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ABSTRACT 

Objectives: To evaluate the flexural strength of 5 ceramic dental materials and to compare 

the marginal fit of crowns made with e.max press and a new experimental (EXP) press 

ceramic. 

Materials and methods: The materials tested for flexural strength included: E.max press, 

E.maxCAD, ENAMIC, Experimental press, and Experimental-CAD. Each group (N= 10) 

was tested using the Instron 5566A using the piston-on-three-balls test. 

For the crown fit experiment an Ivorine tooth was prepared with a chamfer finish and used 

as the master die.  Wax up crowns were made on the die and pressed with E.max press and 

the Experimental press. 5 crowns per material were obtained. A similar procedure was used 

with standard aluminum crown dies. Copings were waxed up and pressed: 3 copings of 

E.max and 6 copings of EXP. Eight measurements of marginal fit per restoration were 

obtained with an optical microscope at 200×.  

The data was analyzed using ANOVA and a post hoc Tukey-HSD test (Significance level 

= 0.05). 

Results: Mean and SD Flexural Strength values (MPa) per group were: E.max press: 

486.96 (30.42). EXP press 378.16 (88.13). E.maxCAD 493.28 (55.2). EXP-CAD 420.63 

(86.05). ENAMIC 157.59 (6.27). 

Mean and SD values for margin fit per group (Microns) were: E.max press 74 (19). EXP 

press 65 (19). 

Conclusions: E.max press has 28.8% higher FS than EXP press (P=0.0044).  

ENAMIC had the lower FS (as expected).  
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EXP press had significantly lower marginal gap than E.max press by 12.2%.   
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Ch. 1 INTRODUCTION AND LITERATURE REVIEW 

1. 1 Ceramics and Porcelain 
The early 1960’s saw the introduction of what would be a breakthrough in restorative 

dentistry, the first successful porcelain-fused-to-metal-system. This was made possible due 

to the recent introduction of vacuum-fired porcelains and the bonding of porcelains to gold 

alloys (Kelly and Benetti, 2011; McLean, 2001; Rosenblum and Schulman, 1997; 

Weinstein et al., 1962). 

McLean introduced the concept of adding Al2O3 to feldspathic porcelain in order to 

improve their physical properties in 1965. Despite this breakthrough, these materials still 

had some obstacles that limited their use. These obstacles included brittleness, crack 

propagation, low tensile strength, marginal accuracy, etc. The following decades saw the 

development of several improvements such as the introduction of new methods of 

fabrication that reduced porosity and shrinkage. This led to a wide expansion of 

applications of ceramics into dentistry by the early 1990s, from endodontic posts and 

implant abutments to frameworks for fixed partial dentures (Conrad et al., 2007; Kelly and 

Benetti, 2011).  

Ceramics are mostly nonmetallic and inorganic materials made by firing minerals at high 

temperatures (Powers, 2012a; Rosenblum and Schulman, 1997). Porcelain is a more 

restrictive term because it is a specific type of ceramic. This term encompasses a range of 

ceramic materials made by mixing kaolin (hydrated alumino-silicate), quartz (silica), and 

feldspars (potassium and sodium alumino-silicates), and firing them at high temperatures. 

Dental ceramics belong to this compositional range (Powers, 2012a; Rosenblum and 

Schulman, 1997). 

Structurally, porcelain contains small crystals such as leucite (and other alumino-silicate 

crystals) that are embedded in a non-crystalline amorphous phase of silica glass  

(Rosenblum and Schulman, 1997). Dental ceramics can be classified by their applications, 

methods of fabrication, and by their microstructure (Kelly and Benetti, 2011; Powers, 

2012a). However, newer developments and the combination of different fabrication 
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techniques mean that this classification is constantly evolving (Denry and Holloway, 

2010). 

First, when talking about application there are only two major groups: for metal- ceramic 

restorations and all-ceramic restorations.  Second is the classification by fabrication 

method. These include sintering, slip-casting, heat-pressing and CAD/CAM machining. 

Some methods can be used in combination to obtain the final restoration. Lastly, by 

microstructure. Most dental ceramics have a glassy phase and one or more crystalline 

phases. The crystalline phase can vary in nature and amount in different dental ceramics. 

This, in combination with the porosity of the ceramic, gives the different mechanical and 

optical properties (Powers, 2012a).  

As mentioned before, the microstructure of the ceramics determines its properties. This is 

why it is important to understand the three classes of ceramics according to their 

microstructure. Ceramics can be predominantly glassy materials, particle filled glasses, and 

polycrystalline ceramics (Kelly and Benetti, 2011). 

1.2 Predominantly glassy ceramics 

A glass is a three-dimensional network of atoms which lacks a regular pattern to the spacing 

between nearest neighbors, hence the amorphous structure. 

These ceramics are derived from the mineral feldspar and are based on silica and alumina, 

thus belonging to a group called alumino-silicate glasses (Giordano 2nd, 1999; Kelly and 

Benetti, 2011; Kelly, 1997). These types of glasses are resistant to crystallization and have 

long firing ranges.  

1.3 Particle-filled glasses 

These ceramics differ from the previous group in the fact that crystals or particles of a 

higher melting glass have been added to the base glass composition. These fillers improve 

the glasses’ mechanical properties and can be used to control optical properties including 

opalescence, color and opacity. The crystalline mineral leucite was one of the first fillers 

used in dental ceramics (Giordano 2nd, 1999; Kelly and Benetti, 2011; Kelly, 1997). 

“Dispersion Strengthening” is when a strength increase is achieved by uniformly dispersing 

the appropriate fillers throughout the glass. Leucite has often been used for this purpose at 
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concentrations (40 to 55 mass %) higher than required by metal-ceramics. This 

improvement in strength has allowed for the development of single unit all-ceramic 

restorations.  

1.3.1 Glass ceramics 

These ceramics are a subset of particle-filled glasses whose fillers are derived chemically 

from atoms of the glass itself. The process starts with the formation of the glass and an 

ensuing special heat treatment which causes the precipitation and growth of crystallites 

within the glass (process called “ceramming”) (Malament and Grossman, 1987). This 

process alters the composition of the remaining glass.  

Historically, the first generation of heat pressed ceramics used leucite as crystalline phase 

which made up approximately 45 vol % of the material. They were an improvement on 

feldspathic porcelains in terms of strength and fracture toughness. This improvement 

occurs due to the tangential compressive stresses that develop around the crystals when the 

ceramic cools. The difference in thermal expansion coefficients between the leucite 

crystals and the matrix is what originates these stresses (Denry and Holloway, 2010). 

