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SUMMARY 

 

Restoring the masticatory function requires a strong restoration which can withstand the 

masticatory load and survive other challenging conditions in the oral cavity. 

Historically, several materials were proposed to restore aesthetic and function of the 

missing teeth such as ivory, bones or even natural teeth obtained from human donors. 

Since the 1960s, metal ceramic technology has been a very successful application to 

replace missing tooth/teeth. However, aesthetic and biocompatibility disadvantages of 

the metal ceramics encouraged the development of strong and competitive metal-free 

restorations.  

Several all-ceramic systems are available in today’s market. These systems differ in 

their mechanical and aesthetic capabilities, with the zirconia-based and lithium disilicate 

restorations appear to be the most popular. A considerable amount of dental ceramic 

research worldwide is directed toward zirconia because of its impressive mechanical 

properties. However, zirconia restorations are known to have unpleasing aesthetic and 

high rate of veneer chipping. On the contrary, the unique properties of lithium disilicate 

of combining high strength and superior aesthetic make it an attractive material for 

research and development.  

Many testing methodologies have been used in the literature to investigate the strength 

and longevity of dental restorations. Undeniably, long-term clinical evaluation is the 

best approach to evaluate dental materials because it precisely represents the clinical 

performance of these materials. However, clinical studies are generally costly, time 

consuming and involve ethical constraints. Mechanical testing in simulated oral 
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conditions can provide clinically relevant results and failure modes similar to those 

occur in in vivo studies. Clinically, all-ceramic restorations typically fail after many 

years in service, which indicate a fatigue failure rather than acute overload. Therefore, 

evaluating the restorations’ fracture resistance under cyclic loading in a simulated oral 

environment is considered of significant advantage for the continual development of the 

all-ceramic system.  

This thesis consists of the following four studies aiming at investigating the fracture 

strength and fatigue resistance of lithium disilicate crowns from three main aspects: 

o A systematic review of the literature that tested lithium disilicate crowns or 

fixed dental prosthesis to elucidate study design and testing parameters to guide 

the testing methodologies in the next three studies (study 1) 

o The influence of tooth preparation and subsequent ceramic thickness on the 

fracture resistance of lithium disilicate crowns (study 2)  

o The influence of crown structure, monolithic vs. bi-layer on the fracture 

resistance of lithium disilicate crowns (study 3) 

o The influence of core/veneer thickness ratio applied in the bi-layer crowns on 

the fracture resistance of the veneered lithium disilicate crowns (study 4). 

Study 1: 

Objective: To review laboratory studies that investigated fatigue resistance of Lithium 

Disilicate crowns and fixed dental prostheses to elucidate study designs and testing 

parameters. 

Method: Electronic search was performed in PubMed, Scopus and Ovid to identify in 

vitro studies that investigated fatigue resistance of Lithium Disilicate crowns and fixed 
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dental prostheses. The search included all studies published in English language in peer 

reviewed journals in the period from 1998 to June, 2014. The search followed a specific 

strategy which included combination of the following keywords: lithium disilicate, 

e.max, empress, all-ceramic, all ceramic, glass ceramic, fatigue, cyclic loading, dynamic 

loading, chewing simulator, fracture resistance, thermocycling, laboratory simulation, 

aging, crown, FDPs, FPDs, fixed partial denture, fixed dental prosthesis, and bridge. 

Studies were selected if mechanical and thermal loading parameters are clearly 

identified. Search results with abstracts were transferred into Endnote reference system 

and duplicates were deleted. Remaining studies were then reviewed at three levels (title, 

abstract, and full text) to further refine the articles.   

Results: The initial search retrieved 1044 eligible studies. After deduplication, 864 

records were examined by titles and then abstracts; 826 were excluded and thirty-eight 

were assessed by full-text reading. In total, nineteen articles met inclusion criteria and 

were included in this study. 

Conclusion: Studies reviewed showed level of heterogeneity as testing parameters were 

considered through different setups. The current study demonstrated that various setting 

of the testing parameters and having a lack of testing standardization has likely led to 

inconsistency in the reported results. The obvious heterogeneity in the setting of testing 

variables- especially the magnitude of load and number of cycles applied made it 

impractical to run direct comparison between the reviewed studies. Therefore, specific 

international standardization of fatigue testing of dental restorations is urgently needed 

to ensure the delivery of consistent, indicative, and comparable data.  
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Study 2: 

Objective: Decreasing the amount of tooth reduction is crucial to avoid risks of pulp 

damage during tooth preparation. Therefore, this study investigates the effect of reduced 

tooth preparation and ceramic thickness on the fracture resistance of ceramic crowns.  

Materials and methods: One typodont molar received a standard tooth (group A) and 

another molar was prepared with less tooth reduction (group B). Twenty crowns were 

milled from each preparation. Five samples from each group acted as control while the 

remaining 15 samples were subjected to thermal mechanical loading. All specimens 

were then subjected to single load to fracture test to determine the fracture resistance. 

SPSS was used for statistical analysis. Differences in fracture load between groups were 

analysed using t-test. 

 Results: The mean fracture load values (in Newton) for group A were 2339.7 and 

2148.8 and for group B were 1751.7 and 1053.6 without and with fatigue, respectively. 

Reducing tooth preparation thickness significantly decreased fracture resistance of the 

crowns. After fatigue, the mean fracture load significantly decreased in group B; 

however it was not affected in group A.  

Conclusion: Reducing the amount of tooth preparation required for lithium disilicate 

crowns reduced fracture load of the restoration and was likely to be a factor attributing 

to crown failure during cyclic loading.  

Study 3:  

Purpose: To investigate the effect of crown structure (monolithic vs bi-layer) on the 

fracture resistance of lithium disilicate (LD) crowns subjected to cyclic loading. 
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Methods: A typodont molar tooth received a standard complete crown preparation 

according to the manufacturer’s instructions. Twenty monolithic and 20 veneered LD 

crowns were fabricated and adhesively luted to epoxy resin dies. Ten samples from each 

group acted as control while the remaining ten samples were subjected to cyclic loading 

in a chewing simulator. Fracture test was performed later to determine the fracture 

resistance of all crowns. Data was analysed using t-test for independent data (P < 0.05) 

and Pearson correlation test (P < 0.05). 

Results: All crowns survived fatigue testing resulting in 100% survival rate in both 

groups. The mean fracture load values were 2360.4 N and 2148.2 N for the monolithic 

crowns and 1547.9 N and 1482.4 N for the veneered crowns, unfatigued and fatigued, 

respectively. The fracture resistance of monolithic crowns was significantly higher (P < 

0.05) than that of the veneered crowns at baseline and after fatigue. Cyclic loading in 

the chewing simulator had no significant effect on the fracture resistance of monolithic 

and veneered crowns (P > 0.05).  

Conclusions: Monolithic LD crowns have significantly higher fracture resistance than 

veneered crowns. Cyclic loading in simulated oral environment did not significantly 

affect the fracture strength and failure mode of monolithic and veneered LD crowns. 

Nevertheless, the fracture test results revealed that monolithic crowns are more 

appropriate than the veneered crowns for posterior restoration.     

Study 4:  

Purpose: To investigate the effect of core/veneer thickness ratio on the fracture strength 

of lithium disilicate crowns subjected to cyclic loading in simulated oral environment. 

Materials and methods: A typodont molar tooth received a standard complete crown 

preparation according to the manufacturer’s instructions. Sixty lithium disilicate crowns 
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were prepared and assigned to three groups with the following core/veneer thickness 

ratios A: 0.7 (0.6/0.9), B: 1.1 (0.8/0.7) and C: 2 (1.0/0.5). The cores were milled from 

lithium disilicate e.max CAD blocks and hand-layered using e.max Ceram (Ivoclar 

Vivadent, Schaan, Liechtenstein). Ten samples from each group acted as control while 

the remaining ten samples were subjected to thermal mechanical loading in a chewing 

simulator. All specimens were then subjected to single load to fracture test at 1 mm/min 

crosshead speed. Data was analysed using two-way ANOVA, Tukey multiple 

comparison test, Pearson correlation test and Quadratic regression (P < 0.05). 

Results: All crowns survived fatigue testing with no signs of fractures or chipping, 

resulting in 100% survival rate. The mean fracture load values for control and 

corresponding fatigued samples (N) were 1075 and 987 for group A, 1548 and 1482 for 

group B and 1455 and 1163 for group C. Increasing the core/veneer thickness ratio from 

0.7 to 1.1 significantly increased the fracture load of the crowns. However, a further 

increase in the ratio up to 2 did not affect the fracture load compared to the 1.1 ratio 

(P>0.05). The increase in core thickness significantly positively correlated with the 

fracture force for control samples (r=.76; P<0.05). After single load to fracture, crowns 

predominantly failed by bulk fracture including the whole thickness of the crowns. 

Fracture modes were categorised according to fracture path and number of fractured 

pieces. 

Conclusions: Crowns with 1.1 (0.8: 0.7) core/veneer thickness ratio showed the 

optimum fracture load among control and fatigued groups. Reducing the core thickness 

from 0.8 mm to 0.6 mm decreased the fracture load significantly while increasing it to 

1.0 mm showed no statistical effect. Cyclic loading in simulated oral environment did 
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not significantly affect fracture strength of veneered LD crowns in any of the tested 

groups.   

To sum up, lithium disilicate material as proved by this thesis is fracture resistant and 

capable to survive and function as a posterior restoration. Cyclic loading in simulated 

oral environment did not affect the initial fracture load of the crowns significantly when 

the recommended ceramic thicknesses were applied. Therefore, for successful 

application of this material, the recommended ceramic thickness of the monolithic 

crown and the recommended core and veneer thicknesses in the bi-layer crown should 

be followed. Although both crown structures (monolithic and bi-layer) are 

recommended for restoring posterior teeth, the results suggest that the monolithic crown 

is more appropriate for posterior application.    
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1. Overview  

Dental ceramic technology is one of the fastest growing areas of dental material 

research. The high aesthetic capability and biocompatibility of dental ceramic made it 

an attractive choice for patients and dentists
1, 2

. The porcelain jacket crown (PJC) is

known to be the first all-ceramic crown which was described by Land
3
 in 1903. In spite

of its aesthetic advantage, however, this crown did not achieve great popularity because 

of its low strength and susceptibility to fracture
4
. Then, a relatively stronger

restoration—composed of an alumina-reinforced porcelain core and aesthetic porcelain 

veneer—was developed
5, 6

. Despite the better results achieved on the anterior teeth with

this next iteration, the strength of the core material was still inadequate for use of these 

restorations on posterior teeth
7
. The clinical shortcomings of these restorations, such as

brittleness, crack propagation, low tensile strength, wear resistance, and marginal 

accuracy, discontinued its use
8
.

Later, the metal ceramic (MC) restorations dominated, as ceramic was formulated for 

routine fusion with metal substructure
9
. Although the idea of substituting the missing

teeth with ceramics started with the construction of all-ceramic crowns
3
, MC was the

most common application for an extended period of time. MC restorations have passed 

the test of time and are recognized as predictable and well-established alternatives to 

replace missing teeth
10

. In fact, MC restorations require relatively little specialist

knowledge for their routine use, which has led to a universal acceptance since their 

introduction
11

. In spite of the MCs’ extensively successful record though, the metal
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substructure compromises the aesthetic of porcelain, by causing metal ion 

discolorations
12

, and its use involves biological incompatibility risks
13, 14

; together, these

problems encouraged the development of more advanced all-ceramic systems.  

The high strength required for all-ceramic restorations has been achieved through the 

development of ceramic materials with a significantly greater amount of crystalline 

phase. Although this higher crystallinity improved the strength and fracture resistance 

of ceramics, it is associated with higher opacity, which can compromise the aesthetic of 

the finished restoration
15

. Based on the crystalline content, dental ceramics can be

categorized into three major groups
16

:

 Predominantly glassy with no crystalline content: this glassy ceramic originates

from feldspar minerals that contain mainly silicon dioxide (silica or quartz). It is

the best option to mimic the optical properties of the natural tooth structure
17, 18

.

However, the low mechanical properties limit its use in monolithic restorations.

 Particle-filled glasses: in these types of ceramic, filler particles of crystalline or

higher melting temperature glass are added to or grown in the base glass

composition to improve the mechanical properties of the material
19

. However,

the physical and mechanical properties are very sensitive to the nature, amount,

particle size, and distribution of the crystalline phases
20

. Many contemporary all-

ceramic systems with different crystalline contents such as leucite glass-ceramic,

lithium disilicate glass-ceramic, and glass infiltrated alumina-based ceramics

belong to this group
16

 Polycrystalline ceramics with no glassy phase: the continual reduction in the

glassy phase in favour of the crystalline phase in order to make stronger and

tougher restorations led to the introduction of these monophase ceramics (e.g.
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alumina or zirconia) with no glassy matrix
18

. The main drawback of these higher 

strength ceramics is that they are relatively opaque compared to glass 

ceramics
16

. Therefore, they are usually recommended as substructure materials 

veneered with glassy ceramics to achieve aesthetically-pleasing results
21

. 

Manufacturers have developed many ceramic systems with different crystalline contents 

and processing techniques such as alumina, zirconia, and lithium disilicate restorations. 

Alumina containing restoration was an attractive prosthodontic option for many years. 

Despite the success achieved by the alumina-based ceramics, particularly the In-Ceram 

series (VITA Zahnfabrik, Germany), the application of this system has been narrowed 

down probably because the method requires a complex series of time-consuming steps, 

which introduce a challenge to achieving accurate fit
22-24

, and may result in internal 

defects that weaken the material from incomplete glass infiltration
25

. 

In terms of strength, zirconia is advocated as the best all-ceramic restoration available. 

However, zirconia based restorations are not generally aesthetically-pleasing
26

 and the 

problem of veneer chipping has been reported as a frequent complication and common 

cause of failure
11, 27-30

. Another drawback of zirconia is the inherently accelerated 

ageing process that occurs in zirconia in aqueous environment (also known as low-

temperature degradation, LTD)
11

. This ageing phenomenon causes spontaneous phase 

transformation of the zirconia crystals from the tetragonal phase to the weaker 

monoclinic phase, resulting in a decrease in physical properties; this, in turn, puts 

zirconia frameworks at risk of spontaneous catastrophic failure
31

.   

Lithium disilicate glass-ceramic is another competitive material for all-ceramic 

restorations. It offers optimal light transmission; high translucency; natural, tooth-like 

colors; and great strength
32

. In addition, lithium disilicate crowns demonstrated good 
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clinical performance with low prevalence of mechanical failure along different follow 

up periods
33-36

. The material showed excellent in vitro results through mouth motion 

fatigue testing
37-41

, and significantly higher reliability than porcelain layered Y-TZP 

crowns
42

, as well as being more fracture resistance than zirconia/fluorapatite press over 

crown
38

. The ability of lithium disilicate to combine superior aesthetics, high strength, 

and promising in vivo and in vitro results make it a strong competitor for the 

impressively strong zirconia restorations.  

1.2. Tooth preparation for all-ceramic restorations 

Replacing a missing tooth/teeth or part of a tooth is critical to restoring aesthetics and 

function. The established reliability and durability of complete crown restorations
43, 44

, 

and the availability of numerous crown systems to choose from make it an attractive 

choice in prosthetic treatment. However, preparing a tooth for complete crown 

restoration requires considerable tooth reduction
45

 and varies depending on the crown 

system intended to be used. The design of tooth preparation has to reach a balance 

between conserving tooth structure and achieving sufficient strength and retention of the 

restoration
46

. 

Generally, tooth preparations required for metal crowns are more conservative to tooth 

structure than those required for MC or all-ceramic restorations
47

. The current 

recommended tooth preparation design of all-ceramic crowns is derived mainly from 

historical empirical designs for non-adhesive crowns as recommended for cast metal 

and MC restorations
48, 49

. The thickness requirements were mostly recommended based 

on the mechanical properties of the material
47

 and traditional laboratory testing to 

optimize restoration strength as a stand-alone item with less concentration on the 

crown-tooth complex
50

.  
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The introduction of dentin bonding systems presented a great advantage by reducing the 

need for extensive preparation to achieve a resistant and retentive form of the prepared 

tooth
51, 52

, and opened the door to more conservative preparations. Nevertheless, the 

majority of current all-ceramic manufacturers recommend minimal ceramic thicknesses 

of 1.5 mm on axial/occlusal and 1.0 mm at the cervical region to achieve successful 

results
47

. These invasive preparation designs lead to the loss of up to 75 % of the 

coronal part of the tooth
45

, which is associated with a potential risk of pulp damage—

especially in young people
47

.  

The large ceramic thickness is basically recommended by manufactures to avoid 

mechanical failure of the restoration during service, and to achieve the high aesthetic 

standards required by dentists and patients. However, clinical fracture of dental 

restorations is a multifactorial issue that cannot be explained solely by the restoration 

thickness. It is influenced by a combination of variables, including: tooth preparation 

and restoration geometry, mechanical properties of the restoration, cementation 

material, and the progressive damage caused by occlusal function
53, 54

. In addition, the 

oral environment surrounding dental restoration adds in many challenging conditions, 

such as humidity, and pH and temperature fluctuation
15

.  

In a recent review, Podhorsky et al 
55

 found that estimating the amount of tooth 

reduction that can be done without harming the pulp remains one of the major problems 

during tooth preparation. Goodacre et al 
56

 traced the historic evolution of complete 

coverage tooth preparations to identify guidelines for the required tooth reduction based 

on scientific evidence. They found that it is not necessary to exceed 1 mm of axial 

reduction when using semitranslucent all-ceramic systems and higher value lower 

chroma shades. However, 2 mm incisal/occlusal reduction is generally recommended 
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for all-ceramic crowns. These findings indicate that the minimum 1.5 mm circular 

reduction recommended by the manufacturer of various all-ceramic systems might not 

be necessary.  

1.3. All-ceramic processing techniques 

Driven by the need for strong, durable and aesthetically pleasing restorations, the 

evolution of all-ceramic systems for dental restorations has been remarkable over the 

last thirty years. Three significant processing techniques novel to dentistry have been 

introduced and popularized, such as hot-pressing, slip-casting (glass infiltration), and 

the more recent computer-aided design/computer-aided manufacturing (CAD/CAM) are 

the most popular
15

.

The first technique, hot-pressing, utilizes the well-known lost-wax technique to create a 

mould of the restoration into which ceramic is pressed at high temperatures and 

pressure
17

. The manufacturer supplies the pressable ceramic as prefabricated ingots

made of crystalline particles distributed throughout a glassy matrix. This process can be 

expected to produce a well-controlled and homogeneous material
57

. The advantage of

the hot-pressing is that dental technicians are already experienced at achieving good 

accuracy of fit using the lost-wax method with metal alloys
23

. In addition, the

equipment needed to hot-press dental ceramics is relatively inexpensive
15

.

In the second method, slip-casting, the material is supplied as two components: a 

powder and a glass. The powder is fabricated into a porous substrate and the glass is 

infiltrated into that substrate at a high temperature. The glass infiltrated substructure is 

then veneered using the conventional feldspathic porcelain
17

. Ceramics fabricated using

this technique can have a higher fracture resistance, when compared to those produced 

by powder condensation
57

. This processing technique has been less popular over time,
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because the method requires a complex series of time-consuming steps, which introduce 

a challenge to achieving accurate fit
22-24

, and may result in internal defects that weaken 

the material because of incomplete glass infiltration
25

.  

Finally, the CAD/CAM technique has become an increasingly popular part of dentistry 

in the last three decades. In this processing method, a scan is made to capture and record 

the data about the tooth preparation, adjacent teeth, and occluding tooth geometry. Then 

the design of the restoration is prepared by a computer and sent to a milling machine to 

create the final restoration accordingly
58

. The introduction of this processing method 

enabled the extensive use of the strong zirconia material to fabricate dental restorations. 

The use of CAD/CAM technology for dental restorations has many advantages over the 

other techniques: new materials are safe, aesthetically pleasing, and durable; increased 

efficiency in laboratory processing; quick fabrication of the restoration; and quality 

control of restorations such as fit, mechanical durability, and predictability
59, 60

. Labour-

intensive waxing, casting, soldering, and many other conventional laboratory 

procedures can be avoided with the application of CAD/CAM technology
8
.  

1.4. Contemporary all-ceramic systems 

Currently, all-ceramic systems which can be used for a wide range of applications are 

mainly alumina-based systems, zirconia-based systems, or lithium disilicate glass-

ceramics system.  

