness which contri-

butes to the micro-mechanical retention. 26, 27 The composite resin abutment and luting 

agent (Variolink II bleach base) were the same for IPS e.max® CAD and feldspathic por-

celain laminate veneers, but there were a greater number of complete debonding occur-

rences with IPS e.max® CAD laminate veneers. This observation was associated with a 

compromised adhesion between the luting agent and the intaglio surface of IPS e.max® 

CAD laminate veneers.  

The TQP design resulted in more tooth preparation with a larger adhesive contact 

surface area between the veneer and the composite rein abutment. This resulted in a high-

er retention for TQP than IOP.28 Furthermore, there were more instances of complete 

debonding for yttria-stabilized zirconia and IPS e.max® CAD for the TQP design than the 

IOP design. This observation could be due to the strength of the laminate veneers with 

the TQP design and the distribution of the applied load to the weak interface between the 
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luting cement and yttria-stabilized zirconia and IPS e.max® CAD as compared with 

feldspathic porcelain. 

Effect of Preparation Design within Laminate Veneer Material 

There was no effect of preparation design on the failure load for zirconia laminate 

veneers (even through there is difference in the veneer thickness: IOP = 0.9 mm and TQP 

= 1.1 mm). The null hypothesis that the three quarter veneer preparations would have a 

higher failure load than the incisal overlapped preparation. This hypothesis was rejected 

because of the higher flexural strength (1200 MPa) and poor bonding to the resin cement. 

There were no veneer fractures with the TQP design which was associated with reduced 

stress on the material relative to the IOP design, whereas the veneers failed by complete 

debonding.28 

There was no effect of preparation design (IOP vs. TQP) on the failure load for 

IPS e.max® CAD laminate veneers, so the null hypothesis that the three quarter veneer 

preparations would have a higher failure load than the incisal overlapped preparation was 

rejected because e.max® CAD laminate veneers would have a medium-high flexural 

strength (360 MPa). There were no veneer fractures with the TQP which for this design 

was a associated with a higher fracture strength than IOP.  Furthermore, the cemented 

veneer-resin cement-composite resin abutment acts as a monoblock, which would influ-

ence the veneers to fail due to fracture of the composite resin abutments for the TQP and 

IOP designs. Therefore, the null hypothesis that IPS e.max® laminate veneers would fail 

and fracture within the veneer itself was rejected.   

There was an effect of preparation design (IOP vs. TQP) on the failure load for 

feldspathic porcelain laminate veneers so the null hypothesis that feldspathic porcelain 
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laminate veneers would fail in veneer fracture was accepted. This was because of lower 

flexural strength (111 MPa) and bonding to resin cement. This resulted in more incisal 

edge fractures for the IOP design as compared with the TQP design. This can be attri-

buted to the difference in the veneer thickness (IOP = 0.54 mm vs. TQP = 0.85 mm).   

Furthermore, feldspathic porcelain veneers are fabricated manually and the nature of the 

laboratory technique may result in thickness variations.  

There were more fractures of the composite resin abutments with feldspathic por-

celain and IPS e.max® CAD laminate veneers for TQP compared with IOP. This can be 

attributed to more coverage on both sides (TQP), and the veneer can distribute more of 

the load and have increased resistance to fracture.  When a load is applied, a higher stress 

would be generated and distributed through the cemented veneer-resin cement-composite 

resin abutment monoblock resulting in the fracture of the composite resin abutment.  Two 

composite resin abutments for the feldspathic porcelain laminate veneers with the IOP 

design fractured at a lower average load (46 N). This observation can be attributed to the 

shorter supporting platforms for these composite resin abutments. This occurred with 

immersion in the acrylic resin during specimen preparation and could have resulted in a 

lower resistance to fracture. There was no difference in the fracture of the composite re-

sin abutments between IOP and TQP for yttria-stabilized zirconia laminate veneers attri-

buted to the higher flexural strength and compromised bonding between the resin cement, 

and the intaglio surface of the veneers.25 

Effect of Laminate Veneer Material within Preparation Design 

There was no statistical difference on the failure load between the three laminate 

veneer materials for the TQP design (even though yttria-stabilized zirconia had a thicker 
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veneer = 1.1 mm than IPS e.max® CAD = 0.84 mm and feldspathic porcelain = 0.85 mm) 

so the null hypothesis that yttria-stabilized zirconia laminate veneers would have higher 

failure load than IPS e.max® CAD and feldspathic porcelain laminate veneers of the same 

preparation design was rejected. This type of preparation design provided higher fracture 

strength for the laminate veneer and was not influenced by the flexural strength of each 

material separately when compared with the IOP design. However, there was a statistical 

difference in the failure load between feldspathic porcelain and IPS e.max® CAD mate-

rials for IOP. This was associated with the preparation design which provided a weaker 

veneer than the TQP, and the flexural strength of IPS e.max® CAD (360 MPa) dominated 

over the feldspathic porcelain (111 MPa) due to a thicker veneer for the IPS e.max® CAD 

(0.85 mm) vs. the feldspathic porcelain (0.54 mm). Thus the feldspathic porcelain 

showed more fractures than IPS e.max® CAD at the incisal region for both IOP and TQP 

designs. 