Dicor (Dentsply, PA, USA) was the first commercial glass-ceramic for fixed prosthodontic 

complete crowns  (Kelly and Benetti, 2011). Afterwards, in the early 1990s, IPS Empress 

(Ivoclar Vivadent, Liechtenstein) was the first glass ceramic used with the moulding 

technique. Its crystal phase of leucite is formed through the mechanism of surface 

nucleation and crystallization as mentioned above. Moulding involves using the viscous 

flow properties of glass ceramics. First, a dental restoration is waxed up; then the wax 

model is invested and the wax is subsequently fired out to create a void (lost wax 

technique). Lastly, a cylindrical glass ceramic ingot is pressed at high temperatures into the 

void  (Höland et al., 2009).   

More recent glass-ceramics are e.max press (Ivoclar Vivadent, Liechtenstein) and e.max 

CAD (Ivoclar Vivadent, Liechtenstein). The filler of these is crystalline lithium disilicate 

which composes 70% of their volume (Kelly and Benetti, 2011). 
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1.4 Polycrystalline ceramics 

The atoms of these ceramics are densely packed into regular arrays and have no glassy 

components. These features make this group of ceramics stronger than the previous. The 

drawback is the difficulty to process into dental prosthesis which is why they were not 

feasible before computer-aided manufacturing. CAD/CAM systems allow these ceramics 

to be packed into enlarged dies or to be machined as an oversized coping for firing. These 

approaches work due to the accurately predicted shrinkage of these ceramics after firing. 

These ceramics usually are opaque so in most cases they are used as a substructure on 

which veneering ceramics are applied (Heffernan et al., 2002; Kelly and Benetti, 2011). 

1.5 Lithium disilicate 

As previously mentioned, ceramics with lithium disilicate (Li2Si2O5) crystals belong to the 

glass ceramics group (specifically to the second generation of heat-pressed ceramics). 

Lithium disilicate is the main crystalline phase and it makes up around 65 vol %. These 

ceramics have approximately 1% porosity (Denry and Holloway, 2010; Guazzato et al., 

2004). They were developed with the aim to increase strength and toughness over their 

predecessors. A very important property (according to dental standard ISO 6872) is their 

flexure strength of 440 ±40 MPa (Buhler-Zemp, Petra et al., 2011; Guazzato et al., 2004; 

Höland et al., 2009). 

The lithium disilicate crystalline content improves the mechanical parameters of this 

material by decreasing the energy of fractures in the glass matrix. When a fracture forms, 

it attempts to propagate around the crystals and this creates a circuitous path which 

decreases its energy. On the other hand, the glass phase content of approximately 40% 

allows for the viscous flow principles to be used (its processing temperature is 920 °C) for 

pressing the ceramic using the lost wax technique (as explained previously) (Höland et al., 

2009).  

The strength of the second generation of heat-pressed ceramics is more than twice that of 

the first and their good performance has facilitated their use in restorations made by 

machining  (Denry and Holloway, 2010). Also, Ivoclar has made changes to these 

ceramics. First, they introduced IPS Empress 2 (Ivoclar Vivadent, Liechtenstein) in 1998 
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which had lithium disilicate as its main crystalline phase which composed 60% of its 

volume when processed (Ivoclar Vivadent, IPS Empress 2 Scientific Documentation, 

1998), as well as 34% volume of residual glass, and 1% volume of porosity (Lien et al., 

2015). Later (in 2005), e.max press came out and replaced IPS Empress 2. The 

microstructure of IPS e.max now consists of 70% lithium disilicate crystals (which are 

acicular and measure 3 to 6 µm in length) embedded in a glassy matrix. This has improved 

its mechanical properties. The recommended use is for single crowns and short span partial 

fixed dental prosthesis (Buhler-Zemp, Petra et al., 2011).  

The introduction of CAD-CAM technology has led to the development of IPS e.max CAD. 

This system consists of blocs that are manufactured by melting, quenching, and annealing 

specific glass compositions (mainly SiO2, Li2O, P2O5, ZrO2, ZnO and K2O) to form blue 

ingots. These blocs are in a partially crystallized (containing both lithium metasilicate and 

lithium disilicate crystal nuclei) state which gives them a moderate strength and hardness. 

In this state they can be easily machined by any known CAM system. After a restoration 

has been milled, it undergoes a two-stage heat treatment that produces a restoration with a 

glassy phase and lithium disilicate crystals (Lien et al., 2015). 

Structurally, this ceramic consists of highly interlocked lithium disilicate (Li2Si2O5) 

crystals, 5 µm in length, 0.8 µm in diameter embedded in a glass matrix. These crystals 

have a needle-shaped morphology which improves the mechanical properties (Goharian et 

al., 2010; Lien et al., 2015). The mechanisms that lead to the formation of these crystals is 

complex, but it is known that during crystallization lithium metasilicate (Li2SiO3) and 

cristobalite (SiO2)  form before the development of lithium disilicate crystals (Denry and 

Holloway, 2010). Phosphorus pentoxide (P2O5) is a common nucleating agent for lithium 

disilicate glass- ceramic. Its use derives in a heterogeneous nucleation and produces a fine 

grained interlocking structure of the crystals after heat treatment (Goharian et al., 2010). 

For IPS Empress 2, the nucleating agents used included phosphorus pentoxide (P2O5), 

titanium dioxide (TiO2), and Zirconium dioxide (ZrO2) (Lien et al., 2015). These oxides 

are added to the binary glass system (Li2O-SiO2) before firing. The usual glass preparation 
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requires a molar ratio of SiO2: Li2O at 2.39:1 (Höland et al., 2006; Kracek, 1929; Zhao et 

al., 2015). 

The finely dispersed crystals embedded on the amorphous glassy matrix allows any lithium 

disilicate restoration to dissipate the stress throughout its entire structure without 

concentrating them in any specific site (Kang et al., 2013). 

In a study on the microstructure and properties of IPS Empress 2 and IPS empress glass 

ceramics, the authors found the following regarding the lithium disilicate based ceramic: 

The elongated crystals observed in a SEM image of etched IP Empress 2 measured 0.5-4 

µm. The composition of the crystals was determined as Li2Si2O5 (lithium disilicate) by X-

ray diffraction. Lithium orthophosphate (Li3PO4) was found as a second crystalline phase 

in lower volume content (The crystals belonging to this composition were not discernible 

because of the acid etching). This phase could be observed on the surface of the lithium 

disilicate crystals as small holes with diameters measuring  0.1-0.3 µm (Höland et al., 

2000). 
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Figure 1 SEM images of IPS e.max press with different etching times (0 s, 20 s, 40 s, 60 s, 

120 s) (Xiaoping, Dongfeng, and Silikas 2014) 
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1.6 Flexural strength 

In their clinical use, most of the failures of all-ceramic restorations are due to fracture of 

the veneering porcelain and/or the coping. It follows then that long term success would be 

in large part depending on the material retarding crack propagation (Conrad et al., 2007). 

