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Abstract 
Objectives. To evaluate the effect of multiple thermal cycles on the physical and 

aesthetic properties of lithium disilicate CAD ceramic (IPS e.max CAD, Ivoclar 

Vivadent, Schaan, Liechtenstein). 

Methods. Experimental groups consisted of four test groups of crystallization firing 

plus one, three, five or seven “corrective” firings at the manufacturers recommended 

protocol of 820°C and a control “crystallization” group with one firing. Mechanical 

properties were analysed using the biaxial flexure strength method (n = 15) as per 

ISO6872 and scanning electron microscopy (SEM) was used to verify the origin of 

fracture (n = 1); fracture toughness change and hardness was determined by Vickers 

indentation method (n = 15). Physical crystalline phase change analysis was analysed 

with XRD (n = 1) (XPert PRO, Analytic, Almelo, Netherlands) and colour shift was 

quantified using a spectrophotometer (n = 5) (VITA Easyshade Compact, Vita 

GmbH, Bad Sackingen, Germany). 

Results. Mean biaxial flexure strengths and fracture toughness with standard 

deviations were: control 451(±57) (MPa) 1.60(±0.08) (MPa m1/2); +1 firing 390(±82) 

(MPa) 1.62(±0.09) (MPa m1/2); +3 firing 422(±125) (MPa) 1.63(±0.08) (MPa m1/2); 

+5 firing 417(±108) (MPa) 1.51(±0.24) (MPa m1/2); +7 firing 459(±106) (MPa) 

1.53(±0.16) (MPa m1/2). XRD analysis showed lithium disilicate was the main crystal 

phase. Under all thermal conditions no further crystalline phases were identified. The 

colour of the specimens changed clinically significantly with increasing thermal 

cycles. 

Conclusion. There appears to be undesirable effects on strength, toughness and 

hardness due to thermal cycling IPS e.max CAD. There also appears to be a colour 

change effect as a result of increased numbers of firing cycles. 
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1. Introduction 
The use of chair-side CAD/CAM (computer aided design/computer aided 

manufacture) systems are increasing in popularity among dentists because of the 

improving accuracy that can be achieved with computer designed restorations 

(Nakamura et al., 2003; Bindl and Mörmann, 2005; Reich et al., 2005) and the 

convenience of milling restorations at the chair-side (Frankenberger et al., 2011). 

A material that is popular for production of all-ceramic restorations is the lithium 

disilicate based ceramic IPS e.max CAD (Ivoclar Vivadent) (Fasbinder et al., 

2010). The manufacturing process involves milling a restoration in a “soft” 

crystalline phase, to save time and machining wear, prior to a thermal cycle that 

creates a crystalline phase change. The crystalline phase change gives the ceramic 

increased physical properties (Apel et al., 2008) and a tooth coloured appearance 

(Hoeland et al., 2006; Chaiyabutr et al., 2011; Culp and McLaren, 2012). These 

restorations may be thermal cycled as much as ten times during the production 

process (Tang et al., 2012). This raises the question: what are the effects of 

multiple thermal cycles on the strength and aesthetics of these materials? There 

are limited reports in the literature on the effect of repeated thermal cycling on the 

physical properties of IPS e.max CAD.  

 

Therefore, the purpose of this study was to evaluate the effect of multiple thermal 

cycles on the mechanical and aesthetic properties of lithium disilicate CAD 

ceramic (IPS e.max CAD, Ivoclar). 
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2. Literature Review 

2.1. Introduction 
In the field of clinical dentistry, increasingly metal-free aesthetic tooth coloured 

ceramics are requested by the public when coronal restorations, such as crowns, 

are required to restore lost tooth structure. 

Ceramics used in the dental industry have been classified into three groups of 

materials: predominantly glass, particle-filled glass and polycrystalline (Kelly, 

2008). On the continuum from predominantly glass to polycrystalline ceramics, 

physical properties become more resilient towards the polycrystalline, however 

the aesthetics are compromised. The middle ground of achieving both acceptable 

physical properties and aesthetics is where the particle-filled glass grouping 

resides; such a grouping includes lithium disilicate ceramics. All-ceramic 

restorations have two main methods of application dentally, as a monolithic 

restoration, or as a bi-layered restoration with a strong core ceramic supporting 

weaker layers of veneering porcelain. 

Lithium disilicate based glass has been recognised for its high strength since its 

discovery in the early 1950s (Stookey, 1951; Stookey, 1953). Since 1998, Ivoclar 

Vivadent has developed lithium disilicate ceramics for dental applications, 

originally as IPS Empress 2 for use as a core material, and released it in a 

modified form as IPS e.max Press in 2005. 

The recent advances in CAD/CAM (computer aided design/computer aided 

manufacture) technology have resulted in improved accuracy (Nakamura et al., 

2003; Bindl and Mörmann, 2005; Reich et al., 2005), and this along with other 

benefits such as: the convenience of milling restorations at the chair-side 

(Fasbinder et al., 2010); the expansion of applications to monolithic restorations 
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and posterior all-ceramic bridge construction for single tooth replacement (Beuer 

et al., 2008; Schmitter et al., 2012), and marketing of the convenience of single-

appointment-dental-crowns to dentists has resulted in its increased usage with 

chair-side CAD/CAM systems. As industry company financial reports indicate: 

“All-ceramics represented once again the fastest growing product segment in 

2012. The all-ceramic product IPS e.max, for example demonstrated a strong, 

double-digit growth.” (Ivoclar Vivadent, 2012) and “The demand of patients for 

highly esthetic restorations has been confirmed. As a result, all-ceramics has again 

proven to be the fastest growing product category, demonstrating a double-digit 

growth rate.” (Ivoclar Vivadent, 2013). This has been in part due to a modified 

lithium disilicate glass ceramic CAD block being introduced in 2005 (Ivoclar, 

2006) as a treatment modality for full-contour monolithic crown or bridge 

material or as a core-ceramic under layering porcelain (IPS e.max CAD, Ivoclar 

Vivadent) (Fasbinder et al., 2010; Ritter, 2010; Tysowsky, 2012). Processing this 

ceramic involves milling the restoration in a “soft” crystalline phase, to save time 

and machining wear, prior to a thermal cycle stage that creates a crystalline phase 

change giving the material increased physical properties (Apel et al., 2008) and a 

tooth coloured appearance (Hoeland et al., 2006; Chaiyabutr et al., 2011; Culp and 

McLaren, 2012) Depending on the aesthetics required the restoration may be 

thermally cycled as much as seven to ten times (Tang et al., 2012) during the 

veneering porcelain application process in bi-layered restorations. This raises the 

question: what are the effects of multiple thermal cycles on the strength and 

aesthetics of these materials? Although IPS e.max CAD is an aesthetic, cost 

efficient all-ceramic dental restorative material, it appears to have limitations such 

as in the posterior bridge layering application (Sola-ruiz et al., 2013) and a 
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relatively high susceptibility to moisture strength degradation over time (Gonzaga 

et al., 2011a). Potential other limitations, specifically the impact of thermal firing 

cycles on resultant strength and toughness, have yet to be quantified or explained. 

There are limited reports in the literature on the strength of the lithium disilicate 

material IPS e.max CAD (Buso et al., 2011; Lin et al., 2012; Kang et al., 2013; 

Schultheis et al., 2013) and there appear to be no studies on the effect that 

repeated thermal cycling has on the material’s physical properties. This area needs 

to be looked into, as multiple firing cycles will be required for use as a core 

material in the dental crown porcelain layered application, especially in aesthetic 

cases where multiple firing may be necessary to achieve an acceptable 

appearance. 

This literature review will evaluate the literature around the effect of multiple 

thermal cycles on the physical properties of lithium disilicate CAD ceramic 

material, specifically strength and toughness, and also the colour stability. 

2.1. Literature review search method 
A comprehensive review of in vivo and in vitro trials involving IPS e.max CAD 

lithium disilicate restorations in MEDLINE using the PubMed search engine 

between 1960 and 2014 was carried out. The search was restricted to studies 

published in English. A manual hand search of relevant dental journals was also 

carried out. The titles of the identified papers were initially screened. The abstract 

was assessed and full paper reviewed if the title indicated that the inclusion 

criteria were fulfilled. An electronic search for data via PubMed was initially 

performed in June 2012. A keyword search grid was constructed and the terms 

were co-joined with Boolean operators for maximum net spread as shown in 



	   5	  

Table 1. Two years later an update search was performed in July 2014 using the 

same search terms but limited to studies from the years 2012, 2013, and 2014. 

Table 1. Literature search terms. 

Note: Parentheses (number of papers identified prior to June 2012) is first search results, [number 

of additional papers identified after June 2012] is update search. * - indicates Boolean operator for 

multiple suffixes. 

Lithium disilicate AND heat (37) [17] Lithium disilicate* AND crack* (28) 

[13] 

Lithium disilicate* AND phase* (20) 

[8] 

Lithium disilicate AND Temperature* 

(43) [15] 

Lithium disilicate* AND failure (46) 

[46] 

Lithium disilicate* AND XRD* (6) [3] 

Lithium disilicate AND Fir* (ie 

Firing, firings etc) (8) [6] 

Lithium disilicate* AND Back Scatter 

Diffraction* (0) [0] 

Lithium disilicate* AND Electron Back 

Scatter Diffraction* (0) [0] 

Lithium disilicate AND fracture 

toughness (15) [3] 

Lithium disilicate* AND crystal phase* 

(3) [0] 

Lithium disilicate* AND Xray 

Diffraction* (18) [0] 

Lithium disilicate AND fracture* (83) 

[75] 

Lithium disilicate* AND propagation* 

(2) [4] 

e.max AND heat* (22) [17] 

Lithium disilicate* AND flexural 

strength* (19) [14] 

Lithium disilicate* AND SEM* (20) 

[17] 

e.max AND temperature* (59) [29] 

Lithium disilicate* AND 

microstructure*(17) [6] 

Lithium disilicate* AND BSD* (0) [0] e.max AND Fir* (17) [14] 

Lithium disilicate* AND hardness* 

(13) [4] 

Lithium disilicate* AND EBSD* (0) [0] e.max AND Fire* (6) [5] 

e.max AND flexural strength (5) [14] e.max AND hardness* (12) [15] e.max AND fracture toughness* (3) [6] 

e.max AND microstructure* (2) [10] e.max* AND crack* (14) [14] e.max* AND failure* (114) [52] 

e.max* AND propagation* (2) [2] e.max AND crystal phase (0) [0] e.max AND Xray diffraction (10) [5] 

e.max AND SEM (25) [27] e.max AND back scatter diffraction (0) 

[0] 

e.max AND empress (29) [29] 

Empress AND thermocycling (29) [4] Empress AND lithium disilicate (84) 

[18] 

Empress AND IPS (564) [89] 

Empress AND heat* (69) [7] Empress AND CAD (44) [42] Empress AND Fire* (4) [0] 

Empress AND flexural strength* (45) 

[7] 

Empress AND Hardness (54) [13] Empress AND Microstructure (21) [1] 

Empress AND crack* (51) [6] Empress AND failure* (208) [23] Empress AND propagation* (9) [1] 

Empress AND crystal phase (2) [0] Empress AND Xray Diffraction (23) [1] Empress AND SEM (75) [12] 
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Empress AND Back Scatter 

Diffraction (0) [0] 

IPS CAD AND heat* (11) [8] IPS CAD AND temperature* (14) [12] 

IPS CAD AND fir* (2) [5] IPS CAD AND Empress (37) [35] IPS press* AND heat* (55) [10] 

IPS press* AND temperature* (60) 

[16] 

IPS press AND temperature* (27) [11] IPS press* AND fir* (9) [6] 

Ceramic AND dental AND heat** 

(48) [3] 

Ceramic AND dental AND 

temperature** (14) [24] 

Ceramic AND dental AND fir*(479) 

[52] 

IPS AND heat* (83) [26] IPS AND Fir* (44) [21] Ceramic AND thermocycling (232) [66] 

Lithium disilicate AND 

Thermocycling (12) [9] 

e.max AND thermocycling (8) [8] crown AND thermocycling (139) [35] 

IPS AND thermocycling (28) [12] CAD/CAM AND thermocycling (11) 

[11] 

Pressed AND thermocycling (9) [2] 

 

Specific Inclusion Criteria:  

The papers identified in Table 1 pertained to strength testing, particularly strength 

and fracture toughness of lithium disilicate and its relationship to thermal stresses 

of ceramic firing cycles. 

 

A total of 4368 papers were captured by internet search from which 559 were 

selected based on the title meeting the inclusion criteria. From these, the abstracts 

were evaluated and 363 were selected for reading. Of these, 269 were considered 

as relevant to the study. The following sections of the review focus on the key 

points that were identified. 

2.2. Lithium disilicate – the CAD advantage 

2.2.1 Efficiency 
Milling an IPS e.max CAD ceramic is less labour intensive and quicker than 

manufacture using the heat-pressing/lost-wax technique used traditionally for 

lithium disilicate materials (IPS Empress 2 and IPS e.max Press) (Beuer et al., 
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2009). Commercially, using CAD ceramic is also more viable for dental 

laboratories than the more traditional hot-press method.  

2.2.2 Strength 
The strength of the lithium disilicate based ceramic produced for dental 

application (IPS Empress 2) by Ivoclar Vivadent was reported to be double that of 

the manufacturers previous generation of leucite reinforced ceramic IPS Empress 

I (Hoeland et al., 2000). In 2003 it was reported in the dental literature that the 

ceramic hot-pressing technique causes anisotropic properties to be set up in 

lithium disilicate based glass ceramic (Albakry et al., 2003a). Anisotropy is a 

disparity in the measurements of a physical property of a material when measured 

in different axes. In heat-pressed lithium disilicate this is partially due to the 

lithium disilicate crystals having a high aspect ratio (length:width). The crystals 

are aligned parallel when under viscous hot-pressed flow. This results in a 

microstructure that tends to resist fracture very well when a fracture runs across 

the crystals, but the strength is lower when the fracture is oriented parallel to them 

(Gonzaga et al., 2009). IPS e.max CAD does not have this weaker microstructure 

since it is machined rather than hot-pressed. The crystals that are formed in the 

CAD blocks are formed by heterogeneous volume nucleation throughout the 

material (Hoeland et al., 2006) and hence are isotropic, having no preferred 

orientation, unlike the heated-until-molten IPS e.max Press ingots where the 

already-formed crystals flow, during pressing. Porosities have been shown to be a 

minor element in strength determination but play a role when they are at the 

surface or are twinned together, creating a stress concentration area where cracks 

can “pop in” (Quinn et al., 2012). It is reported that porosities are smaller in IPS 

e.max CAD than in a competitor’s products (Albakry et al., 2004a), and the effect 



	   8	  

of porosities causing stress concentration and strength-limiting fractures also 

appear to be minimal since there are almost no porosities when viewed under 

SEM at the 100 µm level (Albakry et al., 2004a). 

2.2.3 Aesthetics 
Due to the availability of IPS e.max CAD in low and high translucency ingots, 

and their capacity to reproduce an enamel-like appearance, there is less need for 

aesthetic, but weaker, layering of veneering porcelain to be applied. This weaker 

layer is often where catastrophic failure of a restoration initiates, consequently 

propagating unhindered through the core ceramic also (Zhao et al., 2012). This 

aesthetic quality allows posterior IPS e.max CAD to be milled to full contour 

monolithic crowns with minimal extra aesthetic touches needed other than surface 

staining and glazing (McLaren and Cao, 2009; Culp and McLaren, 2012).  

2.3. Lithium disilicate – the material 
In dentistry, clinicians and patients are interested in the longevity of the porcelain 

restorations they are using. Factors such as the mode of failure and how long it 

takes damage to develop before a catastrophic outcome occurs contribute to how 

successful a particular ceramic material will be. The microstructure of a ceramic 

material is what determines its ability to resist fracture (Rice, 1996b; Fischer et 

al., 2002; Hoeland et al., 2006). In previous studies, authors have noted that 

repeated heating can affect the microstructure of an earlier generation of leucite-

reinforced glass-ceramic, IPS Empress I (Mackert and Evans, 1991a; Mackert and 

Evans, 1991b). 

To provide some historical context, Ivoclar Vivadent released its first lithium 

disilicate ceramic in 1998 as IPS Empress 2, and re-released it in 2001 in 
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modified form as IPS e.max Press, a heat-press formed ceramic ingot, and in 2005 

IPS e.max CAD was released, for direct machining (Ivoclar, 2006). During the 

manufacture of IPS e.max CAD, the ceramic undergoes a number of phase 

changes (Figure 1). 

 

Figure 1. IPS e.max CAD metamorphosis process  

(Image from Ivoclar, 2006) 

Initially the material is a transparent glass that consequently undergoes 

crystallisation into a blue coloured metasilicate phase before the final firing cycle 

transforms the crystals into a tooth coloured disilicate ceramic phase. Following 

the final crystallization firing, it is approximately 70% crystal and 30% glass 

phase (Hoeland and Beall, 2002b). 
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2.3.1 Microstructure 
The lithium disilicate crystals in IPS e.max CAD are approximately 0.2-0.4 µm in 

diameter and 0.5-3.0μm in length after the second 850°C firing cycle (Figure 2) 

(Hoeland et al., 2007). 

 

Figure 2. Fully crystallised IPS e.max CAD (SEM, etched w 40% HF vapour for 30 seconds) 

(Adapted from Ivoclar, 2009) 

Interestingly, IPS e.max Press is delivered pre-cerammed as a tooth coloured 

ingot. This material is also then fired to 920°C during a pressing process but the 

crystals in IPS e.max Press appear to be larger (approximately 3-6μm in length 

and 0.6-0.8μm diameter) (Figure 3) than IPS e.max CAD (Hoeland et al., 2000; 

Fischer et al., 2008). According to the manufacturer, IPS e.max Press has a 

flexural strength of 400MPa and a fracture toughness of 3.0 MPa m0.5 compared 

with IPS e.max CADs flexural lower strength at around 360MPa and a fracture 

toughness of 2.25 MPa m0.5. This poses the question, is the lower strength of the 

CAD material due to insufficient coarsening of the existing IPS e.max CAD 

crystals, or differences in glass composition from which the lithium disilicate 

crystals are nucleated? Also, is a larger crystalline phase, such as IPS e.max Press, 
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desirable? From a fracture mechanics perspective it has been pointed out that 

coarser grained microstructures are more proficient in “crack bridging” (Apel et 

al., 2008), however it is disputed whether this mechanism limits the larger 

strength-controlling cracks (Rice, 1996b). 

 

Figure 3. SEM of IPS e.max Press etched to reveal microstructure.  

(Adapted from Ivoclar, 2009) 

The original IPS Empress 2 ceramic is based on the SiO2-Li2O-K2O-ZnO-P2O5-

Al2O3-La2O3 system (Hoeland et al., 2000; von Clausbruch et al., 2000), while the 

newer IPS e.max Press is based on the SiO2-Li2O-K2O-P2O5-Al2O3-ZrO2 system, 

showing smaller crystal growth due to the addition of ZrO2 (Hoeland et al., 2006; 

Apel et al., 2007; Hoeland and Beall, 2012b). Another pressable lithium disilicate 

ceramic (3G OPC) developed by Pentron Ceramic Incorporated (California, USA) 

is derived from the SiO2-Li2O-BaO-CaO system (Hoeland and Beall, 2012b). 

More recently a CAD lithium disilicate (Rosetta) has been announced to be under 

development and preclinical testing by Rosetta SM, of Hass, Gangneung, Korea 

(Kang et al., 2013). 
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In a clinical study, (Wolfart et al., 2009) noted that IPS e.max Press is 10% 

stronger than the original IPS Empress 2 lithium disilicate material, and the 

authors attributed this to the smaller crystals size of IPS e.max Press compared to 

IPS Empress 2.  Others, however, have suggested superior homogeneous 

nucleation of the crystals, increased crystallinity, their interlocking nature, the 

lack of porosity or other factors than crystal size contributed to the increased 

strength of IPS e.max Press (Grossman, 1972; Wen et al., 2007; Buchner et al., 

2012). IPS Empress 2 crystal size has been reported to be from approximately 0.5 

– 4.0μm (Hoeland et al., 2000) to 5 - 10μm in length and ≈1μm in diameter 

(Fischer et al., 2002) which is unchanged compared to the IPS e.max Press 

manufacturers reports of a 3-6	   μm length (Ivoclar, 2012a). Is the crystal size 

important when considering fracture resistance? Apel et al., 2007 noted that 

addition of ZrO2 in IPS e.max Press reduced the size of the crystals (but 

favourably increased the translucency) and consequently this also reduced the 

strength of the specimens. To counter this, they achieved a more coarse, and 

stronger microstructure by increasing the nucleation temperature from 650°C to 

700°C	  for	  the	  precursor	  metasilicate crystal. Thus the microstructure appears to 

affect the strength, and modification of this may be achieved via multiple 

methods. Hoeland and Beall, 2012b reported that the high strength and toughness 

is a result of the high crystallinity and interlocking microstructure of these 

ceramics. 