1.4.1. Alumina-based ceramics 

The In-Ceram system (VITA Zahnfabrik, Germany), as described by Sadoun, uses a 

reinforcing aluminium oxide core to provide enhanced mechanical properties
61

.  It was 

the first all-ceramic system available for single-unit restorations and 3-unit anterior 

FDPs. The fabrication of the In-Ceram core is accomplished in a two-step procedure: 
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first, a sintered alumina framework is created in a slip-casting process; then, a slurry of 

densely packed (70-80 wt%) aluminium oxide is applied and sintered to a refractory die 

at 1120°C for 10 hours, resulting in a porous skeleton of alumina particles. Second, the 

porous framework is infiltrated with molten glass in a second firing at 1100°C for 4 

hours to eliminate porosity, increase strength, and limit potential sites for crack 

propagation
62

. Compressive stresses, which further improve the strength, are also 

introduced to manage the differences in the coefficient of thermal expansion of the 

alumina and glass
62

. The resulting bending strengths are the highest reported for dental 

ceramics
63-65

. The coping is veneered with feldspathic porcelain. Alumina blanks 

(Vitablocs In-Ceram Alumina; VITA Zahnfabrik, Germany) are also available for 

milling in combination with CEREC (Sirona Dental Systems, Germany)
66

.  

The opaque core in the In-Ceram Alumina was one of the disadvantages that 

encouraged the introduction of In-Ceram Spinell by the same manufacturer in 1994. The 

use of a mixture of magnesia and alumina (MgAl2O4) in the framework increased the 

translucency
67

 but resulted in lower flexural-strength compared to In-Ceram Alumina, 

and thus it was only recommended for anterior crowns
68

. In-Ceram Zirconia is another 

modification of the original In-Ceram Alumina system, with a 35% partially stabilized 

zirconia oxide added to the slip composition, which strengthens the 

ceramic
69

. Traditional slip-casting techniques can be used, or the material can be copy-

milled from prefabricated, partially sintered blanks, and then veneered with feldspathic 

porcelain
70

. Since the core is opaque and lacks translucency, the material is 

recommended for posterior crown copings and FDP frameworks
69

.  

Procera AllCeram Alumina is another alumina-based ceramic developed by Nobel 

Biocare, in Sweden
71

. The manufacturer embraced the concept of CAD/CAM 
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technology to fabricate all-ceramic crowns composed of a densely sintered, high-purity 

aluminium oxide coping (99.9%) combined with low-fusing all-ceramic veneering 

porcelain
71

. A sapphire contact probe is used to scan the working die and to define the 

3-dimensional shape of the preparation
72

.The data is sent electronically to a 

manufacturing facility where a 20% enlarged model is copy-milled and used for the dry-

pressing technique
73

. High purity aluminium oxide powder is mechanically compacted 

on the enlarged die and sintered at 1550°C, eliminating porosity and returning the core 

to the dimensions of the working die
74

. The crown form is completed by veneering it 

with low-fusing porcelain matching the coefficient of thermal expansion of the 

aluminium oxide
73

.  

Glass infiltrated ceramic crowns placed on the anterior and posterior teeth achieved a 

high survival rate of 91% to 100% at 5 years for both In-Ceram Alumina and Zirconia
75

. 

Another study reported a 5-year cumulative survival rate of 96.9% for anterior teeth and 

87.7% for posterior teeth
76

. Procera AllCeram Alumina crowns also achieved 

comparable results with survival rates ranging from 90.9% to 95.2% after 6 years, and 

93.5% after 10 years
77, 78

. However, when used for three- and four-unit FDPs, the 

survival rate of the In-Ceram system ranged from 85% to 96% over a 5-year period
75

. 

Procera AllCeram Alumina has the highest strength of the alumina-based materials, yet 

it is still not as strong as zirconia
66

. These systems are not popular in current dental 

practice, with lithium disilicate glass-ceramic and ziconia-based ceramics remaining the 

main competitors
79

. 

1.4.2. Zirconia-based ceramics 

Because of the advances in the CAD/CAM technology, the high-strength ceramic 

systems—especially zirconia—have become increasingly popular. The introduction of 
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zirconia as a dental material has created substantial interest in the dental field
80

. With its 

good chemical properties, dimensional stability, high mechanical strength, toughness, 

and a young's modulus (210 GPa) similar to that of stainless steel alloy (193 GPa)
81

, 

zirconia has been seen as the material of choice in prosthetic treatment.  

This high initial strength and fracture toughness of zirconia results from what is known 

as transformation toughening
82, 83

: the ability of partially stabilized zirconia to undergo 

phase transformation from tetragonal crystal configuration to the more stable 

monoclinic configuration when subjected to stresses
84

. In other words, when a crack 

develops within zirconia and attempts to propagate, the transformation occurs and 

creates local compressive stresses at the crack tip; this results in the decreasing of crack 

tip energy and restricts additional propagation
84

.  However, when considering the 

restoration of teeth with all-ceramic materials, survival data is crucial to value the 

efficiency of different treatment approaches
66

. Zirconia-supported crowns and three- to 

five-unit FDPs presented survival rates from 73.9% to 100% at 5 years
30, 85, 86

. Clinical 

evaluations of zirconia restorations have reported no problems related to the zirconia 

framework, but the problem of veneer chipping has been reported as a frequent 

complication and common cause of failure
11, 27, 29, 30, 87

.  

Two types of zirconia blocks are available for CAD/CAM applications, and each has 

advantages and disadvantages. The first type is a dense, fully sintered block for direct 

machining. The second type is a partially sintered blocks, which needs post-sintering 

after CAD/CAM fabrication to obtain a final product with sufficient strength. The fully 

sintered block has a superior fit because no shrinkage is involved in the process, but it is 

harder to mill. In addition, it is subjected to micro-crack formation during the milling 

process, which can compromise the mechanical properties of the finished restoration
88, 
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89
. On the other hand, while the partially sintered block is easier to mill, the extensive 

shrinkage that occurs during the post-sintering process affects the fit accuracy. 

Therefore, a dimensional adjustment of CAD procedures is needed to compensate for 

that shrinkage. Many CAD/CAM systems for designing and milling zirconia 

restorations are currently available such as Lava (3M ESPE, St. Paul, Minn), Cercon 

(Dentsply Ceramco, York, Pa), DCS Precident (DCS Dental AG, Allschwil, 

Switzerland), and Denzir (Decim AB, Skelleftea, Sweden).    

1.4.3. Lithium disilicate glass-ceramic  

Lithium disilicate as a restorative dental material was firstly introduced in 1998 under 

the trade name IPS Empress II (Ivoclar Vivadent, Schaan, Liechtenstein). A high 

strength of 350 MPa was achieved with this glass-ceramic which incorporated up to 70 

vol% crystal content
90

. The system uses the lost-wax technique and hot-pressing of the 

ceramic ingots. The final microstructure consists of a unique alignment of highly 

interlocked lithium disilicate crystals, 5 μm in length and 0.8 μm in diameter
61

. The 

difference in coefficients of thermal expansion between lithium disilicate crystals and 

glassy matrix results in tangential compressive stresses around the crystals, which, in 

turn, likely increase the strength of the material and is responsible for crack deflection
8
. 

The material has shown good clinical performance and survival in single crowns
91

 but 

not as FDPs
92

. Therefore, the exclusive manufacturer improved the material, 

reformulated it, and presented it to the market in 2005 under the trade name IPS e.max 

(Ivoclar Vivadent, Schaan, Liechtenstein). IPS e.max also consists of a lithium disilicate 

glass-ceramic, but with a refined crystal size, presenting improved physical properties
16

. 

Due to the relatively low refractive index of the lithium disilicate crystals, this material 

presents high translucency despite its high crystalline content
18

.  
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Machinable lithium disilicate blocks (IPS e.max CAD) were also developed to be used 

with CAD/CAM processing technology. These blocks are subjected to a two-stage 

crystallization process. In the first stage, 40 vol% of lithium-metasilicate crystals are 

formed, resulting in a flexural strength of 130 MPa to 150 MPa; this composition 

permits easier machining and intraoral occlusal adjustment. During the final 

crystallization process, 70% of the crystal volume is incorporated in a glass matrix, 

increasing its final resistance
33

. Additionally, in this stage the blue shade of the 

precrystallized block is changed to the selected tooth shade
93

. The final restorations 

present a flexural strength of 360 MPa, and are indicated for anterior or posterior 

crowns, implant crowns, inlays, onlays, and veneers
8
. 

Lithium disilicate glass-ceramics have also shown high survival rates. The IPS Empress 

2 crowns had survival rates of 95% to 100% at 5 years, and 95.5% after 10 years
91, 92

. 

Reich and Schierz 
94

 reported a survival rate of 96.3% after a period of 4.6 years for 

chairside-generated e.max CAD crowns. Another study showed 100% survival rate for 

crowns after 5 years; however, this rate dropped to 70% when the material was used on 

three- and four-unit FDPs
92

. The main cause of clinical failure in these case studies was 

associated with connector fracture
92, 95

. Kern et al 
95

 reported survival rates of 100% for 

the IPS e.max Press three-unit FDPs after 5 years and 87.9% after 10 years. 

1.5. In vitro testing of dental ceramics 

Undeniably, long-term clinical evaluations reflect the actual performance of dental 

restorations in vivo. Initial clinical testing can prove the mechanical capability and 

compatibility of the tested material to service in the oral cavity. However, clinical 

studies are generally time-consuming, costly, and involve ethical concerns
96, 97

. 

Therefore, pre-clinical laboratory testing in simulated oral environments is crucial to 
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provide scientific based data to assess the failure risks
98

, and offers clinically relevant 

results. 

Low tensile strength and fracture toughness during service in the oral environment are 

the main limitations for the use of all-ceramic restorations
7
. Brittle materials, such as 

ceramics, are susceptible to flaws and internal defects, and are unable to undergo plastic 

deformation to reduce stress concentration
99

. The microstructure of the ceramic 

material
100

, manufacturing technique, surface treatment, and cementation techniques
101, 

102
 can all influence a restoration’s resistance to fracture. 

Traditional laboratory testing of restorative materials involves static loading of test 

samples (in a form of standardized bars, disks, or specific dental restoration) in a 

universal testing machine until failure. This testing method can provide general 

information about the strength of the material in its standardized structure, estimate the 

failure risk, or compare material variants, but it is inadequate to predict the long-term 

performance of dental restorations during service
103

. The oral environment surrounding 

dental restoration incorporates many challenging conditions that can affect the strength 

and survival of such restorations, including: humidity, acidic or basic pH, and cyclic 

loading
15, 104

. An aqueous environment, for example, can reduce the number of cycles 

required to produce fatigue failure in glass-ceramics
105

 and can cause microstructural 

degradation in some highly crystalline materials at relatively low temperatures
106-108

.  

Clinical fracture of dental restorations occurs after many years in service, indicating a 

fatigue failure rather than acute overload
109

. Fatigue is referred to as the material’s 

behaviour under repetitive loading
110

. Fatigue failure of dental restorations occurs as a 

premature fracture under stress values well below the ultimate tensile strength of the 

material
7
. It starts with the development of microscopic cracks in the stress 
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concentration area, and as a result of constant loading, these cracks fuse to an over-

growing fissure that weakens the restoration
109

. After the final loading cycle, which 

goes beyond the mechanical capacity of the remaining sound part of the material, 

catastrophic failure occurs. In order to simulate this fracture behaviour, mouth motion 

fatigue in simulated oral environments has become a popular testing methodology
37, 40, 

42, 111-114
. 

Despite the agreement that mouth motion fatigue in simulated oral environments offers 

the best representation of the clinical situation, there is no conclusive guidance in the 

literature, nor are there generally accepted test standards when loading a restoration in 

fatigue testing machines. Different testing parameters are involved, depending on the 

situation; for example, there can be a wide range of differences in: the values of loading 

force, number of stress cycles, loading frequency, antagonist material, periodontal 

ligament simulation, wet/dry fatigue, thermocycling, abutment material, and vertical 

and lateral movements. Each of these settings might affect the aging process and the 

subsequent survival/failure of the tested material.  

In the late 1990s, Kelly 
103

 published a paper attempting to clarify the clinically relevant 

approach for evaluating all-ceramic restorations through fatigue testing. The author
103

 

demanded that several crucial requirements be in place for reliable and valid simulation 

of the oral environment, including the contact area of the stylus with the specimen, 

clinically relevant set-ups like crowns cemented on a defined substrate, cyclic loading, 

and wet conditions. In a study by Rosentritt et al 
115

 lithium disilicate FDPs samples 

were tested using a variety of fatigue testing protocols, including the magnitude of load 

applied, antagonist material, abutment material, loading frequency, loading condition 

(wet at constant temperature or TC), mouth opining distance, periodontal ligament 
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simulation, lateral movement, and aging device. They found that each of these settings 

could significantly influence testing results. Depending on the loading parameters 

applied on different groups, the single load to fracture after fatigue for a specific 

number of cycles varied between 410-1713 N.  

Despite the popularity of the fatigue testing in the last two decades, reviewing the 

relevant literature shows inconsistencies in fatigue protocols adopted by different 

authors
37, 40, 42, 111-114

. Studies fail to agree on specific settings for the multiple 

parameters to achieve clinically relevant results, with very little methodological work 

having been conducted to investigate the impact of specific test parameters on the 

result
115

. Therefore, this thesis involved a comprehensive systematic literature review of 

all studies tested lithium disilicate material using cyclic loading in simulated oral 

environment. Then, the testing parameters were justified and agreed with the most 

commonly accepted in previous studies to allow for valid comparison across studies.  

Currently, LD glass-ceramics and zirconia-based ceramics appear to be the most 

popular all-ceramic systems available
79

. A considerable amount of dental ceramic 

research worldwide concentrates on studying zirconia because of its impressive 

strength. However, zirconia restorations are known to have unpleasing aesthetics and 

high rate of veneer chipping. On the other hand, the unique properties of lithium 

disilicate of combining high strength and superior aesthetic make it an attractive 

material for research and development. The material is capable for a wide range of 

applications using hot-press or CAD/CAM techniques
8
. Lithium disilicate can also be 

manufactured as monolithic structure to achieve the high strength required for posterior 

restorations and as a veneered structure to achieve the superior aesthetic required for the 

anterior restorations. Therefore, this thesis evaluated the fracture resistance of lithium 
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disilicate crowns (monolithic and veneered) under cyclic loading in simulated oral 

environment.  
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1.7. Systematic review paper 

The previous part of chapter 1 provided a review of the literature about all-ceramic 

restorations used in today’s prosthodontic practice, detailed description of the ceramic 

material tested in this research (lithium disilicate) and an insight into the clinically 

relevant testing methodology adopted in the current investigations.  

The next part of chapter 1 was written and formatted as a journal article. It is composed 

of a systematic review article about fatigue testing of lithium disilicate material with the 

following bibliographic details: Nawafleh N, Hatamleh M, Elshiyab S, Mack F. Lithium 

Disilicate restorations fatigue testing regimes: a systematic review, Journal of 

Prosthodontics, in press. This systematic review highlighted all significant testing 

parameters and their possible effect on the results as reported in previous studies.  



28 

Lithium Disilicate restorations fatigue testing regimes: a systematic review 

1.7.1. Abstract     

Purpose: To review laboratory studies that investigated fatigue resistance of Lithium 

Disilicate crowns and fixed dental prostheses to elucidate study designs and testing 

parameters. 

Method: Electronic search was performed in PubMed, Scopus and Ovid to identify in 

vitro studies that investigated fatigue resistance of Lithium Disilicate crowns and fixed 

dental prostheses. The search included all studies published in English language in peer 

reviewed journals in the period from 1998 to June, 2014. The search followed a specific 

strategy which included combination of the following keywords: lithium disilicate, 

e.max, empress, all-ceramic, all ceramic, glass ceramic, fatigue, cyclic loading, dynamic

loading, chewing simulator, fracture resistance, thermocycling, laboratory simulation, 

aging, crown, FDPs, FPDs, fixed partial denture, fixed dental prosthesis, and bridge. 

Studies were selected if mechanical and thermal loading parameters are clearly 

identified. Search results with abstracts were transferred into Endnote reference system 

and duplicates were deleted. Remaining studies were then reviewed at three levels (title, 

abstract, and full text) to further refine the articles.  

Results: The initial search retrieved 1044 eligible studies. After deduplication, 864 

records were examined by titles and then abstracts; 826 were excluded and thirty-eight 

were assessed by full-text reading. In total, nineteen articles met inclusion criteria and 

were included in this study. 

Conclusion: Studies reviewed showed level of heterogeneity as testing parameters were 

considered through different setups. The current study demonstrated that various setting 

of the testing parameters and having a lack of testing standardization has likely led to 
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inconsistency in the reported results. The obvious heterogeneity in the setting of testing 

variables- especially the magnitude of load and number of cycles applied made it 

impractical to run direct comparison between the reviewed studies. Therefore, specific 

international standardization of fatigue testing of dental restorations is urgently needed 

to ensure the delivery of consistent, indicative, and comparable data.  

1.7.2. Introduction  

Pre-clinical in vitro testing of dental materials is crucial to prove their mechanical 

capability and compatibility to service in the oral cavity. Traditional laboratory testing 

involves static loading of test samples in universal testing machine until failure 
1
. While 

such testing can provide information about material strength, estimate failure risk, or 

compare material variants, it is still inadequate to predict the long-term performance of 

dental restorations during service
1
. The oral environment surrounding dental 

restorations incorporates many challenging conditions like humidity, acidic or basic pH, 

and cyclic loading 
2, 3

. An aqueous environment, for example, can reduce the number of 

cycles required to produce fatigue failure in glass ceramics 
4-7

 and cause microstructural 

degradation in some highly crystalline materials at relatively low temperatures 
8-10

. 

Accordingly, laboratory testing should simulate different aspects of the oral 

environment to produces failure modes similar to those seen clinically 
1
. 

Clinically, mechanical failure of dental restorations occurs after many years in service, 

which indicates a fatigue failure other than acute overload 
11

. Damage accumulates from 

cyclic contacts between upper and lower teeth and finally limits the survival probability 

and lifetime of the restorations 
12

. Although fatigue testing has been very popular, with 

the general agreement that it is the most representative of the clinical situation, still 

there is no conclusive guidance in the literature when loading all-ceramic crowns or 
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fixed dental prostheses (FDPs) in fatigue testing machines. Different testing parameters 

are involved; for example, there are wide range in the loading forces, number of cycles, 

loading frequency, antagonist material, periodontal ligament simulation, wet/dry 

fatigue, thermocycling (TC), abutment material, and vertical and lateral movement. 

Such variance can affect results and significances obtained. Therefore, the aim of this 

systematic review was to elucidate study designs and testing parameters of the included 

articles to provide evidence of the need for international standardization of fatigue 

testing of dental restorations. We hypothesized that variation in fatigue testing protocols 

more likely led to inconsistent results. 

1.7.3. Methods 

This systematic review is limited to studies tested Lithium Disilicate (LD) crowns and 

FDPs for two main reasons. First, to date, LD appears the most attractive glass ceramic 

system that can be manufactured by hot press or computer aided design/ computer aided 

manufacturer (CAD/CAM) techniques as monolithic or bi-layered structures 
13

. It is 

capable for a wide range of applications including posterior FDPs which make it 

promising material deserves more research and development. Second, this systematic 

review assesses fatigue testing parameters in laboratory simulation by comparing 

designs and outcomes of the included studies. Therefore, limiting the review to only one 

all-ceramic system allows for valid comparability of data.  

Search strategy  

Electronic literature search was performed in PubMed, Scopus and Ovid to identify in 

vitro studies that investigated fatigue resistance of LD crowns and FDPs. The search 

included all studies published in English language in peer reviewed journals in the 

period from 1998 when the first LD system (IPS Empress 2, Ivoclar Vivadent, Schaan, 
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Liechtenstein) introduced to June, 2014. The search followed a specific strategy which 

included combination of the following keywords: lithium disilicate or e.max or empress 

or all-ceramic  ceramic or glass ceramic AND fatigue or cyclic loading or dynamic 

loading or chewing simulator or masticatory simulator or fracture resistance or 

thermocycling or laboratory simulation or survival or aging AND  crown or crowns or 

FDP or FDPs or FPD or FPDs or fixed partial denture or fixed partial dentures or fixed 

dental prosthesis or fixed dental prostheses or bridges or bridge. 

Eligibility criteria  

The inclusion criteria focused on research papers that investigated fatigue resistance of 

LD crowns and FDPs as follow 

 The tested all-ceramic system should be either IPS Empress 2 or e.max (Ivoclar-

Vivadent, Schaan, Liechtenstein) 

 Sample structure should be complete coverage crown or FDPs 

 Mechanical testing must include cyclic loading in wet conditions, and loading 

parameters particularly magnitude of force and number of cycles must be clearly 

identified 

 Only articles published in English language in peer reviewed journals were considered. 