Strength is one of the most important properties in dental materials. Because dental 

ceramics are brittle and generally weaker in tension, determining the flexural strength of 

these materials is an accepted standard for comparison (Gorman et al., 2000; Powers, 

2012b). The flexural strength of different materials can be measured by using either 

uniaxial (three- or four-point bending of beams) or biaxial flexural tests (piston-on-ring, 

piston-on-three-ball, ball-on-ring and ring-on-ring tests). The latter are advantageous 

because multiaxial stress states are produced and edge failures disappear (Huang and 

Hsueh, 2011; Seghi et al., 1990). The International Organization for Standardization 

selected piston-on-three-ball tests to establish ISO 6782 for dentistry–ceramic materials 

(ISO 6872. Dentistry–ceramic materials. Geneva: International Organization for 

Standardization; 2006). 

When any new dental ceramic is developed, its mechanical properties such as strength and 

fracture toughness are among the first parameters tested to comprehend the clinical 

potential and limits of its usage (Guazzato et al., 2002). The capability of a ceramic to 

tolerate chewing forces is represented by its flexural strength (Charlton et al., 2008; Kang 

et al., 2013). 

Imperfections such as porosities and micro-cracks in the bulk of any ceramic will lead to a 

decrease in flexural strength (Albakry et al., 2003). For this reason, knowledge on the 

properties and adequate handling of any material is vital. In a study on the effect of heat-

pressing temperature on the flexural strength of lithium disilicate, the authors found that 

pressing at a temperature of 950 °C the specimens were almost pore-free in the surface. 

This is in contrast to the increased number of pores found when pressing at 980 °C (Wang 

et al., 2015).  

In a study on Flexure Tests in which the authors compared the strength values of different 

ceramic systems using three-point bend, ring-on ring, and piston-on-three-ball tests. They 
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concluded that the failure stresses for all materials were significantly different with 

different test methods (Zeng et al., 1996). For this reason, when comparing strength values 

of the same material among different sources, it is important to consider what kind of test 

was used. 

1.7 Marginal fit 

In 1989, Holmes et al. (Holmes et al., 1989) pointed out that the concept of marginal “fit” 

varied among different investigators because the reference point for measurements and the 

descriptive terminology was not the same for everyone. Today, the terminology they 

described is still used by many different authors. According to Holmes et al., the following 

are the correct terms: “The perpendicular measurement from the internal surface of the 

casting to the axial wall of the preparation is called the internal gap, and the same 

measurement at the margin is called the marginal gap. The vertical marginal misfit 

measured parallel to the path of draw of the casting is called the vertical marginal 

discrepancy. The horizontal marginal misfit measured perpendicular to the path of draw of 

the casting is called the horizontal marginal discrepancy. An overextended margin is the 

perpendicular distance from the marginal gap to the casting margin. An under-extended 

margin is the perpendicular distance from the marginal gap to the cavo-surface angle of the 

tooth. The angular combination of the marginal gap and the extension error (overextension 

or under-extension) is called the absolute marginal discrepancy. (…) It is the hypotenuse 

of a right triangle with sides defined as the overextended (or under-extended) margin and 

the marginal gap. The angular combination of the vertical marginal discrepancy and the 

horizontal marginal discrepancy also defines this same absolute marginal discrepancy (…) 

The absolute marginal discrepancy is measured from the margin of the casting to the cavo-

surface angle of the preparation.” (See Figure 2). 
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Figure 2 Casting Misfit Terminology (Contrepois et al., 2013; Holmes et al., 1989) 

A vital factor for the long-term success of any restoration is how accurate the marginal fit 

is (in other words, how small the absolute marginal discrepancy is). The longevity of a 

restoration is compromised when the marginal fit is inaccurate because a significant 

discrepancy at the crown margin eases the accumulation of plaque, increases the 

dissolution of the cement, and results in micro-leakage; all these factors lead up to 

secondary caries and periodontal disease (Felton et al., 1991). 

Even when a restoration has an adequate clinical marginal adaptation, there is always a 

microscopic gap between the tooth and restoration. This gap gets filled with cement and 

creates a seal, but when a large marginal discrepancy is present, the luting agent 

deteriorates easily (Ushiwata and de Moraes, 2000). 

A 5-year study by Mclean and Von Fraunhofer (McLean and von Fraunhofer, 1971) 

conducted on more that 1000 restorations led them to conclude that 120 µm was the 

maximum tolerable marginal opening. This study judged the aforementioned restorations 

as having good clinical fit based on radiographic and clinical examination with explorer. 
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The in vivo film thickness test showed discrepancies that extended over a range of 10 to 

160 µm. It is expected that when a crown has less marginal opening than the maximum 

tolerable (120 µm), the restoration will be clinically successful.  
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Ch. 2 STATEMENT OF THE PROBLEM 

The advances in technology have allowed the continuous development of new ceramics 

adequate for dental use. Every time a new system comes out it has to be evaluated to 

understand how it will work in clinical usage. Flexural strength is one of the most important 

mechanical properties that can be tested in any new ceramic due to the occlusal 

compressive and tensile forces it will be subjected while in use.  

Marginal fit of any crown is vital for its long term survival, especially to avoid de-

cementation and recurrent decay. The questions we want answer with this study are the 

following: Of the 5 ceramic systems we measured, which are the ones with the highest 

strength? Are these differences statistically significant? And, is there a significant 

difference in marginal discrepancy between e.max and the experimental ceramic? 

2.1 Objectives 

Part 1: To evaluate and compare the flexural strength of 5 different Press and CAD/CAM 

materials 

Part 2: To compare the marginal fit of e.max and a new experimental ceramic. 

2.2 Hypothesis 

There is no difference in strength and marginal fit among the different ceramic materials 

tested. 
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Ch. 3 MATERIALS AND METHODS 

The study includes two parts: 

A. Fabrication of specimens and testing the biaxial flexural strength. 

B.  Compare the marginal fit of pressed ceramics made of two different formulations. 

3.1 Static Loading-Biaxial Flexural strength 

	
Figure 3 Specimens used in this study 

For this first part of the study, the piston-on-three-ball test was used to measure the biaxial 

flexural strength of the 5 materials using a Universal Testing Machine Instron 5566A 

(Manufacturer: Instron, Norwood) at a span length of 15mm and a crosshead speed of 0.5 

mm per minute with a 1kN load cell. Each specimen was centered and supported on three 

symmetrically spaced balls (3-ball support with a radius of 4 mm) so that the tip of the 1.5 

mm radius piston was on its center. The load was applied at the center of the specimen 

through the tip of the piston until failure. A small new piece of aluminum foil was placed 

between the pusher and each specimen in order to distribute the stresses.  



	

	 14	

 
Figure 4 Instron Universal Testing Machine 

All specimens for this test were received (from the company that manufactured the 

experimental ceramic) ready for testing: 10 discs per material (5 groups, 50 specimens in 

total). The specimens were 13 mm in diameter and ~1.2 mm in thickness (each disc’s 

thickness was measured before testing in order to set the specific value for the equation). 