2.3.2 Nucleation & crystal growth 
Ordinarily, glass ceramics are made by creating specific base glasses, which is 

done via a melting process. Controlled heating protocols nucleate and grow 

crystals within the glassy matrix (Hoeland et al., 2003). Multiple glass and 
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crystalline phases may be present in a glass ceramic material. According to the 

inventors of lithium-disilicate ceramics for dental uses (Hoeland and Beall, 

2012c) typical contents of lithium-disilicate glass ceramic are:  

1) Silicon dioxide (SiO2) and lithium oxide (Li2O), which are responsible for the 

main crystal phase formation 

2) The nucleating agents, especially diphosphorous pentoxide (P2O5)  

3) Glass matrix components, which can be either;  

 Chkalovite glass (Na, K·ZnO·nSiO2) 

 Potassium feldspar glass (K2O·Al2O3·6SiO2) 

 Alkaline earth feldspar glass  

These three glass matrices can contain a favourable excess of SiO2 of 

approximately 10% (Hoeland and Beall, 2012c). This excess SiO2 allows 

crystallite nucleation to occur. The specific amorphous glass constitution 

determines which heat treatment protocol is ideal for the base glasses during 

crystal nucleation.  

2.3.2.1 Nucleation 
The initial IPS e.max CAD glass block consisted of a special composition of clear 

glasses (Figure 4). The nucleation of the crystal phases in various lithium 

disilicate glass compositions has been shown to occur by both homogeneous 

nucleation (Deubener, 2004; 2005) and heterogeneous surface (Deubener, 2000) 

and volume nucleation (Headley and Loehman, 1984) mechanisms. The IPS 

e.max CAD base glass composition is engineered by adding nucleating agents, to 

allow a controlled heterogeneous volume nucleation process to occur and is 

engineered for metasilicate crystals to predominate at the initial crystallisation 

stage (Li2SiO3 30-40% and 50-60% glass phase) (Hoeland et al., 2006). It is 
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shipped to users and milled in this softer “blue” state to enable quicker milling 

and less tool wear, before the second crystallisation firing cycle heats it to 820°C,	  

where	   the	   metasilicate	   crystals	   are	   transformed	   into	   lithium	   disilicate	  

crystals	   (Li2Si2O5	  65%	  +/-‐5%)	   (Apel	  et	  al.,	  2007).	  These	  crystals	  have	  been	  

characterised	   by	   (Hoeland	   and	   Beall,	   2012a)	   as	   growing	   by	   primary	  

crystalline	  normal	  growth,	  drawing	  on	  the	  surrounding	  glassy	  matrix	  phase	  

(Hoeland	  et	  al.,	  2006).	  This	  may	  be	  described	  chemically	  as	  Li2SiO3 + SiO2
 è 

Li2Si2O5	   and	   is	   seen	  physically	   as	   a	   change	   in	   colour	   from	  blue	   to	  white	   as	  

shown	  in	  Figure	  4.	  

 

Figure 4. Glass block (amorphous clear glass), lithium metasilicate (partially crystallised 
“blue”), lithium disilicate (crystallised)  

Adapted from Ivoclar,	  2012c	  

The microstructure, colour and physical properties of a glass-ceramic originate 

from the mechanism of its crystal nucleation and subsequent growth. These 

processes largely control the properties of the end product. It appears that lithium 

metasilicate (Li2SiO3) forms as a precursor to lithium disilicate (Li2Si2O5), ie the 

stoichiometric reaction, Li2SiO3 + SiO2 è Li2Si2O5, is thought to occur. There is 

still on-going debate about exactly how the lithium disilicate crystal is nucleated 

(Soares et al., 2003). Homogenous nucleation refers to crystals having their 

beginning with no different substrates present, while heterogeneous nucleation 
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refers to some seeding particles becoming the initiation site for crystallization. 

Meanwhile, the site of nucleation is categorised as surface nucleation when it 

occurs from the outside of the material inwards, while volume nucleation occurs 

throughout the material. Spontaneous homogeneous nucleation can occur in some 

close to stoichiometric combinations, due to the high diffusability of the LiO 

molecule (Deubener, 2004; 2005). Heterogeneous nucleation has been shown to 

modify the end properties of the lithium disilicate by influencing the morphology 

of the crystals and porosity of the surrounding glass matrix (von Clausbruch et al., 

2000; Apel et al., 2007; Wen et al., 2007; Wang et al., 2010). Due to their ease of 

manufacture, close-to-stoichiometric-glass-compositions have been studied for 

decades by materials scientists (Glasser, 1967). Also, the internal crystal 

nucleation and growth kinetics can be measured conveniently (Soares et al., 

2003). The nucleation origin of both lithium metasilicate and lithium disilicate 

crystals is proposed by (Hoeland and Beall, 2002b) and (Bischoff et al., 2011) to 

occur at the phase boundary between the disordered lithium phosphate phase and 

the glass matrix, as opposed to an epitaxial nucleation process suggested in 

previous literature (Headley and Loehman, 1984). Crystallisation of this ceramic 

during thermal treatment occurs in two discrete steps: at temperatures around 

650°C there is an initial crystallisation of lithium metasilicate along with some 

lithium disilicate. Further heating to 850°C converts the high amount of lithium 

metasilicate into lithium disilicate due to the reaction of the metasilicate with the 

glass matrix (Bischoff et al., 2011). 

2.3.2.2 Primary crystallisation 
Once nucleation has progressed to achieve a critical size, primary crystal growth 

then occurs outwards until it is impinged and this mechanism of growth ceases. 
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The elements forming the pattern add to the growing crystal in a predetermined 

system, named the crystal lattice, which started during crystallite nucleation. As 

pointed out by Frank, 1949, perfect crystals would grow exceedingly slowly. In 

reality, crystals grow comparatively rapidly, and consequently they generally 

contain dislocations (and other defects). Uhlmann, 1982 showed that the degree of 

order at the crystal interface determined the crystalline growth rate. 

Three elementary theories to describe crystal growth rates by interface kinetics 

are; normal growth, screw dislocation growth and surface crystallisation (Wen et 

al., 2007). Normal growth is the main mechanism seen in the lithium disilicate 

system especially when doped with a nucleating agent such as P2O5 (Hoeland et 

al., 2007). Screw dislocation nucleation hasn’t been identified in developing 

monolithic glass-ceramics (Hoeland and Beall, 2012a) and surface crystallisation 

in lithium disilicate glass ceramic occurs if no nucleation dopants are added. 

Added chemicals called “dopants” can change the crystallisation rates and 

therefore the resultant ceramics properties. Therefore, dopants of various types are 

added to a glass melt in the hope of improving the ceramics properties. The glass 

transition or softening temperature for a stoichiometric lithium disilicate glass is 

approximately 450°C, while if 3.2% P2O5 is added the softening temperature 

raises thirty-five degrees to 485°C as is the case of the doped glass mentioned by 

Hoeland et al., 2006. Crystalline size can also be modified via dopants to achieve 

better optical qualities. The best transparency of glass-ceramics is achieved when 

the crystallite size is half the wavelength of visible light or smaller (Hoeland and 

Beall, 2002a). Visible light has a wavelength of 400-700nm (Jones and Childers, 

1992a). The best translucency of a lithium disilicate ceramic is achieved when the 
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glass matrix refractive index (n) (Equation 1) is adjusted to that of the lithium 

disilicate crystal (Hoeland and Beall, 2012c). 

Equation 1. Optical index of refraction 

𝑛 =   
𝑐
𝑣 

Where c is the speed of light in a vacuum and v is the speed of light in the 

substance. The index of refraction of lithium disilicate crystals, in all three axes, 

has been measured at nx = 1.543 ny = 1.545 and nz = 1.547, all with 0.001± 

(Hoeland and Beall, 2012c). Thus within lithium disilicate crystals, light travels 

1.5 times slower than in a vacuum. The angle at which this light then travels is 

explained by Snell’s law of refraction (Equation 2) 

Equation 2. Snells law of refraction 

𝑛!  𝑠𝑖𝑛𝜃! =   𝑛!  𝑠𝑖𝑛𝜃! 

Where 𝜃! and 𝜃! are the angles of incidence and refraction and n1 and n2 are the 

refractive indices of the two materials. If the refractive index of the glass phase is 

similar to the crystal phase there is no change in direction of light travel and 

translucency is achieved, and as the angle of refraction increases so does the 

opacity. This translucent quality has previously been achieved in tetrasilicic 

micaceous ceramic developments such as DICOR (Corning Glass Works, N.Y, 

USA). The desired dentine translucency was obtained by reducing the mica 

crystallite size during development to an end product measuring less than 1µm 

(Hoeland and Beall, 2012b). This crystal size (1µm) is approximately the range 

achieved with IPS e.max CAD.  

Hoeland et al., 2006 understood that the interlocking of the crystalline 

microstructure plays a significant role in determining the resulting material 

properties. Consequently, they worked to prove their theorised heterogeneous 



	   18	  

nucleation by addition of P2O5 to form Li3PO4 nucleation sites (Hoeland et al., 

2007), and crystalline growth mechanism, with a lithium disilicate glass similar to 

e.max CAD. This glass comprised a non-stoichiometric ratio of 2.39:1 - 

SiO2:Li2O with the constituents shown in Table 2. 

Table 2. Lithium disilicate individual chemical constituents example  

from Hoeland et al., 2006 

Ceramic constituents  (% wt) 

SiO2  70.64 

K2O  3.09 

Li2O  14.68 

Al2O3  3.38 

P2O5  3.21 

ZrO2  3.00 

CeO2  1.88 

V2O5  0.12 

 

The authors took the above glass composition and heat-treated samples in three 

different ways as shown in Table 3. 

Table 3. Experimental crystallisation thermal treatments for lithium disilicate 

Variable = temperature Variable = time Variable = time + temperature 

2 hours at temperatures  

560°C, 575, 590, 630, 660, 

700, 740, 780, and 820°C. 

 

780°C for  

5mins, 10, 30, 60, 120, 240, 

420 and 600 mins. 

 

Representing the heat treatment 

cycle of IPS e.max CAD: 

Multiple temperature steps of  

a) 520°C/10mins + 

740°C/20mins + 

850°C/10mins 
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From Hoeland et al., 2006 

Figure 5. Spike of lithium disilicate formation in a high speed crystallisation phenomenon 

with a three-step heat treatment of 520°C/10mins + 740°C/20mins + 850°C/10mins 

	  
This research showed that multiple, intense but short-term, heat treatments 

achieve the same amount of lithium disilicate crystallisation when compared to a 

one-step, but long-term (2hr) heat treatment, indicating that a high-speed 

crystallisation environment exists at certain time/temperature combinations 

(Hoeland et al., 2006). 

The base crystalline phase of metasilicate can quickly transform into lithium 

disilicate given a specific increase in temperature. (Figure 5) The mechanism of 

lithium disilicate crystallisation due to various thermal treatments is core to this 

research. A slightly higher firing temperature leading to rapid lithium disilicate 

crystallisation growth could be a pivotal component affecting the results of our 

research. The higher temperature may achieve a tipping point via an optimal ion 
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mobility state due to reduced viscosity as the Stokes-Einstein equation (Equation 

3) explains. 

Equation 3. Stokes-Einstein Equation 

𝐷 =
𝑅𝑇

𝑟6𝜋𝜂𝑁!
 

Where D is the diffusion coefficient of ions in liquid, R the gas constant, T is 

temperature, r the radius of the ion, NA is Avogadro’s number and 𝜂 is the 

viscosity of the liquid. 

Hoeland et al., 2006 postulate that the decomposition of the lithium metasilicate 

around 780°C - 820°C results in a SiO2-rich glassy phase and at this temperature a 

solid-state reaction causes a drastic increase in lithium disilicate. The postulated 

crystallisation changes that occur during firing temperature variation according to 

Hoeland et al 2006 are shown in Table 4. 

Table 4. Scheme of phase formation  

from Hoeland et al., 2006 

Step Range of Temperature °C Solid state reaction 

1 500 - 560 Formation of Li3PO4 nanophases and nucleation of 

Li2SiO3 and Li2Si2O5 

2 530 - 590 Growth of Li2SiO3 and agglomeration of Li2Si2O5 

nanophases without crystal growth 

3 590 - 750 Fast growth of Li2SiO3 to maximum; no growth of 

Li2Si2O5 

4 750 - 820 Formation and decomposition of cristobalite SiO2 

5 780 - 820 Decomposition of Li2SiO3, fast growth of Li2Si2O5 

	  
Using this particular non-stoichiometric lithium-disilicate ceramic Hoeland et al., 

2006 noted that lithium disilicate crystal growth occurred at an average rate of ≈ 

7μm/hr. Due to the fact that the temperature range 820°C - 840°C appears to 
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facilitate rapid lithium disilicate growth at approximately 7μm/hr - another 

question is whether further heating of this crystallised lithium disilicate ceramic 

will cause continued crystalline growth, or is the solid-state reaction proposed by 

Hoeland et al., 2007 and Hoeland et al., 2006 between Li2SiO3, SiO2 and of 

Li2Si2O5 exhausted by this time? Also, is there an active process of secondary 

crystalline growth that occurs, or does Ostwald ripening (Voorhees, 1985) occur 

with reduction in surface energy of the larger crystals becoming less coarse? 

(Worle, 2009) determined in an unpublished report cited by Hoeland W, 2012 that 

the crystal phases present after processing of IPS e.max CAD of colour HT D3 are 

lithium disilicate and lithium orthophosphate as a secondary crystal phase. 

Specifically there was no lithium metasilicate detected. While the microstructure 

is known, there does not appear to be any studies in the literature assessing the 

effect of post-crystallisation firing cycles on the mechanical strength and 

toughness of lithium disilicate based ceramics other than research done by Denry 

and Holloway, 2004. Denry and Holloway, 2004 investigated the possibility of 

further crystalline growth after crystallisation has occurred, finding no change 

after firing for 30 mins at 825°C, however this temperature may be too low for 

changes occur. Also, they used OPC 3G (Pentron Laboratory Technologies, 

USA), which is a lithium disilicate based on the SiO2-Li2O-BaO-CaO system, 

which is different from IPS e.max CAD, that is based on the SiO2-Li2O-K2O-

P2O5-Al2O3-ZrO2 system (Hoeland and Beall, 2012b). Further crystalline growth 

was assessed by Hoeland et al., 2006 when calculating the main crystalline phase 

formation following a heat treatment at 780°C for 5 – 600 mins, finding a 

continuation of lithium disilicate formation. Crystalline growth change was 

estimated to be ≈	  7 μm /hr during this time, and the size of the crystal was very 
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small (0.3-0.8 μm) compared to 1	  μm measured for IPS e.max CAD for its firing 

protocol. During manufacture of a dental crown, the manufacturers recommended 

firing cycles at the protocol of 820-840°C for three minutes can conceivably occur 

ten times, resulting in a cumulative processing time of 30 mins – which, if the 

average rate of growth of lithium disilicate crystal is ≈ 7 μm/hr (Höland et al 

2006) may result in 3.5 μm of crystalline growth. There is an upper thermal limit 

for these crystal phases and it has been shown that the lithium disilicate crystal 

melting point is around 920 - 950°C (Hoeland et al., 2006; Zheng et al., 2008) 

while lithium metasilicate and orthophosphate crystals melt around 1000°C 

(Hoeland et al., 2006). Denry and Holloway 2004 found the average fracture 

toughness of a group of pressed lithium disilicate (OPC, 3G) indented after heat 

treatment at 850°C for 30 min was significantly lower that that of the control 

group. However, no significant change was noted in the nature or ratio of the 

crystalline phases present (Denry and Holloway, 2004). This leads to considering 

other factors such as the effect of coefficient of thermal expansion (CTE) 

compatibility problems developing between the lithium disilicate crystals and the 

glassy phase. If the CTE mismatch between crystals and glassy matrix becomes 

too high, crystals can de-bond from the matrix (Cheng et al., 2006), resulting in 

lower toughness.  

2.3.2.3 Secondary crystal growth 
Secondary grain growth decreases the surface area of the new crystal after 

completed primary growth. A mechanism contributing to this is Ostwald ripening, 

where small crystals dissolve and redeposit on the surface of larger crystals or sol 

particles. This occurs as smaller particles have higher solubility due to their higher 



	   23	  

surface energy and hence higher Gibbs energy (Voorhees, 1985; McNaught and 

Wilkinson, 1997). 

2.4. Lithium disilicate – the mechanical properties 
of IPS e.max CAD 

The mechanical properties of IPS e.max CAD have been outlined by Ivoclar 

Vivadent and are presented in Table 5.  

Table 5. IPS e.max CAD mechanical properties 

• Flexural Strength: 360 MPa (biaxial) • Fracture Toughness: 2.25 MPa m0.5 

• Modulus of Elasticity: 95 GPa • Vickers hardness: 5800 MPa 

• Chemical solubility: 40 (μg/cm2) • Crystallisation temperature: 840 – 

850°C 

• Coefficient of thermal expansion:  

•      10.2 X 106 over 100 – 400°C 

•      10.5 X 106 over 100 - 500°C 

 

 

Although there is scarce data on the CTE of the lithium disilicate crystals 

themselves, the amorphous feldspathic glass phases is know to be typically 10 X 

106/°C (Anusavice, 2003a). Independent of the data provided by Ivoclar Vivadent, 

Table 6 shows the mechanical properties that have been reported in the peer-

reviewed literature.  
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Table 6. Reported lithium disilicate strength and fracture toughness 

Author  Material Measuring method Mechanical 
properties 

(Fischer and Marx, 1999) IPS Empress 2 As reported by Oh et al 
2000. 

σ = 290 MPa 

.1.1.1.  

(Frank et al., 1998) IPS Empress 2 As reported by Oh et al 
2000. 

σ =350 MPa 

.1.1.2.  

(Hoeland et al., 2000) IPS Empress 2 Three-point bending test: 
1.2x4x20mm: L = 15mm; 
crosshead speed = 0.5mm 
min-1 
Fracture toughness: 
1.5x4x20mm; L = 15mm; 
depth = 0.5mm  

σ =400±40 MPa 

.1.1.3.  

.1.1.4.  

KIC = 3.3±0.3 MPa m0.5 
(Oh et al., 2000) IPS Empress 2 Three-point bar test: 

2x4x10mm: L = 10mm; 
crosshead speed = 1.0mm 
min-1 

σ = 357±28 MPa 

.1.1.5.  

(von Clausbruch et al., 
2000) 

Experimental glass melt & 
conventional heat-press 

Three-point flex strength: 
2x2.5x25mm: L = 20mm; 
crosshead speed = 1.5mm 
min-1 

σ = 440 MPa 

.1.1.6.  

(Cattell et al., 2002) IPS Empress 2 Biaxial flex strength: dia 
14mm diameter x 
2mm thick specimens;  
1.58mm dia flat indentor; 
crosshead speed 0.15mm 
min-1 

σ = 251±30 MPa 

(Fischer and Marx, 2002) IPS Empress 2 Toughness - (SEVNB): 
3x6x30mm; crosshead 
speed = 1mm min-1 

KIC = 2.5±0.2 MPa m0.5 

Hardness:  

(Albakry et al., 2003b) IPS Empress 2 Biaxial flexural strength: 
diameter 14mm 
1.1mm thick 
 0.75mm dia flat indentor; 
crosshead speed = 0.5mm 
min-1 

σ = 407±45 MPa 

(Albakry et al., 2003a) IPS Empress 2 Toughness –  
Indentation strength (3point 
bending) 
Indentation strength 
(biaxial) 

KIC = 3.14±0.5 MPa 
m0.5(3P) 
KIC =2.5±0.3 MPa 
m0.5(biaxial) 
Hardness:5.3(0.2) 

(Denry and Holloway, 
2004)  

OPC 3G, Pentron 
Heat Press 

Three-point bending test: 
2x4x22mm; L = 15mm; 
crosshead speed = 0.5mm 
min-1 

σ = 280±53 MPa 
KIC = 2.5±0.3 MPa m0.5 

(Albakry et al., 2004a)
  

IPS Empress 2 Toughness –  
Indentation fracture 

KIC = 1.9 ±0.2 MPa m0.5 
Hardness: 5.7 (0.23) GPa 

(Hung et al., 2008) IPS Empress 2 Biaxial Flex strength: 
14.6mm dia discs on10mm 
dia circle, 1.3mm thick on 
3.12mm dia balls & 0.96mm 
dia flat indentor at cross 
head speed 0.5mm/min 

Roughened 
σ = 231±28 MPa 

.1.1.7.  

Glaze fired 
σ = 281±28 MPa 

.1.1.8.  