Screening and selection 

The search process is clarified in Figure 1.1. Search results with abstracts were 

transferred into Endnote reference system and duplicates were deleted. Next, initial 

screening of the titles was conducted to exclude irrelevant articles. The remaining 

studies were further reviewed by reading their abstracts. Screening the titles and abstract 

was performed independently by two reviewers. If abstract does not provide enough 



32 
 

information to include or exclude a paper, it was selected for the full-text reading. 

Finally, the remaining papers were examined further for their relevance against the 

inclusion criteria by reading them in full-text. If the two reviewers did not agree on the 

inclusion/exclusion of a specific paper, it was sent to a third reviewer to decide. Papers 

that met the eligibility criteria were included in this study.  

 

Figure 1.1: Flow chart of results generated by search strategy and application of inclusion criteria 

Data extraction and analysis 

Data extracted was; author and date of study, LD system investigated, the magnitude of 

load applied, number of cycles, loading frequency, shape, size and material of 

antagonist, periodontal ligament simulation, wet/dry fatigue, TC, abutment material, 

lateral and vertical movements, fatigue machine, and results. Due to the heterogeneity in 
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the fatigue testing parameters and results among studies, it was considered more 

appropriate to conduct a descriptive presentation of these differences. 

1.7.4. Results 

The initial search resulted in 1044 articles, as shown in figure 1.1. Deduplication 

reduced this number to 864 studies. Then, 734 papers were excluded after screening of 

titles. Abstracts of the remaining 130 articles were reviewed and led to more exclusion 

of the non-relevant articles. Thirty-eight articles were eligible for full-text review; of 

them, nineteen articles were accepted and included in this review. Not all data presented 

in the accepted nineteen papers were included in the present study because some data 

did not meet the scope of the study. In total, nineteen papers were excluded after a full-

text reading, for the following reasons:  

 Eight articles 
14-21

 were not included in the current study, although they 

applied fatigue loading on LD crowns. These studies used endodontically 

treated teeth restored with various post and core systems, which make them 

very complex structures and could impact the results 
22

  

 Two papers did not detail the loading parameters, in terms of magnitude of 

force and number of cycles applied 
23, 24

 

 Five studies tested materials other than LD 
25-29

 

 Three studies used flat layer samples 
30-32

 

 One paper used static loading 
33

. 

LD material has been evaluated in the literature through two all-ceramic systems: IPS 

Empress 2 and e.max systems (Ivoclar Vivadent, Liechtenstein), in two manufacturing 

techniques of hot-press and CAD/CAM. Table 1.1 describes the samples tested in the 
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reviewed studies. IPS Empress 2 (Ivoclar Vivadent, Liechtenstein) was tested more 

frequently because it has been in the market for a longer period of time (IPS Empress 2 

was firstly introduced in 1998, e.max was introduced in 2005). It is also noticeable that 

most researchers tested the material in its monolithic form as a single crown restoration. 

Table 1.1: Ceramic data of studies included 

LD System Restoration 

Type 

Restoration 

Structure 

Total References 

IPS 

Empress 

Crown Monolithic 5 
3, 34-37

 

Bi-layer 2 
7, 37

 

FDP Monolithic   

Bi-layer 4 
38-41

 

e.max 

CAD 

Crown Monolithic 5 
42-46

 

Bi-layer   

FDPs Monolithic 1 
47

 

Bi-layer 1 
47

 

e.max 

Press 

Crown Monolithic 5 
3, 35, 48-50

 

Bi-layer   

 

1.7.5. Discussion 

Long-term clinical evaluation is the best experiment to test the actual performance of 

dental restorations. However, it is costly, time-consuming and involves ethical 

approvals 
51, 52

. Laboratory testing provides scientific basic data to assess the failure risk 

22
, and offers clinically relevant results when carried out in simulated oral environment 

and produced failure modes similar to those reported in clinical studies 
1
. Despite the 

paper published in the late 1990s 
1
 in an attempt to clarify the clinically relevant 

approach for evaluating all-ceramic restorations through in vitro fatigue testing, there is 

still inconsistency in fatigue protocols adopted by different authors. Fatigue testing 

method has become very popular in the last two decades with a claim of close 
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simulation of the clinical situation by numerous published works. Nevertheless, studies 

fail to agree on specific settings for the multiple parameters that should be applied to 

achieve the closest clinical simulation.   

Rosentritt et al. 
40

 found that LD FDPs fatigue testing is significantly influenced by 

many variables including magnitude of load applied, antagonist material, abutment 

material, wet environment, thermocycling, mouth opening distance and periodontal 

ligament simulation. Only few parameters such as chewing frequency, lateral 

movement, or staircase-aging technique did not influence the FPDs significantly. 

Therefore, the experimental parameters in fatigue testing might be categorised based on 

their impact on testing results to influential or none influential factors. However, such 

conclusion cannot be drawn to testing crowns because of variations in structure and 

mechanical behaviour during loading. Also, further research is needed to verify such 

categories. Therefore, it has been considered more appropriate at this stage to divide 

testing parameters into two major categories; one related directly to the mechanical 

loading (loading parameters) and the other category related to the oral environment 

simulation (environment simulation parameters).  

Loading parameters 

Magnitude of force  

It is noticeable, as shown in Table 1.2, the great range of masticatory force that has been 

applied in laboratory simulations for testing LD crowns. Although many researchers 

applied mechanical stresses within the normal mastication range 
3, 35, 41, 45, 48

, the loads 

used with molar crowns lies between 30 N and 1400 N 
36, 44

. More consistent loading 

force is evident in studies that used FDPs samples ranging between 25 N to 50 N for 
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anterior FDPs and 49 N to 150 N for posterior FDPs. Clinically, the position of 

restoration in the oral cavity determines the load it can be exposed to during service 
53, 

54
. This load is widely variable among individuals and depends also on the type of food 

being chewed 
55, 56

. During chewing or swallowing, an occlusal load in a range between 

10 and 120 N is considered as adequate values 
57-60

. However, the maximum bite forces 

range much more greatly, from 190 N to 290 N in the anterior region up to 360 N in the 

molar region 
61-63

. Very high stresses used in some of the reviewed studies 
42, 44

 might 

not be representative to the physiologic mastication forces but it can prove the 

capability of tested material to survive under high magnitude of stresses. Low loading 

forces 
3, 34

, on the other hand, might lead to overestimation of the fatigue resistance of 

the tested samples. 

Loading force is an important parameter that can significantly influence mechanical 

behaviour of a loaded object in fatigue 
64

. In the laboratory simulation, researchers 

assume that 250000 stress cycles represent one clinical year, though this assumption can 

be significantly affected by the magnitude of load applied during the simulation 
65

. 

Rosentritt et al. 
65

 compared fracture resistance of Zirconia FDPs after laboratory 

simulation with available clinical data to estimate the relevance of the simulation. The 

calculation with exponential decay gave a correlation between in vivo data and in vitro 

simulation 
65

. According to their finding when using 50 N load, a total of 750000 cycles 

are necessary to simulate 5 clinical years while 590000 cycles were adequate when 

applying a higher load of 100 N. A closer look at the different loads used in the 

included studies (summarized in Table 1.2) shows the lack of standardization of this 

significant variable; different stress values were applied even with the same restored 

tooth.  
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Table 1.2: Load force used in the included studies 

Restoration Force range (N) Break down of force range (N) by 

study 

Crown  Incisor 20-300  20-300  
7
; 98  

50
; 100  

43
 

Premolar 0-100 0-49  
34

; 100  
43

 

Molar 30-1400 200-1400 
44

; 30–300  
36

; 380-390  
46

; 

108  
45

; 98  
37

; 250 
49

 ; 1100  
42

; 100 
48

; 

30-90 
3
; 40-100 

35
 

FDP Anterior 25-50 50 
41

; 25 
39

 

Posterior 49-150 49 
38, 47

; 50-150  
40

 

 

Additional issue related to the magnitude of load is the use of constant or staircase 

loading protocols. It can be assumed that using variable stresses 
35, 36, 44

 during lab 

simulation might be more clinically relevant as occlusal force varies greatly during 

mastication. One study 
40

 compared two loading techniques by applying constant stress 

and staircase method found that increasing loading force from 50 N to 150 N 

significantly reduced the loading capacity of the samples while the staircase loading of 

50-100-150 N resulted in no significant differences compared to a test with a constant 

load of 150 N. Nevertheless, the authors cited that with prolonged simulations, staircase 

method is absolutely reasonable to estimate the survival rate of dental restorations 
40

. 

Therefore, simulating the original case by using different magnitude of stresses during 

laboratory simulation may be more representative, and when using a constant loading, 
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the application of the higher magnitudes of the normal masticatory forces is particularly 

more acceptable and indicative than using low stress values. Still, further research is 

required.  

Number of cycles 

Fatigue failure starts by the development of microscopic cracks in the stress 

concentration area, with the continuous loading cracks eventually fusing to create an 

over-growing fissure that results in weaker structure 
11

. After the final loading cycle, 

which goes above the mechanical capacity of the remaining sound part of the material, 

catastrophic failure occurs 
11

. Therefore, a precise and reliable simulation of fatigue 

failure in dental restorations might require applying the cyclic load until failure. Only 

two reviewed studies 
42, 46

 sustained the cyclic loading until failure. This could be on 

account of time restrictions as waiting until all samples fail under low loading 

conditions requires considerable amount of time. Alternatively, the most common 

approach is to apply cyclic loading for a particular number of cycles representing a 

specific number of clinical years—usually 250000 cycles represent one year in service 

37, 45, 47
. Then, the samples are subject to single load to fracture in a universal testing 

machine to evaluate the decline in fracture strength. Although it is a widely accepted 

approach, the number of cycles applied before single load to fracture varies greatly 

between the reviewed studies and range from 10000 cycles to 3.6 million cycles (0.04-

14.4 clinical years).  
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Table 1.3: In vivo and in vitro survival rates for LD crowns and FDPs  

Restoration Clinical follow up/in 

vitro simulated period 

In vivo cumulative 

survival rate 

In vitro survival 

rate 

Crown 2-years 100% 
66

 100% 
43, 57

 

5-years 97.8% 
66

 100% 
43, 45, 50

 
37

 

Over 10-years 96.7% 
66

 na 

FDPs 2-years 83.3% 
66

 na 

5-years 78.1% 
66

 75% 
39

, 100% 
38, 

47
 

Over 10-years 70.9% 
66

 70% 
41

  

A recently published systematic review provides information about the clinical 

performance of LD single crowns and FDPs 
66

. With the estimation that 250000 cycles 

represent one clinical year, the cumulative survival rates reported by Pieger et al. 
66

 

might be compared with the in vitro results as in table 1.3. There is a sound level of 

agreement between some in vitro and in vivo findings. In vitro studies that simulated 

approximately 2-years’ service (600000 cycles) reported the same survival rate for 

single crowns as in vivo studies over the same period of time (100%). When the 

simulation period extended to about five years (1200000 cycles), in vitro studies 

reported 100% survival and the cumulative survival rate found in vivo was (97.8%). No 

laboratory simulation is available for more than 5 years in case of single crowns. In 

regard to the FDPs, studies applied at least 1200000 representing 5 clinical years. Two 

in vitro studies reported 100% survival and one study reported 75%. The equivalent 

clinical data (5-year cumulative survival rate) was 78.1%. Long-term in vitro 

evaluations up to 14.4 years on FDPs owning the data from only one study resulted in 
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70% survival rate was very close to the cumulative clinical survival rate of the category 

over 10-years (70.9%). This level of agreement between in vitro and in vivo data may 

indicate that the laboratory simulation is a good representation to the clinical situation. 

However, this agreement should not be generalised because the number of in vitro 

studies in each category (clinical service time simulated) is very small; sometimes one 

or two studies.  

Loading frequency 

Studies reviewed used different loading frequencies, mostly within the range recorded 

in the literature as physiologic masticatory rate. Chewing rate in human is consistent 

through an extensive portion of the literature; it was mostly reported below 2 Hz 
67-

69
. Sixteen of the 19 studies reviewed applied cycling rate between 1 Hz and 2 Hz. Only 

one study applied relatively higher rate of 10 Hz 
44

. In laboratory simulations, DeLong 

et al. 
61

 recommended a maximum cycling frequency of 3-4 Hz because the duration of 

mastication force is 0.25 to 0.33 s.  

As the aim of laboratory simulation is to predict the clinical performance of a material, 

the potential effect of each simulated variable on the results should be considered. It has 

been found that some materials behave differently under different loading rates 
70-73

. 

Only one reviewed study addresses the potential effect of different cycling rate on the 

results 
40

. In this study 
40

 the researchers compared the loading capacity of FDPs 

samples after being fatigued at different frequencies (1.6 to 3 Hz) and found that the 

duplication of the chewing frequency did not affect the results. However, this single 

experiment cannot provide adequate evidence because the two loading frequencies 

compared were still within or close to the normal range recorded in humans and applied 
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by the vast majority of studies. However, increasing the frequency up to 10 Hz or higher 

which can be very beneficial in reducing testing time might present different results.  

Vertical and lateral movements  

The 3-dimentional motion of the teeth during chewing can be represented in two 

mutually perpendicular planes, the horizontal and coronal planes 
74

. The motion in the 

horizontal plane during the grinding phase of the chewing cycle can be approximated by 

straight-line motion because it is measured only 0.35 mm 
75

 compared to the radius of 

approximately 10 cm.  In the frontal plane, the teeth motion is dependent on the 

anatomy of the occlusal surface and cannot be approximated as a straight-line 
74

. 

Replicating the chewing cycle is a fundamental factor in laboratory simulation. In most 

chewing devices, the distance and speed of vertical and lateral jaw movements can be 

identified and set at different ranges. Studies usually use different settings for these 

parameters.  

Table 1.4: Vertical and lateral movement values used by the included studies 

Movement 

direction 

Range (mm) Breakdown of range by study 

Lateral 0-2 0 
40

; 0.3 
34, 48

; 0.5 
37, 38, 46, 47

; 0.1 
40

; 2 
3
 

Vertical 0-6 0  
34, 35, 43, 48

 ; 2 
40

 ; 4 
40

 ; 4.5 
3
; 5 

49
; 6 

37, 38, 47
 

 

Vertical jaw movement is controlled by many factors including Temporomandibular 

Joint (TMJ) and muscles of mastication and varies significantly with age, gender, race 

76-80
 and the type of food being chewed 

74, 81
. The significance of this movement lies in 

its relation with the bite force. Studies showed that maximum bite force tends to vary 
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when measured at different jaw openings 
82-84

. Rosentritt et al. 
40

 reported that 

increasing the mouth opening distance from 2 mm to 4 mm caused only superficial 

changes in the samples with small influence on the post-fatigue fracture resistance 
40

.  

On the other hand, previous research has shown the deteriorating effect of the lateral 

movement on the restoration due to the stress field extension, especially in wet 

conditions 
85, 86

. Therefore, Kim et al. 
86

 and Kim et al. 
85

 recommended the 

consideration of the lateral movement in any laboratory simulation intended to establish 

the longevity of all-ceramic restorations. On the contrary, Rosentritt et al. 
40

 found no 

significant difference when applying no lateral movement and 1 mm lateral movement 

on the loading capacity of their samples 
40

. They claimed that it might be essential to 

simulate the lateral movement when the interest is directed to study wear resistance but 

it might not be necessary for fatigue resistance testing 
40

.  Table 1.4 shows the values of 

vertical and lateral movements used in the studies reviewed. Despite the importance of 

this testing variable, some studies mentioned no information about the amount of 

vertical and/or lateral movement applied.  

Fatigue machine  

Studies reviewed used different fatigue devices. Willytec chewing simulator (SD 

Mechatronic, Germany) represents the most commonly used fatigue device in the 

reviewed studies. Electrodynamic fatigue testing machine (EL-3300, Enduratec, Bose), 

Closed-Loop Servohydraulics (Mini Bionix II, MTS,systems), MTS Mini-Bionix (MTS 

Corp., Eden Prairie, MN), specially constructed pre-load device (MTI Engineering AB, 

Lund, Sweden/Pamaco AB, Sweden), and System Texture Analyzed Machine 

(TA.XTPlus, Stable Micro) were used in other studies. The question now, do different 

machines deliver comparable results? A chewing device should be able to reproduce the 
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masticatory forces and the surrounding environment dental restorations are subject to 

during service. Many factors might influence the capability of any chewing simulator to 

replicate mastication function. The energy generated by the force actuator and 

transferred into the specimens in one cycle is an important parameter 
87

. Many force 

generating actuators can be used in chewing simulators 
88

; often, chewing simulators 

apply load by weights, but they can also be pneumatic, electro-magnetic, hydraulic or 

other.  

There is no evidence to support one fatigue device over the others. Generally, DeLong 

et al. 
61

, suggested that chewing simulator should be capable of generating straight-line 

movement in the horizontal plane, follow the anatomy of the test sample in the frontal 

plane, and apply a force in the range of physiologic masticatory force with a duration of 

0.25 to 0.33 of a second. All the machines used in the reviewed studies can apply a 

force within the range of masticatory load in wet environment. Some researchers did not 

incorporate TC in their testing which represents one of the limitations in the oral 

environment simulation. The suitability of the chewing simulator depends on the degree 

the machine can replicate different aspects of the oral environment in terms of 

temperature fluctuation, 100% humidity and flexibility in using different antagonist and 

abutment materials.  

In summary, heterogeneity in the loading parameters is evident across the included 

studies which might explain the variation in the subsequent results. Load range applied 

varied at different regions of the mouth: on molar 30-1400 N; on premolar 0-49 N; on 

incisor 20-300 N; on anterior FDP: 25-50 N; and on posterior FDP: 49-1000 N. The 

number of cycles was also inconsistent across studies, ranging from 10000 cycles to 

loading the samples until failure. More consistency was found in the loading 
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frequencies applied which were mostly within the normal physiologic range. Data about 

the lateral and vertical movement was not mentioned in many of the reviewed studies. 

Willytec chewing simulator (SD Mechatronic, Germany) which apply load by weights 

appears the most popular fatigue device across the included studies.  

Surrounding environment parameters 

Wet fatigue and thermocycling  

Simulating conditions in the oral cavity necessitates the application of wet fatigue 
1
 and 

TC. The chemical effect of the water in weakening ceramic material has already been 

established by the literature 
4, 7

. The periodic tension and compression that occur at the 

crack tip as a result of TC further escalates the level of damage 
89

.  

This review found that researchers agree on the necessity of applying wet fatigue and 

TC for closer simulation of the oral environment. However, they fail to agree on 

specific settings for the maximum and minimum temperatures, the frequency of TC, and 

the time of each temperature extreme that should be applied to achieve this simulation. 

As a result, different TC protocols have been suggested throughout the literature 
90-96

. 

Table 1.5 shows the TC regimes applied by the reviewed studies. Most of the reviewed 

studies are consistent in the temperature range they used (5-55°C) which is indicated by 

ISO standards as an appropriate thermocycling temperatures extremes. The numbers of 

thermal cycles, duration time, and pause time (when stated) were highly variable. 

Normally, TC is applied along with the mechanical loading which varied greatly among 

reviewed studies. Therefore, the number of thermal cycles is dependent on the length of 

the mechanical testing (the number of mechanical cycles applied) plus the TC setting in 

terms of dwell time and pause time identified on the TC unit. This might explain to a 
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large extent the variation in the number of thermal cycles applied.  This also reinforces 

what Gale et al. 
96

 already stated. They showed that temperature extremes were highly 

variable in the literature; the mean low-temperature point was 6.68°C (range 0–36°C) 

and the mean high-temperature point was 55.5°C (range 40–100°C). The number of 

cycles ranged from 1 
94

 to 1000000 
97

 cycles, with a mean of about 10000. Similarly, 

Morresi et al. 
98

 concluded that a lack of a standardized protocol in TC settings is still 

evident; the choice of TC setting was mostly selected on the basis of convenience of the 

researchers.  