 
Figure 5 Specimen mounted on Instron Universal Testing Machine 

The Instron machine recorded the load at failure of each specimen and the biaxial flexural 

strength was calculated by the software using the following equations: 
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𝜎𝐵𝐼 = 	
−0.2837𝑃 𝑋 − 𝑌

𝑡1  

𝑋 = 1 + 𝑣 ln
𝑐1

𝑅1 +
1 − 𝑣
2

𝑐1

𝑅1  

𝑌 = 1 + 𝑣 1 + ln
𝑎1

𝑅1 + 1 − 𝑣
𝑎1

𝑅1  

Where sBI is the maximum tensile stress in megapascals (MPa), P is the failure load in 

Newtons (N), v is the Poisson’s ratio (v= 0.23), (the rest of the parameters are in millimeters 

[mm]) t is the specimen’s thickness, c is the tip radius, R is the diameter of the specimen, 

and a is the support radius (Huang and Hsueh, 2011). 

 
Figure 6 Specimen After Testing 

3.2 Marginal fit 

	
Figure 7 Sectioned silicone key 

A silicone key (ExaFlex Putty. GC, IL, USA) was made of the maxillary left sextant of a 

Columbia Dentoform M-PVR-1560 (NY, USA). This key was then sectioned in half 

mesio-distally in order to have the buccal outline of the teeth in one half and the palatal 

outline in the other half. One Ivorine (Columbia Dentoform, NY, USA) tooth number 12 
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was manually prepared with medium and fine diamond burs. The tooth was prepared 

according the guidelines for all ceramic crowns (Goodacre et al., 2001). 2 mm of occlusal 

reduction was done with a large round-end tapered fine diamond bur. The palatal incline 

of the functional cusp was reduced 2 mm to create a bevel. The axial reduction done was 

of 1.5 mm depth using a 6° occlusal convergence. The finish line created was a chamfer. 

A carbide tapered bur was used to finish and smoothen the preparation. The tooth was 

cleaned using steam. 

 
Figure 8 Occlusal view of prepared Ivorine tooth as master die 

 
Figure 9 Prepared die with silicone key 

Once the preparation was completed, a coat of lubricant (Lubritex No. 12-Whip Mix, KY, 

USA) was applied to the master die. After the lubricant dried, three layers (each layer is 12 

microns thick according to the manufacturer) of rubber die spacer (Rubber-Sep. George 

Taub Products & Fusion CO, NJ, USA) were applied to the die staying 1 mm away from 

the margin. A wax up of tooth no 12 was done by first applying a layer of blue inlay casting 
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wax (Kerr, CA, USA) to the die. Then the putty index was used to finish the wax up. Once 

adequate shape and contour were achieved, cervical wax was added around the crown 

margin making sure no voids were left. The excess wax was removed from the cervical 

margin to make the margin adapted and flush with the die. 

 
Figure 10 Ivorine die coated with die spacer 

	
Figure 11 Die Spacer - Rubber-Sep 

For the standard die (Aluminum Crown Die. Pober Industries, MA, USA) a similar 

procedure was performed: The die received the same treatment as the Ivorine die. A wax 

up of a coping was done with special attention to the marginal area by making it adapted 

and flush with the die. 
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Figure 12 Ivorine Die with First layer of wax 

	
Figure 13 Using the silicone key for the final contour 

	
Figure 14 Wax up after using buccal and palatal silicone keys 

	
Figure 15 Finalized wax up with margin adequately adapted 
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Figure 16 Intaglio view of the wax up 

 
Figure 17 Standard die 

	
Figure 18 standard die with die spacer 
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Figure 19 Wax up on the standard die 

	
Figure 20 Wax up of a coping 

The wax up of the crowns and the copings for the e.max group were then sprued at the edge 

of the investment ring (IPS Multi Investment Ring Base 200 g. Ivoclar Vivadent, 

Liechtenstein) at an angulation range of 45-60 degrees and a sprue length of 10 mm. 3 or 

4 wax ups were sprued to the ring at time. 
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Figure 21 Sprued wax ups 

The IPS Silicone Ring 200 g (Ivoclar Vivadent, Liechtenstein) was mounted to the base 

and IPS PressVEST Speed (Ivoclar Vivadent, Liechtenstein) (at the powder-liquid ratio 

indicated by the manufacturer for crowns) was used to invest making sure no air bubbles 

were trapped in the intaglio of the wax ups.  

 
Figure 22 Pouring the investment 

Once the investment ring was filled to the corresponding marking, the IPS Ring Gauge 

(Ivoclar Vivadent, Liechtenstein) was placed carefully with a hinged movement. After 
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pressing the ring gauge into the silicone ring until it stopped, the investment was allowed 

to set in place. 

After 30 min of setting time, the ring gauge was removed and the investment ring was 

pushed out the silicone ring. The investment was placed in a preheated furnace at 855 °C 

with the opening facing down. At this time the press furnace (Programat EP 5000. Ivoclar 

Vivadent, Liechtenstein) was turned on and the LT e.max 200g program was selected. 

 
Figure 23 -Preheating furnace and cooling grid 

Before pressing, a cold IPS Alox plunger (Ivoclar Vivadent, Liechtenstein) and a cold 200g 

IPS e.max Press ingot (Ivoclar Vivadent, Liechtenstein) were prepared. The plunger was 

dipped into the IPS Alox plunger separator (Ivoclar Vivadent, Liechtenstein). The 

investment ring was removed from the preheating furnace and placed in the center of the 

preheated press furnace with the opening facing up. The cold ingot was inserted in the hot 

investment ring with the rounded, blank side facing downward. The side of the plunger that 

was coated with the separator was then placed into the investment ring and the button 

START was pressed to initiate the pressing program. This program indicated the furnace 

to be at a stand by temperature of 700 °C, increase temperature at a rate of 60 °C per minute, 

and do the pressing at a holding temperature of 915 °C. After the program was over, the 

ring was taken out and cooled at room temperature for 60 min on the cooling grid. 
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Figure 24 E.max Press ingots 

	
Figure 25 Plunger dipped in Alox Plunger Separator 

 
Figure 26 - Programat EP 5000 – Pressing Furnace 
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After cooling, the investment ring was marked at the height of the Alox plunger. A disk 

was used to cut at this marking and the investment ring was separated. The rough 

divestment was carried out with polishing beads at 4 bar (58 psi) pressure until the crowns 

became visible. The fine divestment was done with polishing beads at 2 bar pressure. This 

step was done carefully by paying close attention to the blasting direction to avoid damage 

to the margins. 

 
Figure 27 Investment next to plunger to mark height for an accurate cut 

	
Figure 28 Investment after cutting at the height of the plunger 

After the fine divestment, the reaction layer formed during the press procedure has to be 

removed using IPS e.max Press Invex Liquid (Ivoclar Vivadent, Liechtenstein). This was 

done by immersing the pressed object in the Invex Liquid in a plastic cup and placing the 

cup in an ultrasonic cleaner for 10 minutes. The pressed object was then rinsed and dried.  