(Zheng et al., 2008) Experimental glass melt & 
conventional heat-press 

Three-point flex strength: 
3x4x35mm; L = 30mm; 
crosshead speed = 0.5mm 

σ = 290±10 MPa 
KIC =3.3± 0.1 MPa m0.5 
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min-1 
Fracture toughness(SENB); 
2x4x20mm; L = 30mm; 
depth = 2mm; crosshead 
speed = 0.05mm min-1 

(Chung et al., 2009) IPS Empress 2 Biaxial Flex strength: 14mm 
dia discs on10mm dia circle, 
1.4mm thick on 3.2mm dia 
balls & 1.5mm dia flat 
indentor at cross head speed 
0.5mm/min 

EM2 – 281±42 MPa 

Repressed EM2 = 365±35 

3G = 253±32 MPa 

Repressed 3G = 234±25 
(Buso et al., 2011) IPS e.max CAD Biaxial Flex strength: 15mm 

dia discs  
1.2mm thick  
at cross head speed 
1.0mm/min 
Polished to 1200 grit + 3um 
polishing dia paste 

σ =416±50 MPa 

(Lin et al., 2012) IPS e.max CAD 
IPS e.max Press 

Biaxial flexural strength: 
12.5 mm dia discs on10mm 
dia circle, 1.5mm thick 
specimen & 1.2mm dia flat 
indentor at cross head speed 
0.5mm/min 

σ =365±45 MPa 
σ =330±19 MPa 

(Kang et al., 2013) IPS e.max CAD 
Rosetta SM 

Biaxial flexural strength: 
12 mm dia discs on10mm 
dia circle, 1.2mm thick 
specimen & 1.2mm dia flat 
indentor at cross head speed 
1.0mm/min 

σ =408±85 MPa 
σ =443±64 MPa 

 

Table 6 shows that most of the data on lithium disilicate for dental materials 

pertains to the IPS Empress 2 system, with only three studies testing IPS e.max 

CAD (Buso et al., 2011; Lin et al., 2012; Kang et al., 2013). The table also shows 

that the literature and the manufacturer are in general agreement with the claimed 

biaxial flexural strength and fracture toughness figures. The range of results 

shows some dependence on the methods used in testing. For example, although 

the ISO standard (ISO6872, 2008) defines parameters for testing, there is some 

leeway and so different researchers have used slightly different measures in 

testing apparatus set-up. The ISO standard gives a loading rate range of 1.0±0.5 

mm/min, and the actual rate of the crosshead speed in Table 6 shows that the 

faster this rate is (ie 1.5mm/min), the higher the strength result in general 

(Radford and Lange, 1978). Other factors that have a direct relationship on 

results, and have been purported to result in higher figures, are a reduced piston 
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diameter (1.4±0.2mm is what ISO 6872 defines) (Radford and Lange, 1978) and 

thermal annealing after specimen preparation (Albakry et al., 2003b). 

2.5. Effect of firing cycles on lithium disilicate 
ceramics 

2.5.1 Current manufacturers IPS e.max CAD firing 
protocols 

To convert the blue phase lithium metasilicate to lithium disilicate Ivoclar 

Vivadent recommend IPS e.max CAD be fired using the regime in Table 7. 

Table 7. Firing parameters Crystallization/Glaze IPS e.max CAD 

Furnace Stand-by Temp  

B [°C] 

Closing 

Time  

S[min] 

Heating Rate 

t1 [°C/min] 

Firing Temp  

T1 [°C] 

Holding 

Time  

H1 [min] 

Heating Rate  

t2 [°C/min] 

P300	  
P500	  
P700	  

403 6:00 90 820 0:10 30 

Furnace	   Firing Temp  

T2 [°C] 

Holding 

Time  

H2 [min] 

Vacuum 1  

11 [°C] 

12 [°C] 

Vacuum 2 

21 [°C] 

22 [°C] 

Long-term 

cooling  

L [°C] 

Cooling Rate  
t [°C/min] 

P300	  
P500	  
P700	  

840 7:00 550/820 820/840 700 0 

	  
 

If further morphologic or aesthetic changes are needed IPS e.max Ceram (Ivoclar 

Vivadent) is added with the recommended corrective firing parameters shown in 

Table 8. 
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Table 8. Firing parameters for corrective firing IPS e.max CAD 

Furnace Stand-by Temp 

B [°C] 

Closing 

Time  

S[min] 

Heating Rate 

t1 [°C/min] 

Firing Temp 

T1 [°C] 

Holding 

Time  

H1 [min] 

Heating Rate 

t2 [°C/min] 

P300	  
P500	  
P700	  

403 6:00 90 820 0:10 30 

Furnace	   Firing Temp  

T2 [°C] 

Holding 

Time  

H2 [min] 

Vacuum 1  

11 [°C] 

12 [°C] 

Vacuum 2  

21 [°C] 

22 [°C] 

Long-term 

cooling  

L [°C] 

Cooling Rate 

t [°C/min] 

P300	  
P500	  
P700	  

840 3:00 550/820 820/840 700 0 

 

These firing protocols take the ceramic over the glass transition temperature of the 

glass phase, 450°C (Fischer et al., 2005), and close (within 100°C) to the lithium 

disilicate crystal melting temperature of 950°C (Hoeland et al., 2006; Zheng et al., 

2008). Unseen eventualities sometimes catch out manufacturers and therefore 

their recommendations need to be altered; recent examples are zirconia in hip 

implants (Santos et al., 2004), dental implants (Spies et al., 2014) and high 

amounts of layering ceramic chipping in dental zirconia restorations (Al-Amleh et 

al., 2010; Babiuc and Pauna, 2013) requiring changes in recommended 

manufacturing methods and firing protocols (Swain, 2009). Therefore continued 

research into material properties is important. 

2.5.2 Heat treatments  
Most all-ceramic dental restorations undergo firing in a laboratory furnace, except 

for some CAD-milled non-layered materials such as Vita Mark II (Vita, Bad 

Sackingen, Germany) or hybrid resin-ceramics such as Vita Enamic (He and 

Swain, 2011).  
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Time/temperature firing variation explains the microstructure seen in glass 

ceramics (Hoeland et al., 2000; Hoeland et al., 2006; Tang et al., 2012). There are 

a number of factors that are affected during firing cycles. Fischer et al., 2005 

annealed a number of ceramics close to their glass transition temperatures (Tg) 

and ascertained that annealing 100 °C below the Tg obtained optimal stress relief 

without causing plastic deformation. A related study by the same authors included 

a lithium disilicate ceramic and noted some deformation even at 450°C	  (Fischer et 

al., 2008), showing thermal stresses can induce unintended consequences and that 

following the recommended firing cycles is important. The flexural strength of a 

leucite-reinforced ceramic (IPS Empress I) was noted to be significantly improved 

after additional firings (Dong et al., 1992). This was attributed to better dispersion 

of leucite crystals in the glassy matrix. Heat treatment of 800°C for a 2 minute 

holding time did not affect the mean biaxial flexural strength results of IPS 

Empress 2 in biaxial disc testing (Cattell et al., 2002), although surface 

modification by highly polishing the surface (lapping) increased flexural strength 

(Mecholsky, 2001). No strength advantage over the single heat pressed control 

was conferred by veneering application alone, nor by firing cycles that mimicked 

layering porcelain application (but without actual porcelain addition). However, 

heat treatments utilised by Cattell et al 2002 were for a relatively short time and 

were not at as high a temperature (800°C) as that recommended for the IPS e.max 

CAD firing cycles (840°C for 3 minutes) shown in Table 8. Variations in thermal 

treatment parameters can result in very different results in lithium-based ceramics 

(Hoeland et al., 2006). Because of this ambiguity in the literature, it is unknown if 

multiple firing at the recommended higher temperatures could alter the physical 
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properties such as biaxial flexural strength and fracture toughness of lithium 

disilicate ceramics. 

2.5.3 Crystal size 
Heat treatments of IPS Empress I result in an increase in crystalline leucite 

content which has been correlated with an increase in strength properties (Mackert 

and Russell, 1996). 

With lithium disilicate ceramics, a relationship between strength and the 

crystalline phases present was demonstrated as a function of the crystallization 

temperature (Borom et al., 1975). The strength increased when heat treatments 

temperatures exceeded 800	  °C. Albakry et al., 2004a found a linear relationship 

between increasing crystal size and increasing duration of firing when re-pressing 

IPS e.max press. Chung et al., 2009 re-pressed IPS e.max Press ingots, using the 

protocol in Table 9, and found an increase in the size of the crystals and noted the 

alignment effect of the crystals as well. 

Table 9. IPS e.max Press firing parameters for 100g ingot. 

Furnace  Investment 

ring 

system 

Stand-by 

Temp       

B [°C] 

Closing 

Time         

S [min] 

Heating 

Rate         

t1 [°C/min] 

Firing 

Temp     

T1 [°C] 

Holding 

Time       

H1 [min] 

Vacuum 

V1 [°C] 

Start 

Temp 

Vacuum 

V2 [°C] 

End Temp 

P500 100g 700  60 925 15 500 925 

 

Interestingly Chung et al., 2009 found the biaxial flexural strength increased 

whereas Albakry et al., 2004a did not. However, another lithium disilicate 

material that Chung et al., 2009 also tested - 3G (Jeneric Pentron, Wallingford, 

CT, USA) did not undergo any observable crystal growth or increase in strength 

and therefore the authors concluded that this material may have reached its 

maximum crystallinity prior to re-pressing. Chung et al., 2009 noted that the 
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higher strength value they achieved for the re-pressed IPS e.max Press samples of 

365.9MPa was similar to the strength results attained by Albakry et al., 2004c and 

Hoeland et al., 2000. These two studies seem to report higher strength results than 

the majority of other studies (Table 6) and this is likely due to slight differences in 

specimen preparation. It was noted that Albakry et al., 2004c & Hoeland et al., 

2000 re-fired their samples again prior to testing to relieve internal stresses and 

this annealing factor may have resulted in higher strength results. The size of the 

crystals may therefore be less important than the residual strain state of the glass 

matrix. The glass component is weaker than the crystalline component of lithium 

disilicate ceramic and is where fractures initiate (Apel et al., 2008; Fischer et al., 

2008). For this reason, recent ceramic materials research has explored 

replacement of the glass phase with resin, and recently a resin-infiltrated ceramic 

named “Enamic” has been released by Vita (He and Swain, 2011). Again, this 

may infer that manufacturers understand the residual glass phase stress state may 

be more important than crystal size. From a strength perspective, increased crystal 

size to around 5 µm is most likely insufficient to inhibit the larger size strength-

determining cracks via the “crack bridging” effect (Rice, 1996b; Zhao et al., 

2012). 

Extended isothermal holding temperatures (eg 960°C) with IPS Empress 2 have 

resulted in a loss of mechanical properties if the lithium disilicate crystals are 

allowed to melt and dissolve in the glass matrix (O’Donnell et al., 2011). Also 

upon cooling the lithium disilicate will preferentially re-crystalize as lithium 

metasilicate, which is the undesirable weaker crystalline phase. This is consistent 

with data from others who have found that the lithium disilicate crystalline-
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melting-point is around 920 - 950°C (Hoeland et al., 2006; Zheng et al., 2008) 

while lithium metasilicate crystals melt around 1000°C (Hoeland et al., 2006). 

The effect of clinically relevant heat treatments on IPS Empress 2 heat-pressed 

material was investigated by Oh et al., 2000. They noted a growth of crystal size 

with initial heat pressing, and an associated increase in strength. However, this 

strength increase lapsed slowly over the consequent “wash”, “dentin,” 

“stain/glaze” and “corrective” firings. This was interpreted to be not statistically 

different to the before-heat-pressed ingot strength, however, the level of 

significance was set to a difficult to achieve 0.001 level, and with a sample size of 

only 15 it will be difficult to show an effect unless it is very obvious. However, if 

these data reflect reality, it points to the conclusion that larger crystals do not of 

themselves cause strengthening of this ceramic. 

2.5.4 Coefficient of thermal expansion change 
Stresses can develop in a bi-phase (such as IPS e.max CAD) or a multilayer 

material (such as a lithium disilicate core veneered with layering porcelain), due 

to differences in thermal heating and cooling rates and associated spatial variation. 

One of these variables is termed the Coefficient of Thermal Expansion (CTE) or 

Thermal Expansion/Contraction Co-efficient (TEC/TCC). Materials expand with 

increasing temperature, due to greater amplitude of thermal vibration of the atoms 

in a material, and hence an enlarged average distance between neighbouring 

atoms. The linear coefficient of thermal expansion 𝛼 (Equation 4) describes how 

much material expansion occurs during each degree of temperature increase 

(Anusavice, 2003c).  
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Equation 4. CTE equation 

𝛼 =
𝑑𝑙
𝑙𝑥𝑑𝑇 

Where dl = the change in length of material in the direction being measured, l = 

overall length of material in the direction being measured, dT = the change in 

temperature over which dl is measured. 

When there is more than one material in a dental restoration, ie the material is bi-

phasic or multi-layered; a mismatch of the CTE between these materials may 

result in residual stress being developed in the restoration. If this stress is tensile, 

it tends to weaken the restoration. As the glass phase is the weaker phase of the 

lithium disilicate system (Fischer et al., 2008), if thermal treatments induce tensile 

stresses to be set up in the glass, the resultant strength of the ceramic is 

compromised (Cheng et al., 2006). As Fischer et al., 2008 showed with IPS 

Empress 2, if compressive stress is set up in the glass phase preferentially by ion 

exchange, a strength increase of 25% can be gained. While Sorensen et al., 2000 

showed IPS Empress 2 exhibited a 25% decrease in strength with extended water 

storage prior to testing, likely due to moisture degradation effects in the glass 

phase (Gonzaga et al., 2011b). Generally, the CTE is not the same in all 

crystallographic-axes of an individual crystalline grain. The CTE is also variable 

with changing temperature and any change is rarely linear, thus it ought to be 

cited either at a specific temperature, or as an average over a given temperature 

range. Actually measuring these slight changes can be difficult however, and 

usually the average CTE over a temperature range is given. The fluctuation of 

CTE with temperature change is generally a relatively smooth function if the 

material does not undergo phase transitions. For glassy or amorphous materials 

there is a marked increase in CTE above the glass transition temperature. 
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However, above the glass transition temperature (Tg) of dental ceramic materials, 

the glass can flow, hence little to no stress is maintained in its structure from any 

cooling in the range above the Tg. When cooling bi-phasic materials from the 

glass Tg to current temperature the stress induced, at any particular temperature 

(T), is proportional to the differences in the volumetric shrinkage of the two 

components of the material (Cheng et al., 2006). Porcelain exhibits non-linear 

thermal expansion and contraction behaviour on heating and cooling, respectively. 

The magnitude of the difference between the CTE of two materials and therefore 

of the resulting static stress state, will also vary in a non-linear fashion upon 

cooling to room temperature (Fairhurst et al., 1981). For lithium disilicate bi-

phasic composite ceramic the spatial C-factor of the reducing volume of glass 

around the crystalline phase may also play a role in residual stress distribution. 

This concept is understood in the realm of composite resin restorations where 

resin shrinks on setting with higher stress in smaller areas (Kleverlaan and Feilzer, 

2005; Watts and Satterthwaite, 2008). Likewise, in the cooling phase of a biphasic 

composite ceramic there are smaller and smaller areas for the glass around the 

main crystalline phase, resulting in higher stresses due to the same physical 

process, namely increased comparative shrinkage of one material in a space 

surrounded by another material that isn’t shrinking at the same rate. 

Knowledge of these factors has enabled dental technicians to fabricate traditional 

porcelain-fused-to-metal (PFM) crown and bridge restorations with greater 

fracture resistance by utilising layers with differing CTE to incorporate a 

tempering or compressive stress in the outer veneering porcelain layer. Leucite is 

commonly used in dental ceramics to adjust the overall CTE of the outer layering 

porcelain; leucite is a potassium-aluminium-silicate mineral with a large CTE (20 
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X 106/°C), compared with typical feldspathic glass CTE (10 X 106/°C) 

(Anusavice, 2003a). Dogma suggests that the CTE of the veneering porcelain 

ought to be lower than the core by approximately 10% (Anusavice et al., 1989), 

thus on cooling, the substructure shrinks more, bringing the veneering porcelain 

into compression. Compressive stress tends to inhibit crack propagation from the 

surface by keeping them closed (Anusavice, 2003a) by providing higher frictional 

resistance to shear crack propagation (Lawn, 1998; Lawn and Marshall, 1998). 

Due to the respectable clinical success of relatively weak porcelains with bi-

layered metal-ceramic (PFM) systems in dentistry (Walton, 2002; 2003; Tan et 

al., 2004; Walton, 2013) this theory hasn’t been challenged. For the classic PFM 

crown technique, an ideal contraction coefficient difference of 0.5 x 106/¡C 

between 600¡C and room temperature is suggested to result in fewer problems 

with fracture (Anusavice, 2003a). Although, some authors conservatively 

recommend less mismatch, for example 0.225 x 106/¡C for metal-ceramic systems 

(Nielsen and Tuccillo, 1972) while for the all-ceramic IPS Empress I core 

material Steiner recommended a wider CTE cooling coefficient mismatch of 0.6 x 

106/°C (Steiner et al., 1997). Thus, for example, an all-ceramic core material is 

considered to be able to have a CTE of 10 x 106/¡C while the veneer layer has a 

CTE of 9.4 x 106/¡C (Steiner et al., 1997) 

Although compressive stresses are created in the veneering layer by mismatch of 

CTE between the core and veneer, by necessity, this will set up tensile stress 

zones in the core (Steiner et al., 1997). Reinforcing and strengthening of the outer 

veneer by a core can only be achieved by redistributing the maximum tensile 

stress to the reinforcing core surface (Southan, 1987). Metal cores are aided by 

their ability to absorb some level of plastic deformation (Isgrò et al., 2005), 
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especially the three most ductile metals, namely gold, silver and platinum based 

alloys (Anusavice, 2003c). However, ceramics typically cannot deform more than 

0.1% - 0.2% before they reach their elastic limit and cracks appear (Craig, 2012). 

This means that a ceramic core is unable to plastically deform to absorb tensile 

stresses at the interface, so residual stress formation are more important in 

predicting an all-ceramic systems clinical longevity. Clinically, it is of concern 

that in lithium-disilicate layered core ceramics, outer-porcelain surface cracks 

propagate unimpeded through the porcelain:core interface (Guazzato et al., 2004b; 

Swain, 2009; Zhao et al., 2012). Swain, 2009 has pointed out that in a bilayer 

ceramic system that the compressive stresses are only in the outer 16% of the 

outer layer thickness, with the rest of the structure internal to that experiencing 

tension (Swain, 2009). Once a fracture has exceeded this compressive zone it will 

more easily propagate in a tensile stress field (Lawn and Marshall, 1977). 

Variables such as thermal diffusivity (Swain, 2009), layer thickness (Asaoka et 

al., 1992), and cooling rates (Bertolotti, 1980) impact the magnitude of the 

resultant tensile stress field. Mainjot et al., 2011 reviewed Swains analytical 

model of the bi-layered zirconia situation and added valuable experimental data 

with the result that viscous relaxation effects and thermal gradients also need to be 

considered. The experimental data of Mainjot et al., 2011 allowed a hard data 

perspective to be brought on the modelling used by Swain, 2009. Consequently it 

was stated that Swain, 2009 overestimated the amount of tensile stress induced 

from an estimated 55MPa compared to 4MPa. Thus it seems that relatively small 

tensile stress forces may cause large amounts of clinical failures (Al-Amleh et al., 

2010; Babiuc and Pauna, 2013; Spies et al., 2014) in the zirconia bi-layered 

ceramic system. 
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Another way thermal cycling has been noted to affect ceramic materials is by 

altering the CTE during multiple firing cycles. Isgró et al., 2005 investigated how 

multiple firing cycles affected the CTE of IPS Empress 2 core material and a 

number of veneering porcelains over the cooling temperature range from 420°C to 

20°C. They found that the CTE of some layering porcelains increased after three 

to five firing cycles. This can create a problem if the layering material CTE 

increases past the core CTE, as it will set up a tensile stress field in the veneer 

layer resulting in clinical chipping (Swain, 2009). Of the three porcelains that 

changed, two had leucite components and could have changed because of the 

known phenomenon of additional heat-induced crystallization of leucite (Mackert 

and Evans, 1991a), however one ceramic had no leucite, meaning the CTE change 

was due to another unknown factor. Studies show that heat treatment below the 

glass transition temperature should not cause leucite crystallization (Mackert et 

al., 1996). However, the firing cycles that Isgró et al., 2005 used may have 

induced further leucite crystallisation as they took most of the porcelains above 

their glass transition temperatures, and then measured contraction, but only over 

the cooling range of 450 – 20°C. Mackert and Evans have shown that slow 

cooling of dental porcelain produced enough of an increase in CTE sufficient to 

make a compatible metal-porcelain system incompatible by increasing the volume 

of leucite fraction due to the increased time at higher temperatures (Mackert and 

Evans, 1991b; Steiner et al., 1997). An interesting finding of Isgró et al 2005 was 

that the CTE of the IPS Empress 2 core (lithium disilicate crystals with no leucite 

crystals) also seemed to be increased during the progression of firing cycles. From 

an initial CTE of 10.1 x 10-6/°C at press firing, the CTE increased to 10.8 x 10-

6/°C for the initial glaze layer. One might question how this core CTE variation 
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might affect the strength of the whole restoration, in this case it may result in 

tensile force concentration in the glass layering porcelain and likely result in early 

clinical failure. What mechanism occurred to influence the substantial changes in 

CTE of the lithium disilicate ceramic during these firing cycles? We know that 

lithium metasilicate has a higher CTE than lithium disilicate (Denry and 

Holloway, 2004) but the lithium metasilicate phase is theoretically already re-

absorbed by solid state reactions into the primary IPS Empress 2 crystal, lithium 

disilicate, by this stage of the firing cycles. This gives rise to the question of 

whether the volume fraction of lithium disilicate changed during the thermal 

cycles? 

 

Not all factors that set up stress fields during ceramic thermal change are 

understood, however the CTE ranking of a typical composition of lithium 

disilicate glass-ceramic has been ranked as follows: glassy matrix < parent glass < 

Li2Si2O5 < Li2SiO3 (Denry and Holloway, 2004).  