Table 1.5: Thermocycling setting applied by the included studies 

Thermocycling parameter Range Breakdown by study 

Temperature range °C 4-60 4-58 
34

;  6.5- 60 
45

; 5-55 
3, 35

  
37-41

 
43, 47

 

48, 50
   

Duration (sec) 30-120 30 
37

; 45 
45

; 60 
34

 
38, 39, 47

 
48, 50

; 105 
3, 43

; 

120 
40, 41

 

Pause (sec) 2-12 2 
45

; 10 
3
; 12 

38, 39, 47, 50
 

Number of cycles (clinical 

years) 

1251-10000 1251
3
; 3500 

34, 48
; 5208 

47
; 6000 

41
; 

10000 
38, 45

 

 

Thus, the need for standardized procedures is still urgent especially with the increasing 

popularity of the thermal cycling mechanical loading (TCML) testing method. In the 

current study, the comparison involved only 13 studies which applied TC along with the 

mechanical loading. Although there is a level of consistency in the temperature 

extremes applied (5-55°C), the differences in the TC protocols can be easily noticed, 
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and the choice of TC sitting was not justified by any of the studies. Additionally, many 

studies did not mention some of the TC settings which further complicate the task of 

comparison between studies. This finding further verifies and proves the need for 

standardized TC procedures and necessitate a complete description of the TC protocol 

applied in future publications.    

Artificial periodontium 

Only 7 of the reviewed studies applied artificial periodontuim on the samples. Of them, 

5 studies tested FDPs and 2 studies tested crowns. In the natural dentition, the presence 

of periodontal ligament around the root can significantly affects the distribution of 

stresses during mastication 
99

. Nevertheless, the necessity of simulating the periodontal 

ligament during fatigue testing is still an issue of debate. Many efforts have been made 

to produce successful periodontal ligaments simulation by using different materials with 

varying thicknesses. Gum resin, polyether, polysiloxane and other materials have been 

applied between the abutment and supporting resin to allow for a minimal movement 

when samples are loaded. However, these materials are different in their physical and 

mechanical properties which can lead to different degrees of movement creating more 

differences across studies.  Rosentritt et al. 
100

 tested the influence of resilient support of 

abutment teeth on fracture resistance of glass infiltrated alumina all-ceramic FDPs. 

Fracture resistance was significantly reduced when this particular interface was used in 

both TCML and fracture testing. They recommended that periodontal mobility should 

be simulated to avoid overestimation of the fracture strength, especially of brittle 

materials 
100

. On the other hand, some authors believe there is no need for this 

simulation when testing crown samples 
35

. They argue that artificial periodontium 

would reduce the axial force when the die moves in the surrounding unstandardizable 
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elastic layer and the consequent mobility is uncontrolled and unstandardized 
35

. It is 

important, according to the authors however to apply artificial periodontium when 

testing FDPs to increase the tensile force at the gingival part of the connector area 

simulating clinical situation 
35

. Interestingly, this review found that all studies tested 

FDPs samples considered periodontium simulation in the study design, and only 2 

studies applied artificial periodontium when testing crown samples.  

Abutment and antagonist  

Obviously, using natural teeth during testing might be the most representative to the 

clinical scenario. However, natural teeth are variable in size, form and quality which 

make it difficult to standardize even in tooth preparation 
101

. Alternatively, researchers 

use other abutment (die) materials such as epoxy resin or acrylic resin which are easier 

to standardize and produce. Different antagonists such as ceramic or stainless steel 

indenters are also used instead of natural teeth. Table 1.6 shows the abutment and 

antagonist combinations used in the reviewed studies. Half the studies used natural teeth 

abutment while only 2 studies used natural tooth as antagonist. Ceramic and stainless 

steel indenters are the most commonly used antagonists (8 and 7 times, respectively).   

Choosing the abutment material is vital because the supporting material can play 

significant role in the fracture strength of loaded restorations 
102, 103

. Scherrer et al. 
104

 

found that fracture resistance of all-ceramic crown is dependent on the elastic modulus 

of the abutment material; as elastic modulus increase, fracture strength also increase. 

This effect was also confirmed by other studies 
105

 
103

. Yucel et al. 
106

 demonstrated 

through Finite Element Analysis (FEA) different stress distribution on the restoration 

when using different abutment materials; the distribution of stresses in a restoration 

attached to dentin and epoxy resin dies was similar, but that was different from 
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restoration bonded to steel or brass dies 
106

. In fatigue testing, Rosentritt et al. 
40

 used 

three die materials (human molar, Co-Cr alloy and Liquid Crystal Polymer) and found 

that using different abutment material can significantly influence the results.  

Table 1.6: Abutment and antagonist used in the included studies 

 Abutment material 

Natural tooth Artificial 

Human  Bovine  Gypsum 

(stone) 

Resin 

(PMMA) 

Resin 

(composite) 

Metal 

(implant) 

Antagonist 

material 

Natural 

tooth 

40, 41
     

40
 

Ceramic  
34, 38-40, 

47, 48
 

   
37

 
40, 50

 

Stainless 

steel  

 
7
 

36
 

3, 35
  

43, 46, 49
 

Resin 

composite 

44
      

 

The indenter (antagonist) material 
1, 64, 107, 108

, shape 
64

, and modulus of elasticity 
40

 are 

important variables that can influence failure of ceramic samples. Zhang et al. 
64

 found 

that a sharp indenter contact at 0.1 N is as deleterious as a blunt contact at 3000 N. At 

higher sharp-indenter loads (10 N), strength degradation became more pronounced and 

the microcracks begin to grow and unit as cycling progresses 
64

. Rosentritt et al. 
40

 

found significant influence of the antagonist material (steatite ball and human tooth)  on 

the loading capacity of the samples; using human tooth antagonists decreased the 
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loading capacity of the FDPs by about 274 N. The decrease was more distinct, when a 

combination of human tooth antagonist, human abutment and artificial periodontium 

were used as the fracture resistance was significantly reduced by about 70% 
40

. This 

means that different abutment and indenter materials used in the included studies more 

likely played a role in the variation of the reported results. Accordingly, using natural 

tooth antagonist in mechanical testing can more precisely simulate the clinical scenario.   

The surrounding environment parameters show less heterogeneity than the loading 

parameters. All studies considered the wet environment in the study design and 13 

studies applied TC with almost the same temperature extremes. Eleven studies ignored 

the artificial periodontium; all of them used crown samples. All studies tested FDPs 

applied a thin layer of gum resin or polyether materials to simulate physiologic tooth 

mobility. Natural teeth were the most commonly used (10 studies) as supporting 

abutments while resin based composite, PMMA, die stone and metal dies were used in 

other studies. Ceramic and stainless steel indenters were the most commonly used 

antagonists. 

Single load to fracture after fatigue 

Very few studies in the literature persisted the cyclic loading until failure; researchers 

tend to apply cyclic loading for a specific number of cycles and then subject the samples 

to single load to fracture test. The later test does not precisely represent the fatigue 

failure of dental restorations, but it provides data for comparing the results across 

studies. Such comparison of the reviewed articles revealed a range of 980.8 N to 4173 N 

was reported for the most common sample tested (monolithic molar crowns), and 390 N 

to 1713 N was reported for posterior FDPs. Direct comparison cannot be conducted 

because of the high variability in testing parameters involved, especially the magnitude 
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of stress and number of stress cycles applied before the single load to fracture test. The 

number of cycles simulating a clinical year might vary depending on the magnitude of 

stresses 
65

. According to Rosentritt et al. 
65

 with a load of 50 N, a total of 750000 cycles 

are necessary to simulate 5 clinical years, while 590000 cycles were adequate when 

applying a higher load of 100 N 
65

. In the reviewed studies however, 1200000 cycles 

were always considered as five clinical years. There is no experimentally approved 

clinical simulation in term of the load applied and its relation to the number of cycles to 

allow for such comparison.  

1.7.6. Conclusion 

Studies reviewed show a level of heterogeneity. Same parameters were considered in 

fatigue testing among all studies but with different setups, hence it is impractical to run 

direct comparison between the studies. Therefore, based on the presented data, the 

following recommendations can be drawn: 

1. Fatigue testing should involve mechanical loading within the range of forces 

reported for normal masticatory load. The application of very high stress 

magnitudes is not representative while low stresses lead to overestimation of the 

fracture resistance of the tested material. 

2. Normal mastication rate should be replicated in fatigue testing as there is no 

sufficient data available to confirm the influence of loading frequency on the 

mechanical behaviour of the complex restoration.  

3. There is urgent need for a standardized thermocycling protocol which can 

simulate as close as possible the temperature fluctuation in the oral cavity. 
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4. The need for simulating the periodontal ligament in fatigue testing is an issue of 

debate; some researchers believe it is fundamental while other believe it is 

important only when testing FDPs samples. Regardless, it is advisable to 

simulate intra-oral conditions as close as possible, hence suitable material of 

comparable thickness should be considered when simulating periodontium.  

5. Natural teeth should be used as abutment and antagonist; whenever possible. 

6. The amount of lateral movement during mastication should be simulated as 

previous investigations have shown the deteriorating effect of this movement on 

the restoration.  

All the above recommendations can be considered in planning specific international 

standardization for fatigue testing of dental materials, as it has not been developed yet.  
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Linking page 

The previous chapter (Chapter 1) provided a review of the literature about the most 

popular all-ceramic restorations in todays’ prosthodontic practice. It also highlighted all 

significant parameters applied in previous in vitro fatigue testing and their possible 

effect on the reported results. With the absence of an international standardisation for 

such a testing method, the systematic review provided guidance for setting the testing 

parameters in the following investigations with the most commonly used in recent 

publications.   

The following chapter (Chapter 2) investigated fatigue resistance of monolithic lithium 

disilicat crowns with reduced tooth preparation and subsequent ceramic thickness. It 

was formatted as a journal article and is currently under review by a peer reviewed 

journal. The citation is as follows: 

Nawafleh N, Hatamleh M, Elshiyab S, Öchsner A, Mack F. Fatigue resistance and 

survival of monolithic lithium disilicat crowns with reduced ceramic thickness 

(submitted to the Journal of Esthetic and Restorative Dentistry).  
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CHAPTER 2 

ORIGINAL RESEARCH PAPER 

Fatigue resistance and survival of monolithic lithium disilicate crowns 

with reduced ceramic thickness 

2.1. Abstract 

Objective: Reducing the amount of tooth reduction is crucial to avoid risks of pulp 

damage during tooth preparation. Therefore, this study investigates the effect of reduced 

tooth preparation and ceramic thickness on the fracture resistance of ceramic crowns. 

Materials and methods: One typodont molar received a standard tooth (group A) and 

another molar was prepared with less tooth reduction (group B). Twenty crowns were 

milled from each preparation. Five samples from each group acted as control while the 

remaining 15 samples were subjected to thermal mechanical loading. All specimens 

were then subjected to single load to fracture test to determine the fracture resistance. 

SPSS was used for statistical analysis. Differences in fracture load between groups were 

analysed using t-test. 

 Results: The mean fracture load values (in Newton) for group A were 2339.7 and 

2148.8 and for group B were 1751.7 and 1053.6 without and with fatigue, respectively. 

Reducing tooth preparation thickness significantly decreased fracture resistance of the 

crowns. After fatigue, the mean fracture load significantly decreased in group B; 

however it was not affected in group A. 
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Conclusion: Reducing the amount of tooth preparation required for lithium disilicate 

crowns reduced fracture load of the restoration and was likely to be a factor attributing 

to crown failure during cyclic loading.  

2.2. Introduction 

Preparing a tooth for a complete crown application requires considerable tooth 

reduction 1 and varies depending on the crown system intended to be used. The 

preparation guidelines for all-ceramic crowns as recommended by many manufacturers 

require a minimal ceramic thickness of 1.5 mm on axial/occlusal and 1.0 mm at the 

cervical region to achieve successful results. These invasive preparations lead to loss of 

up to 75% of the coronal part of the tooth 1 which raise the question of whether the 

tooth preparation required by the manufacturers is imperative for the successful 

application of all-ceramic restorations.  

The thickness requirements for all-ceramic restorations were mostly recommended 

based on the mechanical properties of the material 2, and traditional laboratory testing 

to optimize the restoration strength as a stand-alone item with less concentration on the 

crown-tooth complex 3. The high ceramic thickness is needed to avoid mechanical 

failure of the restoration during service, and to achieve high aesthetic standards. 

However, clinical fracture of dental restorations is a multifactorial issue influenced by a 

combination of variables including; tooth preparation and restoration geometry, 

mechanical properties of the restoration, cementation material, and the progressive 

damage caused by occlusal function 4, 5.  

Reducing the amount of tooth preparation required for all-ceramic crown necessitates 

the development of strong restoration which can successfully function and survive in 

the oral cavity at lower thicknesses. The unique features of lithium disilicate (LD) 
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which represent the most competitive glass ceramic system available, of combining 

high strength, superior aesthetics and promising in vivo and in vitro results 2, 6-15 

make it an attractive material for research and development. The current study evaluates 

the fatigue resistance of LD crowns with suggested minimal tooth preparation by using 

anatomically correct crown samples and applying mechanical loading and 

thermocycling (MLTC) in a simulated oral environment. We hypothesise that fracture 

strength and fatigue resistance of LD crowns with reduced tooth preparation and 

subsequent crown thickness will not be significantly different from that recommended 

by the manufacturer.   

2.3. Materials and method 

Samples preparation 

A standard complete crown preparation of a typodont mandibular left first molar 

(Nissin Dental Products INC, Kyoto, Japan) was made with an occlusal and 

proximal/axial wall reduction of 1.5-2.0 mm and 1.0 mm deep chamfer. Another 

typodont mandibular first molar (Nissin Dental Products INC, Kyoto, Japan) was 

prepared with less tooth reduction; occlusal and proximal/axial wall reduction of 1.0-1.5 

mm and 0.8 mm chamfer. Vinyl Polysiloxane impressions (3M ESPE, St. Paul, MN, 

USA) of the finished master dies were made to prepare 20 replicas of each master die 

representing the manufacturer’s recommended tooth preparation (group A) and the 

suggested minimal tooth preparation (group B). Dies were made of epoxy resin 

(Exakto-Form, Bredent, Germany) with a modulus of elasticity of this material (3 GPa)  

is close to that of  human dentine. All samples were then designed in a form to fit the 

sample cup of the chewing simulator (CS-4.8, SD Mechatronik GmbH, Feldkirchen-

Westerham, Germany) and the specially designed jig to hold the samples during fatigue 
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and single load to fracture (SLF) testing. Therefore, the master die of each group was 

fixed vertically to the centre of the sample cup, which was coated with a thin layer of 

petroleum jelly, using fast-setting polyester resin (Technovit 4000, Heraeus Kulzer, 

Wehrheim, Germany). Acrylic resin (Palapress vario, Heraeus Kulzer Wehrheim, 

Germany) was mixed and poured to cover the die up to 2.0 mm away from the finish 

line. Any polymerization shrinkage on the top of the acrylic block was substituted with 

a new mix. Then, a mould of the whole structure was made using silicon duplicating 

material (Exaktosil N21, Bredent, Germany). Each die was then fitted to the mould in 

its corresponding place and acrylic resin poured around its root.  

Twenty samples were prepared from each of the preparations. Crowns were milled from 

lithium disilicate e.max CAD blocks (Ivoclar Vivadent, Shaan, Liechtenstein). Glazing 

was combined with the crystallization process using Programat EP 3000 furnace 

(Ivoclar Vivadent, Shaan, Liechtenstein). Dies were sandblasted with 100 µ AL2O3 

particle size at a pressure of 1 bar to roughen the epoxy resin surface and help with the 

retention of the crowns during cementation. All crowns were adhesively luted on the 

epoxy resin replicas using Variolink II (Ivoclar Vivadent, Shaan, Liechtenstein) 

following the manufacturer’s instructions. Upon completion of the luting process, the 

crowns were stored in water at 37◦C for 24 h. Crowns were then divided into four 

subgroups: A1 (n=5), A2 (n=15), B1 (n=5) and B2 (n=15) without fatigue and with 

fatigue, respectively.  

Thermal mechanical loading (TML)  

Fifteen specimens from each group (A2 and B2) were subjected to TML in the chewing 

simulator (CS-4.8, SD Mechatronik GmbH, Feldkirchen-Westerham, Germany). A 

number of cycles of 250000 has been used to represent one year in service 
2, 10, 12

. Thus, 
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samples in this study were loaded for 1.5 million cycles to represent 6 clinical years. 

The loading protocol started with 50 N for 500,000 cycles followed by 100 N for 

500,000 cycles and finally 150 N for 500,000 cycles at a loading frequency of 1.2 Hz. 

Fatigue loading was applied using a round cone stainless steel indenter. Articulating 

paper was used to ensure the position of the indenter at the distobuccal cusp tip. Then 

the step motor was moved 0.5 mm lingually making the starting point 0.5 mm lingual to 

the distobuccal cusp tip. During each cycle, the indenter contacts the crowns at this 

point, applies the load and slides 0.5 mm toward the central fossa with a mouth opening 

distance of 6 mm simulating aspects of natural occlusion. Simultaneously, 

thermocycling between 5◦C and 55◦C in distilled water (dwell time: 30 s, pause time: 13 

s, no of cycles: 3000) was performed in the computerized thermocycling unit (SD 

Mechatronik GmbH, Feldkirchen-Westerham, Germany). The samples were dried and 

inspected for cracks, chipping or fracture after each loading phase under LED light 

simulating clinical procedures. Failure was predefined as large chipping, crack, or 

ceramic bulk fracture.  

 Single load to fracture test (SLF)  

All samples were subjected to SLF test using a universal testing machine (Loyds 

Instrument Model LRX, Fareham, England) to evaluate the fracture resistance. 

Specimens were adjusted in the same reproducible position in the specially designed jig 

so that the indenter can achieve tripod contact by touching the distobuccal, and palatal 

cusps. The load was applied vertically using 6 mm diameter stainless steel indenter with 

a crosshead speed of 1 mm/min until failure. The load at which failure occurred was 

recorded in Newton for each crown.    
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 Statistical analysis 

SPSS 21.0 (SPSS Inc. Chicago, USA) was used for statistical analysis. The 

Kolmogorov–Smirnov test was used to confirm the normal distribution of data before 

statistical assessment. Descriptive statistical analysis (mean and standard deviation) was 

performed. Differences between the groups were analysed by use of t-test. For all 

statistical analyses, the level of significance was set at 95%. 

Table 2.1: Descriptive statistics (mean and standard deviation) of fracture load in Newtons 

Group Mean SD 

A1 (n=5) 2339.7 82.5 

A2 (n=15) 2148.8 649.0 

B1 (n=5) 1751.7 134.3 

B2 (n=15) 1053.6 248.5 

 

Including the cracked crown in the fracture test will more likely reduce the mean 

fracture load of this group compared to the other groups because of the pre-existing 

damage. Therefore, a fracture load corresponding to 90% of the lowest fracture load in 

group B was assigned the crown that failed during chewing simulation groups to obtain 

a normal distribution of data.  

2.4. Results  

All crowns in group A survived fatigue testing; no failure was observed during any of 

the three loading phases resulting in 100% survival rate. Crack was noticed under the 

indenter contact point of only one sample in subgroup B2 at the end of the last loading 
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phase (150 N) which corresponds to a failure frequency of 6.7%. All fatigued samples 

in both groups suffered excessive wear at the indenter contact point.  

 

 

Figure 2.1: Three fracture modes obsereved; Fracture along the mesiodistal plane running through the 

central fossa (A), Fracture along the mesiodistal plane and lingual groove (B), Fracture along the 

mesiodistal plane, mesiobuccal and lingual grooves (C) 

 

Table 2.1 shows the mean and standard deviation of SLF test for each group. 

Independent t-test revealed that tooth preparation and subsequent crown thickness had a 

significant influence on the fracture load, as fracture loads of subgroups A1 and A2 

were significantly higher than those of B1 and B2, respectively. Within each tooth 

preparation category, the fatigue effect on crown’s fracture resistance appears to depend 

on the amount of tooth preparation performed. While it statistically significantly 

decreased by 40% (from 1751.1 to 1053.6 N, P < 0.001) for crowns with suggested 

minimal tooth preparation, it was not affected (P > 0.05) in crowns with the 

recommended tooth preparation where fracture load decreased by only 8.2%. 