The reaction layer was completely removed with type 100 Al2O3 at 2 bar pressure. The 

crowns and copings were separated from the sprues using a diamond disk avoiding 
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excessive heating of the pressed object. Subsequently, a fine diamond bur was used to get 

an adequate contour in the place where the sprue was removed from. 

 
Figure 29 Investment during the rough divestment process 

 
Figure 30 Pressed e.max crowns after removing investment 
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Figure 31 - e.max crown after removing the sprue 

The steps for the sprueing, investing, preheating and pressing were done in the same 

fashion for the experimental ceramic as for e.max with a few exceptions: The sprueing was 

done in the same way and using the same ring base. Before investing, the wax ups were 

sprayed with a special mist (provided by the company) and the excess was removed with 

air. The investment was done with the material given by the manufacturer and following 

their instructions. 

 
Figure 32 Ingots and plunger of the experimental ceramic 



	

	 27	

The manufacturer provided ingots and plungers. Following their directions, in the instances 

were two ingots had to be used, the shade stamp of the ingot that was planned to be put in 

first was removed with a diamond bur (See Figure 32). After the investment set, the ring 

was placed in the preheated furnace in the same fashion and after 25 minutes it was placed 

in the pressing furnace. The cold ingot was inserted with the blank (convex) side facing 

down (shade stamp facing up) and the plunger was then placed into the ring. The selected 

program was preprogrammed in the furnace following the manufacturer’s instructions (The 

pressing temperature for this material was 915 °C as well). 

Divesting was done in the same way. Fewer steps were needed because there was no 

reaction layer with this material. After the fine divestment, the removal of the sprues was 

done. 

 
Figure 33 Pressed copings of the experimental ceramic 

For e.max press, 3 copings were fabricated on the standard die and 5 full contour crowns 

were fabricated for the Ivorine master die. For the experimental ceramic, 6 copings were 

fabricated on the standard die and 5 full contour crowns were fabricated for the Ivorine 

master die. 
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Figure 34 Optical travelling microscope 

To measure the marginal fit, each coping and crown was seated on its respective die. Then 

each coping was clamped on the die with uniform force. An optical travelling microscope 

(IVS metallurgical microscope Zeiss, Germany) connected to a high precision digital 

video-micrometer (Javelin JV6000, California, USA) was used to measure the gaps. 

8 marginal gap measurements per crown were done at the following points “mesio-buccal, 

mid-buccal, disto-buccal, mesio-lingual, mid-lingual, disto-linguial”. For the copings each 

measurement was done every 45 degrees. The dies were cut with a diamond disk in order 

to make them shorter so that they would not interfere with the microscope lens. The reason 

for this is that depending on the area being measured the die had to be positioned at an 

angle with the coping tilted downwards and the other end upwards (which if it was too long 

it would not allow for the lens to get close enough to get an adequate image). The resolution 

of the video-micrometer is up to 0.1 microns. Measurements were made at 200×  
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Figure 35 Clamp holding the coping on the die 

	
Figure 36 Measuring the marginal discrepancy 

The images of the specimens measured were saved as bit-map (bmp) files on the Windows 

based computer attached to the microscope. The specimens were positioned in such a way 

that the margin would appear vertically on the screen in order to use the vertical lines in 

the video-micrometer to measure the gap. 
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Figure 37 Example of typical microscope image of marginal measurement (200×) 

3.3 Microstructure 

Two fractured specimens from the Biaxial Flexural Strength Test (E.max press and EXP 

press) were examined using a Field Emission Scanning Electron Microscope (FESEM, 

Hitachi SU6600 FESEM with Oxford Aztec SDD EDS). Both fragments were cleaned in 

an ultrasonic bath for 5 min before immersing them in aqueous 9.5% hydrofluoric acid 

(HF) (Aristar, ACS Grade) for 60 s. After etching, the specimens were thoroughly washed 

with water and placed in an ultrasonic bath for 5 min. They were left to dry in air at room 

temperature and then they were glued to a round aluminum stub. The stub was sputter 

coated with gold for 50 s to improve conductivity of the specimens. The stub was then 

placed in the FESEM machine for observation. Images were taken at a magnification of 

×5.00k and ×10.0k. The images at ×10.0k were used to measure some of the crystals whose 

entire structure was visible. The length of these crystals for both images was measured 

using Quartz PCI software. 
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Figure 38 Field Emission Scanning Electron Microscope used in this study 

3.4 Data Analysis 

The data analysis was done with the JMP pro 12.0 software. Descriptive statistics were 

computed for marginal discrepancy and flexural strength. A One Way Analysis of Variance 

or ANOVA (α = 0.05) test was used to determine if there was a significant difference 

between groups. A Tukey post hoc test (α = 0.05) was used to compare each group with 

each other. For the flexural strength test, a Weibull distribution analysis was done using 

the same software. 
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Ch. 4 RESULTS 

4.1 Flexural strength 

The specimens were tested in a Universal Testing Machine Instron 5566A (Manufacturer: 

Instron, Norwood) for biaxial flexural strength. The biaxial flexural strength values and the 

Weibull modulus for the five groups are listed in Table 1; the strength values are shown as 

means and standard deviations in MPa. E.max CAD had the highest strength value (493.28 

MPa) and VITA ENAMIC (VITA, Bad Sackingen, Germany) had the lowest (157.59 

MPa). EXP press had the second lowest mean value (378.16 MPa). Both CAD materials 

had higher mean values than their respective Press materials (E.max CAD 493.28 MPa vs. 

E.max Press 486.96 MPa / EXP CAD 420.63 MPa vs. EXP Press 378.16 MPa). The highest 

Weibull modulus was observed for VITA ENAMIC (27.94) followed by e.max press 

(21.5). The lowest observed was for EXP press (4.9). The second lowest observed was for 

EXP CAD (6.2). 

 
Table 1 - Descriptive Statistics (flexural strength) 

 Biaxial FS (MPa) 

Material N Mean Std Dev CV Weibull 
Mod 

E.max CAD 9 493.28 55.2 11.19 12.45 
E.max press 9 486.96 30.42 6.25 21.5 

VITA ENAMIC 10 157.59 6.27 3.98 27.94 
EXP CAD 9 420.63 86.05 20.46 6.24 
EXP press 9 378.16 88.13 23.31 4.9 
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Figure 39 - Bar Graph - Mean (Biaxial FS) vs. Material 

Each error bar is constructed using 1 standard error from the mean. 
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The strength data was analyzed using One-way ANOVA to determine if there were 

significant differences between groups (Table 2). Analysis of variance showed that there 

was a significant difference between groups (P<.0001). 