 

If the CTE of the lithium disilicate crystals is slightly higher than the glass phase 

then theoretically it sets up a compression effect in the glassy phase similar to the 

effect achieved by layering using in classic PFM technology. This compression of 

the glassy phase would temper the glass, aiding in deflecting and repressing 

fractures. However, as pointed out by Swain 2009, for bilayer systems the volume 

of material in a compressive state is only the 16% closest to the surface, with the 

remaining internal structure being in tension. If the expansion mismatch between 

the crystals and the glassy phase becomes too high then de-bonding of the crystals 

and loss of coherence occurs, resulting in lower toughness (Cheng et al., 2006). 
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This is more likely to occur with the lithium metasilicate in the above range. 

Thus, it may be that the cooling rate is important in avoiding localised areas of 

tensile stress being incorporated into biphasic ceramic structures as well as 

multilayer structures (Swain, 2009). If the CTE mismatch between the main 

crystalline phases and the main amorphous glass phases are in an optimal range of 

tension/compression then fast cooling specimens may unfavourably result in 

increased tension, facilitating fracture propagation through the ceramic. 

Appreciating how the CTE variability of materials can affect a particular glass-

ceramic system is imperative. Isgrò et al., 2004 report that the ISO standard 

description of thermal expansion coefficient on metal is not appropriate for 

ceramics. They found the CTE of ceramics is typically, but not always, non-

linear. A non-linear relation, namely a quadratic curve fitting procedure, rather 

than a linear line according to the ISO 9693 thermal expansion coefficient 

matching, best explains these changes.  

 

Isgró et al., 2005 aimed to precisely detect stresses prior to fracture in an 

experiment on IPS Empress 2 core material discs (1mm thickness) that were hot-

pressed, polished, and annealed at 450°C for 30 mins to relieve any stresses built 

in from polishing. Unfortunately this experimental temperature is not in the 

supposed “safe zone” of 100°K below Tg=535°C for IPS Empress 2, ie 435°C, 

therefore there may have been plastic deformation and residual strain present, 

with the resulting stresses measured being unreliable (Isgrò et al., 2005; Fischer et 

al., 2008). Fischer et al., 2008 noted that they attempted to use an ion exchange 

temperature of 450°C with IPS Empress 2 but this temperature deformed their 

specimens. Isgrò et al., 2005 veneered the “core” ceramic with different 
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porcelains (1mm thickness) and assessed deflection after each of four 

experimental firing cycles. Deflection was assessed instead of cracking since it is 

more sensitive to displaying tensile stress zones that occur prior to crack 

development. No significant deflection was found when IPS Empress 2 was 

veneered with “Duceratin Enamel” porcelain (Ducera dental, Rosbach, Germany) 

or the manufacturer recommended – “IPS Eris” & “IPS Empress 2 Veneer” 

porcelains (Ivoclar Vivadent, Lichenstein). This was expected for IPS Eris and 

IPS Empress 2 Veneer as they are manufactured to be compatible with IPS 

Empress 2 core ceramic, Duceratin Enamel however is not expected to be 

compatible due to its CTE which is presumably 9.6 x10 over 25-500°C but this is 

difficult to determine from data presented by Isgrò et al., 2005, and yet it caused 

the least deformation strain to occur. Also, the experimental porcelain engineered 

to be close to the CTE of IPS Empress 2 unexpectedly caused significantly more 

deformation than either IPS Eris or IPS Empress 2 Veneer. In the IPS Empress 2 

system the core ceramic and layering porcelains are intended to be thermally 

compatible. The fluorapatite veneering ceramics have been modified in quick 

succession from “IPS Empress 2 Veneer” being superseded by “IPS Eris” which 

has recently been superseded by “IPS e.max Ceram”. The combination “IPS 

Empress 2/Empress 2 Veneer” had a variable CTE mismatch difference between 

the two ceramics of between 0.8 and 1.2 x 10-6/°C through the spectrum of 

different firings in the study by Isgró et al., 2005. In comparison, the new “IPS 

Eris” veneering porcelain has reduced CTE mismatch difference to between 0.3 

and 0.9 x 10-6/°C, apparently in an attempt to provide a more reliable all-ceramic 

layering interface (Isgrò et al., 2005). In light of the outcomes presented by Isgró 

et al., 2005, it is obvious that for both of these material combinations, the CTE 
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measured mismatch between layers was not solely responsible for the observed 

deflections. Therefore having no difference in the thermal mismatch value is not 

sufficient to predict compatibility between an all-ceramic core and veneering 

porcelain. Other variables such as the sensitivity of the glass transition 

temperature (Tg) to the rate of thermal change; visco-elastic behaviour; repeated 

firings; duration, and hold time of firings; thickness and thermal diffusivity also 

need to be considered.  

 

Ideally, strength testing of veneered samples should show resistance to chipping, 

and clinical studies of over five years duration would show success rates above 

ninety percent, as is the case for layered IPS Empress 2 (Toksavul and Toman, 

2007; Sola-ruiz et al., 2013) layered IPS e.max Press (Gehrt et al., 2012) and full-

contour IPS e.max Press (Kern et al., 2012).  

2.5.5 Viscosity 
As firing temperatures increase, a materials viscosity decreases. On cooling, this 

can act as a stress-relieving element to a certain extent. Viscous relaxation of 

intrinsic stresses can result in a tougher end product. This physical property can 

be negatively affected by fast cooling due to insufficient time for stresses to be 

relieved. It has been noted that viscous relaxation of stresses previously induced 

by grinding, is best achieved at 100°C below the glass transition temperature (eg 

100°C below Tg=535°C for IPS Empress 2) (Fischer et al., 2008). 

2.5.6 Cooling rate 
Varying the cooling rate can create unexpected visco-elastic behaviour in 

veneering porcelains. Specimens from the study by Isgró et al., 2005 were slow 

cooled at approximately 5°C/min while coming out of a dilatometer device. But 
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the cooling rate of the specimens coming out of the porcelain furnace was much 

higher, leading the researchers to suspect a difference in visco-elastic behaviour in 

the porcelains tested due to this factor. Slow cooling influences the visco-elastic 

behaviour of the porcelain, with resultant annealing or stress relieving effect, 

which would decrease residual stresses. Swain, 2009 predicted, via 2D analytical 

modelling, the formation of superficial compressive stresses and a tensile zone of 

around 0.8 mm depth in the 3 mm veneering ceramic layer on a zirconia 

substructure. Mainjot et al., 2011 aimed to gain more precision in this area by 

using a novel experimental technique commonly used in industry to investigate 

residual stress field analysis. They found that the magnitude of the stresses 

predicted in Swain’s model, of a 120 MPa maximum compressive stress, and 55 

MPa maximum tensile stress were excessive compared to their experimental 

model. They found that the maximum compressive stress was 96 MPa and the 

maximum tensile stress was 4 MPa. They postulated that this difference was due 

to the modelling of Swain, 2009 not accounting for viscous relaxation effects, 

thermal gradients, or differences in estimated material thermal expansion 

coefficients and cooling rates.  

The lithium disilicate IPS e.max CAD is a biphasic restoration rather than a 

multilayer (although it may be used in a layered application), and Isgro’s research 

showed no deflection of the control discs (non-veneered) when a slow cooling 

rate of 2.5°C/min was used (Isgrò et al., 2005). No residual strain was expected 

therefore at this cooling rate, however since this was not a layered sample residual 

strain in the specimen wouldn’t be expected to deflect the disc, rather micro 

cracking around crystals would be observed under SEM, unfortunately this was 

not assessed in this study. 
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2.5.7 Annealing 
Annealing is a process of controlled heating of a glass and extended holding at 

temperature to remove residual stresses. It is recommended to anneal glass 

ceramics at a temperature 100°C below the materials glass transition temperature 

(Fischer et al., 2005). However, annealing may not remove all stress concentration 

areas. Denry et al., 1999 annealed Vita Mark II (Vita) specimens at 900°C for 1h 

after indenting had induced micro crack damage. The specimens showed crack 

healing afterwards, however the mean biaxial flexural strength was not improved 

(Denry et al., 1999). This led the authors to conclude that the observed voids 

contained in Vita Mark II probably dominated the fracture mechanics rather than 

residual stress in the glass phase. Denry and Holloway, 2004 then tested lithium 

disilicate in the form of OPC 3G after various heat treatments. They found that a 

heat treatment of an annealing style (ie. 825°C for 30mins compared to layering 

porcelain firing style of 770°C for under 1min + heating and cooling) resulted in 

an increase in strength, which they attributed to healing of flaws in the material. 

The authors noted that this was not likely to be due to additional crystal growth 

since the control ingots had a similar crystalline phase amount and nature. In this 

paper specimens were indented prior to annealing to induce micro cracks, which 

after annealing were no longer discernable under an optical microscope. Denry 

and Holloway 2004 found some specimens fractured at lower forces, confirming 

their belief that post-processing heat treatment is successful in eliminating some 

flaws up to a certain size. They hypothesized that the low strength specimens 

contained a large flaw, too big to be healed by the annealing heat treatment and 

that this flaw is what dominated the fracture failure mode. Under SEM 

microscopy they noted artefact “pores” of 0.2 – 1.0 µm diameter, which the author 
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interpreted to be an artefact, due to the etching effect of preparation for SEM 

viewing. Other authors (Zheng et al., 2008) have supposed that these pores are 

more soluble phases, such as lithium orthophosphate, which has been proposed as 

a nucleation site for lithium disilicate (von Clausbruch et al., 2000; Hoeland and 

Beall, 2002b; Wen et al., 2007; Tulyaganov et al., 2009). The images from SEM 

suggest that these pores are typically found in the centre of the lithium disilicate 

crystals, and the pores appear somewhat like the marrow space in long bones. 

The effect of clinical “grinding” on biaxial flexural strength of Empress 2 was 

studied by (Hung et al., 2008), with a 170 grit coarse diamond bur being used to 

simulate the intaglio surface grinding done chair-side by some operators to enable 

correct seating of an ill-fitting crown. Testing the flexural strength after a glaze 

firing followed. The glazed specimens were found to have a higher strength than 

the ground specimens. The increased roughness of the surface profile was not 

correlated with decreasing strength. The highest strength specimen (veneering 

only) had the largest roughness profile, the next highest strength (control – no 

grinding or veneer) had the next roughest profile. However, grinding the 

specimens did decrease the biaxial flexural strength to 232MPa on average – but 

if fired through a glazing or veneering cycle, this undid the weakening effect and 

returned the biaxial strength to 280MPa. This suggested that the stress state of the 

glass phase was improved by the firing cycles, resulting in fewer propensities for 

crack propagation. Also of note in this study, the smoothest surface (veneered, 

ground, then glazed) had the least scattering of fracture strength readings (highest 

Weibull moduli) suggesting that surface roughness and associated stress 

concentration play a large role in the strength determination of this ceramic but 

perhaps not as much as the residual stress state of the glass phase. 
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2.5.8 Glazing 
Glaze finishing of restorations has been considered to strengthen dental 

restorations by reducing the sharpness or depth of surface flaws (Albakry et al., 

2004b), however several reports (Fairhurst et al., 1992; Griggs et al., 1996) 

indicate that autoglazing had no influence on strength. This may be due to 

strength being determined by the surface condition in conjunction with the 

internal microstructure rather than by internal microstructure alone (Radford and 

Lange, 1978). Fairhurst et al., 1992 reported that the self-glazing effect of heat 

treatments may not increase the strength of leucite reinforced feldspathic 

porcelains. In their study, all specimens were finely polished with 1	  μm diamond 

paste. However, with such a smooth surface there may not have been much gain 

in smoothness with self-glazing, these results show there is no further gain from a 

short thermal glaze cycle over polishing. They conclude that glazing itself does 

not confer any extra strength to the material, but that a smooth finish will 

accomplish a similar strengthening effect, which has been demonstrated by others 

Grossman, 1991; Hooshmand et al., 2008.  Griggs et al., 1996 and Denry et al., 

1999 improved on this method by introducing large defects into their samples, and 

encountered similar results of no strength increase via glazing. This leads to the 

conclusion that beyond a certain size it is the surface flaws that are strength 

controlling as well as the internal flaw distribution with little place for a short 

thermal cycle to affect strength. 

 

Clinically however, ceramics cannot be finished and polished to have only 

micron-sized defects and in these situations glazing fills larger, and perhaps sharp 

edged defects with amorphous glass. 
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2.5.9 Porosity 
Conventional knowledge says that the strength of a ceramic material is negatively 

influenced by the presence of flaws, especially surface flaws (Green, 1998). 

Porosities decrease the amount of ceramic available to resist stresses and they act 

as a stress concentrator. Rice, 1996a however, note that the fracture toughness of a 

ceramic shows less porosity dependence than does its strength or its Young’s 

modulus. This was also shown by Albakry et al., 2004a when they pressed and 

then recycled and re-pressed IPS e.max Press. Porosity decreased in size and 

number of defects to be almost undetectable when viewed at 200μm 

magnification, but no increase in toughness was noted.	  Reduction of pore content 

and size is considered to increase the flexural strength, but this reduction in 

porosity had no influence on the fracture toughness results in their study (Albakry 

et al., 2004a). A question remains; does porosity, like surface roughness, cease to 

be a deciding factor in toughness after a critical point is reached, with further 

reduction in porosity having minimal effect? Gonzaga et al., 2011a found an 

association between material toughness and initial defect sizes. The critical defect 

size is smaller in tougher ceramics, while weaker ceramics fractured with less 

force originating from larger defects.  

2.5.10  Moisture degradation 
Stress corrosion occurs differently in the mouth than in simulated environments 

on the laboratory bench. Part of this is due to the difficulty of emulating the liquid 

environment of the oral cavity. Given that this is the case, Sorensen et al., 2000 

showed that in vitro storage of IPS Empress 2 in H2O for seven days, or NaOH for 

fourteen days, decreased the biaxial flexure strength by 25% and 28% 

respectively. 
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Slow or subcritical crack growth (SCG) occurs over time. This effect is either due 

to pre-existing defect growth due to stresses below the critical crack initiation 

level, and/or some chemical weakening occurring in the presence of water or 

water vapour. An understanding of the concept of subcritical-crack-growth is 

important since as the crack tip advances from a critical initial defect, the ceramic 

is weakened and can ultimately fail by catastrophic fracture, under a typically low 

force after an extended period of service (Thompson et al., 1994; Taskonak et al., 

2006). If SCG factors can be understood, then more reliable predictions can be 

made for dental restoration longevity. Gupta and Jubb, 1981 reported that the 

Vickers indentation method to test SCG is “unique”, and makes comparison with 

other testing methods difficult; this finding has been corroborated by others 

(Quinn and Bradt, 2007). With refinement of the testing methodology Gonzaga et 

al., 2011b found that IPS Empress 2, a precursor to IPS e.max CAD, was actually 

more susceptible to SCG than IPS Empress I leucite-reinforced glass-ceramic or 

In-Ceram Alumina core ceramic, and perhaps surprisingly it was more susceptible 

than feldspathic glass veneering ceramics such as Vita VM7 (Vita) and IPS 

d.SIGN (Ivoclar Vivadent). Since fracture mainly occurs in lithium-disilicate 

materials around the crystals within the glass phase, it was postulated that this 

SCG susceptibility may be due to weakness of the chemical bond between the 

lithium disilicate crystals and the glass matrix (Gonzaga et al., 2011b). 

2.5.11 Colour 
Some authors have noted colour shade changes after thermal cycling. Repeated 

firings of between 3-7 times have been noted to darken the shade of IPS Empress 

I (Leucite crystal re-enforced glass ceramic) (Uludag et al., 2007) and IPS e.max 
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Press (Lithium-disilicate crystal re-enforced glass ceramic) (Ozturk et al., 2008) 

making them appear more chromatic in the red and yellow colour axes and 

consequently darker. Similar effects have been noted in layering glass ceramics 

such as IPS d.SIGN (Panzeri Pires-de-Souza et al., 2009). It is hypothesised that 

certain metal oxides used as colouring agents are not stable at higher firing 

temperatures (Mulla and Weiner, 1991). For example, Crispin et al., 1991 and 

Lund and Piotrowski, 1992 have reported that yellow/orange colorants were the 

least stable at manufacturers recommended firing temperatures and Hoeland and 

Beall, 2012c noted that fluorescence and color are achieved in IPS e.max lithium 

disilicate ceramics by addition of transition metal oxides. 

2.6. Biaxial flexure strength test 

2.6.1 What is strength? 
When considering a material for use in the mouth a material needs to be able to 

serve its intended roles successfully, in one piece, and for a practical time period. 

The strength of a material is its ability to resist applied forces without fracture or 

excessive deformation. 

 

To the casual observer the strength of a material infers its reliability over time 

under duress. However, the measured strength value is not an inherent material 

property, but rather a value achieved under certain experimental conditions. There 

is no value in asking for the correct strength of number eight wire for example, 

since it depends not only on the material itself but also on the manufacturer, 

manufacturing method and many other factors. Strength figures are often used as 

structural performance indicators, but when it comes to dental ceramics, 

knowledge of the surface and internal microstructure, processing history, testing 
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methods & environment, and failure method are needed to put these strength data 

in perspective (Kelly, 1995). Also, due to brittle ceramics having inherent 

variability in strength data, often with a coefficient of variation over 10% (Quinn 

and Morrell, 1991), brittle materials strength is not a well-defined quality (Lu et 

al., 2002) and statistical interpretation of the results are needed (Jayatilaka and 

Trustrum, 1977).  

2.6.1.1 Stress and strain 
Active forces produce stress and strain. The concepts of stress and strain are vital 

to understanding fracture mechanics and the differentiation between success and 

failure of materials. When a force acts on a material, a reaction occurs to oppose 

this force that is equal in size but opposite in direction; this is Newton’s third law 

of motion (Newton, 1687).  

 

Stress or pressure is the value of the force divided by the area of the material 

perpendicular to which it is acting (Anstis et al., 1981; Anusavice, 2003c). A 

tensile force produces tensile stress while a compressive force produces 

compressive stress, and a shear force induces shear stress. Whenever stress is 

present, deformation or strain is produced.  

 

Strain is defined as change in length divided by original length, and hence has no 

unit (Anusavice, 2003c). Strain may be elastic or plastic, elastic meaning 

reversible, while plastic is not. The point at which a material ceases to behave 

elastically and begins to be irreversibly distorted is known as its elastic limit (i.e. 

the point were it stops behaving elastically and begins to be plastically deformed). 

A closely related concept is proportional limit (i.e. the strain is no longer 
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proportional to the stress on it). Yet another related concept is “Yield stress” or 

“Proof stress”. This is defined as the stress value at which 0.1-0.2% of plastic 

strain has occurred. The percent offset is defined for the reading, i.e. either 0.1% 

or 0.2% strain. For brittle ceramic materials this cannot be measured since they 

routinely fracture before having plastically deformed by 0.2% (Jones et al., 1972; 

Fischer et al., 2001; Craig, 2012). Determining strength, or more specifically, 

fracture toughness, of a material is essentially an assessment of its strain-

absorbing capability, that is, the magnitude of tensile stress that must be achieved 

in the locality of the crack tip before catastrophic fracture (Hondrum, 1992). 

2.6.1.2 Griffith strength equation 
Microscopic flaws in a material are one of the primary determinants of a materials 

strength. Inglis, 1913 showed that stresses concentrate at the tips of elliptical 

cavities, and Griffith, 1920 formulated the famous Griffith strength equation 

(Equation 5) describing that crack extension occurs when the energy required to 

form new surfaces is exceeded by the stored elastic energy during a materials 

extension.  

Equation 5. Griffith strength equation 

σ    ! =    2𝐸′γ π𝑐! !/! 

Where σf	   is the fracture strength, E’ is the plain strain elastic modulus, γ the 

surface energy/unit area, co the initiating crack size. 

2.6.1.3 Testing method – Biaxial flexure strength test 
There are three main strength-testing methods used in dentistry today, four-point-

bend, three-point-bend, and biaxial flexure testing (ISO6872, 2008). Four-point 

bending is more representative than the three-point test as a larger amount of 

material is under load (Quinn and Morrell, 1991). The advantage of the biaxial 
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flexure method is that it is independent of edge flaws altering the strength 

outcome, common to bar testing, and the specimen is relatively insensitive to 

geometry (Ban and Anusavice, 1990) and flaw direction (Radford and Lange, 

1978; Hondrum, 1992; Cattell et al., 1997a). This is important since flaw size is 

known to determine strength, and the direction of grinding and polishing striation 

in bar specimens (lateral or longitudinal) affects strength results positively or 

negatively. There are two sub-variants of biaxial testing: piston on ring and piston 

on three ball, with the later being shown to be more ideal due to less friction 

incorporated in the experiment (Huang and Hsueh, 2011). Therefore, since the 

piston-on-three-ball biaxial flexure strength test of ceramics is an established 

standard materials test (ISO6872, 2008) we utilised this test to investigate the 

effect of multiple firing cycles on the strength of IPS e.max CAD.  

2.6.1.4 Clinical relevance of laboratory tests 
Laboratory testing of materials needs to be done in a way that can be applied to 

real world environments that materials are used in. Laboratory studies have been 

criticised for using indenters that are too rigid (Lawn et al., 2007), loading 

protocols that are unrealistic (ie crunch the crown) (Kelly, 1999), and without 

exposure to cyclic loading (Heintze et al., 2011) or moisture corrosion (Gonzaga 

et al., 2011). This can lead to failure from fracture types that are unlike those 

observed in clinical reality and therefore these results can be difficult to interpret.  