Crowns predominantly failed by bulk fracture including the whole thickness of the 

crowns. Three fracture modes with different number of main fractured pieces were 

observed among the samples tested (Figure 2.1). 
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Table 2.2: Fracture modes exhibited by groups 

Fracture mode 

No of 

samples 

(%) 

 

Load (SD) 

in Newton 

Fracture modes by group  

No of samples (%)  

A1 A2 B1 B2 

I: Fracture along the mesiodistal plane 

running through the central fossa 

19 

(49) 

1933 

(583) 

5 (100) 9 (60) 3 (60) 2 (13) 

II: Fracture along the mesiodistal plane 

and lingual groove 

9 

(23) 

1980 

(871) 

- 5 (33) 2 (40) 2 (13) 

III: Fracture along the mesiodistal plane, 

mesiobuccal and lingual grooves 

11 

(28) 

1216 

(210) 

- 1 (7) - 10 (67) 

Crack under the indenter contact point 

during fatigue 

  n/a - n/a 1 (7) 

 

Only one sample failed pre-maturely during fatigue ageing. The remaining 39 samples 

exhibited modes of fractures as shown in Table 2.2. These modes varied along with 

corresponding fracture values. Almost half the samples exhibited Mode I fracture 

(49%), followed by Mode III (28%) and lastly Mode II (23%). Fractures forces were 

above 1900 N for modes I & II and dropped significantly to 1200 N for mode III. The 

drop in force and increase in number of shattered pieces had linear correlation 

(negative) and R values were 1 and 0.69 for non- and fatigued samples respectively 
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(Figure 2.2). Tooth reduction and the subsequent crown thickness had significant effect 

on the fracture modes. While control groups (A1 and B1) exhibited majorly mode I 

fracture; however fatigued groups significantly differed. It was Mode I for group A2 

(60%) and Mode III for group B2 (67%). 

 

Figure 2.2: Graph showing linear correlation between fracture mode (number of fractured pieces) and 

fracture force 

2.5. Discussion 

In this study we hypothesised that fracture strength and fatigue resistance of LD crowns 

with reduced tooth preparation and subsequent crown thickness will not be significantly 

different from that prepared as recommended by the manufacturer. However, the results 

show that crowns with recommended tooth preparation had a significantly higher 

fracture resistance than crowns with suggested minimal tooth preparation regardless of 

fatigue application (fracture load of subgroups A1 and A2 were statistically 

significantly higher than B1 and B2, respectively). We also found that fatigue 
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significantly influenced fracture load of crowns with suggested minimal tooth 

preparation but failed to affect crowns with recommended tooth preparation. Therefore, 

the hypothesis of the study was rejected. 

Our results agree with Rekow et al.
 16

 who found through a systematic factorial analysis 

using a clinically relevant model that crown material and crown thickness were the most 

relevant factors that influence fracture probability. In the same vein,  Guess et al.
 17

 

linked the high reliability of LD crowns to two main reasons; the capability of the 

CAD/CAM technology to produce homogenous blanks with minimal flaws and 

microstructural defects and the thickness of their samples especially at the occlusal 

surface reached 2 mm. They cited that the load to cause bulk fracture in the CAD/CAM 

LD can be expected to diminish rapidly as the thickness is reduced 
17

. This claim is also 

supported by a recent clinical study 
18

 which included 41 lithium disilicate CAD/CAM 

posterior crown. The authors found that the thickness of the only crown failed by 

fracture during 4 years observation period was not kept at a minimum thickness of 1.5 

mm in the fissure line which led to catastrophic failure 
18

.  

On the other hand, a similar study by Seydler el al.
 2

 suggested that 1.0 and 1.5 mm wall 

thicknesses crowns showed appropriate fracture resistances and recommended that the 

wall thickness of posterior LD crowns might be reduced to 1 mm. However, in our 

study, the results suggest that decreasing the tooth preparation and the subsequent 

crown thickness cannot be applied without significantly affecting the crown’s fracture 

resistance. It is worth noting however that the testing setup in this study is different in 

many aspects from that of our study which might contribute to the disagreement. First, 

Seydler el al.
 2

 applied 1.2 million cycles with a maximum load of 108 N before 

conducting the fracture test; second, the thermal and mechanical loading were 
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conducted separately with a different thermocycling protocol; third, the researchers used 

uniform crown thicknesses; finally, the post-fatigue fracture test was conducted by 

loading only one cusp perpendicular to its surface.  

Whether artificial ageing in the chewing simulator affects the fracture load of 

monolithic LD crowns has been one of the objectives of this research. The results 

revealed that fatigue loading for 1.5 million cycles did not significantly affect the 

fracture strength of LD crowns in group A (recommended tooth preparation). On the 

contrary, a previous study 
10

 reported that cyclic loading significantly reduced the 

fracture load of monolithic LD crowns. However, the thermal mechanical loading 

protocol used in this study 
10

 included subjecting the samples to a maximum load of 98 

N for 1.2 million cycles with a thermocycling between 5◦C and 55◦C in distilled water. 

In addition the SLF was applied using 6 mm diameter ceramic ball at a stable position 

on the occlusal surface of maxillary molar crowns 
10

. In fact, reviewing the literature 

shows that LD crowns have demonstrated good clinical performance with low 

prevalence of mechanical failure along different follow up periods 
15, 18-22

. The material 

showed excellent in vitro results through TML fatigue testing 
7, 8, 23, 24

. LD also revealed 

significantly higher reliability than porcelain layered Y-TZP crowns 
17

 and more 

fracture resistance than zirconia/fluorapatite press over crown 
23

. Therefore, our findings 

confirm those of previous in vivo and in vitro studies where tooth preparation and 

crown thickness were maintained as recommended by the manufacturer.  

Unlike crowns with recommended tooth preparation, crowns with suggested minimal 

tooth preparation showed significantly reduced fracture load after TML. These findings 

might explain the difference in the fracture mode noticed in subgroup B2 as most 

samples (67%) showed more catastrophic fracture mode separating the crown into four 
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or more pieces. It is evident from the results of this study that cyclic loading in the 

chewing simulator made these crowns (B2) weaker which significantly decreased the 

mean fracture load and resulted in different fracture mode.   

According to Chitmongkolsuk el al.
 11

, an initial fracture strength of 1200-1300 N is 

recommended for new all-ceramic restorations so that the final strength after one 

million chewing strokes is still higher than the maximum chewing force. Accordingly, 

our results indicate that strength of monolithic LD crown is adequate for posterior 

crown restoration even at reduced thickness hence all unfatigued samples showed initial 

fracture load well above the value recommended by Chitmongkolsuk el al.
 11

. Moreover, 

the mean fracture load recorded for fatigued samples with minimal tooth preparation 

(B2) was 1053.6 N. Therefore, we can reasonably say that after 1.5 million cycles the 

ultimate fracture load for crowns with minimal tooth preparation was still well above 

the maximum chewing force.   

The modes of fractures observed in this study varied along with corresponding fracture 

values. Fractures forces were above 1900 N for modes I & II and dropped significantly 

to 1200 N for mode III. A negative linear correlation was found between the force to 

fracture and facture mode observed. Fatigue significantly changed the fracture mode of 

the crowns in both groups. This can be logically related to the effect of fatigue in 

developing internal stresses within the ceramic structures weakening the structure and 

causing failure at low compression forces. Similar fracture paths were observed in 

previous study where SLF was applied using 6 mm diameter ceramic ball at a stable 

position on the occlusal surface of maxillary molar crowns 
10

.  

This study aimed to simulate the clinical scenario and set the testing parameters in 

accordance with the most commonly used ones in previous research. An occlusal load 
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in a range between 10 and 120 N is considered by several authors as adequate values 
25-

28
. Thus, samples in this study were loaded in three phases with 50 N, 100 N, and 150 N 

for 500,000 cycles each to simulate six years of clinical service. Mechanical loading 

incorporated a 0.5 mm lateral movement in order to mimic the lateral movement of the 

jaw and its evident deteriorating effect on the restoration 
29, 30

.  Wet conditions and 

thermocycling were also considered to imitate the chemical effect of aqueous 

environment and temperature fluctuation on ceramic.  

Ignoring the use of artificial periodontium in this study might be criticized or considered 

a limitation. However, literature shows that the necessity of simulating the periodontal 

ligament in fatigue testing is an issue of debate. Heintze et al.
 31

 suggested that it is not 

required when testing crown samples and several authors seem to agree with this notion 

2, 9, 10, 17, 23, 24, 32, 33
. Heintze el al.

 31
 argue that an artificial periodontium would reduce 

the axial force when the die move in the surrounding unstandardisable silicon layer and 

the consequent mobility is uncontrolled and unstandardised. It is important however 

when testing FDPs samples to increase the tensile force at the gingival part of the 

connector area simulating clinical situation 
31

 and hence appear in many studies testing 

FDPs 
11-14, 34

. In the current study, the researchers attempted to use artificial 

periodontium by using 0.3 mm thickness silicon material around the root part of the die. 

Samples were then exposed to mouth motion fatigue in the chewing simulator. The 

silicon material started to move occlusally leaving a gap between the acrylic resin base 

and epoxy resin die, and the subsequent tooth movement during loading was very high 

and obviously unstandardised. Therefore, the decision was made not to use the artificial 

periodontium and subsequently discard the sample used in this trial test.   
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Using epoxy resin dies instead of natural teeth as substrate is one of the limitations of 

this study. The elastic modulus of the supporting material can influence stress 

distribution 
16, 35

 and fracture resistance of ceramic restoration 
36-39

. However, Yucel el 

al.
 39

 found that the distribution of stresses in a restoration attached to dentin and epoxy 

resin dies was similar, but that was different from restoration bonded to steel or brass 

dies. Therefore, to reduce the effect of this limitation into a minimum, epoxy resin 

material with an elastic modulus close to that of dentin was chosen as a die material.  

Applying the fatigue load using stainless steel round cone indenter instead of natural 

tooth is another limitation of this study. However, through this indenter relatively more 

destructive loading conditions can be achieved by encompassing a smaller deformation 

zone and the subsequent damage is expected to be more pronounced creating a worst 

case scenario.  

2.6.Conclusion 

Reducing the amount of tooth preparation required for LD crowns by 0.5 mm on the 

occlusal and proximal/axial wall with a 0.8 mm chamfer significantly reduced the 

fracture load of the restoration and was likely to be a factor attributing to crown failure 

during chewing simulation. Therefore, for long-term successful application of LD 

crowns, it is advisable to follow the manufacturer recommended tooth reduction.  
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Linking page  

The previous chapter highlighted the significance of following the recommended tooth 

preparation and ceramic thickness for successful application of lithium disilicate 

crowns.  

The following chapter (Chapter 3) was formatted as a journal article and is currently 

under review by a peer reviewed journal (Journal of Prosthodontic Research). The 

citation is as follows: Nawafleh N, Hatamleh M, Al-Wahadni A, Öchsner A, Mack F. 

Fracture resistance of anatomically representative lithium disilicate crowns under cyclic 

loading in chewing simulator (submitted for publication). This study compared the 

fracture resistance and in vitro survival of lithium disilicate crowns in two structural 

forms (monolithic and bi-layer).  
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CHAPTER 3 

ORIGINAL RESEARCH PAPER  

Fracture resistance of anatomically representative lithium disilicate 

crowns under cyclic loading in chewing simulator  

3.1. Abstract 

Purpose: To investigate the effect of crown structure (monolithic vs bi-layer) on the 

fracture resistance of lithium disilicate (LD) crowns subjected to cyclic loading. 

Methods: A typodont molar tooth received a standard complete crown preparation 

according to the manufacturer’s instructions. Twenty monolithic and 20 veneered LD 

crowns were fabricated and adhesively luted to epoxy resin dies. Ten samples from each 

group acted as control while the remaining ten samples were subjected to cyclic loading 

in a chewing simulator. Fracture test was performed later to determine the fracture 

resistance of all crowns. Data was analysed using t-test for independent data (P < 0.05) 

and Pearson correlation test (P < 0.05). 

Results: All crowns survived fatigue testing resulting in 100% survival rate in both 

groups. The mean fracture load values were 2360 N and 2148 N for the monolithic 

crowns and 1547 N and 1482 N for the veneered crowns, unfatigued and fatigued, 

respectively. The fracture resistance of monolithic crowns was significantly higher (P < 

0.05) than that of the veneered crowns at baseline and after fatigue. Cyclic loading in 

the chewing simulator had no significant effect on the fracture resistance of monolithic 

and veneered crowns (P > 0.05).  
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Conclusions: Monolithic LD crowns have significantly higher fracture resistance than 

veneered crowns. Cyclic loading in simulated oral environment did not significantly 

affect the fracture strength and failure mode of monolithic and veneered LD crowns. 

Monolithic crown is more recommended for posterior restorations than the veneered 

crowns because of its significantly higher fracture load.  

3.2. Introduction 

In all-ceramic restorations, the high fracture resistance required to withstand 

masticatory forces is achieved by one of two routes. The first route is fabricating a 

monolithic restoration from strong and tough ceramic materials such as zirconia or 

lithium disilicate (LD). The second route is combining a strong core material with a 

veneer layer made of aesthetically-pleasing but weaker porcelain, resulting in a bi-layer 

restoration. While the first option is more capable of producing a stronger restoration 

[1-5], the superior aesthetic results achieved through the second route is considered of 

significant advantage.  

Lithium disilicate (e.max, Ivoclar Vivadent, Schaan, Liechtenstein) is one of the all-

ceramic systems that can be used as a monolithic or veneered restoration. The influence 

of the veneering process and associated heat treatment on the strength and performance 

of LD restorations has been investigated, but the results were contradictory [1, 2, 4, 6-

8]. However, the majority of these studies were conducted using standard geometric 

sample structures and traditional testing methodologies which might not be 

representative to the complex geometry a dental restoration serving in the challenging 

oral environment [9]. The inconsistent results suggest that the topic worth more 

investigation.  
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In veneered restorations, firing of the aesthetic ceramics occurs at a temperature well 

above the glass transition temperature (Tg) up to the sintering temperature of the 

veneering material [10]. Then, the restoration is removed from the furnace to cool down 

at high rates. The difference in the coefficient of thermal expansion (CTE) of the core 

and veneering materials can create a large temperature difference between the layers, 

resulting in high levels of residual stresses, especially with rapid cooling rates [11, 12]. 

These residual stresses can cause marginal distortion of the finished restoration [10, 13] 

and affect its mechanical behaviour [11]. Therefore, comparing fatigue resistance of 

monolithic and veneered crowns is vital to stipulate the more appropriate structure for 

constructing posterior crowns required to withstand the heavy occlusal load during 

function.  

Previous studies compared the fracture resistance of monolithic and veneered LD 

restorations through traditional testing methodologies [6, 7] and others through chewing 

simulations [1, 2, 5].  Some studies [6, 7] reported no significant difference between 

monolithic and veneered samples while others [4, 8] reported that difference. It is worth 

noting however that most of these studies were conducted using traditional testing 

methodologies which involve static loading of standard test samples in universal testing 

machine until failure [14].While such testing can provide information about material 

strength, estimate failure risk, or compare material variants, it is still inadequate to 

predict the long-term performance of dental restorations during service [14].  Two 

studies [1, 2] tested anatomically representative crowns found that veneered samples 

have significantly lower fracture load values compared to the monolithic ones. 

Similarly, using FDPs, Schultheis et al [5] reported significantly higher fracture load for 

monolithic FDPs than the veneered samples. They also reported that the fatigue 
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application had no significant effect on fracture load on both monolithic and veneered 

samples.  

The present study aimed to investigate fracture strength and fatigue resistance of 

monolithic and bi-layer LD molar crowns using anatomically representative crown 

samples. According to the manufacturer, both monolithic and veneered LD crowns are 

recommended for posterior/anterior teeth replacements. Based on such a 

recommendation, we hypothesised that the fracture strength of monolithic crowns will 

not be significantly different from that of the bi-layer crowns, and fatigue testing in 

simulated oral environment will not significantly affect fracture strength of both 

monolithic and veneered crowns.  

3.3. Materials and method 

Samples preparation 

A typodont mandibular left first molar tooth (Nissin Dental Products INC, Kyoto, 

Japan) received a standard complete crown preparation with an occlusal and 

proximal/axial wall reduction of a minimum of 1.5 mm and 1.0 mm deep chamfer finish 

line. The preparation was carried out by experienced prosthodontist to achieve 1.5 mm 

axial and proximal, 2 mm occlusal reduction and 1.0 mm chamfer finish line. Then, the 

prepared tooth was scanned using a dental laboratory scanner (3Shape A/S, 

Copenhagen, Denmark). Fully anatomically shaped molar crown and the core of the 

veneered crown were virtually designed. Then, the crowns and cores were milled 

using 5-axis milling machine (DMG 20/Mori Seiki, Japan). The thickness of the 

monolithic crown at different surfaces was corresponding to the tooth reduction 1.5 mm 

circular and 2 mm occlusaly.  
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According to the manufacturer instructions, a minimum core thickness of 0.8 mm 

should be kept for a successful application of the veneered LD crowns, and any excess 

preparation clearance achieved should be used in favour of the core thickness. 

Therefore, anatomically designed cores were used for more precise duplication of the 

clinical scenario and to stick to the manufacturer’s recommendations. The core was 

designed by increasing the core thickness individually (min: 0.8, max: 1.3) mm to 

provide a uniform veneering ceramic thickness of 0.7 mm. 

Vinyl polysiloxane impressions (3M ESPE, St. Paul, MN, USA) of the finished master 

die were made to create 40 epoxy resin (Exakto-Form, Bredent, Germany) replicas of 

the prepared tooth with a modulus of elasticity of this material (3 GPa)  is close to that 

of  human dentine of 11-20 GPa [15]. Sample holdings were then designed in a form to 

fit the sample cup of the chewing simulator (CS-4.8, SD Mechatronik GmbH, 

Feldkirchen-Westerham, Germany) intended to be used for fatigue testing. Therefore, 

the master die was fixed vertically to the centre of the sample cup using a fast-setting 

polyester resin (Technovit 4000, Heraeus Kulzer, Wehrheim, Germany). A thin coat of 

petroleum jelly was applied to the inner surface of the samples cup. Then, acrylic resin 

(Palapress vario, Heraeus Kulzer, Wehrheim, Germany) was mixed and poured to cover 

the die up to 2.0 mm away from the finish line. Any polymerization shrinkage on the 

top of the acrylic block was substituted with a new mix. Afterward, a mould of the 

whole structure was made using a silicon duplicating material (Exaktosil N21, Bredent, 

Germany) to enable the production of standardised identical sample holdings. Each die 

was then fitted to the mould in its corresponding place and acrylic resin poured around 

the root.  
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Twenty monolithic and 20 bi-layer LD crowns were constructed. The monolithic 

crowns and the cores of the bi-layer crowns were milled from LD e.max CAD blocks 

(Ivoclar Vivadent, Schaan, Liechtenstein). Glazing was combined with the 

crystallization process for the monolithic samples in the recommended furnace 

(Programat EP 3000, Ivoclar Vivadent, Schaan, Liechtenstein). 

Table 3.1: Firing parameters of veneering porcelain 

IPS e.max Ceram  
B 

(ºC/ºF) 
S 

(min) 
HR 

(ºC/ºF/min) 
T 

(ºC/ºF) 
H 

(min) 
V1 

(ºC/F) 
V2 

(ºC/ºF) 

Dentin and Incisal 

firing 

403/757 4:00 50/90 750/1382 1:00 450/842 749/1380 

Stain and glaze 

firing  

403/757 6:00 60/108 725/1337 1:00 450/842 724/1335 

B: stand-by temperature, S: closing time, HR: heating rate, T: firing temperature, H: holding time, V1: 

vacuum 1, V2: vacuum 2 

 

A silicon index was made for one of the CAD/CAM milled monolithic crowns to be 

used in controlling the shape and thickness of the veneering ceramic in the bi-layer 

group. Layering of the veneering material (e.max Ceram, Ivoclar Vivadent, Schaan, 

Liechtenstein) was carried out by an experienced dental technician using the silicon key 

shown in figure 3.1 in an attempt to standardise the samples. Firing of the veneering 

porcelain was carried out in Programat EP 3000 (Ivoclar Vivadent, Schaan, 

Liechtenstein) following the manufacturer recommended firing cycles as in table 3.1. 

Restorations were allowed to cool slowly as the furnace takes 6 minutes to open 

completely.  
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Figure 3.1: Veneering monolithic crown using silicone index to maintain standard thickness among all 

sample crowns 

Dies were sandblasted with 100 µ AL2O3 at a pressure of 1 bar to roughen the epoxy 

resin surface and help with the retention of the crowns during cementation. All crowns 

were adhesively luted on the epoxy resin replicas using Variolink II (Ivoclar Vivadent, 

Schaan, Liechtenstein) following the manufacturer’s instructions. The die and the inner 

surface of the crown were steam cleaned and drayed with compressed air. The die was 

etched with 37% phosphoric acid (Total Etch, Ivoclar Vivadent, Schaan, Liechtenstein) 

for 15 s, steam cleaned and dried with air. ExciTE F DSC dual-curing dental adhesive 

(Ivoclar Vivadent, Schaan, Liechtenstein) was then applied for 10 sec. The inner 

surfaces of all the crowns were acid etched with 4.5% hydrofluoric acid (IPS Ceramic 

etching gel, Ivoclar Vivadent, Schaan, Liechtenstein) for 20 s. Crowns were then 
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silanized with Monobond plus (Ivoclar Vivadent, Schaan, Liechtenstein) for 60 s. 