Chipping of Veneering Porcelain 

The yttria-stabilized zirconia copings of the laminate veneers were milled from a 

monolithic blocks and the veneering porcelain was fired onto these copings to mask the 

yttria-stabilized zirconia. There was an incidence of chipping with yttria-stabilized zirco-

nia laminate veneers during testing, attributed to the bonding between the yttria-stabilized 

zirconia coping and veneering porcelain which may be compromised as indicated in the 

literature.29 There was no chipping of IPS e.max® CAD and feldspathic porcelain lami-

nate veneers versus IPS e.max® CAD veneers which was attributed to completely milling 

from a monolithic block without overlying porcelain. Additionally, the feldspathic porce-

lain veneers were fabricated by a layering technique with no core and veneering porcelain 

99 
 



involved with the fabrication. Yttria-stabilized zirconia laminate veneers contained two 

different layers, core and veneering porcelain, with different coefficients of thermal ex-

pansion (CTE) which may have contributed to the incidence of chipping in the present 

study. However, the chipping was not the main failure observation for yttria-stabilized 

zirconia laminate veneers, as documented in the literature for crowns and fixed partial 

dentures.29 

 Further in vivo studies should be conducted to determine how long the yttria-

stabilized zirconia laminate veneers would survive in the oral environment along with the 

mode of failure. 

Conclusions 

Within the limitations of this study design, the following conclusions can be drawn:  

1. There was no effect of preparation design on the mean failure load of yttria-

stabilized zirconia and IPS e.max® CAD laminate veneers except for feldspathic 

porcelain laminate veneers. 

2. All the laminate veneer materials showed the same failure load within the speci-

fied preparation design except for IPS e.max® CAD laminate veneers which had a 

higher failure load than feldspathic porcelain for the IOP design.  

3. The IOP design, yttria-stabilized zirconia and IPS e.max® CAD laminate veneers 

showed more fractures of  the composite resin abutment, while feldspathic porce-

lain laminate veneers fractured at the incisal region. 

4. The TQP design, yttria-stabilized zirconia laminate veneers should failure by 

complete debonding, while IPS e.max® CAD, feldspathic porcelain laminate ve-

neers failed by fracture of the composite resin abutment. 
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5. Yttria-stabilized zirconia laminate veneers showed the least fractures and highest 

number of complete debonding, while the feldspathic porcelain laminate veneers 

showed the highest fracture and lowest occurrence of complete debonding. 
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Table 1. The average veneer means thickness of laminate veneer materials for different 
preparation designs. 

 
Veneer material  Average veneer mean thickness in mm (± SD) 

IOP (n= 10 per each design) TQP (n= 10 per each design) 
Yttria-stabilized zirconia 0.90 (± 0.08) 1.10 (± 0.14) 

IPS e.max® CAD 0.85 (± 0.10) 0.84  (± 0.10) 
Feldspathic porcelain 0.54 (± 0.11) 0.85 (± 0.20) 
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Table 2. The chemical composition and mechanical properties for yttria-stabilized zirco-
nia, IPS e.max® CAD, and feldspathic porcelain laminate veneers. 

 
 Composition Modulus of 

elasticity (GPa) 
Flexural Strength 

(MPa) 
Yttria-

stabilized 
zirconia 

ZrO2 (92.642 mol%), Y2O3 (5.3 
mol%), HfO2 (1.78 mol%), Al2O3 

(0.253 mol%), others (0.025 mol%) 

210 1200 

IPS 
e.max® 
CAD 

SiO2 (57-80 wt%), Li2O (11-19 
wt%), K2O (0-13 wt%), P2O5 (0-11 
wt%), ZrO2 (0-8 wt%), ZnO (0-8 

wt%), other and coloring oxides (0-
12 wt%) 

95 360 

Feldspathic 
porcelain 

SiO2 (64.5%), Al2O3 (14.4%), CaO 
(<1%), MgO (<1%), K2O (8.7%), 

Na2O (9.2%), Li2O (<1%) 

82 111 
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Table 3. The Cementation procedures for yttria-stabilized zirconia, IPS e.max® CAD, and 
feldspathic porcelain laminate veneers. 

 
Step 

number 
Step-by-step 

procedure 
Feldspathic porcelain 
and IPS e.max® CAD 

Yttria-stabilized zirconia 

1 Surface treat-
ment for the 

intaglio surface 

Etching with 5% hydrofluo-
ric (acid ceramic etching gel; 
Ivoclar Vivadent, Amherst, 
NY) for 60 seconds in case 
of feldspathic porcelain ve-

neers and 20 seconds for IPS 
e.max® CAD veneers, then 

rinsed with water, dried with 
air 

 

Tribochemical silica-
coating using sandblaster 

unit (Renfert, basic classic, 
2945-4025, Hilzin-

gen/Germany) filled with 
CoJet-Sand (30-µm silica-
modified Al2O3 particles, 

CoJetTM system; 3M ESPE, 
St. Paul, Minn): perpendi-
cular to the surface from a 
distance of approximately 
10 mm for a period of 15 s 
at 2.8 bar pressure, then air 

blasted  
2 Apply silane 

coupling agent 
VersaLink Porcelain Bond-
ing for 5 minutes (Sultan-

Healthcare, Hackensack, NJ) 