Examination of clinically failed glass-ceramic crowns revealed that failures 

appear to initiate from the internal cementation surface rather than from damage 

on the occlusal (contact) surface (Kelly et al., 1989; Thompson et al., 1994; Kelly, 

1999). In vitro testing methods using flat ceramic layers mounted on dentine-like 

substrates of approximately four times lower elastic modulus, also found radial 
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cracking from the inner surface of the ceramic propagating outwards is an 

important clinical failure mode to consider (Deng et al., 2002).  Malament et al., 

1999 and Malament and Socransky, 2001 found that Dicor glass-ceramic crowns 

failed more frequently if not acid etched on the fitting surface and composite 

cemented when compared to glass ionomer and zinc phosphate cement, indicating 

that this internal surface treatment somehow re-enforced the vulnerable ceramic 

interior surface and was important in avoiding clinical failure, giving credence to 

the assertion that internal cracks were leading to clinical failures of this ceramic. 

After fractographic analysis of the remains of three clinically failed all-ceramic 

crowns of different manufacturing method (IPS Empress II [Li2Si2O5], Procera 

AllCeram [99% Alumina Al2O3] and Cerestore [70% Alumina-magnesia spinell]) 

Quinn et al., 2005 found all clinical fractures initiated on the inside core surface 

and therefore argued that hoop stress in dental crowns may account for more 

clinical fractures than currently appreciated. The IPS Empress II crown failed 

after four months in the mouth from an apparent thin core area, with an internal 

radial crack emanating superficially, which agrees with Lawn’s estimation 

regarding the underside of a thin core being a likely failure site (Lawn et al., 

2007). Lawn et al., 2007 discusses this in a paper regarding design issues and 

failure modes of dental crowns. Regarding in vivo bilayer ceramic systems testing 

Lawn claims: 

 “fracture modes… most likely to result in failure are outer and inner cone cracks 

within the veneer in the near-contact field and radial cracking within the core in 

the flexural far field. Interfacial delamination cracks appear to be secondary in 

most systems studied, as are radial cracks that initiate at the bottom surface of the 

veneer and median cracks within near-contact quasiplasticity zones.” 



	   52	  

 

In laboratory testing there is usually an indenter of prescribed size and shape that 

stresses the ceramic. In the mouth there may be a larger area that comes under 

compressive stress due to development of contact areas and sliding contacts. This 

difference in indenter tip size has been what is blamed for shifting the main 

tensile stress region from directly under the contact area, in-vitro, to the far field 

edge of the rigid ceramic crown in-vivo. This often results in chipping a triangle 

of ceramic off the periphery, otherwise described as semi-lunar cracking around 

the margins of the crown, eg near the gingiva (Qasim et al., 2007; Rekow and 

Thompson, 2007). To take this variable into account, Dong and Darvell, 2003 

designed a study with an indenter of specific radius to mimic the size of intra-oral 

contact areas. They also attempted to standardise the elastic modulus by using 

substrates of similar elastic modulus as dentine to help determine which failure 

mode predominates in a situation as close to the clinical situation as they could. In 

this study, fractures initiated from the cementation surface of IPS Empress II. The 

core:veneer ratio is another factor closely related to elastic modulus of materials 

in crown fracture mechanics (Deng et al., 2003; Fleming et al., 2005). 

 

It is interesting to note that the steel and diamond indenters often used in 

laboratory testing are much harder than what is commonly found in the mouth 

being chewed. Qasim et al., 2007 found that utilising more compliant indenters, 

than tungsten carbide (Lawn et al., 2007) or diamond Vickers (ISO6872, 2008) 

resulted in a delayed crack initiation and propagation, likely due to less stress 

intensity. Importantly, if balsa wood was used (an extremely compliant indenter) 
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to simulate food bolus chewing, a different fracture mode prevailed – that is semi 

lunar cracking around the margins, which is also a common clinical failure mode. 

2.6.1.5 Processing related variables 
Internal microstructure, flaw distribution and surface defects are affected by 

processing variables (Mackert et al., 1986; Fairhurst et al., 1992; Mackert and 

Williams, 1996; Isgrò et al., 2005; Hooshmand et al., 2008; Gonzaga et al., 2009). 

It is inherent that these also affect resultant strength. Since it is known that 

strength controlling defects are introduced during processing (Kelly, 1995; Ritter, 

1995) how specimens are prepared is very important. Even the direction of 

surface preparation polishing can influence the strength of a specimen in certain 

planes (Radford and Lange, 1978). The larger flaws of 5 – 200 μm initiate the 

failing crack (Quinn and Morrell, 1991) especially if they lie perpendicular to the 

tensile stress field (Radford and Lange, 1978). Any step that affects the 

orientation, size or distribution of external or internal defects has bearing on the 

subsequent strength. Logically, any strength testing method that aims to be 

relevant to the clinical situation should attempt to replicate the intended structure, 

processing defects replication included, for example manufacture of a crown or 

onlay (Quinn and Morrell, 1991). Albakry et al., 2003a and Gonzaga et al., 2009 

have shown that materials (eg. IPS e.max Press) with anisotropic structure should 

be measured with biaxial flexure methods (disc on three-balls) as this gives more 

representative results. The reason for this in that IPS e.max Press has a crystalline 

structure that aligns when pressed down a wax bar shape. This alignment of 

crystals is better able to resist a fracture perpendicular to it (as in the bar test) than 

it is parallel to the crystal axes, thus skewing the bar test results towards an 

artificially high result. This does not affect the IPS e.max CAD ceramic due to it 
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being manufactured via CAD/CAM methods, meaning that disc shaped specimens 

ought to be able to be tested via the biaxial flexure test without crescent-shaped 

early failure as pressed ceramics are susceptible to do (Albakry et al., 2003a). 

2.6.1.6 Interpreting statistics and the Weibull 
modulus 

Due to the brittle nature of ceramics and their failure at the weakest link, the 

strengths of apparently identical specimens can have a extensive disparity, often 

with a co-efficient of variation exceeding 10% (Quinn and Morrell, 1991). One 

common and accepted method of assessing the reliability of a ceramic is to 

determine the Weibull modulus (Weibull, 1951; Jayatilaka and Trustrum, 1977; 

Danzer et al., 2007). This method is frequently used in general ceramic (Trustrum 

and Jayatilaka, 1979; Quinn and Morrell, 1991) and dental ceramic literature 

(Ritter, 1995; Silva et al., 2011; Lin et al., 2012; Schultheis et al., 2013).	   

2.6.1.7 Weibull characteristic strength 
The Weibull strength or characteristic strength is defined as the point at which 

62.321% of specimens will have failed. There is some disagreement in the 

literature about the applicability of the Weibull characteristic strength (Teixeira et 

al., 2007). However Weibull characteristic strength of ceramics is a widely 

reported measurement in materials testing (Pagniano et al., 2005) and is therefore 

useful as a comparative data set of wide applicability (Weibull, 1951). 
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2.7. Fracture toughness test 

2.7.1 Vickers indentation 
Fracture toughness of a material implies its resistance to the propagation of an 

inherent crack. The more energy required to progress a crack through a material, 

the higher the fracture toughness of that material. This is described as the KIC of a 

material (Marshall and Lawn, 1977; Anstis et al., 1981). One commonly used way 

to measure this property is via utilising a standardised rigid and hard material of 

standardised shape – the Vickers indenter, to induce easily measurable surface 

cracks and then measuring their length. 

 

KIC is the value of fracture toughness after loading a specimen with a crack until 

unstable crack propagation will become critical. Ktip represents the stress intensity 

factor at the crack tip at the onset and during crack extension (Apel et al., 2008). 

R-curve behaviour describes how a material resists fracture propagation with 

increasing toughness as crack length increases (Kelly, 1995). Some commonly 

described mechanisms are crack-bridging by increasing friction between the two 

surfaces of the crack as it grows larger, or energy dispersive mechanisms of crack 

inhibition, such as crack branching, grain-pull-out or phase transformation 

(Fischer et al., 2002). 

 

The Vickers indentation method for determining fracture toughness is a common 

method used since the 1970s (Evans and Charles, 1976; Marshall and Lawn, 

1977). The accuracy of the method by using the equation from Anstis 1981 as 

used in our study is estimated to be within 30% (Anstis et al., 1981). This method 

is sensitive to the elastic-modulus-to-hardness ratio (E/H) and as such 5-10% 



	   56	  

inaccuracy here is transferred to the fracture toughness result. In our data we used 

individual sample hardness calculated from the material and manufacturers data 

for modulus of elasticity (95GPa) (Ivoclar, 2012b). How accurate and 

reproducible this testing methodology is important. Seghi et al., 1995 argued that 

the Vickers indentation method is reproducible and therefore valid, due to the 

comparability of their dental ceramic indentation data with the literature. More 

recently however, materials testing reviews have searched for methods with 

greater reproducibility, albeit with added complexity (Morrell, 2006; Quinn and 

Bradt, 2007). A limitation of the Vickers indentation fracture toughness 

determination method is that it does not predictably allow the critical stress 

intensity factor (KIC) for an unknown material to be accurately determined 

(Fischer and Marx, 2002; Burghard et al., 2005; Quinn and Bradt, 2007). In 

polycrystalline materials, this is due to shielding effects like grain bridging 

(Ramachandran and Shetty, 1991) and process-zone toughening (Meschke et al., 

2000). It is recommended that KIC parameters be determined by one of three 

methods as described in ASTM C1421-10, using either the Surface-crack-in-

flexure method, Chevron-notched-beam method, or the Pre-cracked-beam test 

rather than using the Vickers indentation method (ASTM C1421-10; Fischer and 

Marx, 2002; Apel et al., 2008). As we are interested in assessing any change in 

fracture toughness in our specimens, due to thermal insult, and not measuring the 

exact fracture toughness of the material, the Vickers indentation-crack 

measurement technique is sufficient to detect whether change occurs in a sample 

group (Quinn personal communication). 
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2.8. X-ray diffraction 

2.8.1  X-ray diffraction history 
The analysis of specimens using x-rays extends back to William Roentgens 1895 

accidental finding in 1895 that these unknown “X” rays could produce images of 

his hands (Abbott, 2000). The x-ray analysis of crystalline structures in specimens 

began seventeen years later in 1912 when Max von Laue proposed using crystals 

as a diffraction grating, and in 1913 when English physicists Sir W.H Bragg and 

son Sir W.L. Bragg developed an understanding of the reason why cleavage faces 

of crystals seem to reflect x-rays at certain specific angles of incidence (theta, θ) 

now called Bragg’s Law (Equation 6). X-ray diffraction has been used to 

characterise crystalline structures since the Bragg equation (1913) allowing 

crystallites to be described (Thomas, 2012). X-ray energy has wavelength that is 

the size of the interatomic spacing of crystals, so that crystal planes act as 

diffraction gratings to incident x-rays. Due to the variable shape of crystalline 

forms created by different atoms, a distinctive constructive and destructive 

diffracted wave pattern is perceived. This ability to characterise crystalline 

content has been used by many fields of science including structural chemistry, 

mineralogy, materials science, solid-state physics and molecular biology (Wilkins, 

2012). 

 

The basic tenant of x-ray diffraction can be explained by the diffraction of 

incident x-rays off a crystal lattice. The individual crystalline size, shape and 

distance between atoms in the crystal structure or lattice determine the exact 

pattern of diffraction of the incident x-rays. 
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Equation 6. Bragg equation 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

Where n = integer, where λ lambda = wavelength of incident x-rays, where d = 

distance between crystalline lattice planes, where sinθ = angle of incident or 

diffracted beam. 

The observed pattern of XRD enables the average space between rows or layers of 

atoms to be determined. The diffraction is distinct to the shape the atoms that 

construct the “unit cell”. These atoms of a crystalline structure are organised into 

“unit cells” and as these unit cells are repeated in the different axes of the crystal 

they form the crystal lattice of the particular material. These crystalline structures 

are often depicted by the spheres model (Fig 6) or ball on stick model (Fig 7), and 

these can help illustrate that there are multiple lattice planes in different 

orientations within one crystal structure (Fig 8).  

	  
Figure 6. Sphere model of crystalline structure 
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2.8.2 Basic crystallography 
The structure of any crystal is determined by the periodic arrangement of unit 

cells, of atoms, into a pattern termed a crystal lattice. Crystals consist of planes of 

atoms that are spaced a distance (d) apart. When organised into planes, further 

patterns become evident, and crystals can be observed as having many different 

coexisting interrelating atomic planes, each of which having different “d” spacing 

(Fig 8).  

	  
Figure 7. Ball and stick model of atomic molecular structure - the unit cell.  

(Adapted from Anusavice, 2003b) 
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Figure 8. Various lattice planes are evident with distance d.  

(Adapted from Anusavice, 2003b)    
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2.8.3 How x-ray interaction reveals structure of crystals 
Early in the history of x-ray discovery, x-rays didn’t appear to be wavelike in 

character. Eventually it was proposed that they could be waves, but if so, of very 

small wavelength. In 1912 Max von Laue proposed using crystals as diffraction 

gratings (Jones and Childers, 1992b) since crystalline structure is essentially 

atoms aligned in planes. This was under the hypothesis that if x-rays are waves of 

very short wavelength, a beam of x-rays striking a crystal might be diffracted 

similar to how light is diffracted. A crystal of zinc chloride was bombarded and a 

pattern consistent with diffraction detected on photographic paper confirming the 

wavelike nature of x-rays (Jones and Childers, 1992b). From 1913 to 1915, Sir 

William L. Bragg was studying as an undergraduate student at Cambridge and 

formulated, with his father Sir William H. Bragg, what became known as Bragg’s 

law. They understood x-rays to be very penetrating, and considered x-rays were 

only partially reflected by the parallel layers of crystalline atoms they pass 

through (Fig 10). If each plane of atoms reflects only a small amount of the 

incident radiation then multiple exiting waves will have the capacity to be ‘in 

phase’ ie synchronous-wavelengths/constructive-wave-interference while others 

will cancel each other out/destructive-wave-interference as with visible light and 

other known wave behaviour.  

	  
Diffraction of significant patterns is only detectable when Braggs law (n λ = 

2dsinθ) is satisfied as a condition for constructive interference (x-rays 1&2) 

diffracting from planes with spacing d. If the x-ray waves are out of phase 

destructive interference occurs and minimal intensity is reflected (Fig 9). 
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Figure 9. Constructive and destructive interference of waves.  

Authors illustration 

This d spacing needs to be an integer of the wavelength or the incident waves will 

begin to cancel each other out. Also, “the x-rays used for diffraction must have 

wavelengths comparable to or smaller than the interatomic spacing in the crystal” 

(Jones and Childers, 1992b). 

 

Figure 10. Principle of Bragg equation.  

Authors illustration 

To satisfy Bragg’s law, θ must change as d changes. For example, as d increases θ 

must decrease. Therefore, as the d will remain constant for a given crystalline 

structure and θ can be changed; this is how XRD is accomplished. A sample is 
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loaded and scanning is begun with θ = 0° (Fig 11) and then this is increased 

through a range of angles to determine which angles give the greatest “Bragg” 

diffraction peaks from the crystal lattices (Fig 12). 

	  
Figure 11. Zero degree incident x-rays 

	  

 

Figure 12. Incidence of x-rays arriving and leaving sample  

ie 1 Theta angle + 2nd Theta angle = 2 Theta or °2Th 



	   64	  

2.8.3.1 Miller indices and crystal signature 
determination 

As crystal structures are formed of multiple planes of atoms it became necessary 

to be able to describe the planes. Miller indices are “the intercepts of this plane 

along the axes, measured in units of lengths of the corresponding basic vectors, 

and are inversely proportional to the integers n1,n2,n3. These integers, after 

removal of any common factors, are the Miller indices of the plane, expressed in 

form (n1,n2,n3)” (Ziman, 1972). Explained another way, they are the reciprocals of 

the fractional intercepts where the plane intersects with the crystallographic axes. 

For example, with an orthorhombic crystal, as some lithium disilicate crystals are 

structured (de Jong et al., 1994), we may see Miller indices of (4,2,1) or (0,1,0) 

(Fig 13).  

 

Figure 13. Orthorhombic crystal form with Miller indices illustrated.  

Authors illustration 
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2.8.3.2 Scherrer equation and crystal size 
determination 

Scherrer first used x-rays to determine crystalite size in 1918 only 6 years after x-

ray diffraction was discovered (Scherrer, 1918). Scherrer used the peak width to 

determine size of the crystalites. The Scherrer equation (Equation 7) describes 

how peak width (B) is inversely proportional to crystallite size (L). This 

incorporates the Scherrer constant, K, which varies dependent on the crystallite 

shape between 0.62 to 2.08 (Langford and Wilson, 1978). Full width at half 

maximum height (FWHM) is one method of defining the width of the peak. This 

describes the width of the diffraction peak in radians, at half way between the 

background and maximum peak height. 

Equation 7. Scherrer equation 

𝐵(2θ) = !"
!"#$!

 

2.8.3.3 Rationale for XRD analysis of IPS e.max CAD 
In these experiments x-ray diffraction was utilised to determine if it was possible 

at these experimental time/temperature stress combinations to observe crystallite 

growth, crystallite phase change, detection of new crystalline species or change in 

amorphous – crystalline ratio of the ceramic. 

2.9. Colour analysis 

2.9.1 CIE and spectrophotometers 
Some dental ceramic systems have shown robustness in regard to colour change 

with increased thermal cycles as reported by Jorgenson and Goodkind, 1979 using 

a spectrophotometer for ceramo-metal body porcelain, and Barghi and Goldberg, 

1977 on air and vacuum-fired porcelains, although actual materials used are not 

reported and nor is colour measurement method employed. Barghi, 1982 later 
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reported that porcelain colour change was noticeable after repeated firing cycling 

experiments. Colour change was assessed in this study as dental ceramic has been 

noted to alter during firing cycles with increasing thermal cycling (O'Brien et al., 

1991; Uludag et al., 2007; Ozturk et al., 2008; Panzeri Pires-de-Souza et al., 2009; 

Al-Dwairi et al., 2013). If IPS e.max CAD is used as an anterior all-ceramic 

crown core material it would be layered with multiple porcelain layers and 

therefore fired multiple times. If the ceramic changes colour when fired multiple 

times it may be difficult to achieve a satisfactory colour match with the existing 

dentition. The standard colour measurement defined by (CIE, 1978) (Figure 14) 

was used in this study as it is internationally agreed upon, clinically tested (Dozić 

et al., 2007; Chu et al., 2010) and digital measurement instruments were readily 

available (Easyshade Compact - Vita).  

 

Figure 14. CIE Lab colour space 

CIE Lab: L represents brightness & is always positive: a > 0 represents red, while a < 0 
represents green: b > 0 represents yellow, while b < 0 represents blue. 
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Digital spectrophotometers have been demonstrated to be capable of reliably 

achieving accurate clinical results (Paul et al., 2004). In the CIE system change in 

colour is measured in three scales, L = white/black, a = yellow/blue and b = 

red/green. Helpfully, there is an equation (Equation 8) for measuring the 

difference between two observed colours (Knispel, 1991). 

Equation 8. CIE Lab colour difference equation 

∆𝐸 =    ΔL!     + ∆𝑎! + ∆𝑏!	  
 

Knispel, 1991 report that a ΔE of 1.0–2.0 are usually accepted as being identical. 

The human eye is only just able to perceive a ΔE of 0.3-0.5. Douglas et al., 2007 

have determined that a CIE ΔE of 2.6 was visually perceptible for front teeth 

dental restorations by half of the dentist observers in their study, while the ΔE 

needed to be 5.5 before half of the patients wanted the restoration changed. 
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2.10. Significance of this research 
A knowledge of the changes in ceramic physical property that can occur as a 

result of restoration manufacture is important for dentists and dental technicians to 

help understand the clinical indications and limitations of these materials. The 

ability to measure and describe changes in the physical and aesthetic properties of 

ceramics due to various thermal handling protocols will provide a better 

understanding of the mechanical performance and application of dental ceramic 

materials. 

The aim of this study is to: 

1) Evaluate the effect of multiple thermal cycles on the physical properties of a 

lithium disilicate CAD ceramic material (IPS e.max CAD, Ivoclar Vivadent). 

2) Determine flexural strength, fracture toughness change and hardness of IPS 

e.max CAD ingots after one to seven laboratory furnace thermal cycles. 

3) Determine if crystalline changes occur in IPS e.max CAD ceramic after 

multiple thermal cycles. 

The specific objectives of this study are to: 

1) Measure the flexural strength (MPa), fracture toughness change (KIC), hardness 

(GPa) and quantify colour change in lithium disilicate after one – seven laboratory 

furnace cycles up to 840¡C. 

2) Examine the fracture surfaces of these specimens under SEM and the 

crystallinity under XRD. 

3) Determine if crystalline changes occur in IPS e.max CAD ceramic after one to 

seven thermal cycles. 
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3. Materials and Methods 

3.1. Experimental approach 
The study used an experimental approach to establish the physical properties of 

IPS e.max CAD after thermal cycling from 1 to 7 times, simulating the typical 

firing cycles in laboratory porcelain furnaces, and an observational approach to 

analyse potential crystalline and colour changes using XRD and 

spectrophotometry. 