A Tukey Honest Significant Difference (Tukey – HSD) post hoc test was done to determine 

which groups had significantly different strength values from each other. Table 3 

summarizes the one-way analysis and shows a high R squared value (0.82) which is the 

fraction of the overall variance that can be attributed to the differences among the group 

means. Table 4 shows the mean, sample size, and standard error for each level of the 

categorical factor 

 
Table 2 Analysis of Variance for FS 

Source DF Sum of 
Squares 

Mean Square F Ratio Prob > F 

Material 4 727753.77 181938 48.5917 <.0001* 
Error 41 153513.40 3744   

C. Total 45 881267.17    
 

Table 3 One-way ANOVA - Summary of Fit (FS) 

Rsquare 0.825804 
Adj Rsquare 0.808809 
Root Mean Square Error 61.19011 
Mean of Response 382.3303 
Observations (or Sum Wgts) 46 

 

Table 4 -Means for One-way Anova (FS) 

Level Number Mean Std Error Lower 95% Upper 95% 
E.max CAD 9 493.277 20.397 452.08 534.47 
E.max press 9 486.964 20.397 445.77 528.16 
ENAMIC 10 157.591 19.350 118.51 196.67 
EXP CAD 9 420.631 20.397 379.44 461.82 
EXP press 9 378.160 20.397 336.97 419.35 

Std Error uses a pooled estimate of error variance 

 
Table 5 - Connecting Letters Report (FS) 

Level    Mean 
E.max CAD A   493.27676 
E.max press A   486.96373 
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Level    Mean 
EXP CAD A B  420.63120 
EXP press  B  378.16020 
ENAMIC   C 157.59063 

Levels not connected by same letter are significantly different. 

 

Based on the connecting letters Report (Table 5): 

There is a statistically significant difference between the following: 

• E.max CAD and EXP press (p=0.0023) 

• E.max CAD and VITA ENAMIC (p<.0001) 

• E.max press and EXP press (p=0.0044) 

• E.max press and VITA ENAMIC (p<.0001) 

• EXP CAD and VITA ENAMIC (p<.0001) 

• EXP press and VITA ENAMIC (p<.0001) 

There is no statistically significant difference between the following groups: 

• E.max CAD and e.max press (p=0.9995) 

• E.max CAD and EXP CAD (p=0.1062) 

• E.max press and EXP CAD (p=0.1657) 

• EXP CAD and EXP press (p=0.5857) 

 

4.2 Marginal Fit 

The absolute marginal discrepancy (AMD) of the specimens was measured using an optical 

travelling microscope (IVS metallurgical microscope Zeiss, Germany) connected to a high 

precision digital video-micrometer (Javelin JV6000, California, USA). Eight readings were 

made by specimen for a total of 152 measurements. The AMD values for the five groups 

are listed in Table 6; the values are shown as means and standard deviations in millimeters 

(mm). The e.max coping group had the highest AMD mean value (77 µm) and the EXP 

full contour group had the lowest mean value (55 µm).  



	

	 36	

The marginal discrepancy data was analyzed using One-way ANOVA to determine if there 

were significant differences between groups (Table 10). Analysis of variance showed that 

there was a significant difference between groups (P<.0001) 

Table 8 shows that:  

There is a significant difference in mean values between the restoration types with 

p=0.00037 

There is a significant difference in mean values between the materials with p=0.00079 

There is a significant difference in mean values when both variables are considered jointly 

with p=0.0273. 

Table 9 summarizes the one-way analysis and shows a R squared value of 0.17 which is 

the fraction of the overall variance that can be attributed to the differences among the group 

means. The value for R squared shows a weak correlation. On the other hand, the p values 

mentioned show a significant difference between groups. This means that the probability 

of this correlation (however weak) to arise by chance is low. 
Table 6 - Descriptive Statistics for marginal measurements in millimeters 

 Gap (mm) 
Rest_type Materials Mean Std Dev CV 

Coping E.max press 0.077 0.020 25.613 
 Exp press 0.073 0.016 21.968 

Full Contour E.max press 0.072 0.019 25.675 
 Exp press 0.055 0.018 32.132 

 
Table 7 Descriptive statistics for MD (millimeters) by material  

Material N Mean Std Dev CV 
E.max press 64 0.074 0.019 25.40 
EXP press 88 0.065 0.019 28.94 
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Figure 40 Bar Graph showing mean marginal discrepancy measurements (mm) of the 

specimens in their respective dies 

Each error bar is constructed using 1 standard deviation from the mean. 
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Figure 41 Bar Graph showing mean marginal discrepancy measurements (mm) for crowns 

and copings combined per type of material 

Each error bar is constructed using 1 standard deviation from the mean.  
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Table 8 Effect summary (MD) 

Source LogWorth  PValue 
Rest_type 3.426  0.00037 
Materials 3.100  0.00079 
Materials*Rest_type 1.564  0.02730 

 
Table 9 Summary of fit (MD) 

RSquare 0.174353 
RSquare Adj 0.157617 
Root Mean Square Error 0.017781 
Mean of Response 0.068788 
Observations (or Sum Wgts) 152 

 
Table 10 Analysis of Variance (MD) 

Source DF Sum of 
Squares 

Mean Square F Ratio 

Model 3 0.00988156 0.003294 10.4178 
Error 148 0.04679391 0.000316 Prob > F 

C. Total 151 0.05667547  <.0001* 
 

 
Figure 42 Interaction Profile (MD) 

	
Table 11 Connecting letter report: marginal discrepancy (Material) 

Level   Least Sq Mean 
E.max A  0.07446208 
Exp  B 0.06424750 
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Levels not connected by same letter are significantly different 
	

Table 12 Connecting letter report: marginal discrepancy (Restoration type) 

Level   Least Sq Mean 
Coping A  0.07478333 
Full  B 0.06392625 

Levels not connected by same letter are significantly different 
	

Table 13 Connecting letter report: marginal discrepancy (Material and Restoration type) 

Level   Least Sq Mean 
E.max,Coping A  0.07656667 
Exp,Coping A  0.07300000 
E.max,Full A  0.07235750 
Exp,Full  B 0.05549500 

Levels not connected by same letter are significantly different 
	

According to the connecting letter reports of Table 11, Table 12, and Table 13 we can say 

the following:  

There is a statistically significant difference between the mean marginal discrepancy of 

EXP press and e.max press (p=0.0008). The coping restoration group has a significant 

higher marginal discrepancy than the full contour restoration (p=0.0004). There is an 

interaction effect between restoration type and material on the marginal discrepancy. 
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Figure 43 Example marginal fit measurement e.max coping (200×) 

	
Figure 44 Example marginal fit measurement EXP coping (200×) 
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Figure 45 Example marginal fit measurement of e.max crown (200×) 

	
Figure 46 Example marginal fit measurement of EXP crown (200×) 
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4.3 Microstructure 

	
Figure 47 Etched specimens at ×5.00k A. e.max B. EXP 

	
Figure 48 Etched specimens at ×10.00k A. e.max B. EXP 

	
Figure 49 Etched specimens at ×10.00k with crystal lengths A. e.max B. EXP 
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For the image of e.max press 6 crystals were in adequate position to be measured. The 

mean length of these crystals was 2.50 ± 0.41 µm. For the image of EXP press, 8 crystals 

appeared in good position to be measured. The mean length for the crystals of EXP was 

1.35 ± 0.31µm (see Figure	50). 