Cement components were mixed and applied to the inner surface of the crowns. Crowns 

were seated using light figure pressure which increased gradually simulating clinical 

procedures and excess cement was removed.  Cement was light-cured with for 40 s on 

each segment. Upon completion of the luting process, samples were divided into four 

subgroups of ten samples each, MC, MF, VC, and VF as M=monolithic, V=veneered, 

C=control, F=fatigued. The samples were stored in water at 37ºC for 24 h prior to 

mechanical testing.  

Thermal mechanical loading (TML) 

Crowns in MF and VF were subjected to TML in a chewing simulator (CS-4.8, SD 

Mechatronik GmbH, Feldkirchen-Westerham, Germany) as shown in figure 3.2. A 

number of cycles of 250000 has been used to represent one year in service [2, 5, 16]. 

Thus, samples in this study were loaded for 1.5 million cycles to represent 6 clinical 

years. The loading protocol started with 50 N for 500,000 cycles followed by 100 N for 

500,000 cycles and finally 150 N for 500,000 cycles at a loading frequency of 1.2 Hz. 

Fatigue loading was applied using a stainless steel round cone indenter with 3.18 radius 

corresponds to and the 3.18 mm radius is the midrange of cuspal radii 2 to 4 mm [17]. 

Articulating paper was used to ensure the initial position of the indenter at the 

distobuccal cusp tip. Then the step motor was moved 0.5 mm lingually making the 

starting point of the indenter at 0.5 mm lingual to the distobuccal cusp tip. In each stress 

cycle, the indenter hits the crown at the starting point, slides 0.5 mm toward the central 

fossa and leaves the crown surface with a mouth opening distance of 6 mm simulating 

aspects of natural occlusion. Simultaneously, thermocycling in distilled water 

(temperature extremes: 5-55ºC, dwell time: 30, pause time: 13 s, number of cycles: 
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3000) was performed in the computerized thermocycling unit (SD Mechatronik GmbH, 

Feldkirchen-Westerham, Germany). Samples were checked for cracks, chipping or 

fracture using LED light after each loading phase simulating clinical procedures. Failure 

was predefined as large chipping, crack, or ceramic bulk fracture.  

 

Single load to fracture test (SLF) 

All samples were subjected to SLF testing using a universal testing machine (Loyds 

Instrument Model LRX, Fareham, England) to evaluate the fracture resistance. A jig 

was designed similar to the sample cup of the chewing simulator to ensure that the 

Figure 3.2: Fatigue and 

single load to fracture 

testing initiated by 

identifying starting point 

(A) and direction of 

cyclic loading (B). 

Samples are undergoing 

thermocycling in water 

during cyclic loading in 

the chewing simulator 

(C& D). A Jig was 

designed to fit and fix 

the samples in the 

universal testing 

machine (E). Stable 

tripod contact of the 

indenter on the crown 

during single load to 

fracture test (F) 
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samples are fixed in place during the fracture test in the same way applied during the 

chewing simulation. The standardized occlusal anatomy allowed the samples to be 

adjusted in the same stable reproducible position on the occlusal surface by so that the 

indenter can achieve tripod contact on the distobuccal, and palatal cusps as in previous 

studies [2, 18, 19]. The jig fixed the sample in the horizontal plane with no inclination 

and the load was applied vertically using a 6 mm diameter stainless steel indenter with a 

crosshead speed of 1 mm/min until failure as in the figure 3.2. The load at which failure 

occurred was recorded in Newton for each crown.  

 

Figure 3.3: Box plot for fracture load of the four groups  

Statistical analysis 

SPSS 21.0 (SPSS Inc. Chicago, USA) was used for the statistical analysis. The 

Kolmogorov–Smirnov test was used to confirm the normal distribution of the data 

before statistical assessment. Levene’s test showed that the data of the fracture load was 
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homogeneous. Descriptive statistical analysis (mean and standard deviation) was 

performed and differences between the groups were analysed using independent t-test 

and Pearson correlation test. For all statistical analyses, the level of significance was set 

at 95%.  

Table 3.2: Mean (SD) values of fracture resistance and statistical significances among two crown 

structures and after 1.5 m cyclic loading 

Crown structure Fracture load in Newton 

(SD) 

Control (n=10) After 1.5 m cycle (n=10) 

Monolithic 2360 
A, a

  

(151) 

2148
 A, a

 

(621) 

Bi-layer 1547 
B, a

 

(370) 

1482
 B, a

 

(221) 

Within each column; different capital superscript letters indicate heterogeneous 

subsets (P<0.05). 

Within each row; similar small superscript letters indicate homogeneous subsets 

(P>0.05) 

 

3.4. Results 

All samples in this study survived fatigue testing with no signs of fractures or chipping, 

resulting in 100% survival rates. Figure 3.3 shows the fracture load of the samples in the 

four groups. The results showed that the crown’s structure (monolithic vs bi-layer) has a 

significant effect on the fracture strength of LD crowns. The fracture load of the 

monolithic samples was statistically significantly (P < 0.05) higher than that for the 

veneered specimens; fracture load of MC and MF were statistically significantly higher 

than that of VC and VF, respectively (table 3.2). Independent t-test showed that cyclic 
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loading in the chewing simulator had no statistically significant effect on both 

monolithic and veneered LD crowns (P > 0.05).  

 

Figure 3.4: Three fracture modes observed after single load to fracture test. Two pieces fracture along the 

mesiodistal plane (A), Three pieces fracture along the mesiodistal plane and lingual groove (B), four 

pieces fracture along the mesiodistal plane, lingual and distobuccal grooves (C) 

Crowns predominantly failed by bulk fracture including the whole thickness of the 

crowns. As shown in figure 3.4, three fracture modes with different number of main 

fractured pieces were observed. Fracture extending along the central fossa and 

propagated in the mesiodistal plane occurred in 45% of the samples separating the 

crown into two main pieces (fracture mode I). Fracture extending on the mesiodistal 

plane and lingual groove (fracture mode II) occurred in 45% of the crowns resulting in 

three main fractured pieces. A more catastrophic failure extended further to the 

mesiobuccal groove where the crowns shattered into more than four pieces (fracture 

mode III) occurred in only four crowns (10%).  

The majority (90%) of the samples exhibited either fracture mode I or II. The forces at 

fracture varied according to the fracture mode as shown in Table 3.3. It was the highest 

for fracture mode I (2067 N) followed by mode II (1873 N), and the lowest fracture 

force was noticed for fracture mode III of 1473 N. The crown structure (monolithic vs 
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bi-layer) had a significant effect on the fracture mode. While the monolithic groups 

exhibited majorly fracture mode I; however veneered groups showed mainly fracture 

mode II. Fatigue did not affect the fracture mode observed in the monolithic and 

veneered groups. Figure 3.5 shows a significant correlation between fracture mode and 

fracture force as indicated by Pearson correlation test (correlation coefficient r = 0.98, 

and P = 0.0001). 

Table 3.3: Fracture modes exhibited by groups and associated fracture forces 

Fracture mode  
No. 

(%) 

Mean 

(SD)  

Fracture patterns across 

groups (%) 

MC MF VC VF 

(I) Two pieces fracture along the 

mesiodistal plane  

18 (45) 2067 

(563) 

70 60 30 20 

(II) Three pieces fracture along 

the mesiodistal plane and lingual 

groove  

18 (45) 1873 

(510) 

30 30 60 60 

(III) four pieces fracture along the 

mesiodistal plane, lingual and 

distobuccal grooves  

4 (10) 1473 

(203) 

 10 10 20 
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Figure 3.5: Significant correlation between fracture mode and fracture force 

3.5.Discussion  

This study hypothesised that the fracture strength of monolithic LD crowns will not be 

significantly different from that of veneered crowns. Statistical analysis showed that 

monolithic crowns had statistically significantly higher load to fracture values than 

veneered crowns at base line and after fatigue application. Therefore, the first part of 

our hypothesis is rejected. We also hypothesised that fatigue will not significantly affect 

the fracture strength of both monolithic and veneered crowns which is confirmed by the 

results. 

In fatigue testing of dental ceramics, a number of cycles of 250000 has been extensively 

used in the literature to represent one clinical year [2, 5, 16, 20-24]. Accordingly, the 

1.5 million cycles applied in this study simulated six years in service. No failure was 

observed during the simulation resulting in 100% survival rates. This is in harmony 

with previous in vivo studies which reported promising clinical survival of LD crowns 
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along different observation periods [25-29], and in vitro testing using mouth motion 

fatigue in simulated oral environment [5, 16, 24, 30-34].  

Studies evaluating the effect of veneering process on the strength of LD restorations 

reported contradictory results [1, 2, 4, 6-8]. Some studies [6, 7] found no significant 

effect while others [4, 8] advocated that veneering of the ceramic core material 

diminishes the strength of the bi-layer specimens. However, the majority of these 

studies used standard geometric sample structures and traditional testing methodologies, 

which cannot be a precise representation of the dental crown during function. Thus, the 

current study tested anatomically correct crowns using thermal mechanical loading 

aiming to simulate the clinical scenario. The results showed that the fracture strength of 

the bi-layer crowns was statistically significantly lower than that of the monolithic 

crowns. These results are in agreement with previous studies which used crown [1, 2] 

and FDPs [5] samples.  

The higher fatigue resistance and load to fracture recorded for the full anatomic crowns 

might be accredited to the monolithic application of the LD material offering 360 MPa 

of strength through the entire restoration [35] with no veneering ceramic or core/veneer 

interface. The microstructure of this material which involves elongated crystals of LD in 

a glassy matrix plays a role in reducing the slow crack propagation [36]. In addition, the 

ability of the CAD/CAM technology to produce homogenous blanks with minimal 

flaws and microstructural defects enhances the performance of the material [33]. This is 

evident in the high Weibull modulus and increased reliability reported for CAD/CAM 

monolithic LD crowns in recent publication [37]. On the other hand, the low-strength 

aesthetics ceramic is susceptible to failure at significantly low loads and can limit the 

mechanical properties of the finished restoration [37]. Other factors such as the 
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laborious technique sensitivity involved in the conventional layering technique [38], and 

the increased complexity of stress distribution within the multi-layer system [39] can 

also be responsible for the reduced strength of the veneered restoration compared to the 

monolithic crowns. Firing of the veneering porcelain can create a large temperature 

difference between the core and veneer when the restoration cools because of the 

difference in the coefficient of thermal expansion (CTE) between the two ceramic 

materials [10]. This process results in high levels of residual stresses, especially with 

rapid cooling rates [11, 12]. These residual stresses can affect mechanical behaviour of 

the finished restoration [12]. 

The influence of cyclic loading in simulated oral environment on the strength and 

survival of monolithic and bi-layer LD crowns has been investigated. The results 

showed that chewing simulation for six clinical years did not statistically significantly 

affect the fracture strength of LD crowns in both monolithic and veneered groups. This 

explains the good clinical performance reported for monolithic [25, 34, 40-44] and bi-

layer [27, 44, 45] LD restorations along different follow up periods, and confirms the 

results of previous in vitro studies using clinically relevant testing methodologies [18, 

30, 32-34, 37, 46]. Nevertheless, in a similar study, Zhao et al [2] found that artificial 

ageing in the chewing simulator significantly affected the fracture load of the 

monolithic but not the veneered crowns which agrees with our results in regard to the 

bi-layer crowns. In line with our results, Silva et al [37] argued that fatigue was not a 

strong acceleration factor for failure of both monolithic and veneered LD crowns. 

Moreover, the full contour molar crowns of LD subjected to mouth motion fatigue have 

demonstrated significantly higher reliability than porcelain-layered Y-TZP crowns [33] 

and more fracture resistance than zirconia/fluorapatite press over crowns [46].  
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Currently, LD glass-ceramics and zirconia based ceramics appear the most popular all-

ceramic systems available [47]. In the present study, veneered LD crowns showed 

highly competitive results when compared with the results of zirconia core restorations 

reported in the literature [48-50]; no failure in a form of crack, fracture or chipping was 

noticed during fatigue for 1.5 million cycles. In addition, TML in the simulated oral 

environment did not significantly affect the fracture load of the crowns confirming the 

findings of a previous study [2]. On the contrary, studies which evaluated zirconia core 

crowns revealed that veneer chipping is one of the most common cause of failure in 

vivo [51-53] and in vitro  [48-50, 54] which reached 87.5% of the testes samples during 

cyclic loading for 1.2 million cycles [50]. This problem has not been a common 

complication in LD [1].  

With regard to the failure mode observed in this study, crowns failed predominantly by 

bulk fracture involving the whole thickness of the crown. Bulk fracture is the most 

common mechanical failure in LD restorations in previous in vivo [25, 45, 55] and in 

vitro studies [2, 3, 5, 37]. Clinically, bulk fracture of dental crowns occurs as a result of 

radial cracks originating from the cementation surface and propagates toward the 

occlusal surface [14, 56-58]. In the laboratory simulation, the bulk fracture mostly 

results from the extension of Hertzian cone cracks which develop from the surface 

underneath the loading indenter and propagate to the whole crown thickness [2]. In a 

previous in vitro study, Silva et al [37] demonstrated that radial cracks at the 

cementation surface beneath the contact point did not occur until the cyclic loading 

force was increased to 1400 N. Therefore, the loading forces used in the cyclic loading 

in this study were not enough to generate radial cracks.   
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Fracture paths mostly extended along the mesiodistal plane (45%) or further involved 

the lingual groove (45%) similar to those reported in previous study [2]. Fractures 

forces varied according to the fracture mode as shown in Table 2. A significant 

correlation between fracture mode and fracture force was found. Fracture mode I 

occurred at higher force followed by mode II and lastly mode III.  

Simulating the fatigue phenomenon of dental restorations has been valued as an 

appropriate testing method to predict the clinical performance of all-ceramic 

restorations [14, 59-61]. In the current study, we attempted to set the testing conditions 

in accordance with the most accepted values in previous research. Clinically, the 

position of restoration in the oral cavity determines the load it can be exposed to during 

service [62, 63]. This load is widely variable among individuals and depends also on the 

type of food being chewed [64, 65]. During chewing or swallowing, an occlusal load in 

a range between 10 and 120 N is considered as adequate values [66-69]. Reviewing the 

literature shows that there is a great range of masticatory force that has been applied in 

laboratory simulations for testing LD crowns. Although many researchers applied 

mechanical stresses within the normal mastication range [16, 19, 23, 70], the loads used 

with molar crowns lies between 30 N and 1400 N [3, 18]. Additional issue related to the 

magnitude of load is the use of constant or staircase loading protocols. It can be 

assumed that using variable stresses during laboratory simulation [3, 18, 19] might be 

more clinically relevant as occlusal force varies greatly during mastication. Therefore, 

in our study, an attempt was made to simulate the clinical situation by starting with a 

load of 50 N which increased to 100 N and then 150 N at 500000 cycles intervals which 

collectively represents 6 years of clinical service and simulates a worst case scenario. 
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Mechanical loading incorporated a 0.5 mm lateral movement in order to mimic the 

lateral movement of the jaw and its evident deteriorating effect on the restoration [71, 

72]. Testing was carried out under wet conditions using the most commonly used 

thermocycling regime in recently published papers [2, 5, 24, 73, 74]. However, artificial 

periodontium was not considered in the study design. According to Heintze et al [19], 

simulating the periodontal ligaments is not required when testing crown samples, and 

several authors seem to agree with this notion [2, 3, 16, 24, 33, 46, 75]. Heintze et al 

[19] argued that the unstandardisable silicon layer which represents the artificial 

periodontium would reduce the axial force when the die moves and the consequent 

mobility will be uncontrolled.  

The modulus of elasticity of the abutment material was found to influence the stress 

distribution [76, 77] and fracture resistance of ceramic restoration [78, 79].  The 

interfaces of materials with different moduli of elasticity have been found as the weak 

point of a restorative system [80]. Yucel et al [81] demonstrated through Finite Element 

Analysis (FEA) different stress distribution on the restoration when using different 

abutment materials; the distribution of stresses in a restoration attached to dentine and 

epoxy resin dies was similar, but that was different from restoration bonded to steel or 

brass dies. Therefore, an epoxy resin material with an elastic modulus close to that of 

dentine was used in this study. 

The use of a stainless steel round cone indenter instead of natural tooth to apply the 

cyclic loading can be considered a limitation of this study. The indenter material [14, 

82-84], shape and diameter [82], and modulus of elasticity [85] are important variables 

that can influence failure of ceramic samples. Zhang et al [82] found that a sharp 

indenter contact at 0.1 N is as deleterious as a blunt contact at 3000 N. Rosentritt et al 
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[85] found significant influence of the antagonist material (steatite ball and human 

tooth) on the loading capacity of FDPs samples. Therefore, using natural tooth 

antagonist in mechanical testing can more precisely simulate the clinical scenario. 

However, natural teeth are variable in size, form and quality which make it difficult to 

standardize [86]. Therefore, researchers use different indenter materials with different 

diameter because it is easier to standardize and produce.  Through the round cone 

indenter used in this study, relatively more destructive loading conditions can be 

achieved by encompassing a smaller deformation zone and the subsequent damage is 

expected to be more pronounced simulating the worst case scenario.  

The short water storage time of 24 h before initiating the fatigue test is also a limitation; 

longer aging of the restoration-cement-epoxy resin bond prior to the fatigue testing 

might have had impact on the results. In addition, examining the crowns for failure 

during fatigue testing using Scanning Electronic Microscopy (SEM) could offers great 

advantage by detecting micro-cracks and internal defects. However, the aim of this 

study was to test the samples fracture resistance and survival and to simulate clinical 

procedures.  

3.6. Conclusion 

Within the limitations of this study, it was concluded that the monolithic LD crown has 

a higher fracture resistance than veneered LD crowns. TML in simulated oral 

environment does not significantly affect fracture strength and fracture mode of both 

monolithic and veneered LD crowns. Although both monolithic and veneered crowns 

were fatigue resistant, the monolithic crown is more recommended for posterior 

restorations than the veneered crowns because of its significantly higher fracture load.  
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The previous chapter (Chapter 3) investigated the fracture resistance of monolithic and 

veneered lithium disilicate crowns in simulated oral environment. It was concluded that 

the monolithic form of this restoration is stronger and more resistance to fracture than 

the veneered form and therefore, more capable to withstand the heavy occlusal loads in 

the posterior region of the mouth.  

The next chapter concentrated on the bi-layer form of the lithium disilicate crowns, 

more specifically, the impact of core/veneer thickness ratio on the fracture resistance of 

the crowns. This chapter was written as a journal article and submitted to a peer 

reviewed journal with the following bibliographic details: Nawafleh N, Hatamleh M, 

Öchsner A, Mack F. The impact of core/veneer thickness ratio and cyclic loading on 

fracture resistance of lithium disilicate crown (submitted for publication) 
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CHAPTER 4 

ORIGINAL RESEARCH PAPER 

The impact of core/veneer thickness ratio and cyclic loading on 

fracture resistance of lithium disilicate crown 

4.1. Abstract 

Purpose: To investigate the effect of core/veneer thickness ratio on the fracture strength 

of lithium disilicate crowns subjected to cyclic loading in simulated oral environment. 

Materials and methods: A typodont molar tooth received a standard complete crown 

preparation according to the manufacturer’s instructions. Sixty lithium disilicate crowns 

were prepared and assigned to three groups with the following core/veneer thickness 

ratios A: 0.7 (0.6/0.9), B: 1.1 (0.8/0.7) and C: 2 (1.0/0.5). The cores were milled from 

lithium disilicate e.max CAD blocks and hand-layered using e.max Ceram (Ivoclar 

Vivadent, Schaan, Liechtenstein). Ten samples from each group acted as control while 

the remaining ten samples were subjected to thermal mechanical loading in a chewing 

simulator. All specimens were then subjected to single load to fracture test at 1 mm/min 

crosshead speed. Data was analysed using two-way ANOVA, Tukey multiple 

comparison test, Pearson correlation test and Quadratic regression (P < 0.05). 

Results: All crowns survived fatigue testing with no signs of fractures or chipping, 

resulting in 100% survival rate. The mean fracture load values for control and 

corresponding fatigued samples (N) were 1075 and 987 for group A, 1548 and 1482 for 

group B and 1455 and 1163 for group C. Increasing the core/veneer thickness ratio from 
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0.7 to 1.1 significantly increased the fracture load of the crowns. However, a further 

increase in the ratio up to 2 did not affect the fracture load compared to the 1.1 ratio 

(P>0.05). The increase in core thickness significantly positively correlated with the 

fracture force for control samples (r=.76; P<0.05). After single load to fracture, crowns 

predominantly failed by bulk fracture including the whole thickness of the crowns. 