3.2. Disc preparation 
Lithium metasilicate (blue state) ceramic blocks (IPS e.max CAD, Ivoclar 

Vivadent) were lathe milled into cylinders (12mm diameter) with a tungsten 

carbide cutter (Fig 15). These were sectioned into discs 1.2±0.2mm thick 

(Accutom 50, Struers, Rodovre, Denmark) (Fig 2) according to ISO 6872 (Figs 17 

– 20). Thickness of the discs was measured using Mitutoyo digital thickness 

indicator (Fig 22) (Mitutoyo, Tokyo, Japan). Both sides of the discs were serially 

wet ground on a lapping machine (Tegrapol 21, Struers, Rodovre, Denmark) (Fig 

21) with FEPA 320, 500, 1000, and 1200 grit silicone carbide papers and polished 

in the lithium metasilicate (blue) state to a final polish with FEPA 2400 grit 

(10µm grit size) silicon carbide wet-sandpapers prior to firing. Specimens were 

checked with incident and transilluminent lighting for pre-existing or machining 

induced fractures as per (Quinn, 2007) recommendations (Fig 23).  
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Figure 15. Lathe milled IPS e.max CAD block 

	  
	  
	  

	  
Figure 16. Struers Accutom 50 
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Figure 17. Struers Accutom 50 sectioning parameters used 

	  
	  
	  
	  

	  
Figure 18. Struers M1D13 diamond cutting disc cutting through specimen 
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Figure 19. Struers Rotopol 21 lapping machine 

	  
	  
	  
	  

	  
Figure 20. Zirconia rimmed depth calibration specimen lapping jig 
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Figure 21. Serial lapping specimens 

	  

	  
Figure 22. Mitutoyo digital thickness indicator 

	  

	   	   	  
Figure 23. Specimens examined for defects by incident and transilluminant lighting  

(Quinn, 2007) 
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3.3. Firing cycles 
Heat treatment of the IPS e.max CAD discs was done following the manufacturers 

“Crystallization” firing recommendations (Table 10) using a P500 Programmat 

(Ivoclar Vivadent, Lichenstein) furnace (Fig 24,25) to change the lithium 

metasilicate into the harder lithium disilicate crystal phase. The control 

specimens, designated CLiDi, received a crystallisation firing only (Table 10), 

while for the experimental groups additional “Corrective” firing cycles were 

completed for 1, 3, 5 & 7 more cycles designated F1, F3, F5, and F7 respectively 

(Table 11). Firing cycles were completed as recommended by the manufacturer 

for “characterization with IPS e.max CAD Crystall./Glaze Paste and Shades, 

Stains” (Ivoclar). Slow cooling of all corrective final cycles was completed at 

20°K/min	   from	   840°C	   to	   335°C	   to	   relieve	   stresses	   associated	  with	   thermal	  

gradients	  (Fischer et al., 2005; Swain, 2009). 

	  
Table 10. Firing parameters Crystallization/Glaze IPS e.max CAD - used for control CLiDi 
specimens in this experiment 

Furnace Stand-by Temp  

B [°C] 

Closing 

Time  

S[min] 

Heating Rate 

t1 [°C/min] 

Firing Temp  

T1 [°C] 

Holding 

Time  

H1 [min] 

Heating Rate  

t2 [°C/min] 

P500	  
	  

403 6:00 90 820 0:10 30 

Furnace	   Firing Temp  

T2 [°C] 

Holding 

Time  

H2 [min] 

Vacuum 1  

11 [°C] 

12 [°C] 

Vacuum 2 

21 [°C] 

22 [°C] 

Long-term 

cooling  

L [°C] 

Cooling Rate  
t [°C/min] 

P500	  
	  

840 7:00 550/820 820/840 700 0 
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Table 11. Firing parameters for corrective firing IPS e.max CAD - used for the experimental 
groups F1,F3,F5 & F7 

Furnace Stand-by Temp 

B [°C] 

Closing 

Time  

S[min] 

Heating Rate 

t1 [°C/min] 

Firing Temp 

T1 [°C] 

Holding 

Time  

H1 [min] 

Heating Rate 

t2 [°C/min] 

P500	   403 6:00 90 820 0:10 30 

Furnace	   Firing Temp  

T2 [°C] 

Holding 

Time  

H2 [min] 

Vacuum 1  

11 [°C] 

12 [°C] 

Vacuum 2  

21 [°C] 

22 [°C] 

Long-term 

cooling  

L [°C] 

Cooling Rate 

t [°C/min] 

P500	   840 3:00 550/820 820/840 700 0 

 

 

 

	  
Figure 24. "Programmat P500"  

(Ivoclar Vivadent) 

	  



	   76	  

	  
Figure 25. Programmat 500 "Crystallization/Glaze" firing cycle parameters for HT/LT IPS 
e.max CAD 

	  

3.4. Biaxial flexural strength 
A total of 75 disc specimens were split into five groups; control (CLiDi), and 

experimental groups F1, F3, F5, and F7, where n = 15.	   After polishing and 

thermal treatment the biaxial flexure strength of each group was investigated by 

the piston on 3-ball method (Fig 27) in a universal testing machine (Instron 3639, 

Instron, USA) (Fig 26) at a cross-head speed of 0.5mm/min. Supporting stainless 

steel balls had a diameter of 3.175mm and were positioned 120° apart on a 

support circle of diameter 12mm according to ISO 6872. A thin plastic sheet 

(0.05mm) was placed between the piston (1.5mm dia) and specimens to enable 

even load delivery (Fig 28). The biaxial flexure strength (S) was calculated using 

the following ATSM-F394-78, 1996 equations: (Equations 9 - 11) 
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Equation 9. ATSM F394-78 Biaxial flexure strength equation 1 

S= -0.2387 P (X-Y)/d2 

Equation 10. ATSM F394-78 Biaxial flexure strength equation 2 

X= (1+v) ln(B/C)2 +[(1-v)/2](B/C)2 

Equation 11. ATSM F394-78 Biaxial flexure strength equation 3 

Y= (1+v)[1+ln(A/C)2]+(1-v)(A/C)2 

Where P is the fracture load, v is Poisson's ratio = 0.22, d is specimen thickness, A 

is the radius of three-base supporting circle = 6mm, B is the radius of piston = 

0.75mm, and C is the radius of the specimen. 

 

Data were compared with one-tailed ANOVA using Statplus and Excel software.  

Calculations to determine the Weibull distribution, Weibull modulus and Weibull 

characteristic strength followed recommended procedure in ISO 6872, 2008.  

The two-parameter Weibull distribution formula was used, as this also allows 

better fit with non-normal, asymmetric data than the three-parameter equations: 

(Equations 12 - 14) 

Equation 12. Two parameter Weibull formula 

𝑃! = 1− 𝑒𝑥𝑝 −
σ
σ!

!
 

Equation 13. Weibull data conversion 1 

𝑙𝑛 1− 𝑃! = −
σ
σ!

!
 

Equation 14. Weibull data conversion 2 

𝑙𝑛 𝑙𝑛 1− 𝑃! = 𝑚𝑙𝑛σ−𝑚𝑙𝑛σ! 

To find the Weibull modulus, the data is linearized using log data-conversion as 

per above, and plotted on x and y axes to allow the linear regression method of 
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gaining the Weibull parameters to be applied. The linear regression equation 

(Equation 15) gives the shape parameter (m), which is the Weibull modulus. 

Equation 15. Weibull modulus by linear regression 

𝛾 = 𝑚𝑥 + 𝑏 

thus the Weibull modulus, m, is equal to the slope of the linear regression fit. 

The scale parameter, or Weibull characteristic strength (σθ) (the point at which Pf 

= 62.30% failure and σ=0), is gained by dividing the intercept (b) by m,	   and 

reconverting the data by applying the exponential function. (Equation 16) 

Equation 16. Weibull characteristic strength formula 

σθ = exp
−𝑏
𝑚  

The R2 parameter given in a standard linear regression analysis provides a 

goodness of fit indication with 1 being 100%. 

	  
	  

	  
Figure 26. Instron Universal Testing machine setup for biaxial flexural strength test 

	  



	   79	  

	   	  
Figure 27. Piston on three ball testing apparatus 

	  

	  
Figure 28. 0.05 thickness plastic placed to prevent high stress point contacts as per ISO 6872 

3.4.1 SEM observation of cracked surfaces 
The fractured surfaces of biaxial flexure strength specimens were imaged and 

examined under SEM (JEOL 6700F FE-SEM, Tokyo, Japan). High and low 

strength fracture specimens from each biaxial flexure group (CLiDi, F1, F3, F5, 

F7) were analysed to confirm that the origin of fracture was located on the tensile 
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surface under the piston indenter to verify the accuracy of the biaxial testing 

methodology according to Quinn’s guide for ceramic testing (Quinn, 2007). No 

acid etching was necessary for these specimens. 

3.5. Fracture toughness change 
A total of 15 disc specimens were split into five groups of three, control (CLiDi), 

and experimental groups F1, F3, F5 & F7 where n = 3. Indentation testing was 

carried out in a universal testing machine (Instron 3639, Instron, USA) using 

specimens prepared for Vickers indentation testing. Specimens were prepared 

with gold-palladium sputter coating approximately 5 nm thick (Quorum K575X) 

(Fig 29) prior to indentation testing to aid in visualisation of crack length 

determination under the light microscope (Jung et al., 1999; Rhee et al., 2001; 

Albakry et al., 2003b). Five indents were made with a Vickers diamond pyramid 

indenter across the surface of each disk (n = 15) with a 50 N load and dwell time 

of 10 seconds, as per ATSM 2546-07 Appendix 4.8. The test was performed on 

surfaces polished to mirror finish with SiC FEPA 4000 grit (5	  μm) wet-grinding 

papers. The indent was measured and photographed within 30 sec of removal of 

the load using a 10x light microscope (Nikon) (Fig 30 & 31), 10 micron graticule 

(Olympus) (Fig 32) and digital camera attachment (Canon Powershot A640) (Fig 

30). 



	   81	  

	   	  
Figure 29. Quorum K575X plasma sputter coating unit in action 

	  

	  
Figure 30. Nikon light microscope with Canon powershot camera attachment 

	  

	   	  
Figure 31. Nikon light microscope lens E10 
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Figure 32. Olymus 10 micron graticule 

 

	  

Figure 33. SEM image showing Vickers indent with radial cracks extending outwards 

 
The radial cracks generated from the Vickers micro-hardness indents (cracks 

extending beyond the diamond indentation) were measured (Fig 33). Fracture 

toughness (KIC) was calculated using the following equation 17 (Anstis et al., 

1981):  
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Equation 17. Indentation fracture toughness equation  

(Anstis et al 1981) 

 

where κ is a constant 0.016, P is peak indentation load, c is the combined lengths 

of the median/radial cracks from the centre of indent, H is hardness, obtained by 

the dividing P by the measured indent width squared; and E is elastic modulus of 

95 GPa as per manufacturer supplied information (Ivoclar, 2009). 

3.6. Hardness 
Hardness was determined by dividing the force of indentation P by the area of 

indentation. 

Equation 18. Hardness formula 

(Anstis et al 1981) 

𝐻 = 𝑃/𝛼!𝑎! 

 

Where P is peak load, 𝛼! is a numerical constant taken as 2, and where a is the 

impression half-diagonal as per Anstis et al 1981. 

3.7. X-ray diffraction characterisation 
X-ray diffraction was carried out on one specimen from each group, ie the control 

lithium disilicate (CLiDi), along with an additional control specimen of lithium 

metasilicate crystallite in the blue phase, designated CMeta, and the experimental 

groups F1, F3, F5, & F7 all with n = 1. X-ray diffraction (X’Pert PRO, 

PANalytical, Almelo, The Netherlands) was carried out to determine if crystalline 

growth or phase changes occurred in the groups. The test was performed on 

surfaces serially wet-lapped with silicone carbide (SiC) FEPA 500,1000,1200 and 

KIC =κ
E
H
!

"
#

$

%
&
0.5 P
c3/2
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2400 papers and polished to mirror finish with SiC FEPA 4000 grit (5	  μm) wet-

grinding papers. For diffraction data gathering an “XPert Pro” XRD machine was 

used (Fig 35), with a copper anode target derived radiation of Cu K	  α1,	  K	  α2	  & 

Kβ1	  under 30 mA, 40 kV power setting. Thirty minute scanning over range 10-80 

degrees with 0.008 [°2Th] step size was utilised with a 5 mm nickel mask and a 1-

degree collimator on the incident beam (Fig 34). 

	  

	  

Figure 34. "X'Pert PRO" XRD machine with 5mm Nickel mask and 1 degree collimator 
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Figure 35. Specimen set up in x-radiation imaging chamber 

	  
All specimens were mounted level and checked with a spirit level. A high 

precision dial gauge (Kafer, K47, Munich, Germany) was used to accurately 

position all specimen surfaces at exactly the same height for XRD analysis (Fig 

36). All work was done in the x-ray suite of the Department of Geology, 

University of Otago on the X’Pert Pro assisted by Mr. Damian Walls. 

	  
Figure 36. Dial gauge used to ensure specimens are at the correct standardised height 
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3.7.1 X-ray diffraction control specimens 
Control specimens of lithium metasilicate crystallite in the blue phase (CMeta) 

and lithium disilicate (CLiDi) (Fig 37) were used which produced characteristic 

XRD signatures. These were powder diffraction file (PDF) characterised as 00-

040-0376 and 04-009-8780 (Liebau, 1961) and 01-082-2396 (de Jong et al., 1994) 

which are the monoclinic, monoclinic and orthorhombic crystalline forms 

respectively (Figs 38, 39 & 40). 

	  
Figure 37. Lithium disilicate (white) with lithium metasilicate (blue) unfired samples 

	  

	  
Figure 38. CLiDi specimen trace characterised as main phase lithium disilicate PDF file 04-
009-8780 and secondary phase trilithium phosphate 04-006-8566.  



	   87	  

	  
Figure 39. CMeta lithium metasilicate specimen trace  

	  

	  
Figure 40. Crystalline shapes of lithium disilicate according to PDF 04-009-8780 and 01-082-
2396  

(Liebau, 1961; de Jong et al., 1994). 

	  

3.8. Statistical analysis 
Data were statistically compared with one-way analysis of variance (ANOVA) 

and two-tailed unpaired heteroscledaisic Student’s T test (p<0.05) using Excel 

(Microsoft, Washington, USA) and StatPlus (AnalystSoft Inc, Virginia, USA) 

software. Wiebull modulus and characteristic strength were calculated from 

flexural strength data.  
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Weibull regression analysis was used on the strength data to give the Weibull 

modulus (m) from the formula below, as	  per	  ISO 6872, 2008. 

Equation 19. Pf probability of failure formula 

Pf = 1-exp[-	  (σ/	  σno)m]	  

Where Pf is the probability of failure: σ is strength at a given Pf, σθ is 

characteristic strength, and m is the Weibull modulus. Excel was used to rank all 

data into ascending order, assign a rank over the range 1 to 15, and Statplus to 

perform linear regression analysis.  

The formula was rearranged as follows 

Equation 20. Weibull data conversion 3 

1/(1- Pf) =1/exp[-(σ/	  σθ)	  m] 

taking integral logs:  

Equation 21. Weibull data conversion 4 

ln[1/(1- Pf)] = (σ/	  σθ)	  m	  

Equation 22. Weibull data conversion 5 

lnln[1/1-‐ Pf)] = mlnσ-‐mlnσθ 

Giving a plot of lnln[/(1- Pf)] vs ln(strength) which yields a slope with the value m 

and an intercept mln σθ (Quinn and Quinn, 2010).  

3.9. Colour analysis 
Colour analysis was completed with commonly used shades A2LT and A3LT. A 

total of five specimens of each shade (Fig 41) were sectioned (Accutom 50, 

Struers, Rodovre, Denmark) and wet ground on a lapping machine (Tegrapol 21, 

Struers, Rodovre, Denmark) with FEPA 320 silicone carbide into specimens of 

1.0 (± 0.05mm) thickness (Fig 42) prior to firing. These were split into control 

(CLiDi) firing, and experimental groups F1, F3, F5, & F7 and placed on a 

standard ceramic firing tray (Fig 43). These specimens were scanned after each 
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firing occurred (Fig 44), which allowed higher-powered paired t-testing for 

potential differences, giving n = 5 for CLiDi, F1, F3, F5, and F7 groups for both 

A2LT and A3LT colour IPS e.max CAD blocks. Specimens were scanned with a 

spectrophotometer (Vita Easyshade Compact; Vita) on a standardised black 

background as per (Chu et al., 2010) (Fig 44), to simulate clinical conditions for 

which the unit was constructed (Dozić et al., 2007).  Spectrophotometer 

instrument calibration was performed after each recording, as per manufacturers 

instructions. Measurements were recorded using the CIE variables “L a & 

b.”(CIE, 1978) The equation used for measuring the difference between two 

colours was after (Knispel, 1991) (Equation 22). 

Equation 23. CIE Lab colour difference equation 

∆𝐸 =    ΔL!     + ∆𝑎! + ∆𝑏!	  
 

Knispel, 1991 report that a ΔE of 1.0–2.0 are usually accepted as being identical 

with the human eye is only just able to perceive a ΔE of 0.3-0.5. 



	   90	  

	  

Figure 41. Ingots used for colour change analysis: A2LT size I12 & A3LT size C14 

	  
	  
	  

	  

Figure 42. Mitutoyo digital thickness indicator shows 1mm thick specimen 
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Figure 43. Specimens on firing tray 

 

	  
	  

	  

Figure 44. “Vita Easyshade Compact" spectrophotometer measuring specimens according to 
manufacturers instructions and against a black background 
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4. Results 

4.1. Biaxial flexure strength 
Statistical analysis of the results with one-way analysis of variance at (p<0.05) 

showed that there was no significant difference in the mean biaxial flexure 

strength between any of the groups (Table 12). 

Table 12. Biaxial flexure strengths and standard deviation, Weibull modulus, Coefficient of 
variation and characteristic strength results 

Firing  
protocol 

Mean Biaxial flexure 
strength + SD (MPa) 

Mean coefficient  
of variation (%) 

Weibull 
modulus 

Characteristic 
strength (MPa) 
Defined as 62.3% 

Characteristic 
strength (MPa) 
Defined as 5% 

CLiDi 451.0(57) 13 9.1 475.7 262 
F1 389.5(82) 21 4.6 428.8 215 
F3 422.1(125) 30 3.6 469.9 194 
F5 417.47(108) 26 4 461.9 211 
F7 458.74(106) 23 4.6 503.3 251 

 

With such a non-significant result individual data set comparison with 

independent Student t-tests were not needed to be performed. 

	  
Figure 45. Mean biaxial flexure strength and standard deviation 

Figure 45 shows the mean biaxial flexure strengths and standard deviations for all 

five groups, clearly showing no statistical difference between the groups in terms 

of mean biaxial flexure strength. However, the Weibull modulus of the control 

group is almost double that of the experimental groups. Weibull plots are shown 

in Fig 46. 
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Figure 46. Weibull modulus for biaxial flexure strength experiments 

 

y"="9.0942x"*"56.064"
R²"="0.96129"

*4"

*3"

*2"

*1"

0"

1"

2"

3" 3.5" 4" 4.5" 5" 5.5" 6" 6.5"
Y=

ln
ln
[1
/(
1)
Pf
)].

X=ln(Str).

Weibull"modulus"regression"for"CLiDi"

y"="4.6453x"*"28.153"
R²"="0.94447"

*5"

*4"

*3"

*2"

*1"

0"

1"

2"

3" 3.5" 4" 4.5" 5" 5.5" 6" 6.5"

Y=
ln
ln
[1
/(
1)
Pf
)].

X=ln(Str).

Weibull"modulus"regression"for"F1"

y"="3.5816x"+"22.032"
R²"="0.9596"

+4"

+3"

+2"

+1"

0"

1"

2"

3" 3.5" 4" 4.5" 5" 5.5" 6" 6.5" 7"

Y=
ln
ln
[1
/(
1)
Pf
)].

X=ln(Str).

Weibull"modulus"regression"for"F3"

y"="4.039x"*"24.781"
R²"="0.88854"

*4"

*3"

*2"

*1"

0"

1"

2"

3" 3.5" 4" 4.5" 5" 5.5" 6" 6.5"

Y=
ln
ln
[1
/(
1)
Pf
)].

X=ln(Str).

Weibull"modulus"regression"for"F5"

y"="4.56x")"28.369"
R²"="0.91593"

)4"

)3"

)2"

)1"

0"

1"

2"

3" 3.5" 4" 4.5" 5" 5.5" 6" 6.5" 7"

Y=
ln
ln
[1
/(
1)
Pf
)].

X=ln(Str).

Weibull"modulus"regression"for"F7"



	   94	  

R2 goodness of fit parameter for the Weibull distribution shows ideal values close 

to 1 for plots CLiDi, F1 and F3, but these comparatively drop for F5, and F7. This 

may challenge the assumption that these specimens fail in a mode predicted by the 

assumptions of the Weibull distribution, namely strength failure from the weakest 

link, with possible bi-modal failures disturbing the distribution pattern. 