	
	
	

Table 14 Mean crystal length in microns 

 n Mean Std dev 
E.max 6 2.50 0.41 
EXP 8 1.35 0.31 

	

	
Figure 50 Bar Graph-Mean crystal length in microns 

Each error bar is constructed using 1 standard error from the mean. 
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Ch. 5 DISCUSSION 

5.1 Microstructure and Strength 

In a study on the effect of etching time and resin bond on the flexural strength of IPS e.max 

press glass ceramic, the authors observed SEM images of e.max with different etching 

(9.5% hydrofluoric acid gel) times (see Error! Reference source not found.). They 

observed that at 60 s the acid dissolved preferentially the glass matrix and elongated pillar 

crystals protrude from the glass matrix (Xiaoping et al., 2014). The SEM images of e.max 

we obtained for this study show a similar densely packed multi-directionally interlocked 

structure of needle-shaped crystals. According to scientific documentation of e.max press, 

the crystals of lithium disilicate measure between 3 and 6 µm. However, what we observed 

in the SEM images (See Figure 49) was a mean crystal length of 2.5 ± 0.41 µm. 

In theory, glass-ceramics than contain extra residual glassy phase have worse mechanical 

properties in contrast to those in which the crystallization process can be increased (this 

improves strength, resistance to thermal shock, lowers the coefficient of thermal expansion, 

etc. (Lien et al., 2015). When we compare the SEM images of e.max and the experimental 

ceramic (the mean crystal length for e.max was of 2.50 ± 0.41 µm and for EXP 1.35 ± 0.31 

µm), we can theorize that the smaller crystals and the higher number of voids (which could 

be either the space that the glass matrix occupied or porosity) in the image of the 

experimental ceramic could explain the lower strength values. Tang et al. observed a 

similar SEM image of e.max from what we obtained. In addition, the mean flexural strength 

value they obtained for e.max press was 354.46 MPa. After doing a second pressing using 

the leftover material from the first pressing (both pressings were done at 920 °C), they 

observed changes in the microstructure: the crystals were now oriented (as opposed to 

being multidirectional), they were wider, longer and distributed more sparsely. The crystals 

now lacked the sharp needle shaped ends and the porosity increased. These changes in 

structure were accompanied by a significant reduction in strength (247.37MPa, P=0.000)  

(Tang et al., 2014). 

In a study by Gorman et al. (Gorman et al., 2014), the authors observed SEM images of 

e.max and found an average grain size of 1.47 µm which is within range of the mean we 
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obtained. In this study they did the pressing of e.max with the 6.1 g ingots for one group. 

The leftover was recovered and pressed again for another group. This was repeated until 

they had done 4 pressings in total (all pressings were done at 920 °C) with the same ingot. 

They observed a systematic grain growth with the increased number of pressings (after 4 

pressings the mean grain length was 4.19 µm compared to the original mean of 1.47 µm 

after one pressing) and the appearance of secondary (smaller) crystals that seemed to 

originate from the primary crystals. It is important to mention that they found that the 

number of pressings did not affect in a significant manner the measured mechanical 

properties: flexural strength, hardness, and fracture toughness. In these two studies of 

repeated pressings, the increase in size of the crystals is a commonality. However, other 

parameters observed in the microstructures differ as well as their effect on strength. A good 

guideline for the link between the microstructure and strength is the theory proposed by 

Hasselman and Fulrath which states: “The strength of a glass–ceramic with a high volume 

fraction of a continuous glassy matrix is only dependent on the volume fraction of its 

crystallinity (i.e., dispersed phase), but the strength of a glass–ceramic with a high 

crystalline volume fraction is a function of both the volume fraction and size of its 

crystalline phase.” (Lien et al., 2015). In a few words, it is not clear in the case of the 

present study how the difference in microstructures affected the strength of the materials 

we tested. 

According to the scientific documentation of VITA ENAMIC, (VITA, VITA ENAMIC, 

Technical and Scientific Documentation, 2015) this hybrid ceramic (polymer-infiltrated-

glass-ceramic) has a flexural strength of 150-160 MPa. Stawarczyk et al. (Stawarczyk et 

al., 2016) obtained a mean strength value of 146 MPa with a three-point test and a Weibull 

Modulus of 22.8 for this material.  In our study the Weibull Modulus of VITA ENAMIC 

was 27.94 and the mean strength value for this material was 157.59 MPa. The strength we 

obtained is within the range specified by the manufacturer. The Weibull modulus was the 

highest for the 5 materials we tested. 
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The following table from the Scientific documentation of e.max press shows the different 

mean values obtained by different investigators using different tests to measure its flexural 

strength. 

Table 15 Mean flexural strength values for e.max (Buhler-Zemp, Petra et al., 2011) 

 
The mean strength we got in this study for e.max press was of 486.96 ± 30.42 MPa. This 

value is larger than the 440 ±40 MPa that is stated by the scientific documentation of e.max 

press but it is within range. When talking about e.max CAD there is a larger discrepancy 

as the mean flexural strength we obtained was 493.28 ± 55.2 MPa while the scientific 

documentation of e.max CAD stated a value of 360 ±60.  

EXP materials show higher standard deviation than e.max press and e.max CAD. The 

Weibull modulus of EXP press is 4.9 and EXP CAD is 6.2.  Low Weibull modulus values 

indicate these materials may have non-uniform defects. 

5.2 Marginal discrepancy 

According to a systematic review on marginal adaptation of ceramic crowns by Contrepois 

et al. (Contrepois et al., 2013), the literature on the topic displays a heterogeneity in 
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experimental protocols. This did not allow them to create a strict ranking of the different 

systems in terms of accuracy. The origin of this problem is that in different studies, 

different discrepancies are being measured, even for the same system.  

In the discussion of their systematic review, Contrepois et al. mention that many factors 

influence the marginal accuracy. Among them is direct human intervention in the 

manufacturing of the crown (skill of the technician plays an important role). This, however, 

may not be the biggest contributing factor. The measurement methods are crucial to the 

results. They found that direct microscopic examination of the marginal area was the most 

common method but pointed out that it has two important disadvantages: Difficulty in 

identifying reference points to measure and projection errors. The method in which 

cemented specimens are cross sectioned and examined under microscope was discouraged 

due to inaccurate results. In short, X-ray micro-tomography was suggested as the most 

accurate method. 

The difficulties of direct microscopic examination mentioned above were found while 

doing the measurements for this study. The task proved difficult and time consuming. This 

was due to several factors. One of them was that positioning the clamp in such a way that 

the gap could be observed adequately was challenging and hard to replicate. In order to 

obtain a measurement, the cervical margin of the restoration and the finish line of the 

preparation have to be in identical focal plane. The higher the magnification the harder this 

is to achieve. For this reason, most measurements were done at 200× and few at 500×. In 

order to replicate the measurement, the specimens have to be repositioned at the 

microscope x-y stage in the same tri-dimensional position. These difficulties have even led 

other investigators to create very specific appliances (such as the Specimen Positioning 

Device) to measure marginal discrepancies with a microscope and achieve standardization 

(Ushiwata and de Moraes, 2000) . 