ESPE-Sil for 5 minutes 
(3M ESPE) 

3 Luting cement Variolink II with light cure 
bleach base (Variolink II; 

Ivoclar Vivadent, Amherst, 
NY) 

A self-adhesive universal 
resin cement (RelyXTM 
Unicem 2, 3M ESPE) 

4 Cure* for ini-
tial fixation 
from facial 

side 

5 seconds 2 seconds 

5 Cure* for final 
fixation from 
facial, mesial, 
distal and pa-

latal sides 

40 seconds 20 seconds 

6 Finishing 
 

Hand instruments (#15c scalpel, #371716, Bard- Parker; 
Becton Dickinson, Franklin Lakes, NJ), and Dialite Ultra 
Polishers (Brasseler USA® Dental Rotary Instruments, 
Savannah, GA.) 

7 Polishing The margins were polished with a diamond polishing paste 
(Henry Schein Inc., Melville, NY) and a rubber cup 
(#9631.204.030; Komet Dental, Rock Hill, SC).   

* The laminate veneers were light polymerized with at least a 600 mW/cm2 light intensity 
(Demetron® LCTM Kerr Corporation, Orange, CA).
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6. CONCLUSIONS 

 To simulate the long-term exposure of yttria stabilized zirconia to the oral envi-

ronment, changes in mechanical properties and surface roughness were evaluated after 

aging to induce low temperature degradation (LTD). The amount of tetragonal to monoc-

linic transformation was determined and related to surface roughness, modulus, hardness, 

and flexural strength. The preparation simulating dental practice did not induce transfor-

mations (2%) for non-aged samples. However, the amount of transformation was sub-

stantially raised (2 vs. 21%) and the surface roughness increased (Ra: 12 to 22 nm, p = 

0.017) for aged samples. There was a reduction in the modulus of elasticity (17 to 15 

GPa, p = < 0.001) and the hardness (276 to 257 GPa, p = < 0.001). The reduction in elas-

tic modulus may result in increased flexibility for fixed partial dentures during function 

and thereby lead to fracture.  

The fracture strength of yttria-stabilized zirconia was evaluated as a laminate ve-

neer restoration. There was no statistical difference in the failure load within preparation 

design compared with feldspathic porcelain and IPS e.max® CAD materials, but it had 

the lowest fraction of fractures and highest fraction of debonding. Chipping was not a 

prevalent mode of fracture for yttria-stabilized zirconia laminate veneers compared with 

crowns and fixed partial dentures as also documented in the literature. Yttria-stabilized 

zirconia and IPS e.max® CAD laminate veneers of three-quarter preparations showed 

more failures by complete debonding while feldspathic porcelain laminate veneers frac-

ture at the incisal region. The yttria-stabilized zirconia laminate veneers with incisal over-
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lapped preparation showed more failures as complete debonding and chipping, while IPS 

e.max® CAD laminate veneers showed failures by complete debonding, and feldspathic 

porcelain laminate veneers fractured at the incisal region. Feldspathic porcelain laminate 

veneers had the highest number of fractures and lowest complete debonding. 

The optical properties of yttria-stabilized zirconia were investigated through re-

duction in thickness (up to 0.3 mm) as a laminate veneer and there was no change in the 

color difference (∆E < 3.7) using different colors of try-in paste for composite resin ab-

utments. The yttria-stabilized zirconia was totally opaque when compared with feldspath-

ic porcelain and IPS e.max® CAD materials. This finding was confirmed with the mea-

surement of L* which was the brightest. IPS e.max® CAD had the lowest b* value (more 

bluish) and the highest color difference (∆E > 3.7). This confirms that IPS e.max® CAD 

was the most sensitive material to color changes, and its color difference was irrelevant to 

ceramic thicknesses at different regions.  However, feldspathic porcelain and yttria-

stabilized zirconia laminate veneers were affected by the thickness, i.e., the color differ-

ence decreased as the veneer thickness increased from the cervical to incisal regions.  

 The results from this project have shown that yttria-stabilized zirconia’s strength 

offers on ability to resist the intense occlusal and parafunctional forces of the masticatory 

system. Furthermore, one of the most significant potential findings will be whether LTD 

affects the biomechanical properties of yttria-stabilized zirconia for utilization in restora-

tive dentistry. The major concern for the use of yttria-stabilized zirconia laminate veneers 

in dentistry has been related to the opacity of the material. However, this study demon-

strated that the shading can be modified to replicate the most common dental shades, thus 

showing that opaqueness can be modified to an acceptable esthetic result. Hence, yttria-
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stabilized zirconia should offer the advantages of minimal tooth reduction, strength of 

ceramic material and acceptable esthetic shading, if modified appropriately. 
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Figure 1. Different failure modes after loading of cemented laminate veneers on compo-
site resin abutments: (a) Fracture of composite resin abutment, (b) complete laminate 
veneer debonding, (c) fracture of laminate veneer (incisal edge), and (d) chipping of por-
celain. 

a b

c d
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