 

Physically, specimens fractured in a pattern that suggested a moderate force was 

required to cause failure, ie they fractured into more than three pieces (Quinn, 

2007) (Figs 48,50). There were noted fractographic features observable by SEM 

in the fractured surfaces, for example the compression/cantilever curl, 

corroborating the assertion that fracture initiated at the side in tension, validating 

the biaxial data according to (Quinn, 2007). (Figs 47,48,49,50) 
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Figure 47. SEM image of representative CLiDi specimen fractured edge  

 

	  
Figure 48. Photo of CLiDi representative specimen from Fig 47. Indenter on surface facing 
upwards Indenter on surface facing upwards. Note peripheral cone edge crack 
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Figure 49. SEM image of representative F1 specimen fractured edge  

 

	  
Figure 50. Photo of F1 representative specimen from Fig 49. Indenter on surface facing 
upwards 
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4.2. Fracture toughness change 
The table below presents the mean fracture toughness change values for the 

various thermal cycling regimens CliDi – F7. 

Table 13. Fracture toughness change, standard deviation and coefficient of variations results 

Firing  
protocol 

Mean fracture toughness  
(KIC) (MPa.m0.5) 

Standard 
deviation 
(MPa.m0.5) 

Coefficient  
of variation (%) 

CLiDi 1.61 (0.08) 5.1 
F1 1.62 (0.09) 5.6 
F3 1.64 (0.08) 5.0 
F5 1.51 (0.24) 15.9 
F7 1.54 (0.16) 10.5 
 

Statistical analysis of the results with one-way analysis of variance (p<0.05) 

showed that there was no significant difference between any of the groups. Excel 

& Statplus software was used to conduct statistical tests. With such a non-

significant result individual data set comparison with Student t-tests were not 

needed to be performed. Table 14 shows the mean fracture toughness data for the 

experimental groups CLiDi, F1, F3, F5, and F7. 

	  
Table 14. Mean fracture toughness change and standard deviation 
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4.3. Hardness 
The table below presents the mean fracture hardness values for the various 

thermal cycling regimens CliDi – F7. 

Table 15. Hardness results 

Firing  
protocol 

Average (mean) 
Vickers Hardness 
(GPa) 

Standard Deviation 
(GPa) 

Coefficient  
of variation (%) 

CLiDi 6.67 0.337 5.0 
F1 6.60 0.305 4.6 
F3 6.62 0.460 6.9 
F5 5.90 1.352 22.9 
F7 6.28 0.920 14.6 
	  
Statistical analysis of the results with one-way analysis of variance (p<0.05) 

showed that there was no significant difference between the groups. Excel & 

Statplus software was used to conduct statistical tests. With such a non-significant 

result individual data set comparison with Student t-tests were not needed to be 

performed. 

Table 16. Mean hardness and standard deviation
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4.4. X-ray diffraction 

4.4.1 Control specimens 
Specimens of the lithium metasilicate crystallite in the blue phase and of lithium 

disilicate were used as controls CMeta and CLiDi. These produced characteristic 

XRD signatures for lithium metasilicate and lithium disilicate (Fig 51 & 54). The 

disilicate was powder diffraction file (PDF) characterised as 04-009-8780 

(Liebau, 1961) (Fig 53), and 01-082-2396 (de Jong et al., 1994) which are the 

monoclinic and orthorhombic crystalline forms respectively (Fig 40). 

 

	  
	  
Figure 51. Control lithium disilicate CLiDi XRD trace 0-120° showing main peaks in the 10-
80 [°2Th.] range 

	  
Figure 52. Control CLiDi XRD 10-80° trace 
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Figure 53. Lithium disilicate CLiDi trace showing 04-009-8780 and minor element 04-006-
8566 peak matches. 

	  
Figure 54. Control CMeta XRD 0-80° trace 

4.4.2 Test specimens F1, F3, F5, & F7 
Lithium disilicate in the form of IPS e.max CAD under our experimental 

conditions of 840°C for 1,3,5, or 7 “correction” firing cycles did not show any 

observable obvious crystallite phase change, nor were there any new crystallites 

identified. Peak size and shape altered in a way that indicated crystallite growth 

(Fig 56) and possible crystallite phase increase (Fig 55). Since large crystallites 

give rise to sharp Bragg peaks, growth of crystallites was detected in our 

specimens when the width of the peaks, the Full Width at Half Maximum height 

(FWHM) data from the XRD trace, was observed to decrease by half, as seen in 

Fig 56. If an increase in crystallinity and lessening of amorphous content were to 

occur, increased peak intensity would be observed, and this was able to be 

observed in the XRD trace as an increase in the height:background ratio of the 

Bragg peaks, as seen in Figure 55. This does not appear to be a large crystalline 
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increase, however, but a rather tentative rise. This slight rise is not as convincing 

as the doubling of the FWHM data and may in fact be due to random variation. 

	  

	  
Figure 55. Height vs background ratio peak analysis 

 

 

Figure 56. Full width at half maximum height analysis (FWHM) 
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Figure 57. F1 specimen XRD 10-80° trace showing 04-009-8780 and 04-006-8566 peak 
matches.  

All major peaks in F1 XRD trace (Fig 57) are satisfied by lithium disilicate 

crystalline phases of either monoclinic PDF 04-009-8780 or orthorhombic PDF 

01-082-2396. 

	  
Figure 58. F3 specimen XRD 10-80° trace showing 04-009-8780 and 04-006-8566 peak 
matches..  

All major peaks in F3 XRD trace (Fig 58) are satisfied by lithium disilicate 

crystalline phases of monoclinic PDF 04-009-8780. A minor amount of lithium 

orthophosphate was detected as trilithuim phosphate (V). This was PDF 

characterised by 04-006-8566. 
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Figure 59. F5 specimen XRD 10-80° trace showing 04-009-8780 and 04-006-8566 peak 
matches. 

All major peaks in F5 XRD trace (Fig 59) are satisfied by lithium disilicate 

crystalline phases of monoclinic PDF 04-009-8780 or orthorhombic PDF 01-082-

2396. A minor amount of lithium orthophosphate was detected as trilithuim 

phosphate (V). This was PDF characterised by 04-006-8566. 

	  
Figure 60. F7 specimen XRD 10-80° trace showing 04-009-8780 and 04-006-8566 peak 
matches. 

All major peaks in F7 XRD trace (Fig 60) are satisfied by lithium disilicate 

crystalline phases of monoclinic PDF 04-009-8780 or orthorhombic PDF 01-082-

2396. A minor amount of lithium orthophosphate was detected as trilithuim 

phosphate (V). This was PDF characterised by 04-006-8566. 
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4.5. Colour change  

4.5.1 CIE Colour Lab: ΔL - black/white axis 
For both A2LT and A3LT blocks (n = 5) there was a statistically (p<0.05) (Table 

17) and clinically significant (CIE Lab ΔE	  >	  3) darkening of the specimens with 

increased numbers of thermal cycles (Figs 61,62). Excel software was used to 

conduct statistical paired t-tests. 

 

Figure 61. CIE Lab L (Light 100:Dark 0) variability of A3LT IPS e.max CAD ingot during 
thermal cycling 

 

	  
Figure 62. CIE lab L (Light 100:Dark 0) variability of A2LT IPS e.max CAD ingot during 
thermal cycling 
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4.5.2 CIE Colour Lab: Δa - red/green axis 
For both A2LT and A3LT blocks there was a statistically (p<0.01) (Table 17) and 

clinically significant increase in the red chroma of the specimens with increased 

numbers of thermal cycles (Figs 63,64). 

	  
Figure 63. CIE Lab a (+ Red:- Green)  variability of A3LT IPS e.max CAD during thermal 
cycling 

 

	  
Figure 64. CIE Lab a (+ Red:- Green) variability of A2LT IPS e.max CAD during thermal 
cycling 
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4.5.3 CIE Colour Lab: Δb - yellow/blue axis 
For both A2LT and A3LT blocks there was a statistically (p<0.01) (Table 17) and 

clinically significant increase in the yellow chroma of the specimens with 

increased numbers of thermal cycles (Figs 65,66). 

	  
Figure 65. CIE Lab b (+ Yellow:- Blue) variability of A3LT IPS e.max CAD during thermal 
cycling 

	  
Figure 66. CIE Lab b (+ Yellow:- Blue) variability of A2LT IPS e.max CAD during thermal 
cycling 

	  
Table 17. Paired t-test results showing significant difference (p<0.05) between control and F7 
groups of A2LT, A3LT blocks 

Paired t-tests Control vs F7 A2 LT blocks A3 LT blocks 
CIE L variable  0.0108 0.0328 
CIE a variable 0.0039 0.0076 
CIE b variable 0.0005 0.0006 
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Figures 67 and 68 show the increasing amount of change in the A2LT and A3LT 

ceramic with increased thermal cycles compared to what is clinically detectable 

by the human eye according to Knispel, 1991. 

	  
	  

	  
Figure 67. ΔE	  of	  A2LT	  with	  standard	  deviation	  over	  increasing	  thermal	  cycles.	  Red	  line	  
indicates	  clinically	  observable	  change	  

 

 

 

Figure 68. ΔE	  of	  A3LT	  with	  standard	  deviation	  over	  increasing	  thermal	  cycles.	  Red	  line	  
indicates	  clinically	  observable	  change	  
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4.5.4 VITAPAN classical A-D and VITA SYSTEM 3D-
MASTER shade systems 

As there are two main shade tab guides commonly used in dental clinics, the 

VITAPAN classical A-D and the VITA SYSTEM 3D-MASTER (Paul et al., 

2004; Paravina, 2009), it is helpful to frame the observed colour change in terms 

of these shade systems gradations. This shade change was measured with the Vita 

Easyshade Compact digital spectrophotometer with the spectrophotometer 

specifically set to produce a VITAPAN classical A-D and VITA SYSTEM 3D-

MASTER reading. These readings were taken on a black background at the 

beginning (CLiDi) and end points (F7) giving a total colour change for the A2LT 

blocks from a beginning D2 to an A4 (VITAPAN classical A-D) or 3M1 to 5M3 

(VITA SYSTEM 3D-MASTER) and for the A3LT blocks from C1 to A4 

(VITAPAN classical A-D) or 3M1 to 4.5M3 (VITA SYSTEM 3D-MASTER). As 

an aside, the beginning CLiDi colour readings didn’t correlate with the described 

shade from the manufacturer for the blocks, however this is assumed to be due to 

the black background skewing the recording. Since we are measuring colour 

change under standardised conditions and the same methodology was used for all 

specimens this difference in control shade was calibrated for in the study design. 
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5. Discussion 
Mechanical properties of glass-ceramics are known to be related to the 

microstructure which is determined by the original glass composition (Deubener 

et al., 2011) the volume fraction, size, morphology and distribution of crystalline 

phases (Cattell et al., 2002; Hoeland. W and Beall, 2012) as well as flaws (Rice, 

1997). This microstructure is what confers damage tolerance or crack restriction 

otherwise known as R-curve behaviour (Duan et al., 1995; Fischer et al., 2002). 

5.1. Biaxial flexural strength 
The observed biaxial flexural strength results of the tested IPS e.max CAD 

ceramic (Table 12) are higher than results generally found in the literature for 

biaxial flexure strength of the first generation of heat-pressed lithium disilicate 

(Empress 2) (Table 6) (Cattell et al., 2002; Albakry et al., 2003b; Albakry et al., 

2004c; Hung et al., 2008; Kang et al., 2013). This is expected as the second-

generation ceramics were modified to increase their strength and clinical 

serviceability. As expected, our results (mean biaxial flexural strength 428MPa) 

are comparable with two of the three studies on IPS e.max CAD in the literature 

(Buso et al., 2011; Kang et al., 2013) (Table 6) The lower results of (Lin et al., 

2012) who claim to follow ISO 6872 show that in fact they do not adhere to the 

standards specifications. They utilised a non-standard smaller piston diameter of 

1.2 mm as opposed to the recommended 1.5 mm – although this should have 

increased their results as it loads a smaller area of ceramic (Radford and Lange, 

1978), The main difficulty confounding the comparability of their data to other 

studies however, was the thickness of their specimens which were a non-standard 

1.5 mm and 0.8 mm rather than 1.2 mm. 
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The biaxial flexure strength results showed no statistically significant difference 

(p<0.05) in mean strength value following thermal cycling from one to seven 

cycles, which if interpreted alone is unremarkable, but as a simple measure 

limited to central tendency, mean strength gives no information about the spread 

or shape of the distribution of strength values. An appreciation of this is provided 

by the Weibull modulus. The Weibull modulus of the multiple thermal cycle 

groups was observed to drop significantly compared to the control group, 

however all the fired groups (F1, F3, F5 and F7) had similar Weibull moduli, and 

this did not decrease with increasing firing cycles (Fig 69). Albakry et al., 2004c 

also found a significant decrease in Weibull reliability with thermally cycled IPS 

Empress 2 ingots along with similarly observed uniformity in mean strength of 

that ceramic. 

 

Figure 69. Weibull modulus change with increased thermal cycling 

During thermal cycling, flaws such as pores, inclusions or micro-cracks may 

become activated due to residual stresses retained in the ceramic on cooling. As 

ceramic is a brittle material, such flaws can cause wide variation in strength 

results, commonly in the range of 10% (Quinn and Morrell, 1991). The Weibull 

modulus is used as a forecaster of reliability of a material to fail in a predictable 
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fashion. A lower Weibull modulus indicates greater variability in the strength 

data, or unreliability in the material, which is may be due to more flaws and 

defects in the material or greater residual stress activating smaller defects (Griggs 

et al., 1996; Rice, 1996a; Swain, 2009). The Weibull distribution relies on some 

assumptions, one being that all crack angles are equally likely (Trustrum and 

Jayatilaka, 1983), another being that ceramic fails from the “weakest link” (Quinn 

and Quinn, 2010). Unfortunately these assumptions may not always be correct, 

with some ceramics failing earlier from two adjoining flaws or pores connecting 

rather than the largest (theoretically weakest) flaw, and as shown by Quinn et al., 

2012, this may cause the distribution of failures to deviate from a Weibull 

distribution pattern (Lu et al., 2002). Interestingly, the linear regression plots for 

F5 and F7 show a feasible bimodal distribution (Red line in Fig 70) as explained 

by Danzer et al., 2007, thus the F5 and F7 diverge from the unimodal weakest link 

assumption of the Weibull distribution, as shown by their lower R2 goodness of fit 

parameters compared to groups CLiDi, F1 and F3. 
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Figure 70. Weibull plots of F5 and F7 showing Weibull plot + red bimodal fit 

	  
This Weibull plot goodness-of-fit shape analysis suggests that with increasing 

firing cycles the ceramic failure mechanism may become bi-modal, that is, there 

may occur a new competing failure mode, possibly caused by crack-connection-

triggered rapid crack propagation, resulting in early failure in these specimens. 

Re-examining the raw data shows that groups F5 and F7 do appear to have a 

distinct lower tail (Figs 71, 72, & 73) which also may be attributed to the action of 

a second mode of failure in these specimens (Quinn and Quinn, 2010). 

Unfortunately, fractographic analysis of initiation sites to determine site and 

precise mode of fracture initiation was outside the scope of this research. 
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Figure 71. CLiDi Biaxial flexure strength by specimen 

 

 

Figure 72. F5 Biaxial flexure strength by specimen showing distinct lower tail 

	  

 

Figure 73. F7 Biaxial flexure strength by specimen showing distinct lower tail 
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In the clinical world of dentistry, the operator and patient are interested in a 

product that provides reliable durability, and the reliability of this ceramic product 

appears to be undermined by our experimental conditions. Standards indicate that 

for Weibull modulus calculations a sample size of n = 30 is needed (Danzer et al., 

2007) due to the inherent variability of ceramic strength testing (Quinn and 

Morrell, 1991), however, due to cost and time constraints only half of this number 

(n = 15) could be achieved in our study. This smaller number of test specimens 

limits the power of the observed result, and it is improper to categorically claim 

thermal cycling causes increased variability from this smaller data set. Further 

well-controlled testing with increased specimen numbers would definitively 

address this question.  

 

As an aside, when comparing mean strength or mean failure numbers some 

authors have argued that clinically, dentists would like to know when 5% of 

failures have occurred rather than when 50% (mean strength) or 62.3% 

(characteristic strength) of failures have occurred (Cattell et al., 2002; Teixeira et 

al., 2007). To be more relevant to clinical situations it is suggested to adjust this to 

a 5% predicted probability of failure (Teixeira et al., 2007). Interestingly, and for 

comparisons sake with Cattell et al., 2002, if we interpret our data to find a 

strength at which 5% of the samples will have failed, this results in values of 262 

MPa for the control, F1 = 215 MPa, F3 = 194 MPa, F5 = 211 MPa, and F7 = 251 

MPa which can be directly compared with the data from Cattell et al., 2002, and 

show a close resemblance to their values of 217 MPa for IPS Empress 2 core 

ceramic. However, comparing general literature data sets at the 5% failure 

threshold brings the data sets closer together and make finding a difference 
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between them more difficult, as shown in the comparison of our data with that of 

Cattell et al., 2002. Where there ought to be a difference between IPS Empress 2 

(Cattell et al., 2002) and IPS e.max CAD but there is no difference in this data 

when using the probability of failure at the 5% level. Thus statistical analysis 

around the 5% failure cut-off will require even larger specimen numbers to gain 

statistical power. We elected to use mean (50% failure rate) for comparative 

statistical analysis between groups and advocate the 5% failure rate threshold be 

used for clinical studies of ceramics in function but not for materials testing 

application as this study has been designed for. 

5.1.1 SEM 
Quantitative assessment of the fracture face of randomly selected strength 

specimens as recommended by Quinn, 2007, confirmed that the tensile surface 

directly underneath the piston is where fracture originated in our samples, 

however, the origin of fracture was not always possible to establish. A closer 

assessment of the coarse fractured faces appeared to show a gradient of 

increasingly larger crystalline planes exposed in the fracture front from specimens 

CLiDi through to F7 (Figs 74 - 78). This is postulated to show that crystalline 

growth occurs at these time/temperature combinations, which is consistent with 

our XRD results and the literature on this system (Albakry et al., 2004a; Albakry 

et al., 2004c), furthermore Hoeland et al., 2006 estimated a crystalline growth rate 

of 7 µm/hr in this temperature range. An ideal method of determining this would 

be further high quality SEM imaging of highly polished, and appropriately acid-

etched specimens to enable direct measurements of crystalline sizes when able to 

visualise the whole crystal rather than only a part thereof in a fracture face. 
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Figure 74. Representative CLiDi specimen fracture face 

 

Figure 75. Representative F1 specimen fracture face 
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Figure 76. Representative F3 specimen fracture face 

 

Figure 77. Representative F5 specimen fracture face 
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Figure 78. Representative F7 specimen fracture face 

5.2. Fracture toughness change 
Our indentation toughness results (Table 13) are lower than those reported in the 

literature (Hoeland et al., 2000; Albakry et al., 2003a). However, as we are not 

attempting to quantify this materials fracture toughness, but rather observe 

whether the fracture toughness changes with thermal cycling, it is not necessary 

that toughness results are entirely congruent with previously published results, 

and it is sufficient that changes are not significantly different measured against 

our control specimen. This is in fact the case with no statistically significant 

change observed in mean toughness (p>0.05). However, the increase in the 

coefficient of variation that was noted for strength data is also seen in the 

toughness data, but here the twofold rise in variation arrives later in groups F5 and 
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F7 rather than straight away in F1 as in the strength data. Here again we see 

evidence of definite change in the material after five thermal cycles.  

5.3. Hardness 
There was no statistically significant change observed in mean hardness (p>0.05). 

Our hardness results (Table 14) are similar to those reported in the literature 

(Albakry et al., 2003a; 2004a). A similar doubling of the coefficient of variation 

in F5 and F7 groups is seen in the hardness data as for the toughness data. This is 

somewhat expected since the hardness data gathered used the same specimen 

indentation site measurements, although they measure the indentation size rather 

than the crack length measurement. Given that the critical linear deformation 

dimension measured for hardness is volume-controlled, whereas toughness is 

surface-controlled, these will be affected to the one-third and one-half powers 

respectively by increased load (Lawn and Marshall, 1979), and therefore 

measurements taken from the same specimen will be somewhat related. Here we 

see that the increase in the coefficient of variation that was noted for toughness 

data is also seen in the hardness data, and similarly, here the twofold rise in 

variation arrives later in groups F5 and F7 rather than straight away in F1 as in the 

strength data. There appears to be evidence of change in the material after five 

thermal cycles. 

5.4. X-ray diffraction 
All ceramic surfaces to be examined were wet-lapped and polished with 500, 

1000, 1200, 2400 and 4000 FEPA grit with silicone carbide polishing wheels. It is 

estimated that at least 100μm was removed during this grinding and polishing 

phase. This is likely to have removed any “surface effect” of initial crystalline 
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nucleation reaction layer. It is of note that XRD analysis examines the outer 0 – 

60μm of the specimen (Murthy et al., 2000). Therefore, since this has been 

removed, this analysis is of the behaviour of lithium disilicate crystalline material 

in the core region, rather than at the surface. This is considered to be satisfactory 

due to the fact that when it is processed clinically, all surface layers are machined 

off in the initial shaping process prior to firing. In essence, the order of our sample 

preparation reflects how this ceramic is prepared in the dental industry. Also, this 

ceramic is understood to be engineered to avoid surface crystallisation and 

undergo controlled bulk volume heterogeneous crystallisation throughout the 

material (Hoeland et al., 2003; Hoeland et al., 2007) thus there isn’t expected to 

be any special qualities to the surface zone. The main crystal phases in this 

material are lithium metasilicate (Li2SiO3), lithium orthophosphate (Li3 PO4) and 

lithium disilicate (Li2SiO5) (Beall, 1992). 