The variable measured in the second part of this study is what is called the absolute 

marginal discrepancy. This is defined by the angular combination of the vertical marginal 

discrepancy and the horizontal marginal discrepancy. In order to obtain this measurement, 

the clamped specimen had to be tilted in such a way that allowed for margin of the pressed 



	

	 49	

restoration and the cavo-surface angle of the preparation to be in the same focal plane. The 

process of finding the correct angulation proved to be very time consuming.  

When a wax pattern is removed from its die, an average opening of 35 µm occurs on the 

margin before investing (Zeltser et al., 1985). In a study on lithium disilicate crowns, the 

authors found that the marginal gap of the crowns made using CAD/CAM manufacturing 

(105.14 ± 39.60 µm) was significantly lower than the conventionally waxed crowns 

(170.35 ± 50.69 µm). From these studies we can conclude that human error as well as 

distortion of the wax may influence the results. Despite this limitation, this study was done 

by only one person by following the same procedures for every specimen which conserves 

its internal validity. On the other hand, if the results are compared to other studies 

measuring the marginal discrepancy for the same materials, the aforementioned error may 

lead to us having higher mean values (Shamseddine et al., 2016).  

Stappert et al. (Stappert et al., 2004) measured the marginal gaps of 3 unit FPDs constructed 

from different pressed ceramic systems. They used IP empress 2, IPS e.max press, and 

metal ceramics. They found before cementation a marginal discrepancy mean measurement 

of 53 µm for metal ceramics, 57 µm for Empress 2, and 55 µm for e.max. In our study we 

observed a marginal discrepancy of 74 ± 19 µm for e.max. The result we obtained for e.max 

press is less than a standard deviation from the result obtained by Stappert et al. in their 

study for IPS e.max press. As mentioned before, the difference might be attributable the 

difference in the way of measuring the marginal discrepancy. Stappert et al. fabricated 

replicas (made by taking impression of the samples with polyvinyl-siloxane) of all samples 

representing the marginal areas which were then measured under microscope at 200× 

magnification. 

Two other studies are worth mentioning for comparison of the AMD values of e.max. The 

first study measured the occlusal gap, axial gap, vertical gap, and absolute marginal 

discrepancy of e.max press as a control. The authors compared these parameters to those 

of e.max CAD restorations fabricated with CAD/CAM with different spacer thickness 

settings (30, 60, and 100 µm). The press group showed a median value of 41.05 µm 
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(significantly lower than the CAD/CAM groups).The authors used x-ray micro-

tomography to evaluate the mentioned parameters (Mously et al., 2014). 

The second study measured the marginal fit of e.max press crowns after pressing and after 

repeated firing cycles.  The mean marginal opening after pressing was 30.2 ± 18.6 µm. In 

this study the measurements were done with a light microscope at 200× magnification 

without cementation. Only four measurements per specimen were performed. Furthermore, 

the authors defined the recorded variable as the distance along a line perpendicular to the 

most cervical extent of the margin and the most cervical external edge of the crown (Cho 

et al., 2012). As mentioned before, Holmes et al. defined this variable as the vertical 

marginal misfit. Without taking into account the horizontal marginal misfit, it stands to 

reason that Cho et al. would get a smaller mean value for the vertical marginal misfit as 

opposed to the absolute marginal discrepancy measured in the present study. 

As mentioned before, Mclean and Von Fraunhofer (McLean and von Fraunhofer, 1971) 

suggested that 120 µm was the maximum tolerable marginal opening for crowns. However, 

other studies suggest different values. Weaver et al. (Weaver et al., 1991), for example, 

suggest 70 ±10 µm as a “suitable” marginal discrepancy value for ceramic crowns. Another 

study by Hung et al. (Hung et al., 1990) cites a range between 50 to 75 µm to be practical 

and clinically acceptable. The means of the two materials tested in this study for marginal 

discrepancy fall in range of clinically acceptable as stated by the aforementioned studies. 

The experimental ceramic had lower marginal discrepancy than e.max press by 12.2%. 

However, it can be argued that this statistically significant difference is insignificant in a 

clinical setting: In their study, Mclean and Von Fraunhofer (McLean and von Fraunhofer, 

1971) compared the radius tip of an explorer to a hair with 40 µm thickness and concluded 

from their similarity in size that it would be difficult to detect marginal gaps of 80 µm or 

less with an explorer. According to the authors, gaps smaller than 80 µm are difficult to 

detect by radiographic means as well. On another study by Jahangiri et al. (Jahangiri et al., 

2005), the authors concluded that marginal openings smaller than 124 µm were difficult to 

detect by clinical evaluation with an explorer. If we consider that the difference in marginal 

discrepancy mean values between the ceramics used for this study was of 12.2 % (9 µm), 
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we can say with certainty that this difference would not be clinically detectable thus, not 

significant in practical terms. 
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Ch. 6 CONCLUSION 

Within the limitations of this study, we can conclude that: 

1. E.max press has 28.8% higher flexural strength than EXP press (P=0.0044). 

2. VITA ENAMIC is the weakest material among the 5 tested, but belongs to a 

different category of materials. 

3. The experimental ceramic has significantly lower marginal discrepancy than e.max 

press by 12.2% (P= 0.00079). This difference is insignificant in the clinical setting. 
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APPENDIX 

Table A 1 

Level	 	-	Level	 Differen
ce	

Std	Err	
Dif	

Lower	
CL	

Upper	CL	 p-Value	 	

e.max	CAD	 enamic	 335.6861	 28.11491	 255.478	 415.8944	 <.0001*	 	
e.max	press	 enamic	 329.3731	 28.11491	 249.165	 409.5813	 <.0001*	 	
EXP	CAD	 enamic	 263.0406	 28.11491	 182.832	 343.2488	 <.0001*	 	
EXP	press	 enamic	 220.5696	 28.11491	 140.361	 300.7778	 <.0001*	 	
e.max	CAD	 EXP	press	 115.1166	 28.84529	 32.825	 197.4085	 0.0023*	 	
e.max	press	 EXP	press	 108.8035	 28.84529	 26.512	 191.0954	 0.0044*	 	
e.max	CAD	 EXP	CAD	 72.6456	 28.84529	 	-9.646	 154.9375	 0.1062	 	
e.max	press	 EXP	CAD	 66.3325	 28.84529	 	-15.959	 148.6244	 0.1657	 	
EXP	CAD	 EXP	press	 42.4710	 28.84529	 	-39.821	 124.7629	 0.5857	 	
e.max	CAD	 e.max	

press	
6.3130	 28.84529	 	-75.979	 88.6049	 0.9995	 	
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