Fracture modes were categorised according to fracture path and number of fractured 

pieces. 

Conclusions: Crowns with 1.1 (0.8: 0.7) core/veneer thickness ratio showed the 

optimum fracture load among control and fatigued groups. Reducing the core thickness 

from 0.8 mm to 0.6 mm decreased the fracture load significantly while increasing it to 

1.0 mm showed no statistical effect. Cyclic loading in simulated oral environment did 

not significantly affect fracture strength of veneered LD crowns in any of the tested 

groups.   

4.2. Introduction 

Dental materials should meet specific conditions to successfully survive and function in 

the oral cavity. With the continuous improvement of all-ceramic materials and 

manufacturing technologies, various all-ceramic systems have shown advanced 

aesthetics and clinically acceptable marginal fit 
1
. However, the main drawback for

some all-ceramic systems has been the relatively high clinical failure rate in the 

posterior region 
2-4

.

All-ceramic systems can be applied as a monolithic structure to achieve higher strength 

or as a bi-layer (veneered) structure to achieve superior aesthetics. In the veneered 

restorations, the relative layer thickness should be considered 
5
. Thickness ratio has

been found to play a role in stress distribution 
6
 and failure initiation and failure mode
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of bi-layer model specimens 
7-11

. According to Hsueh et al 
6
, the site of the maximum 

tensile stresses of bi-layered model specimens in biaxial bending test changes with 

different thickness ratios leading to different strength values and failure modes. Some 

studies reported increase in the strength of bi-layer specimens as core thickness 

increased 
11, 12

 while others found that strength was not dependent on relative layers 

thicknesses 
8, 13-16

. These contradictory findings introduce the need for more 

investigations to optimize the core/veneer thickness ratio required for different all-

ceramic systems.   

Researchers mostly investigated the impact of core/veneer thickness ratio on the 

strength of all-ceramic restorations using simple models such as bi-layered disks 
6, 7, 12, 

13, 17, 18
 which might not be representative to the dental restorations 

19
. One finite 

element analysis (FEA) study 
20

 used a model of lithium disilicate (LD) crown and 

found that a decrease in the core ceramic thickness from 0.8 to 0.4 mm doubled the 

predicted fracture probability at 1, 5, and 10 years. Reviewing the literature revealed 

that this issue has not been investigated using anatomically representative LD crowns in 

a scenario involving clinically relevant fatigue testing. Therefore, the purpose of this 

study was to use the minimum required thickness of the LD crowns as a baseline to 

investigate the effect of core/veneer thickness ratio on the fracture strength and fatigue 

resistance of LD crowns. According to the manufacturer’s instructions, a minimum core 

thickness of 0.8 mm should be kept for a successful application of the veneered LD 

crowns, and any excess preparation clearance achieved in tooth preparation should be 

used in favour of the core thickness. Based on these recommendations, our null 

hypothesis stated that changing core/veneer thickness ratio will not affect crowns’ 
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fracture strength and fatigue loading in simulated oral environment will not affect the 

fracture load of the crowns either.   

4.3. Materials and method 

Samples preparation 

A typodont mandibular left first molar tooth (Nissin Dental Products INC, Kyoto, 

Japan) was used as a master die. A silicon index was made for the unprepared tooth to 

be used later in controlling the shape and the thickness of veneer layer during the hand 

layering. The typodont tooth received a standard complete crown preparation by 

experienced prosthodontist to achieve 1.5 mm axial and proximal, 2 mm occlusal 

reduction and 1.0 mm chamfer finish line.  

The prepared tooth was scanned using a dental laboratory scanner (3Shape A/S, 

Copenhagen, Denmark). Three core designs (A, B and C) were created in anatomical 

shape to provide more support for the veneering ceramic. Thickness was determined at a 

minimum of 0.6 mm for design A, 0.8 mm for design B and 1.0 mm for design C. Then, 

thickness was increased individually to allow for a uniform veneering ceramic 

thickness. Cores were milled from LD e.max CAD blocks (Ivoclar Vivadent, Schaan, 

Liechtenstein) using 5-axis milling machine (DMG 20/Mori Seiki, Japan) and 

crystallized in Programat EP 3000 furnace (Ivoclar Vivadent, Schaan, Liechtenstein). 
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Figure 4.1: Preparing of identical acrylic sample holder. Epoxy resin die fixed to the silicon mould with a 

hole created using metal pin to fix the sample during testing (A), acrylic resin is mixed and poured in the 

mould (B&C), after polymerization, the metal pin and sample holder are removed from the mould (D). 

Sample fits the both chewing simulator and the specially designed jig in the universal testing machine 

(E&F).  

Vinyl polysiloxane impressions (3M ESPE, St. Paul, USA) of the finished master die 

were made to prepare 60 epoxy resin (Exakto-Form, Bredent, Germany) replicas of the 

prepared tooth with a modulus of elasticity (3 GPa)  close to that of  human dentine of 

11-20 GPa 
21

. All samples holdings were then designed in a form to fit the sample cup 

of the chewing simulator intended to be used for moth motion fatigue testing. Therefore, 

the master die was fixed vertically to the centre of the sample cup with the root down 

using fast-setting polyester resin (Technovit 4000, Heraeus Kulzer, Germany). A thin 

coat of petroleum jelly was applied on the inner surface of the cup. Acrylic resin 

(Palapress vario, Heraeus Kulzer GmbH, Germany) was mixed and poured around the 
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die to cover it up to 2.0 mm away from the finish line. Any polymerization shrinkage on 

the top of the acrylic was substituted with a new mix. Then, a mould of the whole 

structure was made using silicon duplicating material (Exaktosil N21, Bredent, 

Germany) to enables the production of standardized identical sample holdings. Each die 

was then fitted to the mould in its corresponding place and acrylic resin poured around 

the root as shown in figure 4.1. 

Table 4.1: Core and veneer thickness (mm) in the three groups 

Design 
Core thickness Veneer 

thickness 

Core/veneer thickness ratio (%) 

considering the minimum core thickness Circular Occlusal 

A 0.6 1.1 0.9 0.7 

B 0.8 1.3 0.7 1.1 

C 1.0 1.5 0.5 2 

 

Sixty LD crowns were constructed according to three different core/veneer thickness 

ratios and assigned to groups A, B and C corresponding to the core designs. As shown 

in figure 4.2, layering of the veneering material (e.max Ceram, Ivoclar Vivadent, 

Liechtenstein) was carried out using the silicon index which was made for the 

unprepared tooth. Firing of the veneering porcelain was carried out in Programat EP 

3000 (Ivoclar Vivadent, Schaan, Liechtenstein) following the manufacturer 

recommended firing cycles. Restorations were allowed to cool slowly as the furnace 

takes 6 minutes to open completely. The resulting core and veneer thicknesses in the 

three designs are detailed in table 4.1. 
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Figure 4.2: Veneering process controlled by the silicon index of the unprepared tooth 

Dies were sandblasted with 100 µ AL2O3 at a pressure of 1 bar to roughen the epoxy 

resin surface and help with the retention of the crowns during cementation. All crowns 

were adhesively luted (Variolink II, Ivoclar Vivadent, Liechtenstein) to the epoxy resin 

replicas following the manufacturer’s instructions. The die and the inner surface of the 

crown were cleaned and dried with compressed air. The die was etched with 37% 

phosphoric acid (Total Etch, Ivoclar Vivadent, Schaan, Liechtenstein) for 15 s, cleaned 

and dried with air. ExciTE F DSC dual-curing dental adhesive (Ivoclar Vivadent, 

Schaan, Liechtenstein) was then applied for 10 sec. The inner surfaces of all the crowns 

were acid etched with 4.5% hydrofluoric acid (IPS Ceramic etching gel, Ivoclar 
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Vivadent, Schaan, Liechtenstein) for 20 s. Crowns were then silanized with Monobond 

plus (Ivoclar Vivadent, Schaan, Liechtenstein) for 60 s. Cement components were 

mixed and applied to the inner surface of the crowns. Crowns were seated using light 

figure pressure which increased gradually simulating clinical procedures and excess 

cement was removed. Cement was light-cured with for 40 s on each segment. Upon 

completion of the luting process, crowns were stored in water until starting the 

mechanical testing.  

Fatigue loading in simulated oral environment 

 Ten samples from each group acted as control (AC, BC and CC) while the other 10 

samples (AF, BF and CF) were subjected to fatigue loading in chewing simulator (CS-

4.8, SD Mechatronik GmbH, Germany). The loading protocol started with 50 N for 

500,000 cycles followed by 100 N for 500,000 cycles and finally 150 N for 500,000 

cycles at a loading frequency of 1.2 Hz. The loading was applied using a round cone 

stainless steel indenter with 3.18 radius corresponds to the midrange of cuspal radii 2 to 

4 mm 
22

. As shown in figure 4.3, articulating paper was used to ensure the position of 

the indenter at a point 0.5 mm lingual to the cusp tip. The lateral movement was set at 

0.5 mm toward the central fossa with a mouth opening distance of 6 mm simulating 

aspects of natural occlusion. Simultaneously, thermocycling between 5 and 55ºC in 

distilled water was applied in the computerized thermocycling unit (SD Mechatronik 

GmbH, Germany). The thermocycling protocol consisted of 3000 cycles with a dwell 

time of 30s at each temperature extreme and pause time of 13s to empty the chambers. 

Samples were checked for cracks, chipping or fracture after each loading phase. Failure 

was predefined by large chipping, crack, or ceramic bulk fracture.  
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Figure 4.3: Mouth motion fatigue in the chewing simulator. Identifying the indenter start point (A), 

Direction of vertical and lateral movement (B), Eight samples undergoing cyclic mechanical and thermal 

loading in the chewing simulator.  

 Single load to fracture test  

All samples were subjected to single load to fracture test using the universal testing 

machine (Loyds Instrument Model LRX). A specially designed jig was with a sample 

cup similar to that of the chewing simulator was prepared to ensure that the samples are 

fixed in place during testing. As shown in figure 4.4, the standardized occlusal anatomy 

allowed the samples to be adjusted in the same stable reproducible position on the 

occlusal surface so that the indenter can achieve tripod contact on the distobuccal, and 
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palatal cusps as in previous studies 
23-25

. The jig fixed the sample in the horizontal plane 

with no inclination and the load was applied vertically using 6 mm diameter stainless 

steel indenter with a crosshead speed of 1 mm/min until failure. The load at which 

failure occurred was recorded in Newton for each crown.  

 

Figure 4.4: Tripod contact between the indenter and the occlusal surface during single load to fracture 

test 

Statistical analysis 

SPSS 21.0 (SPSS Inc. Chicago, USA) was used for the statistical analysis. 

Kolmogorov–Smirnov test was used to confirm the normal distribution of data before 

statistical assessment. Levene’s test showed that the data of the fracture load were 

homogeneous. Descriptive statistical analysis (mean and standard deviation) was 

performed and differences between the groups were analysed by use of two-way 

analysis of variance (ANOVA) followed by tukey multiple comparison test. Also, 

Pearson correlation test and Quadratic regression were used to check correlation 

between core thickness and both fracture force and fracture mode. For all statistical 

analyses, the level of significance was set at 95%.  
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4.4. Results  

All samples survived the chewing simulation with no visible signs of crack or chipping. 

At base line, group BC showed the highest fracture load value of 1548 N followed by 

group CC (1455 N) and group AC was the weakest (1075 N). Table 4.2 shows that 

increasing the core/veneer thickness ratio from 0.7 to 1.1 significantly increased the 

fracture load of the crowns. However, further increase in the ratio to 2 resulted in no 

significant increase compared to the crowns with 1.1 ratio.  

Table 4.2: Mean and standard deviation of all test groups  

Group  Core/veneer 

thickness ratio 

Fracture load in Newton 

(SD) 

Control (n = 10) After 1.5 m cycle 

 (n = 10) 

A 0.7 1075 (116)
A, a

 987 (256)
A, a

 

B 1.1 1548 (371)
B, a

 1482 (222)
B, a

 

C 2 1455 (350)
B, a

 1163 (55)
C, a

 

Within each column; different capital superscript letters indicate heterogeneous subsets 

(P < 0.05) 

Within each row; similar small superscript letters indicate homogeneous subsets (P > 

0.05) 

 

After fatigue application the results were surprisingly unexpected; the mean fracture 

load of the 0.8 mm minimum core thickness group was statistically significantly higher 

than that of 0.6 mm core group and lower than that of 1.0 mm core group. Pearson 

correlation test (figure 4.5) shows a positive linear correlation between core thicknesses 

and the fracture force without fatigue introduction. On the other hand, comparing 

fracture load of the fatigued and unfatigued samples in each group showed that aging in 
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the chewing simulator had no significant effect on the mean fracture load of the crowns 

in any of the tested groups. 
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Figure 4.5: Pearson correlation test shows the significant correlation between core thickness and fracture 

force which was lost after fatigue introduction 

After single load to fracture, crowns predominantly failed by bulk fracture including the 

whole thickness of the crowns. Three fracture modes with different number of main 

fractured pieces were observed (figure 4.6). Fracture extended along the mesiodistal 

plane occurred in 30% of the samples separating the crown into two main pieces. 

Fracture extended further to the lingual groove in the 57% of the crowns resulting in 

three main fractured pieces. The mesiobuccal groove was additionally involved in eight 

crowns (13%) shattering the crowns into four or more pieces.  
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Figure 4.6: Three fracture modes observed after single load to fracture test. Two pieces fracture along the 

mesiodistal plane (A). Three pieces fracture along the mesiodistal plane and lingual groove (B). Four 

pieces fracture along the mesiodistal plane, lingual and distobuccal grooves (C) 

The majority (87%) of the samples exhibited either fracture mode I or II and only eight 

crowns showed fracture mode III. Table 4.3 shows that forces to fracture varied 

according to the fracture modes; it was the highest for fracture mode III (1428 N) 

followed by mode II (1299 N), and the lowest fracture force was noticed for fracture 

mode I (1196 N). The quadratic regression of core thickness vs fracture mode (figure 

4.7) confirms that for all mode of fracture and regardless of conditioning; increasing 

core thickness increases fracture force. 

Table 4.3: Fracture modes exhibited by groups and associated fracture forces 

Fracture mode 

 

No. 

(%) 

Mean 

(SD)  

Fracture patterns across groups 

(%) 

AC AF BC BF CC CF 

(I) Two pieces fracture along the 

mesiodistal plane  

18 

(30) 

1196 

(230) 

70 20 30 20 10 30 

(II) Three pieces fracture along the 

mesiodistal plane and lingual 

groove 

34 

(57) 

1299 

(384) 

30 60 60 60 60 70 

(III) Four pieces fracture along the 

mesiodistal plane, lingual and 

distobuccal grooves  

8 

(13) 

1428 

(280) 

0 20 10 20 30 0 
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Core/veneer thickness ratio had a significant effect on fracture mode. While the crowns 

with the minimum recommended core thickness (0.8 and 1.0 mm) exhibited majorly 

fracture mode II; however crowns with 0.6 mm cores showed mainly fracture mode I.  

Fatigue introduction did not change the dominant fracture mode in groups B and C 

(mode II) unlike group A as it changed from mode I to mode II.  
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Figure 4.7: Quadratic regression of core thickness vs fracture mode 

4.5. Discussion  

The results suggest that core/veneer thickness ratio is an important factor to consider 

when constructing bi-layer dental restorations. Increasing the core/veneer thickness ratio 

from 0.7 to 1.1 led to statistically significant increase in the fracture load of the crowns. 

However, a further increase in the ratio to 2 showed no significant increase in the 

fracture load compared to the 1.1 ratio. Therefore the first hypothesis which stated that 
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changing the core/veneer thickness ratio of LD crowns will not affect the fracture load 

is rejected. It has been also found that fatigue has no significant influence on the 

fracture load of any of the tested groups and therefore, the second hypothesis is 

accepted. 

The impact of core/veneer thickness ratio on the strength of bi-layer all-ceramic 

restorations has been previously investigated, though the results were inconsistent 
7, 11, 

15, 16, 26-30
. Most of these studies used simple model specimens 

6, 7, 12, 13, 17, 18, 30
 because 

of their simplicity in explaining complex mechanical principles 
19

. However, such a bi-

layer or tri-layer models are not a precise duplication of dental restorations. The 

inconsistency in the results can also be attributed to other factors such as the different 

material properties of the tested all-ceramic systems (e.g. zirconia, alumina, lithium 

disilicate), and different testing methodologies.  

According to the manufacturer instructions, the core design for LD crowns should have 

a minimum thickness of 0.8 mm. It can be expected that the thicker the core the stronger 

the restoration will be. However, this study found that increasing the minimum core 

thickness from 0.6 to 0.8 mm led to statistically significant increase in the fracture load 

of the crowns while a further increase to 1.0 mm resulted in no significant increase in 

the fracture load. This is in agreement with previous studies used flat layer samples 
11, 

12
. Also, a recent FEM study 

20
 found that a decrease in the core ceramic thickness of 

LD crowns from 0.8 to 0.4 mm doubled the predicted fracture probability at 1, 5, and 10 

years.  

The significantly low fracture load of the crowns in group A can be associated with the 

reduced core/veneer thickness ratio in two ways. First, core/veneer thickness ratio is an 

important factor that affects the magnitude and distribution of residual thermal stress 
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after veneering process 
18, 19

. These residual stresses may result in cracks and porcelain 

chipping in bi-layered all-ceramic restorations 
15, 31

. Guazzato et al 
30

 reported that crack 

incidence increased with increased porcelain veneer thickness. Second, in flat layer 

models, the onset of flexural radial fracture which ultimately ends with a bulk fracture 

can be significantly affected by minor changes in thickness 
32

. Therefore, different 

core/veneer thickness ratios have more likely played a role in the onset of cracks and the 

resultant fracture load. 

In this study, fatigue did not cause statistically significant effect on the fracture load of 

any of the tested groups. Previous studies on bi-layer LD crowns 
25, 33

 and fixed dental 

prostheses 
34

 have reported similar results. Nevertheless, as shown in figure 6, the 

positive linear correlation between core thicknesses without fatigue introduction and the 

fracture force was disappeared when the samples were fatigued for 1.5 million cycles. It 

can be inferred that fracture of crowns in service can occur due to multiple factors 

including core/veneer thickness ratio. 

All samples tested in this study failed by bulk fracture. Bhowmick et al 
35

 found that 

each fracture mode can dominate under certain test conditions depending on plate 

thickness, maximum load, and sphere radius. Bulk fracture propagating through the 

whole thickness of the restoration is the most common cause of mechanical failure in 

LD crowns in previous in vivo 
36-38

 and in vitro studies 
25, 33, 34, 39

. Three fracture modes 

were observed; fracture extended along the mesiodistal plane, fracture extended along 

the mesiodistal plane and lingual groove and fracture extended further to the 

mesiobuccal groove. Similar fracture paths have been reported in previous study 
25

. 

Comparing the main fracture modes between the fatigued and unfatigued samples in 

each group revealed that the dominated mode was different between AC and AF (0.6 
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mm cores thickness crowns) while it did not change in the groups with the 

recommended core thickness.  

The current study applied fatigue testing in simulated oral environment aiming to 

achieve more clinically relevant results. Simulating the fatigue phenomenon in wet 

condition and thermocycling has been appreciated as an appropriate testing method to 

predict the clinical performance of all-ceramic restorations 
40-44

. A number of cycles of 

250000 has been extensively used in the literature to represent one clinical year 
25, 34, 45-

50
. Accordingly, the 1.5 million cycles applied in this study had simulated six years in 

service. Also, anatomically designed cores were used for more clinical relevance. It has 

been found that the anatomically designed core had higher reliability than the standard 

core design because of the higher ceramic support achieved 
5
.  

Dental restorations can be exposed to different magnitudes of load during service 

depending on the position in the oral cavity 
51, 52

 difference among individuals and the 

type of food being chewed 
53, 54

. An occlusal load ranging between 10 and 120 N is 

considered representative 
55-58

. Nevertheless, a great range of masticatory force has been 

applied in laboratory simulations for testing LD crowns 
23, 24, 39, 45, 49, 59

. It can be 

expected that applying variable stresses during laboratory simulation 
23, 24, 39

 might be 

more representative to the clinical conditions because occlusal force varies greatly 

during function. Therefore, in the current study, loading was started with 50 N which 

increased to 100 N and then 150 N at 500000 cycles intervals.  