 

After scanning from 0 – 120 [°2Th.], it was decided to scan in the region of 10-80 

[°2Th.] degrees as this is where 95% of the lithium disilicate and lithium 

metasilicate XRD peaks were located. This range is the main area of interest as 

lithium disilicate reference ICDD PDF 04-009-8780 shows the main 30 peaks for 

this ceramic are under 64 [°2Th.], (Fig 79) while the main peaks for lithium 

metasilicate ICDD 00-029-0828 are also under 80 [°2Th.] (Fig 80). 
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Figure 79. Control lithium disilicate CLiDi showing main peaks in the 10-80 [°2Th.] range 

The as-received ingot in the blue phase (CMeta) produced a characteristic XRD 

trace well-matched to ICDD PDF 00-029-0828 for lithium metasilicate. 

 

Figure 80. Lithium metasilicate CMeta XRD trace 

Confirming that the main crystal in the system is lithium disilicate, the control 

specimen (CLiDi) produced a characteristic XRD trace for lithium disilicate 

which was PDF characterised as 04-009-8780 (Liebau, 1961) and 01-082-2396 

(de Jong et al., 1994) which are the monoclinic and orthorhombic crystalline 

forms respectively (Fig 81). 
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Figure 81. Lithium disilicate control 10-80 degrees XRD trace 

The CLiDi trace (Fig 82) also shows that the pattern of Bragg peak diffraction of 

lithium metasilicate does not fit the material once the phase transition has 

occurred, there appears to be no metasilicate crystal in the material from the XRD 

traces of CLiDi, F1, F3, F5 or F7 as shown in the overlay in Figure 82 of CLiDi. 

This is expected, as the aim of the crystallisation firing cycle is to transform the 

metasilicate phase into disilicate. 

 

Figure 82. XRD trace showing no match between CLiDi (red) and metasilicate signature 
(blue) 

A secondary crystal in this system is lithium orthophosphate or trilithium 

phosphate (Hoeland et al., 2000) which grows to an XRD detectable size after 

840°C (Hoeland et al., 2006). Manufacturers understand that adding P2O5 results 

in increased density of lithium orthophosphate formation (Hoeland et al., 2006; 

Wen et al., 2007) and therefore resultant nucleation of lithium metasilicate and 

disilicate, of interest is that lithium orthophosphate has been shown to restrict the 

growth rate of the desired lithium disilicate crystal (Zheng et al., 2008). Lithium 
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orthophosphate is detected in all our groups, CLiDi, F1, F3, F5 and F7 as 

trilithium phosphate (Li3 PO4) PDF 04-006-8566 in a minor amount, its presence 

is anticipated in all specimens as it is the nucleation dopant for this material, it is 

present in less than 5% volume. 

 

Thermal treatment of a lithium disilicate preparation glass that contains silica 

(SiO2) has been shown to precipitate a crystalline form, cristobalite (SiO2), at 

temperatures around 650°C – 840°C (Hoeland and Beall, 2012c). An increase in 

cristobalite would consequently increase the CTE (Beall, 1992), however no 

match between our specimens and cristobalite were seen in the XRD traces of 

CLiDi, F1, F3, F5 or even for the F7 specimen (Fig 83). 

 

Figure 83. XRD trace showing no match between F7 (red) and Cristobalite signature (blue)  

It appears that the lithium disilicate system manufactured for use with CAD/CAM 

is relatively resistant to thermally induced crystalline changes that can be detected 

by x-ray diffraction under these experimental conditions. The results confirm the 

null hypothesis of no observed phase change. No evidence of phase change is 

expected given that reports indicate that crystallite phase change, ie melting, of 

lithium disilicate occurs at a higher temperature than we used, in the range of 

950°C, while lithium metasilicate and lithium orthophosphate are higher again at 
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1000°C (Hoeland et al., 2006). Our thermal extremes did not approach these 

temperatures. 

 

It is likely that the glass phase is not completely depleted of crystallisable material 

and crystalline growth could still occur, indeed crystallite growth of a similar 

system has also been observed (Oh et al., 2000; Albakry et al., 2004c). 

Interestingly, in the paper by Albakry et al., 2004c their XRD traces were not 

specific enough to determine this small amount of size change; instead they used 

SEM to quantify this finding, as did Oh et al., 2000. However, crystal growth is 

indicated in the progressively wider peak intensities shown in the Full Width at 

Half Maximum Height (FWHM) data in Figure 85. One could expect crystallite 

growth under our experimental temperatures, due to processes of normal crystal 

growth or due to Ostwald ripening (Brailsford and Wynblatt, 1979; Marqusee and 

Ross, 1984; Voorhees, 1985) by virtue of increased molecular excitation (Newton, 

1687) and viscous relaxation effects (Equation 3). There was an observable 

increase in crystallite size under our experimental temperatures and relatively 

shortened time periods using XRD analysis. Crystallite growth is indicated on the 

XRD trace by a reduction in the main peak widths as crystal size increases 

(Langford and Wilson, 1978) (Fig 84) and in our case the values of each of these 

three main peaks have halved, indicating definite crystal growth (Fig 56).  
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Figure 84. Full Width at Half Maximum Height (FWHM) measurements taken from XRD 
signature (using X Pert Highscore Plus software) of three main crystalline peaks of CLiDi 

 

In our specimens, XRD analysis has been sufficient to show a change, as there 

appears to be a crystallite growth occurring, however SEM may be a more 

successful tool to quantify crystalline growth. Nevertheless, our SEM analyses 

demonstrate an increase in the crystalline size after three firing cycles and the 

largest being noted in the F7 group, and while our results are not quantitative, it is 

evidence that change has occurred. 
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Our XRD results of increase in size but no change in crystalline phases along with 

mechanical testing revealing no change in mean biaxial strength or toughness, yet 

with increased Weibull modulus, and coefficient of variation, suggest that the 

thermal cycling regime used in this research modifies the glass phase or the 

glass:crystal interfacial bonding. This alteration caused by increased numbers of 

thermal cycles produces a wider variation in tested biaxial flexure strength, 

toughness and hardness results. This is postulated to be due to a factor capable of 

both strengthening and weakening the glass phase, since the glass has an effect on 

the resultant properties of this glass-ceramic. Random changes in CTE of either 

glass or the lithium disilicate crystal component (Isgrò et al., 2005) are proposed 

to be capable of achieving tensile stresses or compressive stresses. These tensile 

stresses apparently do not need to be large to affect mechanical parameters. For 

example, even relatively benign processing procedures such as acid-etching and 

resin-cementation have shown capacity to develop significant residual stress in 

Empress 2 (Isgró et al., 2011). Residual stresses are known to be an important 

consideration with another dental ceramic – bilayered zirconia (Swain, 2009). 

This factor has recently come to light with the now well-known high rates of 

dental restoration zirconia layering ceramic chipping of between 10-20% of units 

within 5yrs. (Al-Amleh et al., 2010; Babiuc and Pauna, 2013; Spies et al., 2014). 

The magnitude of these zirconia bilayer forces was calculated using theoretical 

modelling (Swain, 2009), however, the magnitude of the stresses involved was 

deemed to be overestimated when Mainjot et al., 2011 experimentally calculated 

the tensile stress force responsible for the chipping to being in the order of 4MPa 

compared to previous modelling estimates of 55 MPa (Swain, 2009). This shows 

that relatively small tensile stress fields can have a large impact on strength and 
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reliability of ceramics. While Denry and Holloway, 2004 propose the order of 

CTE to be: glassy matrix < parent glass < Li2Si2O5 < Li2SiO3, George Beall’s 

1983 patent outlines a desire to construct a lithium disilicate glass ceramic that 

has a CTE of the glass phase that is 30 X 107 units greater than the crystalline 

phase. Thus setting up “point compressive stresses in the crystalline network to 

develop a transgranlular fracture pattern in said body, and having a coefficient of 

thermal expansion substantially higher than that of the crystal phase.” (Beall, 

1983) This method of manufacture is planned to result in a CTE curve with two 

distinctive portions pivoting on the glass transition temperature range of 500°C - 

750°C, with the thermal expansion behaviour above this temperature being steep, 

governed by the glass, and below, fairly flat, dictated by the crystal phase. 

 

A reason therefore, for the increase in variability observed across the strength, 

toughness and hardness parameters of this system may be loss of an initial 

compressive stress state that the crystallisation firing cycle bestows between the 

crystal phase and the glass phase. Thus with further thermal cycling (F1, F3, F5, 

and F7) an annealing effect may reduce the protective compressive stress state 

around the crystalline phase, facilitating easier grain pull-out and crack 

propagation, with the consequent observed increase in variability of strength, 

toughness and hardness parameters. 

These results also allow exclusion of other weakening mechanisms such as 

formation of cristobalite, and partial melting of lithium disilicate and the 

preferential re-formation on cooling of the weaker lithium metasilicate phase, 

since these phases were not detected in the XRD analysis (Figs 82, 83). More 

advanced XRD machinery and software are purportedly capable of determining 
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strain states of crystallites, this analysis, while outside the scope attempted in this 

thesis, would be valuable. 

5.5. Colour change 
These results indicate that there is a discernable colour shift when IPS e.max 

CAD LT A2 or A3 ingots are thermally cycled according to the protocol followed 

here. This results in a darkening of the restoration (p<0.05) as the red (p<0.01) 

and yellow (p<0.01) chroma increases. As Douglas et al., 2007 reported, if a ΔE 

of 5.5 or greater exists then 50% of patients will ask for the restoration to be 

redone. In our results, according to Equation 23 we have an average ΔE of 37.97 

for A2 LT and ΔE 24.51 for A3LT IPS e.max CAD which is a demonstrated 

clinically significant difference.  

Equation 24. CIE colour change equation  ∆𝑬∗ 

∆𝐸∗ =    ΔL ∗!    + ∆𝑎 ∗!+ ∆𝑏 ∗! 

 

Similar effects have been noted in IPS e.max Press (Ozturk et al., 2008) making 

this material appear darker and more reddish and yellow. Similar effects have also 

been noted in layering glass ceramics such as IPS d.SIGN (Ivoclar Vivadent) 

(Panzeri Pires-de-Souza et al., 2009). It is hypothesised that certain metal oxides 

used as colouring agents are not stable at higher firing temperatures (980°C) 

(Mulla and Weiner, 1991). Crispin et al., 1991 and Lund and Piotrowski, 1992 

have reported that yellow/orange colorants were the least stable at manufacturers 

recommended firing temperatures (918°C). 

 

Another important fact is increase in crystal size will affect the matching of the 

optics of the glass phase and crystal, resulting in increased opacity of the material 
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(Beall, 1983; Beall, 1992; Hoeland et al., 2009; Hoeland and Beall, 2012c). As 

stated previously, the best translucency of a lithium disilicate ceramic is achieved 

when the glass matrix refractive index is adjusted to that of the lithium disilicate 

crystal (Hoeland and Beall, 2012b). Thus increase in the crystalline dimension is 

likely to increase the opacity. Consequently, this is perceived as decreased 

brightness, thus increasing the chroma of the existing colorants, which are in the 

yellow and red range. The observed colour change of the lithium disilicate 

examined in this research could be due to metal oxide colorant instability or 

crystalline growth and consequent alteration of light refraction. 

5.6. Mechanisms of increased variation 
Under our experimental conditions, as thermal cycle numbers increased there was 

an apparent decrease in the reliability of the strength, fracture toughness and 

hardness results. This is seen by the Weibull modulus decrease for strength data 

and coefficient of variation increase for hardness and fracture toughness change. 

This leads to the question: What mechanism causes this? Lending credence to the 

assertion that there is some mechanism affecting both of these parameters is that 

this change is present in both the independent testing experiments of biaxial 

strength testing and indentation fracture toughness change. It is consistent that we 

see this reported in both of the independent strength and the toughness tests since 

a materials toughness aids its strength (Gonzaga et al., 2011a). On a related issue, 

Rice, 1996b point out that by variations in porosity, grain or particle-size do not 

affect strength results in the same way as toughness results are since the size of 

crack that is studied in toughness analysis, eg Vickers indentation, is larger than a 

typical strength-limiting crack seen in strength testing results. Thus 

microstructural R-curve toughness effects such as crack-wake bridging do not 
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play as large a part in strength determination as seen in toughness determination 

(Wagner and Chu, 1996). Ideally toughness test methods in future utilise cracks of 

similar size to the materials known strength-limiting crack size. Unfortunately, 

this is a factor in our study and needs to be appreciated. The Vickers indentation 

crack size for testing toughness is larger than the size of crack that determines 

strength in this ceramic (Rice, 1996b), therefore different fracture mechanisms 

may be in play. However, in reality, and apart from testing methodology, the real 

toughness of a material microstructure determines its strength (Hoeland et al., 

2000; Hoeland et al., 2006; Teixeira et al., 2007; Gonzaga et al., 2011a; Coldea et 

al., 2013). Showing that some microstructural changes that occur during thermal 

cycling have no strength impact, a recent study into the effects of thermal cycling 

on layering veneering porcelains fired two and ten times showed reduced porosity 

and increased hardness generally. However no changes in flexural strength or 

fracture toughness resulted from these changes, nor was there an apparent increase 

in the standard deviation upon increased thermal cycles in these porcelains as was 

seen in our glass-ceramic samples (Tang et al., 2012). 

 

The cause of variation is considered to be either: statistical variance, or some 

factor affecting strength, toughness and hardness, or something more complex, ie 

different causes are in play for strength as for toughness. Quinn et al., 2012 found 

unseen complexity in a feldspathic porcelain that presented five different fracture 

initiation modes, however when the Weibull strength analysis was performed, this 

combined the data assuming a unimodal fracture distribution (weakest link), with 

an apparently good fit! This assumption, inherent to Weibull analysis, hid the fact 

that there were multiple failure initiation methods, under the assumption of the 
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unimodal “weakest link” theory. This shows the complexity of fracture 

propagation and the potential errors of unseen statistical interpretation 

assumptions. 

 

It is well-known that tensile stresses cause increased crack propagation and 

although transgranular fracture paths are seen (Guazzato et al., 2004a), the 

fracture method in lithium disilicate glass-ceramic is generally intergranularly, 

through the weaker glass phase (Hoeland et al., 2009) (Fig 85). Beall, 1983 

reports that whether a glass-ceramic fractures transgranularly or intergranularly 

can be modified by increasing or decreasing the CTE mismatch between the glass 

and crystal components.  

 

Figure 85. Representative tortuous fracture path running around crystalline phase  

(F3 specimen) 

It would be reasonable to conclude that thermal cycling had some impact on the 

glass phase or the integration of the crystals within the glass phase. The opposite 

of this is postulated to be the mechanism of the observed strengthening in  
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leucite-reinforced-ceramics during heat-pressing. In this situation, a compressive 

stress is proposed to be set up in the glass phase by growth of the leucite crystals 

supposedly re-enforcing the glass phase and the integration of glass and crystal 

phase (Dong et al., 1992). However, this theory of protective compressive stress 

in this ceramic is debatable. Some research has shown the strength of IPS 

Empress I is not any better or more reliable than glasses without this so-called 

strengthening (Seow et al., 1995; Cattell et al., 1997a; b; Tinschert et al., 2000). 

What is known is that in either phase, a tensile stress state will make crack 

propagation and therefore crack coalescence more likely, either via cohesive intra-

glass or adhesive crack propagation at the glass-crystal interface. It is postulated 

that the increased variation of these specimens was caused by a thermal-cycling-

induced alteration in the residual stress, caused by an annealing mechanism, or 

modification of the CTE mismatch between crystal and glassy phase. CTE change 

was shown by Isgrò et al., 2005 when the CTE of IPS Empress 2 changed from 

10.1 to 10.8 over a series of firing cycles, showing that this parameter in this 

ceramic can alter with thermal cycling. As the (Isgrò et al., 2005) data was a full-

specimen-CTE-reading, it is unknown whether the crystal or glass component 

(70% crystalline) was the main contributor to this overall CTE change (Hoeland et 

al., 2003). If one phase contributed to this change more than the other, residual 

stress may be a contributor to make crack coalescence in the weaker glass phase 

more likely. IPS Empress 2 is approximately 70% crystalline and because the 

CTE of the crystalline phase is very low (Beall, 1983) and the glass phase high, 

the glass phase is most likely where the alteration of CTE occurred. An increase 

in glass CTE will result in increased contraction upon cooling, this sets up tensile 

stress-fields in the glass phase of a bi-phasic glass-ceramic material (Beall, 1983). 
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In a traditional dental ceramic bilayer application, increased CTE contraction of a 

crystalline core will induce a unidirectional drawing force, bringing the outer 

glass into a protective compression state, however in a bi-phasic application 

increased CTE contraction of the crystalline phase will induce multidirectional 

drawing forces, bringing the surrounding glass into critical tension with resultant 

crack initiation in the glass or at the glass:crystal boundary (Cheng et al., 2006). 

For a material that is 70% crystalline, this theoretically will induce even larger 

tensile stress on the glass phase than a material that is only 40% crystalline. While 

pores are commonly a less threatening spherical shape in amorphous glass (Quinn 

et al., 2012) in this ceramic they do not appear to have sufficient space to remain 

spherical since the crystalline phases grow in volume during the crystallisation 

firings of this glass-ceramic, thus pores will be intruded on by jagged crystal 

edges, and therefore are at high risk of becoming stress-concentration and crack 

initiation sites. IPS Empress 2 has been observed to have approximately 1% 

porosity (Guazzato et al., 2004a). The assertion that the glass phase may be the 

location of tensile stress is given support by the work of Fischer et al., 2008 who 

chemically treated the glass phase of IPS Empress 2 with potassium nitrate 

utilising the mechanism of “ion-stuffing”. Since K has approximately 35% greater 

atomic radius than the Li it displaces, this compression effect at the surface results 

in a 25% increase in flexural strength. 

 

Whether the initial fracture site is a microstructural flaw, inclusion, a pore, or 

contact damage, the surrounding microstructure and residual stress state is what 

ultimately determines strength. And given (Rice, 1996b) contribution that the 

commonly tested crack size when testing toughness is a different to the size of 
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crack that tested strength, the real toughness of a materials microstructure 

determines its strength in function (Gonzaga et al., 2011a). 

 

The indication from the increased variability of strength, toughness and hardness 

results at F5, along with SEM suggestion of crystalline growth suggest that some 

faculty of the material is being disturbed by the repeated firing cycles. A possible 

cause is the depletion of the glass phase by the crystallite growth, as it is a crystal 

of very similar stoichiometry, depleting the glass phase (Hoeland W, 2012). As 

the glass phase has a CTE higher than that of the crystal phase, this puts the glass 

in tension, and any lessening of space necessitates the tension has less area to be 

spread over. This gives the system a lower C-factor (Watts and Satterthwaite, 

2008), which along with a possible increase in the CTE of the glass phase may set 

up a critical residual stress in the glass phase resulting in the observed increased 

variation of mechanical testing results. 
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5.7. Summary 

5.7.1 Biaxial flexure strength 
There was no significant change in measured mean biaxial strength of IPS e.max 

CAD ceramic under these experimental conditions, however the Weibull modulus 

decrease indicates more variability after five firing cycles, possibly increasing the 

likelihood of premature failures. SEM analysis of the fractured surfaces indicated 

crystalline growth may play a role in affecting strength. 

5.7.2 Toughness and hardness change 
There was no significant change in measured mean fracture toughness or hardness 

of IPS e.max CAD ceramic under these experimental conditions, however the 

coefficient of variation increase for both of these indicates more variability after 

five firing cycles possibly increasing the likelihood of premature failures. 

5.7.3 X-ray diffraction  
There appears to be evidence on the XRD trace of crystalline growth but no phase 

changes were identified after these thermal treatments. Quantification of 

crystalline growth may be best analysed under SEM imaging of polished and 

appropriately etched surfaces. 

5.7.4  Colour change 
After five thermal cycles IPS e.max CAD A2LT & A3LT blocks became 

noticeably darker and also more chromatic in the red and the yellow axes of the 

CIE Lab colour matrix. 

5.7.5  Summary of proposed effect 
The observed increase in variability of strength, toughness and hardness results 

may be due to depletion of the glass phase with concomitant increase in 
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crystallinity, as also observed by (Albakry et al., 2004), over increased numbers 

of thermal cycling. This may set up a higher residual stress concentration state in 

the weaker glass phase via stresses induced by a growing CTE mismatch between 

glass and crystalline phases as was shown to be the case by Isgro et al 2005. In 

biphasic systems, such as lithium disilicate, (Cheng et al., 2006) have shown that 

CTE mismatch cannot be neglected as a crack forming mechanism. Other factors 

may be spatial C – factor stresses as the glass phase shrinks in more confined 

spaces, as is appreciated in composite systems (Kleverlaan and Feilzer, 2005; 

Watts and Satterthwaite, 2008), and porosity sharpening. 

5.7.6 Clinical implications 
Multiple firings beyond five thermal cycles should be avoided, as there is definite 

change in the colour stability of IPS e.max CAD at this point along with potential 

to encounter a decrease in strength, fracture toughness or hardness of the resultant 

material. Although these experimental specimens were, by necessity, disk shaped 

and not crown shaped, the same microstructural changes would be expected to 

occur in crown shaped specimens, and as such these experiments inform best 

practise by way of illuminating problems encountered with multiple thermal 

cycles of a lithium disilicate material used for dental crown construction. 
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