Nevertheless, it can be stated having no artificial periodontium is a limitation to this 

study, though Heintze et al 
24

 indicated that it is not required when testing crown 

samples and several authors seem to agree with this notion 
23, 25, 39, 45, 50, 60-62

. Heintze et 

al 
24

 argued that the unstandardizable silicon layer which represents the artificial 
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periodontium would reduce the axial force when the die move the consequent mobility 

will be uncontrolled. Furthermore, using epoxy resin dies as substrate might not be an 

exact representation of the natural tooth. However, Yucel et al 
63

 demonstrated through 

FEA different stress distribution on the restoration when using different abutment 

materials; the distribution of stresses in a restoration attached to dentine and epoxy resin 

dies was similar, but that was different from restoration bonded to steel or brass dies. 

Therefore, an epoxy resin material with an elastic modulus close to that of dentine was 

used in this study. 

4.6. Conclusion 

Crowns with 1.1 (0.8: 0.7) core/veneer thickness ratio showed the highest fracture load 

among the tested groups at base line and after fatigue introduction. With the crown 

thickness restricted, reducing the core thickness from 0.8 to 0.6 mm decreased the 

fracture load of the crowns significantly while increasing the core thickness from 0.8 to 

1.0 mm showed no statistically significant increase in the ultimate fracture load of the 

crowns. Cyclic loading in simulated oral environment did not significantly affect 

fracture strength of LD crowns in any of the tested groups.   
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Linking page 

The previous chapters investigated different aspect of lithium disilicate crowns starting 

with the recommended tooth preparation and subsequent ceramic thickness to the crown 

structure (monolithic vs. bi-layer) to the core/veneer thickness ratio recommended for 

successful application of the veneered form of this all-ceramic system. The following 

chapter involves a general and comprehensive discussion of all the results and 

conclusions obtained in these investigations. Using an identical testing methodology in 

the three investigations, which designed based on the results of thea pre-testing 

systematic review allowed for valid comparability of the data across the three studies.  
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CHAPTER FIVE 

GENERAL DISCUSSION AND CONCLUSION 
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSION 

5.1. General discussion 

This thesis studied fracture strength and fatigue resistance of one of the most popular 

all-ceramic systems in today’s prosthodonitc practice—lithium disilicate. This research 

began with a comprehensive systematic review of the relevant literature to identify the 

laboratory testing method that can offer the most clinically relevant results. The 

systematic review provided insight into how to set the testing parameters to allow for 

valid comparisons across studies. In addition, it presented information about in vitro as 

well as in vivo performance of the material being investigated.  

The testing methods and experimental designs applied in this research involved fatigue 

testing (chewing simulation) in simulated oral environments, with an aim to mimic the 

clinical situation. Lithium disilicate crowns have been tested as monolithic and bi-layer 

structures concentrating on the three following aspects: 

 The influence of tooth preparation (tooth reduction and subsequent crown

thickness)

 The influence of crown’s structure (monolithic vs bi-layer)

 The influence of core/veneer thickness ratio required for more fracture resistance

veneered crowns.

As found in the systematic review (Chapter 1), despite the popularity of the fatigue 

testing method as a close simulation of the clinical scenario, an international 

standardization to govern the several parameters included does not exist. This makes the 
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comparability of data across studies a challenging task. Therefore, all experimental 

studies in this thesis were carried out using the same testing methodology to allow for 

valid comparability of the data obtained. In addition, testing parameters were set in 

accordance with those most commonly used in previous research.  

The load a dental restoration can be exposed to during service is widely variable among 

individuals and depends also on the type of food being chewed 
1, 2

. It can be assumed, 

therefore, that using variable stresses during laboratory simulation 
3-5

 might be more 

clinically relevant. Several authors considered an occlusal load in a range between 10 

and 120 N to be an adequate value 
6-9

. Thus, the samples were loaded in three phases—

with 50 N, 100 N, and 150 N for 500,000 cycles each to simulate six years of clinical 

service. Mechanical loading incorporated a 0.5 mm lateral movement in order to mimic 

the lateral movement of the jaw and its evident deteriorating effect on the restoration
10, 

11
. Wet conditions and thermocycling were also considered to imitate the chemical 

effect of an aqueous environment and temperature fluctuations on ceramic.  

With regard to the survival rate during fatigue testing, the results revealed an impressive 

performance across the three experiments. All samples that underwent chewing 

simulation for 1.5 million cycles—representing 6 clinical years—have survived, except 

one crown that failed by a crack. Interestingly, this single failed crown belongs to the 

group in which the suggested minimal tooth preparation was used, whereby the ceramic 

thickness was reduced by 0.5 mm. This group also showed significantly lower fracture 

loads than those of the crowns with the recommended tooth preparation at a base line 

and after 6 years of clinical simulation. Moreover, fatigue caused noticeable reductions 

of the initial fracture load recorded for this group, but failed to affect the crowns 

constructed according to the manufacturer recommendations.  
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In line with our results, Rekow et al 
12

 who found through a systematic factorial analysis 

using a clinically relevant model that crown material and crown thickness were the most 

important aspects to influence fracture probability. In the same vein,  Guess et al 
13

 

linked the high reliability of lithium disilicate crowns to two main attributes: the 

capability of the CAD/CAM technology to produce homogenous blanks with minimal 

flaws and microstructural defects, and the thickness of their samples which reached 2 

mm at the occlusal surface. They argued that the load to cause bulk fractures in the 

CAD/CAM lithium disilicate crowns can be expected to diminish rapidly as the 

thickness is reduced
13

. This claim is also supported by a recent clinical study
14

 which 

included 41 lithium disilicate CAD/CAM posterior crowns. Reich and Schierz 
14

 found 

that the only crown that failed due to fracture during the 4 year observation period did 

so because it was not kept at a minimum thickness of 1.5 mm in the fissure line; this 

according to the authors, led to catastrophic failure.   

Comparing the in vitro performance of lithium disilicate with different crown structures 

(monolithic vs. bi-layer) showed good results. No failure was observed during chewing 

simulation for 1.5 million cycles, which indicates a fatigue resistant restoration in the 

both structure forms. Statistically, however, monolithic crowns had significantly higher 

load to fracture values than veneered crowns at base line and after fatigue application. 

This higher fracture load might be accredited to the monolithic application of the 

lithium disilicate material, which offered 360 MPa of strength throughout the entire 

restoration
15

 with no veneering ceramic or core/veneer interface. The microstructure of 

this material, which involves elongated crystals of lithium disilicate in a glassy matrix, 

plays a role in reducing the slow crack propagation
16

. In addition, the ability of the 

CAD/CAM technology to produce homogenous blanks with minimal flaws and 



141 
 

microstructural defects enhances the performance of the material 
13

. This is evident in 

the high Weibull modulus and increased reliability reported for CAD/CAM monolithic 

lithium disilicate crowns in recent publication
17

. On the other hand, the low-strength 

aesthetics ceramic is susceptible to failure at significantly low loads and can limit the 

mechanical properties of the finished restoration
17

. Other factors, such as the laborious 

technique sensitivity involved in the conventional layering technique
18

, and the 

increased complexity of stress distribution within the multi-layer system
19

 can also be 

responsible for the reduced strength of the veneered restoration compared to the 

monolithic crowns.   

The exclusive manufacturer of lithium disilicate (Ivoclar Vivadent, Schaan, 

Liechtenstein) recommended both the monolithic and bi-layer crowns as anterior and 

posterior teeth replacements. According to the results, there is no rationally explicit 

explanation for using the bi-layer crown in the posterior region when the monolithic 

format can provide more fracture resistance and, at the same time, aesthetically-pleasing 

restoration. In other words, the high strength and fatigue resistance, coupled with the 

advanced aesthetics of the monolithic lithium disilicate crowns, make it the more 

reasonable choice for posterior tooth replacement than the bi-layer crowns would be. 

However, when a superior aesthetic is required, such as in the anterior crowns, a bi-

layer crown would be more appropriate. 

Changing the core/veneer thickness ratio might be suggested to achieve better aesthetics 

through a thicker veneering material or to achieve higher strength by increasing the 

thickness of the strong core. The impact of core/veneer thickness ratio on the strength of 

bi-layer all-ceramic restorations has been previously investigated, though the results 

were inconsistent
20-28

. Most of these studies used simple model specimens
21, 28-33
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because of their simplicity in explaining complex mechanical principles
34

. However, 

such bi-layer or tri-layer models are not accurate duplications of dental restorations. The 

inconsistency in the results can also be attributed to other factors, such as the different 

material properties of the tested all-ceramic systems (e.g. zirconia, alumina, lithium 

disilicate), and different testing methodologies. Considering the manufacturer 

instructions, the core design for lithium disilicate crowns should have a minimum 

thickness of 0.8 mm, and any excess clearance achieved during tooth preparation should 

be added to the core thickness. It is expected, therefore, that the thicker the core, the 

stronger the restoration will be. 

According to the results, reducing the minimum recommended core/veneer thickness 

ratio from 1.1 (0.8: 0.7 mm) to 0.7 (0.6: 0.9 mm) led to a statistically significant 

decrease in the fracture load of the crowns. However, increasing the ratio to 2 (1.0: 0.5) 

showed no significant increase in the fracture load compared to the 1.1 (0.8: 0.7 mm) 

ratio. These results concur with previous studies that used flat layer samples
23, 33

. No 

studies with anatomically representative lithium disilicate crown samples are available 

for comparison. Therefore, there is no significant strength advantage of increasing the 

thickness of the strong core material; further, such an increase might adversely affect 

the aesthetic of the crown by allowing less space for the aesthetic porcelain.  

On the other hand, reducing the thickness of the core in favour of the veneer led to a 

statistically significant decrease in the fracture strength of the crowns. This agree with a 

recent FEM study
35

 which found that a decrease in the core ceramic thickness of lithium 

disilicate crowns from 0.8 to 0.4 mm doubled the predicted fracture probability at 1, 5, 

and 10 years. In other words, the ratio recommended by the manufacturer appears to be 

already optimized to achieve a reasonable balance between aesthetics and strength.  
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Currently, lithium disilicate glass-ceramics and zirconia-based ceramics appear to be the 

most popular all-ceramic products available
36

. Systematic reviews of clinical studies 

have revealed successful application of both materials as a monolithic crown, even 

when used in the posterior region of the oral cavity
36-40

. Veneered lithium disilicate 

crowns tested in this study have shown highly competitive results when compared to 

those of zirconia core restorations reported in the literature
41-43

; no failure in the form of 

crack, fracture, or chipping was noticed in any group during fatigue testing. In addition, 

chewing simulation did not significantly affect the fracture load of the crowns, thereby 

confirming the findings of a previous study
44

. The impressive performance of the 

veneered lithium disilicate crowns found in the current study may be attributed to the 

integration of glass phases between the lithium disilicate core and the veneering 

material during the firing procedure which makes the bi-layer structure, to some extent, 

a homogeneous material
44

. In addition, there is minimal elastic modulus difference 

between the veneering materials and the lithium disilicate core. On the contrary, despite 

having the highest strength among all dental ceramics, veneer chipping is one of the 

most common complications in zirconia restorations
45-49

. The 3–4 fold difference in 

elastic modulus and 4–8 fold difference in fracture toughness between veneering 

porcelains and Y-TZP zirconia
44

 along with coefficient of thermal expansion mismatch 

and tempering residual stresses predispose Y-TZP bi-layered crowns to chipping
44

.   

Using a model layer structure, Bhowmick et al 
50

 found that each fracture mode could 

dominate under certain test conditions, depending on plate thickness, maximum load, 

and sphere radius. After single load to fracture test, all samples failed by bulk fracture, 

regardless of the crowns’ thickness, structure, and core/veneer thickness ratio applied. 

Specifically and depending on the fracture path and the number of fractured pieces, 



144 
 

three fracture modes were observed in each of the three experiments: a fracture that 

extended along the mesiodistal plane separating the crown into two main pieces (mode 

I), a fracture that extended along the mesiodistal plane and lingual groove separating the 

crown into three main pieces (mode II), and a fracture that extended further to the 

mesiobuccal groove separating the crown into 4 pieces or more (mode III). Similar 

fracture paths have been reported in a previous study
44

. Fracture mode I and II 

dominated the fracture modes observed across the three experiments with a percentage 

of 77%, 90% and 87% for study 1, 2 and 3 respectively. Furthermore, the forces at 

fracture varied according to the fracture mode; it was higher for fracture mode I and II 

for studies involving monolithic crowns (study 1 and study 2). However, in study 3 with 

all crowns were veneered, crowns fractured into four or more pieces showed higher 

fracture load.  

Bulk fracture propagating through the whole thickness of the restoration is the most 

common cause of mechanical failure in lithium disilicate crowns, according to previous 

in vivo
14, 51, 52

 and in vitro studies
3, 17, 44, 53

. Clinically, bulk fracture of dental crowns 

occurs as a result of radial cracks originating from the cementation surface and 

propagates toward the occlusal surface 
54-57

. In the laboratory simulation, the bulk 

fracture mostly results from the extension of Hertzian cone cracks which develop from 

the surface underneath the loading indenter and propagate to the whole crown thickness 

44
. In a previous in vitro study, Silva et al 

17
 demonstrated that radial cracks at the 

cementation surface beneath the contact point did not occur until the cyclic loading 

force was increased to 1400 N. Therefore, the loading forces used in the cyclic loading 

in this study were not enough to generate radial cracks 
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5.2. Limitations 

Ignoring the use of an artificial periodontium could be criticized or considered a 

limitation. However, literature shows that the necessity of simulating the periodontal 

ligament in fatigue testing is an issue of debate. Heintze et al 
4
 suggested that it is not

required when testing crown samples and several authors seem to agree with this 

notion
3, 5, 13, 44, 58-61

. Heintze et al 
4
 argue that an artificial periodontium would reduce the

axial force when the die move in the surrounding silicon layer, which cannot be 

standardized, and the consequent mobility is uncontrolled and unstandardized. It is 

important, however, when testing FDPs samples to increase the tensile force at the 

gingival part of the connector area to simulate the clinical situation;
4
 hence, such

practices appear in many studies testing FDPs
53, 62-65

. In the current study, the

researchers attempted to use an artificial periodontium by using silicon material around 

the root part of the die. Samples were then exposed to mouth motion fatigue in the 

chewing simulator. The silicon material started to move occlusally, leaving a gap 

between the acrylic resin base and epoxy resin die; the subsequent tooth movement 

during loading was very high and unstandardized. Therefore, the decision was made not 

to use the artificial periodontium and, subsequently, the sample used in this trial test 

was discarded.  

Using epoxy resin dies instead of natural teeth as the substrate is one of the limitations 

of this study. The elastic modulus of the supporting material can influence stress 

distribution
12, 21

 and fracture resistance of ceramic restoration
66-69

.  Yucel et al 
69

 found

that the distribution of stresses in a restoration attached to dentin and epoxy resin dies 

was similar, but that was different from restoration bonded to steel or brass dies. 
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Therefore, to reduce the effect of this limitation to a minimum, an epoxy resin material 

with an elastic modulus close to that of dentin was chosen as a die material.  

The use of a stainless steel round cone indenter instead of natural tooth to apply the 

cyclic loading can be considered a limitation of this study. The indenter material 
54, 70-72

, 

shape and diameter 
70

, and modulus of elasticity 
64

 are important variables that can 

influence failure of ceramic samples. Zhang and Lawn 
70

 found that a sharp indenter 

contact at 0.1 N is as deleterious as a blunt contact at 3000 N. Rosentritt et al 
64

 found 

significant influence of the antagonist material (steatite ball and human tooth) on the 

loading capacity of FDPs samples. Therefore, using natural tooth antagonist in 

mechanical testing can more precisely simulate the clinical scenario. However, natural 

teeth are variable in size, form and quality which make it difficult to standardize
73

. 

Therefore, researchers use different indenter materials with different diameter because it 

is easier to standardize and produce. Through the round cone indenter used in this study, 

relatively more destructive loading conditions can be achieved by encompassing a 

smaller deformation zone and the subsequent damage is expected to be more 

pronounced simulating the worst case scenario.  

5.3. Conclusion  

Reviewing the literature revealed that simulation of the fatigue phenomenon was 

recognized as valuable and, in turn, has been applied extensively over the last few years. 

Studies investigating the fatigue resistance of lithium disilicate restorations show a level 

of heterogeneity in setting up their testing parameters. Such differences in experimental 

setups have been found to significantly influence the results. This introduces a need for 

an international standardization of test procedures to ensure the delivery of consistent, 

meaningful, and comparable data.  
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A precise simulation of the fatigue phenomenon of dental restoration should involve 

mechanical loading within the range of forces reported for normal masticatory load. The 

application of very high stress magnitudes is not representative while low stresses lead 

to overestimation of the fracture resistance of the tested material. The lateral movement 

during mastication should also be simulated as previous investigations have shown the 

deteriorating effect of this movement on the restoration. Furthermore, a standardized 

thermocycling protocol in aqueous environment which mimics as close as possible the 

temperature fluctuation in the oral cavity is highly recommended. In addition, natural 

teeth should be used as abutment and antagonist; whenever possible. 

Tooth preparation and subsequent ceramic thickness is an important factor that can 

affect strength and fracture resistance of dental crowns. Reducing the amount of tooth 

preparation required for lithium disilicate crowns by 0.5 mm on the occlusal and 

proximal/axial wall with a 0.8 mm chamfer significantly reduced the fracture load of the 

crowns. This was likely to be a factor contributing to crown failure during chewing 

simulations, as fatigue significantly influenced the fracture load of crowns that 

employed the suggested minimal tooth preparation. Therefore, for long-term successful 

application of lithium disilicate crowns, it is advisable to follow the manufacturer 

recommended tooth reduction and ceramic thickness.   

Both monolithic and bi-layer lithium disilicate crowns appear to be fatigue resistant, 

with no failure occurred during chewing simulation for 6 clinical years. However, the 

monolithic crowns showed higher fracture resistance levels than the bi-layer crowns. 

Cyclic loading in the simulated oral environment did not significantly affect fracture 

strength of monolithic and veneered lithium disilicate crowns. Nevertheless, according 
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to the fracture test results, the monolithic crown seems to be more appropriate than the 

veneered crown for posterior applications.    

In the bi-layer lithium disilicate crowns, the core/veneer thicknesses ratio should be 

considered. Crowns with a 1.1 (0.8: 0.7) core/veneer thickness ratio showed the highest 

fracture load among the tested groups at base line and after fatigue introduction. With 

the crown thickness restricted to 1.5 mm, reducing the core thickness from 0.8 to 0.6 

mm decreased the fracture load of the crowns significantly, while increasing the core 

thickness from 0.8 to 1.0 mm showed no statistically significant increase in the ultimate 

fracture load of the crowns. Further, cyclic loading in a simulated oral environment did 

not significantly affect fracture strength of the bi-layer crowns regardless of the 

core/veneer thickness ratio applied.  

To sum up, lithium disilicate material as proved by this thesis is fracture resistant and 

capable to survive and function as a posterior restoration. Cyclic loading in simulated 

oral environment did not affect the initial fracture load of the crowns significantly when 

the recommended ceramic thicknesses were applied. Therefore, for successful 

application of this material, the recommended ceramic thickness of the monolithic 

crown and the recommended core and veneer thicknesses in the bi-layer crown should 

be followed. Although both crown structures (monolithic and bi-layer) are 

recommended for restoring posterior teeth, the results suggest that the monolithic crown 

is more appropriate for posterior application.   

5.4. Future research 

This series of experiments presented vital and positive findings about strength and 

longevity of lithium disilicate crowns when used as a posterior crown. The results 

suggest that lithium disilicate material can be a strong competitor to the impressively 
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strong zirconia crowns. Therefore, for more valid comparison, future research is 

recommended to concentrate on testing the two materials and subject them to the same 

testing conditions. Testing method should be highly standardized and representative to 

the clinical scenario with close simulation of the oral environment.   

Using scanning electronic microscopy imaging to analyze the fracture surfaces can offer 

better understanding of the fracture mechanism of these restorations. In addition, Micro-

CT scanning of the test samples at different stages of test can also be of great 

advantages in inspecting the internal aspect of the samples and identify and hidden 

cracks or defects at early stages of the. Applying such advanced technologies in 

inspecting the test samples help in optimizing the material properties and restorations’ 

designs, and ultimately enhance performance of the finished restoration.  

Future researches are also recommended to observe and report more detailed description 

and analysis of the fracture modes observed and to compare them among studies. This 

can offer a better understanding the fracture mechanism of dental crowns and the 

clinical relevance of these fracture modes. 
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